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Transport properties of C ultra-thin films60

Nobuyuki Iwata*, Keigo Mukaimoto, Hiroyuki Imai, Hiroshi Yamamoto

Department of Electronics and Computer Science, College of Science and Technology, Nihon University, 7-24-1 Narashinodai, Funabashi-shi,
Chiba 274-8501, Japan

Abstract

We have grown the C ultra-thin films on natural mica substrates aiming at nano-scale devices. Whereas, the appearance of60

the high temperature superconductivity in hole-induced C bulk single crystal and CHBr intercalated C bulk by the field effect60 3 60

have attracted extensive attention. From the viewpoints of nano-scale devices and superconductivity, we grew single crystal thin
films, those were grown on the buffer layer (5 nm thickness) of the C ultra-thin films. We concluded that the optimized C60 60

film was a single crystal with quite-thin thickness on the buffer layer for nano-scale devices and appearance of superconductivity.
� 2003 Elsevier Science B.V. All rights reserved.

Keywords: Single crystal; C thin film; Buffer layer; Field effect; Superconductivity60

1. Introduction

Nano-scale devices are promising for future technol-
ogies, for example, organic-based molecules are ordered
along 1D andyor 2D w1–3x. In our previous studies,
C ultra-thin film less than 10 nm thickness has been60

overspread continuously on mica substrates for nano-
scale devices w4x.

Whereas, the high-T superconductivity was observedc

in bulk C and CHBr -C single crystals, recently, by60 3 60

applying the electric field in order to induce the hole-
carriers with a FET configuration w5,6x. The value of
the T is almost same to that of the highest T of oxidesc c

superconductors.
For appearance of the high-T of the C thin films,c 60

the films are preferable to be highly oriented, namely
single crystal. In this study we reported single crystal
C thin films and the relation between continuous C60 60

ultra-thin films, obtained in previous studies, and single
crystal C thin films.60

2. Experimental procedures

We grew C thin films in a UHV-MBE system with60

*Corresponding author. Tel.: q81-47-469-5457; fax: q81-47-467-
9683.

E-mail address: iwata@ecs.cst.nihon-u.ac.jp (N. Iwata).

a background pressure of 1=10 Torr. A cleavedy8

natural mica substrate was set on the sample holder,
where copper foil with 0.01 mm thickness was inserted
between the holder and substrate for a better thermal
contact and temperature uniformity. Prior to deposition
the substrate was prebaked at 400 8C for 60 min in
vacuum. The temperature of a substrate was measured
by an optical pyrometer. The C powder with 99.9%60

purity was evaporated from PBN crucible in an effusion
cell. The cell temperature was varied approximately 310
8C while growing in order to evaporate the specific
C flux rate by monitoring with a crystal thickness60

monitor. The growth time was 30 min without exception.

3. Results and discussion

AFM images with 2 mm are described in Fig. 1 at2

various temperatures, indicated at upper left of the
images. The grains with 50 nm � were spread in the
film surface grown at (a) 40 8C. As the substrate
temperature increased, the grain size also increased. In
(b) 80 8C, the size of the grains were 150 nm �, and
the part of those grains formed triangle. In (c) 100 8C,
the triangle structure was clearly seen, and the size of
that was increased with increasing substrate temperature
up to 120 8C. Each grain was separated distinctly by
the grain-boundaries. Above approximately (d) 120 8C,
the triangle-shaped grains began to coalesce and be re-
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Fig. 1. AFM images with 2 mm grown at various substrate temper-2

atures. The size of the triangle-shaped grains were increasing with
increasing temperature, and then began to coalesce approximately 120
8C. Above 170 8C, the height of the step was almost same to the
lattice spacing of C (1 1 1), 8.16 A. In addition to re-orientation in60

˚
coalesced grains, re-evaporation took place, remarkably, at higher sub-
strate temperature. Consequently 2D films were obtained, demonstrat-
ed 60 and 1208 facets and larger terraces.

Fig. 2. Arrhenius plot of the average radius of the grains. The straight
line fitted well the plots. The value of 0.21 eV as activation energy
was estimated.

oriented in the coalesced grains. The triangle-shaped
grains were no longer present at (e) 150 8C. From the
result of coalescence and re-orientation of the grains,

steps and terraces structure were observed in (f) 170
8C. In (g) 190 8C, evident 60 and 1208 facets and the
terraces with a large size were obtained. The grain
boundary from the upper left to lower right was expected
from steps of the substrate occurred when the substrate
was cleaved. At (h) 200 8C, clearer steps and larger
terraces were obtained. In some places on a substrate,
no film was obtained, indicating that the re-evaporation
of C molecules took place at such a higher substrate60

temperature. Above (f) 170 8C, the height of the step
was almost same to that of lattice spacing of C (1 1 1),60

8.16 A. The result revealed that the direction of the˚
C (1 1 1) was normal to the substrate surface. Above60

(f) 170 8C, the higher the substrate temperature was,
the larger terrace size of the top at the each grain was.
Increasing of the re-evaporation effect caused the differ-
ences of such a surface morphology. Consequently, 2D
film was obtained with micrometer-ordered-grains at the
higher substrate temperature, where re-evaporation took
place, remarkably.

Arrhenius plot of the average radius of the grains is
illustrated in Fig. 2 assuming that the shape of grains is
circle. The straight line fitted the plots. The value of
0.21 eV as activation energy was estimated from the
slope of the straight line. The beautiful fitting indicated
that C crystallized according to the simple model in60

the whole range of substrate temperatures, and that C60

molecules migrated to comfortable positions by over-
coming the barrier caused by the van-der-Waals force.

From the XRD results, the full width at half maximum
(FWHM) of C (1 1 1) Bragg peak and intensity of the60

peak are illustrated as a function of substrate tempera-
tures as shown in Fig. 3. The FWHM decreased rapidly
up to approximately 100 8C, and then showed constant
value. As the fluctuation of the lattice spacing, especially
perpendicular to the substrate surface, is decreasing,
namely as the substrate temperature is increasing, the
value of the FWHM for Bragg peak should be decreas-
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Fig. 3. Substrate temperature dependence of the FWHM of the
C (1 1 1) Bragg peak in left vertical axis and of the intensity of the60

peak in the right vertical axis.

Fig. 5. A schematic view of the specimen configuration for field effect
measurements. Tentative electrode sizes are shown in the figure, and
the length of those was 5 mm. The thickness of the substrate as a
gate insulator layer was 10 mm-order.

Fig. 4. The AFM image with 5 mm of the film grown at 190 8C for2

5 min. The arrows indicated the grain boundary attributed from sub-
strate steps.

ing. Whereas, as the film thickness is thinner by the re-
evaporation, the value of FWHM becomes larger.
Addition of those two effects appeared in the FWHM
behavior observed. Same consideration was applicable
to the behavior of the intensity of the C (1 1 1) Bragg60

peak.
As shown in Fig. 4, the film was grown at 190 8C

for 5 min. Substrate surface was clearly seen in the
bottom of the image. The 2D islands with thickness of
5"0.5 nm, namely ultra-thin film, were observed around
the center of the image. The step and terrace structures
appeared in the top of the image. This image indicated
that the single crystal C thin film grew on the ultra-60

thin film, namely the buffer layer. The difference of the
surface image was expected to attribute to the substrate
temperature distribution or the substrate steps indicated
by the arrows, which accelerate the nucleation.

Generally, the film growth is affected by substrate
surfaces. However, in the case of C film growth, the60

substrate effect was expected to be completely reduced
due to the existence of the buffer layer. In such a growth
condition, film grew according to the simple model, as
discussed in Fig. 2, and then close-packed, fcc, structure
seemed to be realized.

We concluded that the suitable C films for nano-60

scale devices and FET-superconductivity were single
crystal C ultra-thin films grown on the buffer layer60

with 5 nm.
We tried to study the electric field effects of such

single crystal C thin films on the buffer layer as shown60

in Fig. 5 with the tentative size. The electrode length
was approximately 5 mm. After the deposition of the
C thin film and Al electrodes (source and drain) in60

situ, the substrate was exposed to the air and then
cleaved with 10 mm-order thickness. Then the substrate
was working as a gate insulator. The gate Al electrode
was deposited back of the film surface. The resistance
between source and drain was too high to measure at
room temperature and 77 K. Such a situation did not
change when the gate voltage was applied up to "350
V.

