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Abstract 

Ion-beam-assisted deposition of organic materials has been proposed for obtaining high-quality thin films. As an application of these thin 
films, we have fabricated a solid electrolytic capacitor with organic conducting films prepared by means of evaporation of the 7,7,8,8- 
tetracyanoquinodimethane (TCNQ) complex on porous oxidized aluminium (Al) plates under ion-beam irradiation. The quality of TCNQ 
complex films prepared by this method has been confirmed to be greatly improved compared with that obtained using the conventional 
evaporation method, giving high conductivity (5 S/cm’), The solid electrolytic capacitor also exhibits a large capacitance per unit area and 
a good frequency impedance response. 
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1. Introduction 

Among various methods for the preparation of inorganic 

and organic thin films, the evaporation technique under vac- 
uum is one of the most simple and convenient methods. To 
obtain films of the desired quality, various modifications of 

this method have been proposed [ l-31. For example, a tech- 
nique utilizing ion beam or cluster ion beam has been devel- 
oped for the preparation of inorganic thin films such as metals 
and semiconductors. This technique showed to increase the 
packing density, promote crystalline growth, control mor- 
phology, minimize pin holes, modify thin film stress, etc. In 
most cases, however, when the surface of the substrate is 
irregular with steps or pores, the use of a simple evaporation 
technique does not result in a uniformly deposited surface. It 
is also difficult to evaporate the material deep into pores at 
the surface. 

In this paper, we report a simple technique to improve the 
quality of an evaporated organic thin film by ion-beam- 
assisted deposition. As an application of the improved thin 
films, we have fabricated a solid electrolytic capacitor using 
7,7,8,8-tetracyanoquinodimethane (TCNQ) complex films 
obtained by this method. 

An aluminium electrolytic capacitor with liquidelectrolyte 
has been widely used as the electrical and electronic elements 

because of its large capacitance and low price compared with 
other capacitors. This electrolytic capacitor, however, has a 
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large impedance in the high frequency region due to a low 
conductivity of the liquid electrolyte in which ionic transport 

contributes to conduction. Recently, therefore, an electrolytic 
capacitor, using conducting charge-transfer complex or con- 
ducting polymers as the solid electrolyte in which electronic 
carriers play role, has attracted much attention [4-91. TO 

establish high quality capacitors with large capacitance per 
unit area and wide frequency response of impedance, it is 
very important to put an organic conductor into small pores 
with a diameter less than several pm formed on oxidized 
metal plates. It is not easy to obtain such capacitors by simple 
evaporation techniques. 

In this study, we proposed a new technique utilizing ion- 

beam irradiation during the preparation of solid electrolyte 
by evaporation. 

2. Experimental 

The ion-beam-assisted deposition method has been utilized 

as follows. A Kaufman-type ion source of 5 cm in beam 
diameter [2] was prepared. The ion source was set in the 
vacuum chamber so that an ion beam can bombard the sub- 
strate at an arbitrary angle from the normal axis to the sub- 
strate, as schematically shown in Fig. 1. Al substrates with 
deep pores were set on the plate. The surface of an Al substrate 
was oxidized to A1203 of 700 A in thickness. Oxidized Al 
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Fig. 1. Schematic setup of the ion-beam-assisted deposition method. 

substrates with pores radii of 1.4 p,rn were used. The depth 
of the pores was about 100 pm. After the pressure in the 
chamber was set at 8 X 10m6 Torr, argon or nitrogen gas was 
let into the ion source until 1 X 10e4 Torr. During the evapo- 
ration of the sample on the substrate, the ion source was 
driven. Ion-beam energy and ion-current density were varied 
between 50 and 500 eV and 20 nA/cm* and 1 mA/cm*, 
respectively. TCNQ was used as an acceptor. A charge-trans- 

fer complex formed between the TCNQ acceptor and various 
donors is known to exhibit high electrical conductivity orig- 
inating from electronic transport. Among various donors an 
N-iso-propyl-4,4’-bipyridinium was prepared. The N-iso- 
propyl-4,4’-bipyridinium (TCNQ) n complex, whose molec- 
ular structure is shown in Fig. 2, was evaporated under ion- 

beam irradiation by heating to 240 “C in vacuum on the 
porous Al substrate. The capacitance and the frequency of 
these capacitors were measured by LCR meter (Ando: AG- 
43 11) and impedance analyzer (Hewlett Packard: 4194 A), 
respectively. 

