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Abstract—Changes in the structure, phase composition, and mechanical properties of Ti–C60–Ti films 

implanted with B+ ions (E = 80 keV, D = 1 × 1016 ions/cm2) after annealing in vacuum at a temperature of 
570 K (3 h) are studied by atomic force microscopy, X-ray diffraction, and nanoindentation. The films are 
synthesized by resistive evaporation in vacuum. Titanium and C60 fullerite layers are sequentially deposited 
onto a substrate of oxidized single crystal silicon. It is established that intense diffusion of titanium into the 
fullerite layer occurs during the condensation of the fullerite layer (h = 250 nm) on the underlying titanium 
layer (h = 120 nm) and then the titanium layer (h = 150 nm) on the fullerite layer. Implantation of titanium– 
fullerite–titanium films with boron ions leads to mixing of titanium and fullerite layers, while the size of 
structural components increases from 40 nm to 80 nm compared to nonimplanted films. Auger electron spec- 
troscopy reveals that ion implantation gives rise to an increase in the atomic fraction of oxygen in the films  
and the formation of a new phase of TixOyC60, which leads to an increase in the nanohardness of the mixed 
layers. The implanted Ti–C60–Ti films are annealed in vacuum at T = 570 K for t = 3 h. Thermal annealing 
gives rise to recrystallization of the fullerite phase and intense growth of a new phase of TixOyC60 with 
improved mechanical properties. 
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INTRODUCTION 

The synthesis of new materials based on fullerite, 
which is an allotropic phase of carbon, and transition 
metal titanium is a promising field of research, since 
titanium and its compounds are widely used in various 
fields of science and technology, including biomedi- 
cine [1–13]. It has been established that new phases in 
the C60–Ti system are formed both at the stage of film 
deposition and during subsequent thermal treatment 
of the samples. In [4], a new phase of Ti5.3C60 was syn- 
thesized by deposition of fullerite–titanium films in 
ultrahigh vacuum from a combined atomic–molecu- 
lar f low. The simulation of X-ray emission spectra of 
codeposited fullerite–titanium films carried out in [5] 
showed the possibility of chemical bonding between 
titanium atoms and fullerene molecules through a six- 
membered C60 ring. The Raman spectra of the C60–Ti 
films synthesized in [6] also indicate the presence of a 
chemical bond between Ti and C60. 

Ion implantation is a method for the synthesis of 
new phases in thin film structures. However, the inter- 
action of accelerated charged ions with fullerene mol- 

ecules can lead to their destruction. Thus, the break- 
age of conjugated  bonds and the destruction of the 
C60 structure up to the decay of molecules into small 
carbon fragments that do not have conjugated  bonds 
but contain the broken and sp2 hybrid bonds were 
established when studying the C60 samples in the 
shape of a film with a thickness of 400 nm on a Si sub- 
strate before and after exposure to argon ions with 
E = 1–4 keV under currents of 0.4 and 20 A [14]. 
Fullerene molecules are also partially destroyed as a 
result of ion implantation [15–18]. However, if fuller- 
ite is implanted with ions through a metal layer, then 
ions that lose energy do not destroy fullerene mole- 
cules, and the energy released in the collision cascade 
promotes a solid phase reaction of metal atoms and 
fullerene molecules at the layer interface [19]. 

The aim of this study was to analyze changes in the 
structure, phase composition, and mechanical prop- 
erties of titanium–fullerite films implanted with boron 
ions and then subjected to thermal annealing in 
vacuum. 

 

 

mailto:baran@bsu.by


 

 

TixOyC60 

3 

2 

1 

C60 

5 

 

F, eV/nm 

 
 

90 

 
60 

 
30 

I, imp/s 

800 

 
600 

 
 

400 

 

0 100 200 300 400 500   h, nm 
200 

 

Fig. 1. Depth distribution profile of the energy released in 
elastic collisions of Ti–C60–Ti (150–250–120 nm) films 

with boron ions. 
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EXPERIMENTAL 

Layers of metal and fullerite were sequentially 
deposited onto an unheated oxidized single-crystal 
silicon wafer with the (111) surface orientation in a 
VUP-5M device using titanium of VT1-0 grade and 
C60 powder of 99.9% purity. Three-layer Ti–C60–Ti 
films with layer thicknesses of 150, 250, and 120 nm 
were obtained. The samples were irradiated with 
boron ions with an energy of E = 80 keV. The implan- 
tation dose was 1 × 1016 ions/cm2, and the ion current 
density was 3.5 A/cm2. 