4. Conclusion

Highly oriented single crystal C thin films grew on60

mica substrates with 5 nm buffer layer just below the
substrate temperature, where C molecules re-evaporat-60

ed. The direction of the C (1 1 1) was normal to the60

substrate surface. Such a film was suitable for nano-
scale devices and an appearance of a FET-
superconductivity.
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We investigated the differences of growth mechanism and electric properties for C60

thin films on natural mica and SrTiO3 substrates with and without vacuum ultraviolet 

radiation while growing for the future nano-scale devices.  Whereas, electric properties 

of C60 thin films are also attracted from the point of FET-superconductivity, recently.   

Highly oriented epitaxial C60 thin films with hcp structure grew at the temperature just 

below 200 °C, of which surface was 2-dimmentionaly flat and showed 60 and 120 

degrees facets.  At that temperature the surface roughness Ra was 0.6 ( ± 0.2 ) nm.  No 

apparent differences were detected with and without vacuum ultraviolet radiation.  

Resistance was too high to detect it with applying the voltage in the FET construction.  

Keywords : C60 thin film, mica substrate, epitaxial growth, re-evaporation,  

INTRODUCTION 

One-dimensional (1D) and/or two-dimensional (2D) ordering of organic-based 

molecules have attracted the attention for the future nano-scale devices with the 

self-assembled manner[1-3].  We chose C60 molecules as organic material because of its 

novel physical and electrical properties.  However, electric properties of C60 vary under 

oxygen atmosphere with light radiation.  In this study we investigated the differences of 

growth mechanism and electric properties for C60 thin films with and without vacuum 

ultraviolet radiation while growing[4].  Electric properties of C60 thin films are also 

attracted from the point of FET-superconductivity, recently[5].  
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EXPERIMENTAL PROCEDURES 

We grew C60 thin films in a UHV-MBE system with a background pressure of less 

than 1×10
-8

 Torr.  Main-chamber for film growth and pre-chamber for sample exchange 

were evacuated by a 2000 l / s diffusion pump and a 220 l / s turbo molecular pump, 

respectively.  The pressure while growing was 2.5 ( ± 0.5) × 10
-8

 Torr. 

  A cleaved natural mica substrates and SrTiO3 substrates were set on the sample holder 

and were prebaked at 400 ºC for 60 min and 700 ºC for 30 min, respectively.  The 

temperature of a substrate (TS) was measured by an optical pyrometer through the 

viewport specially equipped with a ZnSe window.   

C60 powder with 99.9 % purity was evaporated from PBN crucible in an effusion cell.  

The cell temperature was varied while growing in order to evaporate the constant C60

flux rate by thickness monitor.  The growth time was 30 min.  A 90 nm thick film was 

deposited on glass substrate at room temperature. 

Vacuum ultraviolet light was radiated by a heavy hydrogen lamp (HAMAMATSU : 

L1835-150W, C3150) at intervals of 65 cm away from substrate. 

  Grown films were evaluated by XRD (Rigaku : RAD-C) and AFM (Seiko Instruments 

Inc. SII : SPI3800). 

RESULTS AND DISCUSSION 

Fig.1(a) and Fig.1(b) showed the 2θ-θ XRD spectrum of C60 thin films grown at 

186 °C on mica substrate with vacuum ultraviolet radiation and mica substrate, 

respectively.  Bragg reflections of the C60 hcp structure indicated the epitaxial growth 

on mica substrate.  Other reflections were from the substrate confirmed by Fig.1(b).  

Similar Bragg peaks were obtained at all substrate temperature, independent of the 

radiation.  No film remained at the temperature above 200 °C due to the re-evaporation 

of C60 molecules.  The lattice spacing of C60(002), fitted by Nelson-Riley function, was 

0.817 ± 0.001 nm, similar to that of hcp bulk, 0.818 nm. 

Fig.2 shows the substrate temperature dependence of full width at half maximum, 

FWHM, of C60(002) Bragg reflection.  The FWHM decreased up to 80 °C, and showed 
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the constant value at the temperature range from 80 °C and 180 °C.  Above 180 °C, the 

value rapidly increased.   

Generally, the FWHM of 2θ-θ Bragg reflection depends on the fluctuation of the 

lattice spacing and the film thickness.  As the fluctuation was decreasing with 

increasing temperature, the FWHM should be reduced, whereas with increasing 

temperature film thickness became thinner by the re-evaporation, the FWHM should be 

increasing.  These two origins led to the behavior of the FWHM against substrate 

temperature. 

  Figs.3 show the AFM images of the C60 thin films grown above 149 °C on mica 

substrates without vacuum ultraviolet radiation.  At all of the images, the step and 

terraces were clearly observed.  With increasing temperature, the terrace width became 

larger.  At 149 °C, Figs.3(a-1,-2), numbers of the grains with spiral growth were 

observed, indicating the 3D growth mode.  At 185 °C, Figs.3(b-1,-2), the separated 

grains were not obvious, and the spiral growth was obtained in some places on the 2D 

flat foundation C60 thin film, indicating the 3D growth on 2D.  At 197 °C, Figs.3(c-1,-2, 

and -3), there were no spiral growth, just steps and terraces and 60 and 120 degrees facets 

appeared.  It looked like the 2D growth mode.  Above this temperature, no film and no 

AFM images were obtained due to the re-evaporation. 

  It was noted that the growth mode looked like changing with increasing temperature.  

However, above 185 °C, at which re-evaporation was an effective, C60 molecules at the 

mountaintop of the spiral growth should re-evaporate first.  Eventually, the different 

surface obtained was caused by not the difference of the growth modes but the 

re-evaporation.

  In Fig.4, the line profile of the Fig.3(c-1) is described.  Step height of 0.8 nm was 

perfectly consistent with the lattice spacing of (002) for C60 hcp bulk structure. 

  Temperature dependence of the surface morphology for the films with radiation was 

almost same to that of the films without radiation.  Altogether, it was more difficult to 

detect the fine images than those of the films grown without radiation, expected from 

static electricity.   
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  Surface roughness Ra is illustrated as a function of substrate temperature in Fig.5.  

The Ra decreased linearly with increasing temperature up to 150 ºC, and then showed the 

rapid fall to the lowest point.  The rapid decreasing was consistent with the difference of 

growth modes, demonstrated in the difference of the AFM images between Fig.3(a) and 

Figs. 3(b,c).   

On the SrTiO3 substrates, no oriented films were obtained from 135 ºC to 190 ºC 

without radiation, confirmed by RHEED and AFM.   

  For electric measurement, we constructed the FET structure.  However, the resistance 

was too high to detect it with applying the voltage. 

CONCLUSIONS 

  As demonstrated in Fig.1(a), Figs.3(c), and Fig.4, highly oriented epitaxial films grew 

at the temperature just below 200 °C.  Growth mode changed from 3D to 3D on 2D 

above 150 °C, and then 2D surfaces were obtained because of the re-evaporation, see 

Figs.3 and Fig.5.  From the XRD results and AFM images, no apparent difference was 

detected with and without vacuum ultraviolet radiation.   
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Figure captions 

Figure 1 : (a) XRD 2θ-θ spectrum of C60 // natural mica substrate grown at 186 °C with 

vacuum ultraviolet radiation.  (b) XRD 2θ-θ spectrum of natural mica 

substrate. 

Figure 2 : Substrate temperature dependence of the FWHM of C60(002) Bragg reflection 

without ( ) and with ( ) radiation.  

Figure 3 : AFM images of C60 // natural mica substrate grown above 149 °C without 

vacuum ultraviolet radiation.  The size of the upper images was 2μm
2
 and of 

the lower images was 5μm
2
.

Figure 4 : Line profile of the Fig.3(c-1). 

Figure 5 : Substrate temperature dependence of the surface roughness Ra of C60 // natural 

mica substrate without (2μm
2
 : , 5μm

2
 : ) and with (2μm

2
 : , 5μm

2
 : 

) radiation. 
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Low-voltage electron beam excitement luminescence of oxide
thin films with multilayered structure

H. Yamamoto� , H. Isogai, Y. Yoshida
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Abstract

A greenish-blue light emission was observed in sputtered films that were deposited on 773-K substrates from a ZnGa O2 4
target. The films prepared were amorphous and had a bilayer structure with a compositional modulation formed by self-assembly.
The approximately 2-nm surface layers thick were Zn-rich, and the inner layers Ga-rich, in the 40-nm thick film. As the film
thickness increased, the strength of the light emission increased and saturated at approximately 60 nm. The strength of the
light-emission intensity revealed a maximum at approximately 200 V for the acceleration voltage. In the case of artificial
bilayered ZnO�NiO films, continuous ultrathin surface layers were not easily obtained, and no light emissions were observed.
� 2001 Elsevier Science B.V. All rights reserved.