3. Results and discussion 

Before we utilized the ion-beam-assisted method, three 

kinds of simple methods were tried such as thermal deposi- 
tion, corona charging deposition and deposition under ultra- 

sonic wave irradiation using the Al plate with pores of 1.4 
km [ IO]. The maximum capacitances per unit area which 

Fig. 2. Molecular structure of 7%isopropyl-4,4’-bipyridinum (TCNQ),, 

complex. 

Table 1 
Maximum capacitance of the capacitors prepared by three simple deposition 

methods using the Al plate with I .4 km pore radii 

Thermal Depositton using Deposition under 

deposition corona discharge ultrasonic wave 

Maximum capacitance 100 

(nF/cm’) 

380 560 

were obtained with these methods are indicated in Table 1. 

With these methods, the maximum capacitance was as large 
as 560 nF/cm*, which is about 30% of the capacitance 

obtained with liquid electrolyte. That is, a capacitance of 2 
p.F/cm’ was realized by using the A&O, substrate with the 

same pores radius and liquid electrolyte. Therefore, in the 
next step, we studied the ion-beam-assisted deposition 

method to develop the improved solid electrolytic capacitor. 
Fig. 3 indicates the capacitance of the capacitors, prepared 

with evaporated films on the Al plate with pores of 1.4 Frn, 
versus ion-beam energy upon under constant-ion beam cur- 

rent using argon gas. From this figure it is evident that the 

capacitance depends on the ion-beam energy. The maximum 
capacitance was about 600 nF/cm* for the ion beams with 

energy of 100 eV and current of 0.07 pA/cm2. Capacitance 
decreases at energies lower and higher than 100 eV. The 
radiation of ion-beam energy below 100 eV may be insuffi- 
cient for driving TCNQ complex into the pores. The ion beam 

with energy much higher than 100 eV may sputter the depos- 
ited TCNQ complex again. However, the origin of this pecu- 
liar dependence of the capacitance on the ion-beam energy is 

not fully understood. 
It should also be noted that the capacitance as high as 600 

nF/cm* was obtained for an Al substrate with pore radius of 

1.4 Frn; this capacitance is much higher than the capacitance 
of the capacitor constructed utilizing films without ion-beam 

irradiation ( 100 nF/cm*) . These facts suggest that the TCNQ 

complex could be effectively deposited into the pores of the 
Al substrate by evaporation under ion-beam irradiation, 

resulting in a remarkable enhancement of the capacitance. 
Capacitance versus ion-beam current under the constant 

ion-beam energy of 100 eV is shown in Fig. 4. The capaci- 
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Fig. 3. Capacitance vs. ion-beam energy. 
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Fig. 4. Capacitance vs. ion-beam current. 
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tance is maximal in the range of ion-beam current between 
0.07 and 0.3 p,A/cm*. In this region, crystallization was seen 

to progress. A similar effect was also reported in pyrene with 
the use of ion-beam irradiation [ 111. 

It has been reported that in the case of growth of an inor- 
ganic film the ion-atom arrival ratio (n + /no) plays an impor- 
tant role, where n+ is the number of ions and n,, is the number 
of evaporated atoms. Whether or not this relation is effective 
for organic materials has not yet been clarified. However, it 

is interesting to investigate whether this concept can be 
applied to organic materials, and especially to the enhance- 

ment of capacitance. We also put a shutter between the sub- 
strate and ion source in order to open the ion beam for the 

desired duration of time during evaporation. The maximum 

capacitance which has been obtained by changing both ion- 
molecule arrival ratios ( ni lmo), where 111” is the number of 
evaporated molecules, and the opening time of the shutter 
was 760 nF/cm*. 

Then, we modified the deposition apparatus as illustrated 
in Fig. 5. With this new method: (i) the central axis of both 
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Experimental setup 
Fig. 5. Schematic setup using the improved ion-beam-assisted method. 