The layer thickness was chosen in such a way that 
the maximum amount of defects by implantation were 
created at the interface between the titanium and ful- 
lerite layers on the side of implantation, and the ions 
did not reach the far C60–Ti interface. Figure 1 shows 
the results of calculating the defect distribution profile 
in an implanted layered structure using the SRIM 
software package [20]. On the basis of calculation, the 
implanted ions will experience the maximum energy 
loss near the interface between the upper titanium film 
and fullerite. With such a scheme of the experiment, 
the far interface can serve as a reference for the analy- 
sis of diffusion processes occurring at the nearest 
interface as a result of a cascade of collisions caused by 
accelerated ions when they penetrate into the film. 

The films were annealed in a fast-response vacuum 
furnace at a temperature of 570 K for 3 h. The surface 
morphology of the films was studied by atomic force 
microscopy on a Solver P47 Pro scanning probe 
microscope operated in the amplitude modulation 
mode. We used super-sharp silicon probes with a tip 
curvature radius of less than 3 nm. The distribution of 
local stiffness was studied by the force modulation 
method; a detailed technique is described in [19]. The 
elemental composition was analyzed using a PHI-660 
scanning Auger electron spectrometer (PerkinElmer). 

Fig. 2. X-ray diffraction patterns of Ti–C60–Ti films (1) 
before ion implantation, (2) after implantation with boron 

ions (E = 80 keV, D = 1 × 1016 ions/cm2), and (3) after 
annealing the films implanted with boron ions at 570 K 
for 3 h. 

 

Atoms were excited by an electron beam with an elec- 
tron energy of 3 keV. 

The film was sputtered using Ar+ ions with an 
energy of 3.5 keV. The X-ray diffraction studies were 
performed on a DRON-4.13 diffractometer with CuK 
radiation. The dynamic hardness measurements were 
performed on a SHIMADZU DUH202 ultramicro- 
hardness tester with a trihedral Berkovich indenter in 
accordance with the measurement procedure 
described in [21]. 

 
RESULTS AND DISCUSSION 

It is established by the X-ray diffraction method 
that a nanocrystalline fullerite structure and a sub- 
crystalline structure of the -modification of titanium 
are formed during condensation on a substrate of oxi- 
dized single-crystal silicon indexed in the hexagonal 
syngony (Fig. 2). The diffraction pattern also contains 
an intense line of titanium monoxide, the presence of 
which in the samples may be due to the sorption prop- 
erties of titanium. The titanium film has a nanocrys- 
talline structure with an average lateral size of struc- 
tural components of 40 nm (Fig. 3a), while the root 
mean square (RMS) roughness of the film does not 
exceed 3.5 nm. 

Implantation of titanium–fullerite films with 
boron ions leads to substantial changes in the structure 
and phase. An analysis of the film morphology showed 
that the lateral size of the structural components 
increased to 60–80 nm at an RMS roughness of 
6.0 nm (Fig. 3b). The intensity of reflections of the 
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Fig. 3. Atomic force microscopy images of Ti–C60–Ti films (a) before ion implantation, (b) after implantation with boron ions 

(E = 80 keV, D = 1 × 1016 ions/cm2), and (c) after annealing the films implanted with boron ions at 570 K for 3 h. 

 

fullerite phase in the X-ray diffraction pattern of the 
implanted sample increases by a factor of almost 10, 
and a number of new lower intensity lines appear (see 
Fig. 2, curve 2). A sharp increase in the intensity of 
X-ray reflections may indicate the occurrence of 
recrystallization processes in the fullerite phase, and 
the appearance of new diffraction maxima may indi- 
cate the formation of a new phase. 