Keywords: Cathodeluminescence; Zn�Ga�O; Thin film; Bilayer; Self-assembly

1. Introduction

Ž .A field emission display FED has been developed
as a future emissive display realizing high resolution

� �and low consumption of electric power 1 . Phosphors
in the FED need to have a low resistivity, no release of
pollutant gas, a highly efficient emission of light, and
stabilization of the surface.

Phosphor-type thin films are expected to have sev-
eral features: little restriction of resistivity, compara-
tively stable surfaces, and easy synthesis of a multilay-

� � � �ered structure 2 . A system of Zn�Ga�O 3 was
focussed on as a basic phosphor material in this work.
The purpose of the work was to prepare a new type of
phosphor thin film and to investigate the possibility for
improvement of light-emission efficiency by adopting
the multilayered structure.

2. Experimental

Prepared films should be evaluated without exposure

� Corresponding author.

to the atmosphere, because the surfaces of FED phos-
phor thin films are so sensitive to electron excitation.
Thus, a new vacuum system was constructed in order to
prepare thin films by sputtering and to analyze in situ
cathodeluminescence properties and�or the crystal
structure of the film. The details of the vacuum system

� �are described elsewhere 4 .
Fig. 1 shows a schematic of the vacuum system used

in this work. Zn�Ga�O thin films were prepared by
reactive RF sputtering. The targets used were powder
mixtures with a diameter of 40 mm. The sputtering gas
was a mixture of Ar and O . The total gas pressure was2
20 mtorr and the sputtering power was 200 W. The
distance between the target and the substrates was
approximately 30 mm. Typical deposition rates were
very small, approximately 10 nm�h. ITO glass was used
as the substrate, which was heated to a maximum of
approximately 900 K during deposition.

Measurement of the cathodeluminescent properties
of the films was according to the following procedure.
After in situ transfer of the specimen film, vacuum
fluorescence device filaments were moved towards the
film surface by a manipulator. Thermal electrons emit-
ted from the filaments were accelerated by an anode up

0040-6090�01�$ - see front matter � 2001 Elsevier Science B.V. All rights reserved.
Ž .PII: S 0 0 4 0 - 6 0 9 0 0 0 0 1 6 3 2 - 1
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Fig. 1. Schematic diagram of the vacuum system used for sputtering film preparation and in situ measurement of cathodeluminescence.

to 700 V. The cathodeluminescence generated was
Žguided to a spectrometer Hamamatsu Photonics K. K.,

.C5966-11 through a hemisphere lens of 2 mm diame-
ter and�or an optical fiber.

The film surface structure was studied in situ by
Ž .reflected high-energy electron diffraction RHEED

and�or the crystal structure was analyzed by reflected
Ž .X-ray diffraction XRD . The depth profile of the film

composition was investigated by X-ray photoelectron
Ž .spectroscopy XPS .

3. Results and discussion

Thin films of the Zn�Ga�O system were prepared
from a ZnGa O target. The films appeared to be2 4
amorphous from the results of RHEED and�or XRD.
The surface of the film was smooth and fine particles of
approximately 60 nm were observed.

It was confirmed from the XPS depth profiles that
Zn-rich surface layers and Ga-rich inner layers were
formed by self-assembly in the films deposited on
high-temperature substrates. The thickness of the Zn-
rich layer was approximately 2 nm in the case of the
�40-nm thick film. The film deposited on ambient
temperature substrates showed almost stoichiometry.

The film deposited on 773-K substrates revealed
cathodeluminescence in the form of a greenish-blue
light emission. No light emission was, however, observed
in the films prepared on low-temperature substrates.

Fig. 2 shows the peak intensities of the light emission
as a function of the thickness of the film. Here, the two
types of film deposition were investigated. As the film
thickness increased, the strength of the light emission
increased and saturated at approximately 60 nm in
continuously deposited films. The light emission inten-
sity showed, however, a maximum in the film prepared

by four repetitions of 1-h deposition, approximately 10
nm thick.

A typical spectrum of the cathodeluminescence
observed is inserted in Fig. 2. The light emission of the
film was similar to that of ZnO rather than that of
ZnGa O . The half-width of the peak was wider than2 4
that of ZnO.

Fig. 3 shows the light emission intensity as a function
of acceleration voltage V . The intensity attained aa
maximum at approximately 200 V and decreased with
increasing V . Enhancement of the light emission tooka
place in the bilayered structure.

These results with respect to thickness and�or Va
dependence revealed that the light emissive region was
strongly restricted near the surface of the bilayered
thin films. The penetration depth of excited electrons
and the diffusion region become large with increasing
electron energy. The value of V �200 V gives a verya
small penetration depth, of the order of 1 nm. The
band gap of surface layers is comparatively smaller
than that of inner layers. This is the case of a quantum
well potential structure, where carriers involved in light
emission are enclosed near the boundary of the bilay-
ers. Thus, an enhancement mechanism for light emis-
sion may be available in that region.

On the other hand, an artificial multilayered deposi-
tion was also carried out in a ZnO�NiO thin film
system with various thickness of ZnO layers. However,
no light emissions were observed in the films. Continu-
ous surfaces were not as easily obtained in such artifi-
cial bilayered films.

4. Conclusion

Zn�Ga�O thin films and�or bilayered films of
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Fig. 2. Intensity of cathodeluminescence peaks of Zn�Ga�O films by the two types of deposition process as a function of deposition time. The
inserted figure shows the typical cathodeluminescence spectrum of the film.

ZnO�metal oxide were prepared by sputtering. Only
the films deposited on 773-K substrates from the
ZnGa O target revealed greenish-blue light emissions.2 4
The films were amorphous and had a characteristic
bilayered structure with a compositional modulation.
The approximately 2-nm thick surface layers were Zn-
rich, and the inner layers Ga-rich, in the 40-nm thick

Fig. 3. Intensity of cathodeluminescence of Zn�Ga�O sputtered
films, as a function of the anode voltage V , for electron excitement.a

film. Low-voltage electron beam excitement lumines-
cence was studied as a function of film thickness and
electron acceleration voltage. It was shown that en-
hancement of the cathodeluminescence took place near
the surface of the bilayer structure of ultrathin and
continuous surface layers formed by self-assembly.
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Observation of condensed structure of C60 assembled
from solution
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Abstract

Microscopic needle-like structures with submicron sizes were observed in the films prepared by electrolysis. Macroscopic
needle-like structures with few millimeters length were also assembled by an extraction from nonelectrolysis
supersaturated toluene solution. The anisotropic activation energy for two kinds of growing surfaces was investigated
from the observation of their characteristic structure. Preparation conditions with thermal-equilibrium were thought to be
effective to obtain a very long and/or fine assembled structure of C60. Conclusively a huge needle-like C60 was obtained
by a very slow extraction. In the sample, ultrafine fibers with a diameter of about 50 nm were observed. � 2000 Elsevier
Science Ltd. All rights reserved.

Keywords: C60; Needle-like structure; Ultrafine fiber

1. Introduction

Since the discovery of C60 [1] and the development of
mass production of fullerenes [2], they have been widely
studied in the field of materials science because of their
high feasibilities as a new class of functional materials.
Properties of fullerenes often depended on synthesis
processes as shown in the results of single crystals or thin
films [3]. We have taken notice of a solution process. A few
studies have been carried out with respect to the growth
mechanism from the solution phase. The purpose of this
work is to observe several characteristic structures of C60
assembled from solution and to investigate the growth mode
as a function of growing temperature.

The specimens were prepared by two kinds of solution
processes. One of the processes was electrolysis, and the
other an extraction from a supersaturated solution. The
structures of the samples were observed by an electron
microscopy, SEM and/or TEM.

2. Assembled metal doped C60 by electrolysis

2.1. Sample preparation

The electrolysis cell was put in a glovebox filled with N2

gas. The cell had two rooms divided by an ion-exchange
membrane. The solution in the working electrode cell was
1.5 mmol/l-C60 toluene. The solution in the counter elec-
trode cell was 0.1 mmol/l-RbClO4 N, N-dimethylformamide
(DMF). A black film was deposited on a silver plate of the
working electrode. The temperature of the electrolysis
solution was changed from 10 to 60�C. The details of
electrolysis conditions appeared elsewhere [4].

2.2. Observation of the assembled structure

Fig. 1 shows the typical SEM photographs of RbC60
compounds obtained by changing the temperature of the
electrolysis solution Tele. At comparatively low Teles’,
characteristic needle-like particles with the size of a sub-
micron were grown. At Teles’ above 50�C the particles
became round.

The growth mode is thought to be reflected in the length
ratio along a long axis and a short axis R for the needle-like
structure. Fig. 2 shows the Allenius plots of the value of R as
a function of Tele. From the results, a difference of an effec-
tive activation energy �Eact for the two kinds of growing
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surfaces in the needle-like structure was estimated to be
about 35 meV.

3. C60 extracted from the nonelectrolysis solution

3.1. Sample preparation

Assembled structures of C60 were extracted from the
toluene solution of C60. The solution of 50 ml was dried
in a day and the solution temperature Tsol was changed from
20–40�C. Microstructures of the samples were observed by
SEM and TEM.

3.2. Observation of the assembled structure

The length of the assembled structure at comparatively
low Tsol was typically about few millimeters and the
diameter was about 1 �m. The shape of the sample became
round with increasing Tsol as shown in Fig. 3. The Allenius
plots of the value of R as a function of Tsol is shown in Fig. 4.
In this case Tsol means a precipitation speed of C60. Then
�Eact was estimated to be about 280 meV, the value of
which was fairly larger than that in the electrolysis samples.
It was confirmed that a very large anisotropic activation
mechanism took place in the thermal-equilibrium for
assembled C60 from solution. Conclusively, low-tempera-
ture process conditions, namely conditions with thermal-
equilibrium, were effective to obtain a long and/or fine
needle-like sample.

When the toluene solution was very slowly evaporated in
a closed tube, the huge needle-like sample was obtained as
shown in Fig. 5. For about 6 months the needle gradually
grew at the inner wall of the tube near the surface of the
solution. The length and the diameter of the sample attained
up to about 20 mm and 100 �m, respectively. The sample
was cut into a very thin piece by a focussed ion beam etch-
ing technique, and the cross-section of the sample was also
observed by TEM. Layered structures with a thickness
of about 30 nm were observed. Since a halo electron
diffraction pattern was obtained, the assembled C60 was
amorphous.

As shown in Fig. 6 an ultrafine fiber with a diameter of
about 50 nm was found as the smallest and fundamental
structure in the huge needle.

4. Summary

Assembled structures of C60 were obtained by two
types of solution processes. As a common mode, a
growth of needle-like structures appeared, though the
size was quite different, from micrometers to few tens
of millimeters. The anisotropic activation energy for the
two kinds of growing surfaces was investigated from
the results of the observation of the samples. As an
experimental proof, a very slow growth of C60 resulted
in a huge needle which was composed of ultrafine
fibers.
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Fig. 1. The SEM photographs of RbC60 compounds obtained by
changing the temperature of the electrolysis solution Tele.
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Fig. 2. The logarithms of the length ratio R observed in the needle-like particles prepared by the electrolysis process vs. 1000/Tele.

Fig. 3. The SEM photographs of C60 extracted from the supersaturated toluene solution by changing the solution temperature.
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Growth and Characterization of Anodic Oxidized Films in Pure Water
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An anodic oxidized film has been deposited in pure water at room temperature. Film thickness increases linearly as a function
of total charge during oxidation. High film deposition rate and low surface roughness are obtained by alternately changing the
polarity of the applied voltage. The film growth mechanism is discussed and the model of anodic oxidation in pure water is
proposed. The HF etching rate and the oxide thickness are reduced by an increase in annealing temperature. Though the
electrical characteristics of the anodic oxide film are inferior to those of the film obtained by thermal oxidation, they can be
improved by thermal annealing at a temperature of 400�C. [DOI: 10.1143/JJAP.41.1235]

KEYWORDS: silicon dioxide, anodic oxidation, low-temperature process, thermal annealing

1. Introduction

With the progressive shrinking of LSI device size, device
and circuit is complexity increasing. The fabrication process
is also becoming increasingly difficult. Moreover, there is a
great demand to reduce energy consumption on the grounds
of preventing global warming and environmental pollution.
An oxidation process in VLSI fabrication requires a high
temperature of around 1000�C and thermal stress damages
the silicon wafer inconspicuously. From this viewpoint, low-
temperature processes have been researched. Many low-
temperature processes have been proposed to fabricate
insulation films on silicon such as plasma deposition,
chemical vapor deposition (CVD), photo-CVD,1) jet vapor
deposition (JVD),2) anodic oxidation and so on.

We considered the possibility of applying the electrical
effect to the fabrication process of semiconductor devices at
low temperatures. The first thing we noted was the
occurrence of electrically enhanced oxidation and anodic
oxidation on the Si substrate. The effect of the electric field
on oxidation has been studied previously.3) Anodic oxidation
has been experimentally studied previously as an oxide
formation process. Usually, anodic oxidation was carried out
with electrolytes such as N methylacetamide (NMA)–KNO3

or tetrahydrofurfutyl alcohol (THF)–KNO3.
4–6) An anodic

oxidized silicon film in pure water was also reported by
Dubrovskii et al.7)

Early works on anodic oxidation reported that the etching
rate was greater than that of thermal oxides and was changed
by impurity solutions and the growth rate was a function of
applied voltage in constant current mode.5,6) There is a
controversy regarding the oxidation mechanism. Dubrovskii
et al. proposed the silicon diffusion model in which silicon
ions diffused to the oxide–electrode boundary and formed
the oxide,7) whereas Kraitchman and Oroshnik argued that
the oxygen migrates close to the oxide–silicon interface and
oxide growth occurs at the interface.5)

Although the electrical property is improved by high-
temperature annealing in He, the oxide films were
substantially porous and the electrical property was poor.
For these reasons, the use of anodic oxidation was
abandoned in integrated circuit fabrication processes.

We intend to study the application of the electrical effect

in the fabrication of integrated circuits at low temperatures.
This will contribute to suppressing the energy consumption
in VLSI fabrication systems. Here, we report on the
experimental method and the characteristics of anodic
oxidized silicon dioxide films grown in pure water at room
temperature as a possible oxidation process at a low
temperature. We discuss the electric characteristics and
growth mechanism. We clarify that the surface roughness of
the oxide is improved by alternately changing the polarity of
the applied voltage and that the oxide thickness is not
increased by the applied voltage, but increases with the total
charge flowing between electrodes during oxidation. The
electrical characteristic is improved by annealing over
400�C after oxidation.

2. Experimental

Samples used in our experiments were fabricated as
shown in Fig. 1. Wafers used in this experiments were n-
type and p-type silicon wafers of h100i plane and their
corresponding resistivities were 3–5��cm and 0.8–
1.2��cm. The wafers were cleaned by ths standard RCA
cleaning method. Anodic oxidation was carried out in pure
water with resistivity of 16M��cm at 20�C. After oxidation,
wafers were annealed in nitrogen atmosphere at various
appropriate temperatures. A reference sample was prepared
by thermal oxidation at 1045�C in dry oxygen and annealed
at the same temperature in nitrogen. Film thickness was

RCA cleaning of silicon substrate ( 1.1 cm x 1.1 cm) 

Anodic oxidation
Thermal oxidation

(1045  C, O2: 500 cc/min)

Thermal annealing (30 min, N2: 500 cc/min)

Removal of oxide on Si backside by HF

Fabrication of Al gate MOS diode
(Diameter of gate electrode: 0.3mm )

Thickness measurement by ellipsometer

Thickness measurement
by ellipsometer

Fig. 1. Sample preparation process flow.
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measured by the ellipsometry method. The film composition
was analyzed by X-ray photoelectron spectroscopy. Elec-
trical properties were measured using MOS structures with
aluminum electrodes. Anodic oxidation was carried out in
pure water with the application of a constant voltage across
the silicon wafer anode and the other electrode of platinum
or silicon, as shown in Fig. 2. The distance between the
electrodes was 3 cm, and anodic oxidation was carried out
with a constant DC voltage or by alternately changing the

polarity of the voltage (AC). We used the period of 60 s and
the duty ratio of 0.5 for the AC voltage source. Figure 3 is a
time chart of applied voltage when the polarity changes
alternately. The current flow during anodic oxidation was
monitored and integrated to calculate the total charge during
oxidation. Silicon substrates were cut to a 1.1 cm square size,
and the anodic oxidation window was 1 cm square.

3. Experimental Results

We measured distributions of the thickness of both
samples fabricated with DC and AC voltages. Figure 4

shows profiles of oxide films in this experiment. Figures 4(a)

3 cm

Pure water
(16 M cm)

Si Pt or Si

Teflon water bath

+
Voltage controller

(Alternative voltage generator)

Ammeter
(Keithley 2000 Multi-meter)

PC
(Data store)

DC voltage source

Fig. 2. Anodic oxidation experimental system.