The intensity of the Ti(002) line in the sample 
implanted with B+ ions decreases, which can be 
explained by radiation accelerated diffusion of tita- 
nium atoms into the fullerite matrix. The line of the 
TiO(102) phase, which was present in the X-ray dif- 
fraction pattern of the nonimplanted sample, also dis- 
appears. 

The Auger spectroscopy studies showed that the 
oxygen concentration in implanted films increases 
compared to nonimplanted samples (Fig. 4). In 
freshly prepared films, oxygen with a maximum con- 

centration of 20 at % is present at the interface between 
the titanium and fullerite layers. In the lower titanium 
layer, the oxygen concentration does not exceed 
7 at %. The oxygen content in the upper Ti layer is 
noticeably higher and monotonically increases upon 
approaching the surface from 6 at % in the deep part of 
the film to 60 at % on the surface. 

Such a behavior of the distribution of chemical ele- 
ments can be caused by two circumstances: the 
reduced density of the deposited titanium layer com- 
pared to the bulk material and the storage of samples 
in air. The increased oxygen content at the far C60–Ti 
interface is due to the sorption of oxygen by micropo- 
res when they are in contact with the atmosphere 
before deposition of the second layer. The oxygen con- 
tent in the fullerite film is 1 at %, and the same amount 
was found in the titanium layer. This fact suggests that 
titanium monoxide is dissolved in the fullerite matrix. 
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Fig. 4. Distribution profiles of elements over the thickness of Ti–C60–Ti films (a) before ion implantation and (b) after implan- 

tation with boron ions (E = 80 keV, D = 1 × 1016 ions/cm2). 

 

The distribution of carbon in freshly prepared films 
has a trapezoidal shape with a maximum concentra- 
tion at the level of 98%. A small part of carbon lies at 
the interface between the films and creates a transition 
layer, which indicates the mixing of titanium atoms 
and fullerene molecules already at the stage of sample 
preparation. 

The Auger spectroscopy method revealed that the 
carbon content in the upper titanium film increases 
after ion implantation (Fig. 4b), which can be 
explained by radiation accelerated diffusion and mix- 
ing of layers during implantation. After implantation, 
the thickness of the transition layer at the near the Ti– 
C60 interface doubles, and shelves are observed in the 
distribution curves of the atomic concentrations at the 
levels of 30 at % for C and 35 at % for Ti, which indi- 
cates the formation of a new phase. The reaction 
between titanium atoms and fullerene molecules with 
the formation of a new phase of TixC60 was also estab- 
lished in [5, 11, 22, 23]. 

Boron was not detected by Auger spectroscopy, 
since its concentration with a given implantation dose 
(1 × 1016 ions/cm2) is 1 at % on average, which is com- 
parable to the measurement error for light elements. 
Under certain conditions, boron can be involved in a 
chemical reaction with the atoms of the matrix. How- 
ever, the concentration of implanted ions is not suffi- 
cient for the formation of chemical compounds evenly 
distributed over the entire implanted layer under the 
given implantation conditions, since it does not meet 
the required stoichiometric proportions. In principle, 
this does not exclude the possibility of formation of 
chemical compounds of implanted atoms in some 
local regions of the matrix, the small sizes of which 
make their detection impossible by the X-ray diffrac- 
tion method. 

After ion implantation, the atomic fraction of oxy- 
gen doubles over the entire depth of the upper titanium 

film owing to a low vacuum in the accelerator chamber 
and an increase in the temperature during implanta- 
tion. As is well known, titanium is covered with a pas- 
sivating film of TiO2 oxide at room temperature. In the 
ion implantation process, a part of the oxide gets deep 
into the film as a result of a cascade of collisions. The 
defects created by ion implantation also facilitate the 
penetration of oxygen atoms into the titanium film. 
The crystallite size of the film is less than 100 nm, so 
the proportion of defective interfaces along which oxy- 
gen diffusion can also occur is very high. Moreover, 
ascending diffusion is observed in the region of the 
interface, in which the maximum amount of radiation 
defects is located. 