Output of
Voltage
Source

Output of
Controller

Polarity of
Electrode

0 [V]

400 ms400 ms

Fig. 3. Time chart of alternately changed polarity of voltage (AC).
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and 4(b) show thickness distributions of the oxide film on
the n-type and p-type silicon substrates when the voltage
was 300V DC. Figures 4(c) and 4(d) show distributions of
the oxide thickness when the applied voltage changed
polarity as shown in Fig. 3. The oxide on the n-type
substrate was thinner than that on the p-type substrate and
randomly distributed, but it was improved upon oxidation
with an applied AC voltage as shown in Fig. 4(c). Figure 5

shows the oxide thickness on the p-type silicon substrate
against the total charge flowing in the system during
oxidation for different applied voltages. This figure shows
that the oxide film thickness linearly increased with total
charges during oxidation and the oxide obtained with AC
voltage is thicker than that obtained with DC voltage. The
oxide thickness as a function of total charges flowing during
oxidation with AC voltage is twice that with DC voltage.
The composition of the anodic oxidized film in our
experiment was analyzed by X-ray photoelectron spectro-
scopy; it was stoichiometric SiO2, the same as the thermal
oxide formed at 1045�C.

We estimated the etching rate of thermal oxide and anodic
oxide films in order to compare the quality. The thermal
oxide film of 30 nm thickness was grown on a p-type silicon
substrate at a temperature of 1045�C and then it was
reoxidized by anodic oxidation with 300V AC for 5–25min.
These samples were etched by a solution of HFð48%Þ :
H2O ¼ 1 : 50 at room temperature. Figure 6 shows the
etched oxide thickness against etching time for various
anodic oxidation times. The region of high-etching rate at an
early stage is predominantly of anodic oxide and the region
of low-etching rate a later stage is predominantly thermal
oxide being slightly affected by anodic oxidation. This result
reveals that the density of anodic oxide is lower than that of
thermal oxide as reported previously. The etching rate of the
thermal oxide film is 1 �A/s, and 8–9 �A/s for the reoxidized
film by anodic oxidation. It is confirmed that the etching rate
of the oxide film fabricated by anodic oxidation (300V AC)
on the silicon substrate is 25 �A/s, and the rate of the film
grown with DC voltage is higher than that with AC voltage.

The refractive index of the anodic oxide film was around
1.45 for films thicker than 200 �A, however it ranged from 1.3
to 1.4 for films thinner than 100 �A. The dielectric constants

were determined using the thickness measured by ellipso-
metry and the capacitance measured under accumulation
condition. The estimated dielectric constant was between 4
and 7 and it was higher than that of the thermal oxide.

The electrical characteristics are analyzed from high-
frequency C–V and I–V characteristics. Figure 7 shows the
C–V curves for different anodic voltages and Fig. 8 shows
the density of Si/SiO2 interface states evaluated by the
Terman method. Densities of fixed positive charge in the
oxide are evaluated by flat-band voltages, and
4:5{4:7� 1012 cm�2 and 3:2� 1012 cm�2 are obtained when
the applied voltages during oxidation are 200–400V and
500V (AC), respectively.

Anodic oxidized films were annealed in nitrogen atmo-
sphere at various temperatures. The etching rate and also
thickness decrease as the temperature increases as shown in
Figs. 9 and 10.

Electrical characteristics are improved by high-tempera-
ture annealing. Figure 11 shows the C–V curve of a MOS
structure annealed in nitrogen atmosphere at 400�C for
30min. The anodic oxidized film is fabricated with 300V
AC and the total charge during oxidation is 0.1 C. The
density of fixed positive charge is 4:3� 1011 cm�2. Figure
12 shows the density of Si–SiO2 interface states of the same

0

200

400

600

800

O
xi

d
e 

T
h

ic
kn

es
s 

[
]

Total Charges during Oxidation [C]

AC 200
400
500

DC 200
500

0 0.1 0.2 0.3 0.4 0.5 0.6

Fig. 5. Film thickness vs total charges during anodic oxidation on p-type

(100) 3–5��cm Si at 20�C.

0

100

200

300

400

0 10 20 30 40 50 60

E
tc

h
ed

 O
xi

d
e 

th
ic

kn
es

s 
[

]

Etching Time [s]

Anodic Oxidation Time [min]
25

20

15

10
5

Thermal Oxide

Fig. 6. Etched oxide thickness vs etching time for different anodic
oxidation times.

0.0

0.2

0.4

0.6

0.8

1.0

-7 -6 -5 -4 -3 -2 -1 0

C
 / 

C
m

ax
.

Gate Voltage [V]

Applied Voltage 
during Oxidation

200 [V] (AC)

300 [V] (AC)

500 [V] (AC)

400 [V] (AC)

Fig. 7. C–V curves of MOS structures with anodic oxide fabricated at

different voltages.

Jpn. J. Appl. Phys. Vol. 41 (2002) Pt. 1, No. 3A K. OHNISHI et al. 1237



structure.

4. Discussions

In this paper, we explain our experimental results of
anodic oxidation on the silicon substrate in pure water at
room temperature. The growth rate of the oxide film on the
n-type substrate is smaller than that of the oxide film on the
p-type substrate and SiO2 grows only under the condition
that the voltage of the silicon wafer is positive. The
thickness of the oxide film increases as the total charge
during oxidation progresses; this result differs from that of
Dubrovskii’s experiment. Oxidation by alternately changing
the voltage polarity makes the surface roughness decrease.
The oxidation rate on the p-type substrate is larger than that
on the n-type substrate and moreover, the surface flatness of
the anodic oxide film on the n-type substrate is poorer than
that on the p-type substrate. When the electrode polarity
changes alternately, the oxide growth rate is twice that of the
case of single polarity and the surface roughness of the oxide
film on the n-type substrate is improved.

From these experimental results, we will consider the
anodic oxidation mechanism as follows. A water molecule
has a small dipole moment. Electrons of hydrogen atoms
take positions close to the oxygen atom side. A hydrogen
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atom is slightly positively charged, þ�, and the oxygen of a
water molecule is slightly negatively charged, �2� as shown
in Fig. 13. When the silicon wafer is biased positive against
a cathode, positive charges exist at the water–Si interface.
Oxygen of a water molecule is directed toward the positively
charged Si–water interface as shown in Fig. 13.8) The water
molecule drifts and/or diffuses into the silicon bulk, and
hydrogen is dissociated from H2O. This hydrogen is highly
activated and reacts with Si=Si bonds and/or dangling bonds
forming SiH and also breaks the covalent bond of Si=Si.
The oxygen-hydrogen pair atom combines with Si and forms
SiOH.

When a negative bias is applied to the silicon substrate,
the hydrogen of a water molecule is directed toward the Si-
water interface and the water molecule is dissociated to
hydrogen and hydroxyl by reacting with electrons from the
negative electrode.5) Hydrogen drifts and/or diffuses into the
silicon bulk and reacts with Si=Si forming Si–H. OH drifts
out to the water. Another possible mechanism is that OH and
H in the water are dissociated from a water molecule and H
drifts and/or diffuses into the silicon bulk and forms Si–H
and/or is positioned at an interstitial site. The hydrogen
diffuses deeply into the inner space of the silicon bulk due to
a large diffusion constant.

When the polarity of the supplied voltage to the silicon
substrate is changed from negative to positive, electrons
move from the Si–metal interface to the water–Silicon
interface and the distributed ions at the interface are
neutralized by the electrons. Moreover, activated hydrogen
remaining in the oxide approaches the water–Si interface.
The hydrogen distributed in the silicon bulk breaks the
Si=Si bond and forms Si–H, and OH from the water–Si
interface forms the Si–O and SiO2 as shown in Fig. 14. Thus
the oxidation rate against total charges during oxidation in
case of AC voltage is roughly twice that with DC voltage as
shown in Fig. 5. In the case of the p-substrate, holes
accumulate sharply at the interface as shown in Fig. 15.
Meanwhile, in the case of the n-substrate, donor ions form a
depletion layer, holes (minority carrier) are present at the
interface as shown in Fig. 16 and a depletion layer restricts
the growth rate.

The growth rate difference between SiO2 on the n-type
substrate and on the p-type substrate is considered as
follows. In case of the p-type silicon substrate, positive

charges near the water–Si interface are holes and are sharply
distributed at the silicon surface. Therefore, OH and H react
easily with silicon covalent bonds and dangling bonds, and
form SiOH and SiH, respectively. In the case of an n-type
silicon substrate, positive charges near the water–Si interface
are ionized donors and holes that are minority carriers in an
n-type substrate. There is a small number of holes compared
with the case of the p-type substrate. Thus, the number of H
and OH reacting with holes is smaller than for the p-type
substrate.

5. Conclusions

We experimented with anodic oxidation in pure water at

Si

Si

Si

Si

H

O

H

H

O

H

H

H

Si
Si

Si

O

OH

Si

Si

Si e

H
OH

Si

Si

Si

e

Si Si

OH

O

Si O
Si

H O

O

H

O
H

O

H
O

HH

O

H

H

H

Water Silicon

Fig. 13. Proposed model of anodic oxidation in pure water.

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

H
O

H

Va

e

H
O

H

Va

H

H
H

H
H

H
H

H

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

HH

H

H

H
e

OH

Va
H

O
H

H

H
H

H
H

H
H

H

H+ Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

Si

H
OH

H

Si

e

O

OO

O
OH

Water Silicon

Water Silicon

SiliconWater

Fig. 14. Anodic oxidation model when the applied voltage changes from
negative to positive.

Jpn. J. Appl. Phys. Vol. 41 (2002) Pt. 1, No. 3A K. OHNISHI et al. 1239



room temperature as a possible low-temperature process and
also discussed the growth mechanism using a model of
molecular dipoles of water. We found that alternately
changing the polarity of the applied voltage operates
effectively to cause anodic oxidation. We also found that
the composition of the oxide was stoichiometric SiO2, the
oxide thickness increased with charges flowing during
oxidation and the growth rate on p-type silicon was higher
than on n-type silicon. The surface roughness was larger on
n-type silicon than on p-type silicon. When the applied
voltage polarity was changed alternately, surface roughness
became small and the growth rate became twice that in the
case of single polarity.

We also examined the possibility of improving the
electrical characteristic of SiO2 films by high-temperature
annealing. The etching rate of the oxide film became small,
and it was effective in decreasing the density of Si/SiO2

interface states and positive charge density in the oxide.
Our intention in performing this study is to apply the

anodic oxide for the following purposes.
1. Low-temperature VLSI processes.
2. Bonded and Etched SOI.
3. Oxide film for micro-machining.
It is difficult to apply the anodic film to the LSI insulating

film process directly. However, it will be possible to
improve the quality by controlling the resistivity of pure
water, substrate temperature and voltage stability. If the
anodic oxide can be applied to an oxidized substrate to
fabricate a BE–SOI wafer, an inexpensive SOI substrate can
be obtained. We consider that the most realistic application
at this stage is the use of the anodic oxide for micro-
machining.

We attempted to apply the anodic oxidation to aid the
suppression of global warming and environmental pollution,
and made a tiny step toward the application of the electrical
effect to the device fabrication process. We hope this study
will contribute to positive changes in the use of energy.
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Preparations and Evaluations of C60 Thin Films for Organic Field-Effect Transistors
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Fullerene C60 thin films were grown on a mica top-gate-type substrate and on a CaF2 == Si(111) bottom-gate-type substrate
with the aim of fabricating high-performance organic field-effect transistors (FETs). It is expected that single-crystal C60 thin
films with a large grain have a high mobility as n-type materials because of the lack of a potential barrier at the grain
boundaries for conducting electrons. On both substrates, oriented C60 films were obtained. In particular, on the mica substrate,
the highly oriented films had grains larger than 1� 1 mm and a two-dimensionally flat surface with 60 and 120 deg facets. The
step height was 0.8 nm, consistent with that of an hcp bulk structure. The highly oriented films were grown at the substrate
temperature at which the C60 molecules at the tips of spiral grains re-evaporated. The obtained single-crystal C60 thin films
with large grains are promising for high-performance organic FETs. [DOI: 10.1143/JJAP.44.617]

KEYWORDS: C60, organic, mica, calcium fluoride (CaF2), Si(111), thin film, FET, epitaxial growth, molecular beam epitaxy
(MBE), atomic force microscopy (AFM)

1. Introduction

Recently, organic field-effect transistor (FET) devices
have become attractive from the viewpoints of low cost,
mechanical flexibility, low-temperature processing and so
on. The performance of organic FETs should be comparable
to that of amorphous silicon. Among organic semiconduc-
tors, pentacene has been well known as a p-type material
because of its high mobility of 1.5 cm2/Vs, while n-type
materials with high mobility are extremely desired for
organic complementary circuits.1) Fullerene C60 is expected
as an n-type organic material. A practical in-situ measure-
ment has demonstrated a high mobility of 0.5 cm2/Vs in a
C60 thin film.2) In another study, alumina-passivated C60 thin
film with a mobility of 0.1 cm2/Vs prevents the degradation
of FET performance.3) However, there have been no reports
focusing on how the crystallinity of the film and grain size
affect FET performance for n-type organic semiconductors.4)

Therefore we tried to grow C60 single-crystal thin films with
a large grain in order to achieve a high FET performance. In
such films, carrier transport is not suppressed because of few
scatterings of carriers at grain boundaries.

In this study we discuss the single-crystal growth of C60

thin films for two types of FET: top-gate type and bottom-
gate type. Natural mica and CaF2 == Si(111) were used as
top-gate- and bottom-gate-type substrates, respectively.
Calcium fluoride worked as a gate insulator and buffer layer
for the growth of single-crystal C60 thin films.

2. Experimental

Films were prepared using an ultra-high-vacuum molecu-
lar beam epitaxy (UHV-MBE) system with a background
pressure of less than 1� 10�8 Torr. The chamber for film
growth and the prechamber for sample exchange were
evacuated using a 2000 L/s diffusion pump and a 220 L/s
turbomolecular pump, respectively. The substrate temper-
ature, TS, was measured using an optical pyrometer through
the viewport of a ZnSe window. The powders of C60 with
99.9% purity and of CaF2 with 99.99% purity were
evaporated from a pyrolytic boron nitride (PBN) crucible
in effusion cells. Cell temperature for C60 deposition was
increased during growth in order to maintain a constant C60

flux rate using a thickness monitor, while for CaF2, it was
kept constant at 1150�C, the flux of which was 1:9� 10�4

Torr derived from the temperature dependence of steam
pressure.

Cleaved natural mica substrates were set on the sample
holder, where copper foils with 0.01mm thickness were
inserted between the holder and substrate for a better thermal
contact and temperature uniformity. Prior to deposition the
substrate was prebaked at 400�C for 60min in vacuum. A
growth rate of 3.0 nm/min was obtained for a film deposited
on a glass substrate at room temperature. The pressure
during C60 film deposition was approximately 2:0� 10�8

Torr.
The p-type Si (111) substrate for CaF2 growth, the

resistivity of which was less than 0.02�cm, was cleaned
ultrasonically for 60 s in Semicoclean23 solution (Furuuchi
Chem. Co.) to remove organic impurities, etched by acid
solution (HF:HCl:H2O = 1:4:7) for 60 s and then rinsed
with pure water. Those processes were carried out three
times. Immediately the substrate settled on the sample
holder with the insertion of 0.01-mm-thick Pt/Au foils and
was loaded in the chamber. CaF2 film is deposited at 250�C
for 10min and at 660�C for 60min, at which the pressures
were approximately 1� 10�8 Torr and 8� 10�8 Torr, re-
spectively.

Surface morphology is observed by atomic force mi-
croscopy (AFM) (Seiko Instruments Inc. SII: SPI3800). The
crystalline structures of the films are studied by X-ray
diffraction analysis (XRD) (Rigaku: RAD-C).

3. Results and Discussion

3.1 C60 films growth on mica substrate5)

Figure 1 shows a typical 2�-� XRD pattern of the C60 thin
film grown at 186�C on the mica substrate. From the
consideration of each peak intensity, the XRD pattern of the
film was assigned as that of an hcp structure rather than an
fcc one. Other reflection peaks were found to originate from
the substrate. The lattice spacing of C60 (0002), fitted by a
Nelson-Riley function, was 0:817� 0:001 nm, similar to
that of hcp C60 bulk, which is 0.818 nm.