The content of oxygen and titanium in the fullerite 
film increases to 3–4 at %. The disappearance of the 
titanium oxide lines in the X-ray diffraction pattern of 
the implanted film is probably associated with the for- 
mation of a new phase of TixOyC60. In [4], the forma- 
tion of the TixOyC60 phase was also established by 
X-ray photoelectron spectroscopy and Raman spec- 
troscopy. 

Figure 5 shows the dependence of the dynamic 
hardness of the films on the penetration depth of the 
indenter. The observed decrease in the nanohardness 
of nonimplanted films with depth is due to the low 
mechanical characteristics of the fullerite layer located 
under the titanium film (the microhardness value is 
145 MPa for a fullerite single crystal [24] and 240 MPa 
for a fullerite film deposited on a glass substrate [25]). 
Ion implantation leads to strengthening of the region 
at a depth of 150–200 nm as a result of the mixing of 
titanium and fullerite layers and the formation of new 
phases. 

After thermal annealing in vacuum at 570 K (3 h), 
the nanocrystalline structure of the implanted tita- 
nium–fullerite–titanium films is preserved, and the 
size of the structural components slightly increases to 
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90 nm (Fig. 3c), which is associated with the occur- 
rence of recrystallization processes. 

The phase composition of the samples also changes 
substantially after annealing. The X-ray diffraction 
pattern of the annealed samples shows an intense halo 
in the region of small angles (see Fig. 2, curve 3), while 
the (100) and (101) lines of titanium and the halo in 
the region of angles of 2 = 85–99, which were pres- 
ent in the spectrum of implanted samples before 
annealing (see Fig. 2, curve 2), disappear. 

The increase in the intensity of X-ray reflections 
and the disappearance of the halo indicate the occur- 
rence of recrystallization processes in the fullerite 
phase. The absence of X-ray reflections from the tita- 
nium crystal lattice is explained by the diffusion of 

Fig. 5. Dependences of the dynamic hardness on the depth 
of indenter penetration for Ti–C60–Ti films (1) before 
implantation, (2) after implantation with boron ions (E = 

80 keV, D = 1 × 1016 ions/cm2), and (3) after annealing the 
films implanted with boron ions at 570 K for 3 h. 

metal atoms into the fullerite matrix and the formation 
of a new phase of TixOyC60. 

Figure 6 shows the AFM images of the signal pro- 
portional to the local stiffness of the near-surface 
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region of the films. An analysis of the section profile 
along the highlighted lines in Fig. 6 showed that the 
value of the local stiffness at different points on the 
surface of films implanted with boron ions before 
annealing differs by a factor of almost 2, whereas the 
scatter in the values of the signal proportional to the 
local stiffness is much smaller after annealing 
(Fig. 6c). The absence of contrast in the AFM image 
of the annealed films indicates the formation of a sin- 
gle-phase structure with uniform mechanical proper- 
ties (Fig. 6b). It was found using the nanoindentation 
method that the dynamic hardness of the implanted 
films after thermal annealing at 573 K levels off over 
the entire depth of the film (see Fig. 5, curve 3), and 
its value simultaneously increases compared to the 
nanohardness of unannealed films, which is most 
likely associated with the annealing of defects and the 
formation of a new phase of TixOyC60 with improved 
mechanical properties. 

 
CONCLUSIONS 

It is established that intense diffusion of titanium 
into the fullerite layer occurs during the deposition of 
a fullerite layer on the underlying titanium layer and 
then a titanium layer on the fullerite layer. The films 
have a nanocrystalline structure with an average size of 
structural components of 40 nm. 

Implantation of Ti–C60–Ti films (150–250– 
120 nm) with boron ions (E = 80 keV, D = 1 × 
1016 ions/cm2) leads to an increase in the size of struc- 
tural components to 60–80 nm, a twofold increase in 
the oxygen content in the films, the mixing of titanium 
and fullerite layers, the formation of the TixOyC60 
phase, and an increase in the dynamic hardness of the 
mixed layers. As a result of thermal annealing of 
Ti‒C60–Ti films implanted with boron ions at 570 K 
(3 h), the growth of a new TixOyC60 phase with 
improved mechanical properties is observed. 
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