Figure 2 shows the TS dependence of the full width at half
maximum (FWHM) of the (0002) Bragg reflection. The
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FWHM decreased up to 80�C and was constant at the TS
range from 80�C to 180�C. Above 180�C the FWHM rapidly
increased. In general, the FWHM of the 2�-� Bragg peak
depends on the fluctuation of lattice spacing and film
thickness. In this case the FWHM should decrease with
decreasing fluctuation and increasing temperature. The
FWHM should increase with increasing temperature since
film thickness decreased due to the re-evaporation of C60

molecules. These two factors resulted in the observed
relationship of FWHM vs TS.

Figure 3 shows the AFM images of a 2 mm2 area of the
C60 thin films grown at the temperature range from 40 to
120�C on mica substrates. The grains grown at 40�C with a
grain size of 50 nm were spread across the surface, as shown
in Fig. 3(a). As substrate temperature increased the grain
size also increased. Some of the grains grown at 80�C with a
grain size of 150 nm formed triangular structures, as shown
in Fig. 3(b). For the grains grown at 100�C, the triangular
structures can be clearly seen as shown in Fig. 3(c). Each
grain was separated distinctly by grain boundaries. At 120�C
the triangular grains began to coalesce, as shown in
Fig. 3(d).

AFM images obtained at higher temperatures are shown in
Fig. 4. The images on the left-hand side are of an area 2 mm2

and those on the right-hand side are of an area 5 mm2. The

coalesced grains had a spiral structure and were approx-
imately 1� 1 mm2 as shown in Figs. 4(a-1) and 4(a-2). Steps
and terraces can be clearly observed. With increasing
substrate temperature, terrace width increases. Separated
grains are evident in Figs. 4(a-1) and 4(a-2) indicating the 3-
dimensional (3D) growth mode. At 185�C, Figs. 4(b-1) and
4(b-2), the separated grains were not obvious, and spiral
growth was obtained in some places on the 2-dimensionally
flat surfaces of the C60 thin film, indicating 3D growth on the
2-dimensional (2D) surface. The terraces of the spiral grains
sometimes had a discrete stack of terraces and/or screw
dislocations, which could be from the incommensurate
lattice match between the step height of the mica substrate
and the radius of C60.

6) At 197�C, Figs. 4(c-1) and 4(c-2),
there was no spiral growth. Steps and terraces appeared with
60 and 120 deg facets, indicative of the 2D growth mode.
The film thickness was less than 10 nm. Epitaxial growth
with a single hcp structure took place in these films. Above
this temperature, no film and no AFM images were obtained
due to the re-evaporation of C60.

The change in the growth mode probably occurred with
increasing substrate temperature. However, at above 185�C,
at which significant re-evaporation occurred, C60 molecules
at the tip of the spirals should re-evaporate first. Eventually,
the difference in the type of surface was caused not by the
difference in growth mode but by the re-evaporation of C60.

Figure 5 shows the AFM image at another point of the
film shown in Figs. 4(c-1) and 4(c-2) with a line profile. The
step height of 0.8 nm was consistent with the lattice spacing
of (0002) for the C60 hcp bulk structure.

The surface roughness Ra is shown as a function of TS in
Fig. 6. The Ra decreased linearly with increasing TS up to
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150�C, and then rapidly decreased to a minimum. The rapid
decrease was consistent with the difference in surface
morphology due to marked re-evaporation of C60 molecules
present at the tip of the spiral grain.

Using all the AFM images of the films prepared at various
TS’s, the Arrhenius plots of the average radius of the grains
are drawn in Fig. 7 assuming that all the grains were
spherical. The obtained data were fitted to a straight line for
the wide range of TS, though dispersion was slightly
observed in the region of higher TS. It was concluded that
the growth mechanism can be explained by the simple model
in which the C60 molecules migrate while thermally over-
coming the activation energy of approximately 0.20 eV.

3.2 C60/CaF2 film growth on Si (111) substrate
The surface morphologies of CaF2 and C60/CaF2 are

shown in Fig. 8. Equilateral triangular grains with two-
dimensionally flat terraces were observed with a side length
of 100–800 nm and a height of 20–80 nm. The azimuth of the
apex of triangular grains was along one direction, indicating
epitaxial growth.

Generally, with increasing substrate temperature, decreas-
ing flux and/or terrace width, the growth mode is trans-
formed from pure terrace nucleation through a mixed step

c-1) 197 °C, 2 μm2

b-1) 185 °C, 2 μm2

a-1) 149 °C, 2 μm2 a-2) 5 μm2

b-2) 5 μm2

c-2) 5 μm2

0 nm 7.28 nm0 nm 6.59 nm

0 nm 3.07 nm 0 nm 5.71 nm

0 nm 4.86 nm 0 nm 6.19 nm

Fig. 4. AFM images of C60 films at higher substrate temperature range

from 149 to 197�C. Left-hand side shows images of 2 mm2 area and right-

hand side shows images of 5mm2 area.
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and terrace nucleation, to pure step nucleation and step
flow.7) Pure terrace nucleation is observed at approximately
600�C. The surface obtained was similar to that of the pure
terrace nucleation at the substrate temperature of 660�C,
which is the highest limit of our system. The flux rate of
CaF2 was rather low compared with that in the literature,7)

therefore smoother surfaces can be obtained on a substrate
with narrower terraces.

As shown in Fig. 8(b), the C60 film was deposited on the
CaF2 == Si(111) substrate at 190�C for 30min. The surface
morphology basically shows triangular grains which are
obscure. The XRD profile shows the Bragg reflections of the
hcp structure similar to that of the C60 film on the mica
substrate.

4. Conclusion

Single-crystal C60 thin films were grown on a mica top-
gate-type substrate and on a CaF2 == Si(111) bottom-gate-
type substrate in order to achieve a high FET performance. It
is expected that carrier transport is not suppressed because of
the few scatterings of carriers at grain boundaries in the films

with large grains and then a high FET performance is
achieved. On the mica substrate, a highly oriented hcp C60

film with a 2D flat surface grew just below the temperature
above which C60 molecules totally re-evaporated. Two-
dimensionally flat surfaces, which had a step and terrace
structure with 60 and 120 deg facets, were achieved because
of the re-evaporation of C60 molecules from the tip of the
spiral grains. The height of the steps (0.8 nm) was consistent
with that of hcp bulk. Grains larger than 1� 1 mm2 were
obtained. Under the same growth conditions as those for the
mica substrate, an oriented hcp C60 film was obtained on the
epitaxial CaF2 == Si(111) substrate, the surface of which
showed equilateral triangular grains with a two-dimension-
ally flat terrace. The side length of the grains was 100–
800 nm and the height of the grains was 20–80 nm. On both
substrates, oriented C60 films were obtained. In particular the
films on the mica substrate were promising as high-
performance organic FETs.
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Preparation of Nano-Structured C60 Thin Films
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Sapphire (0001) substrates were annealed at 1000�C for 12 h in air to obtain flat surfaces with a step-terrace structure. Au films
were deposited on the substrates using the molecular beam epitaxy (MBE) method, at various substrate temperatures. The
surface morphology of the films was observed by means of atomic force microscopy (AFM). A quasi one-dimensional
alignment of Au particles was partially prepared along the steps at the substrate temperature of 620�C. On the other hand, an
atomically flat Au thin film was obtained at the low substrate temperature of 130�C. A C60 monolayer was obtained by re-
evaporating the C60 molecules deposited on the Au films, which was confirmed by X-ray photoelectron spectroscopy
(XPS). [DOI: 10.1143/JJAP.44.736]

KEYWORDS: C60 monolayer, nanostructure, step, terrace, diffusion barrier, atomic force microscopy (AFM)

1. Introduction

Recently, the fabrication of electronic devices has reached
the nanoscale level with the continued increase in the density
of integration. Therefore, the fabrication processes of
devices are becoming increasingly complicated and costly.
The aim of this study is to fabricate a nanoscale structure
with functional molecules, in particular, a monolayer of C60

molecules was aligned one- and/or two-dimensionally by a
re-evaporation method. In this method, an important aspect
is that the binding between C60 and metals is stronger than
that among the C60 molecules. After the growth of C60/Au
and annealing, only those C60 molecules directly adsorbed
onto metals remained, whereas the molecules bound with a
weak Van der Waals interaction were re-evaporated.

Then the alignment of metals is a particularly important
process for obtaining nano-structured C60 films. We have
taken note of the surface structure of oxide single crystal
substrates. A simple process has been reported for obtaining
atomically flat surfaces with a step-terrace structure.1,2) On
such substrates, Au films were deposited by molecular beam
epitaxy (MBE) while changing the substrate temperature.
The surface morphology of the obtained films was observed
and discussed with respect to the synthesis of nano-
structured C60 monolayers.

2. Experimental Procedure

Figure 1 shows the process proposed for the fabrication of
C60 low-dimensional structures, particularly the one-dimen-
sional (1D) structure. (a) The substrates with step-terrace
structures are prepared. (b) 1D Au alignments are formed
along the steps of the substrates. It is expected that the steps
function as a potential barrier for the migration of Au atoms
and Au particles aligned along the steps. Therefore, a high
substrate temperature and/or a low Au flux rate are a
desirable condition. For the two-dimensional (2D) alignment
of Au particles, a low substrate temperature is possibly an
appropriate condition. (c) C60 molecules are deposited on the
substrates. (d) Annealing is carried out in situ to re-evaporate
only those C60 molecules bound with weak Van der Waals
interactions.3)

Films were grown using an MBE system which was
evacuated by a diffusion pump and a turbomolecular pump.
The background pressure was approximately 1� 10�8 Torr.

After the Al2O3 substrates are cleaned ultrasonically in

acetone, they are annealed at 1000�C for 12 h in air. The
annealed substrates are pre-baked at 400�C for 30min in
vacuum, prior to the deposition. The growth temperatures of
the substrates are measured using an optical pyrometer. Au
with 99.99% purity and C60 powder with 99.95% purity are
evaporated from pyrolytic boron nitride (PBN) crucibles in
Knudsen cells. Table I shows the details of conditions for

(b) Deposition of Au ultrathin film

(c) Deposition of C60 thin film

(d) After annealing

(a) Annealed substrate

Fig. 1. Schematic images of proposed process for the fabrication of C60

low-dimensional structures on Au layers. (a) Step-terrace structure of

single crystal surface, (b) one-dimensional alignment of Au, (c) as-grown

C60 film and (d) one-dimensional alignment of C60.
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film growth. Au deposition is usually completed after the
appearance of additional spots and/or rings of Au in the
reflection high-energy electron diffraction (RHEED) pattern
of the substrate. During the deposition, the temperature of
the C60 K-Cell is controlled in order to maintain a constant
flux rate using a crystal thickness monitor.

The surfaces of the films were observed in situ by RHEED
during deposition and annealing. After the air exposure of
the samples, the surface morphology was measured by
atomic force microscopy (AFM) (Seiko Instruments Inc. SII:
SPI3800) and the chemical binding condition of C60 was
measured by X-ray photoelectron spectroscopy (XPS)
(SHIMADZU Co.: ESCA-850, X-ray: MgK�). The XPS
peaks were detected every 6 s during etching by Ar ions
accelerated at 2 kV. The sample size was approximately
3mm2. Vertical differential charging was calibrated by the
Au 4f5=2 peak.

Resistivity was measured by the four-point probe method.
Comb-type Au electrodes were prepared on the substrate
prior to the film deposition.

3. Results and Discussion

3.1 Surfaces of �-Al2O3 (0001) substrate
Figure 2 shows an AFM image of a sapphire (0001)

substrate annealed at 1000�C for 12 h. The surface shows
uniform parallel steps and atomically flat terraces with
0.21 nm step height and 80 nm terrace width. Uniform
parallel steps are suitable for electrical conduction measure-
ments of the Au particles one-dimensionally aligned along
the steps.

3.2 One-dimensional structure
Figure 3 shows the AFM images of Au particles evapo-

rated on the annealed substrates under the substrate temper-
ature conditions (Ts) of (a) 350�C, (b) 500�C and (c) 620�C.
The Au flux was fixed at 1.64mTorr, which was derived
from the temperature dependence of the equilibrium vapor
pressure. The Au particles with diameters of approximately
10 nm were distributed without alignment at the Ts of (a)
350�C and (b) 500�C. At the Ts of (c) 620�C, particles had

diameters of approximately 20 nm and were aligned partially
along the lower and/or higher sides of the substrate steps.
Figure 3(d) shows the AFM image of Au particles deposited
at the Ts of 620�C under the Au flux of 0.820mTorr. In this
case, comparatively small Au particles with diameters of
approximately 13 nm tended to align around the steps. From
the comparison of the results in Figs. 3(c) with those in 3(d),
it is confirmed that the diameter of the Au particles became
smaller and the probability of the adherence of the Au
particles at the steps became higher upon decreasing the flux
rate.

By decreasing the flux rate and/or increasing the substrate
temperature, the migration length of the deposited atoms
increases. Therefore, the probability of the collision of atoms
on the terraces was decreased, and then the deposited Au
atoms reached the substrate steps and nucleated there. When
atoms collide with other atoms on a terrace and grow beyond
the critical radius of the nucleus, the collided particles do not
reach the steps due to the higher potential barrier for
migration, and thus they could form nucleation sites on the
terrace. As shown in Fig. 3(d), the 1D nanostructure of Au
particles appeared partially along the steps under the
condition of Ts ¼ 620�C and flux rate of 0.820mTorr,
under which condition the atoms can gain the migration
energy required to reach the steps.

The Au particles become spherical as a general tendency
because of the large difference in surface energy between Au
and the substrate.4) It is considered that comparatively small
Au particles are more suitable for 1D alignment through
connecting with eath other along the steps than large
particles are.

3.3 Two-dimensional structure
Figure 4 shows the RHEED patterns of (a) the annealed

surface of sapphire (0001) substrates and (b) the Au thin film

Table I. Conditions of film growth.

K-Cell Substrates Deposition Annealing after

temperature (�C) temperature (�C) time (min) deposition

Au 1200–1300 130–630 1.5–40 130–630�C 30min

C60 �350 190 5–10 �350�C 30min

Fig. 2. AFM image (1000 nm2) of �-Al2O3 (0001) substrate.

(a) (b)

(c) (d)

Fig. 3. AFM images (1000 nm2) of Au particles deposited on �-Al2O3

(0001) substrate at different substrate temperatures of (a) 350�C,
(b) 500�C, (c) and (d) 620�C. Au flux rates for (a)–(c) were 1.64mTorr

and that for (d) was 0.820mTorr.
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evaporated under the conditions of Ts ¼ 130�C and the Au
flux rate of 0.82mTorr. The electron beam was incident
from the [1�1100] direction perpendicular to the step lines.
After the deposition of Au, the characteristic pattern on the
substrate disappeared and faint diffraction rings from Au
were observed, indicating the growth of polycrystalline Au
films.

Figure 5 shows an AFM image of the Au film. The image
is similar to that of the substrate, which indicated an
atomically flat Au thin film. This planar structured Au film
was applied in the synthesis of a 2D structured C60

monolayer. The specimen was prepared by a process
involving the deposition of C60 films on the 2D Au film
and successive re-evaporation at 350�C.

Figure 6 shows an XPS spectrum of a C60 thin film after
6 s etching. This specimen was prepared on a Au thin film by
the re-evaporation method. It is known that a monolayer of
C60 on Au has a metallic property because of the charge
transfer from Au to C60 and the XPS C1s peak with the tail
extended to the higher binding energy side.5,6) The observed
asymmetric peak of the C60 film was consistent with the

result for the C60 monolayer. Thus, it is apparent that the re-
evaporation method is useful for the preparation of C60

monolayer on Au films.
The resistivity of the Au thin film was too high, namely,

above 1 k��cm, to be measured using our measurement
system. However, it is expected that the electric conductivity
of C60 monolayer can be measured and investigated in C60

films deposited on such a highly resistive Au film.

4. Conclusion

The 1D alignment of Au particles could be achieved on
annealed �-Al2O3 (0001) substrates by increasing the
substrate temperature and decreasing the flux rate because
the steps function well as a potential barrier for the migration
of Au atoms. The nanostructured 1D alignment of Au
particles appeared partially along the steps under the
condition of Ts ¼ 620�C and flux rate of 0.820mTorr.

Atomically flat 2D Au thin films were deposited at
Ts ¼ 130�C and the Au flux rate of 0.82mTorr. After the
C60 deposition on the Au thin film//Al2O3 (0001), the re-
evaporation of C60 was carried out by annealing at 350�C. It
was confirmed on the basis of XPS analysis that C60

monolayers can be synthesized on Au thin films by the re-
evaporation method.
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Fig. 4. RHEED patterns of (a) the annealed surface of �-Al2O3 (0001)

and (b) deposited Au on Al2O3 substrate. Electron beam was incident

from the [1�1100] direction.

Fig. 5. AFM images (1000 nm2) of deposited Au on Al2O3 at the substrate

temperature of 130�C and flux rate of 0.820mTorr.
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Fig. 6. XPS spectra of C1s peak of C60/Au//Al2O3 (0001).
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