./I Ion Beam Energy 
(100eVl 

Distance between Ion Source and Substrate (mm) 

Fig. 6. Capacitance vs. distance between the ion source and the substrate. 

the melting pot and ion source coincide: (ii) the distance 
from the ion source to the Al substrate can be varied between 
50 and 270 mm, and (iii) helium gas, as the ion beam, was 
let into the ion source 

Fig. 6 shows the dependence of the capacitance on distance 
from the ion source to the Al substrate under irradiation with 
the ion-beam energy of 100 eV and the ion-current density 
of 0.07 p.A/cm*. The capacitance increased rapidly by mov- 
ing the substrate away from the ion source, and then saturated 

at a distance greater than 270 mm. An enhancement of capac- 
itance is interpreted to be due to the fact that the direction of 
the motion of evaporated molecules is collinear with the ion 

beam and also the sputtering effect decreases with increasing 
the distance between ion source and substrate. Then, theevap- 
orated molecules can penetrate with ion beam into the deep 
pores. In fact, such an enhancement effect was not observed 
when a non-collinear apparatus was used, see Fig. 1. 

Fig. 7 shows the dependence of capacitance on the rotation 
speed of substrate for the ion-source substrate distance of 270 
mm under ion-current density of 0.07 mA/cm* using helium 
gas. In this method we got a maximum capacitance of 1.38 
p,F/cm*. This capacitance was the greatest among those 
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Fig. 7. Capacitance vs. rotation speed of the Al substrate. 



obtained using the various deposition methods and was 

greater by more than one order of magnitude than the value 

of the capacitance obtained with a simple thermal deposition 
method. This capacitance obtained by optimized ion-beam- 
assisted deposition of TCNQ complex as solid electrolyte is 
comparable with that of a liquid electrolyte capacitor with 
the same Al substrate. 

These capacitances depend strongly on the ion size. The 
maximum capacitances which were obtained with three kinds 
of ion beam (Ar’, N2+, He+) under the same conditions 
(ion energy of 100 eV, ion-current density of 0.07 PA/cm2 

and rotation speed of Al substrate at 1.2 rpm) are indicated 
in Table 2. To insert organic materials into tiny pores with a 
diameter of several pm, one might as well irradiate using 
helium ion beams with small size as use argon beams. 

Fig. 8 (a) shows the scanning electron microscope (SEM) 
figure of the evaporated TCNQ complex film which exhibited 

the maximum capacitance, and Fig. 8(b) gives the SEM 
picture of TCNQ complex film under non-irradiation condi- 

tions. From these figures, we see that the film prepared on the 
substrate with the helium ion-beam irradiation is very differ- 
ent from that without irradiation. The film obtained using the 
ion-beam-assisted deposition method seems to be much 

higher in density and uniformity. The film quality is remark- 
ably improved by irradiation of the ion beam. 

The frequency characteristics of the obtained capacitor by 
the present method and also of the commercially available 

electrolytic capacitor using a liquid electrolyte are shown in 
Fig. 9. This figure indicates that the frequency dependence 
of the capacitor prepared by ion-beam-assisted deposition is 

greatly improved and coincides well with that of an ideal 

capacitor, which should be originated from the increase of 
electrical conductivity in the electronic electrolyte. That is, 
the impedance of electrolytic capacitor is given by Eq. ( 1) 

z=IJ(ESR)‘+(X,-X,)2 (1) 

where ESR is the equivalent series resistance, X, and Xc 
the inductive reactance and capacitive reactance, respec- 
tively. In the conventional capacitor, the frequency depend- 
ence of the impedance is controlled by a large equivalent 
series resistance in the frequency range between 1 O4 and 1 Oh 
Hz. Therefore, it is necessary to make the ESR as small as 
possible. In the present case, the high conductivity originating 
from the electronic conduction in the TCNQ complex plays 
an important role in contrast to the liquid electrolyte in which 
the ionic transport contributes mainly to conduction. The 
frequency characteristics of impedance are the same with 
those of the capacitors which are fabricated by using a fusible 

TCNQ complex and a conducting polymer as solid electrolyte 

Table 2 

Maximum capacitance with three kinds of ion beam 

AI+ Nz+ He+ 

Maximum capacitance (nF/cm’) 850 1250 1380 

Fig. 8. SEM figures of TCNQ complex under (a) helium ion-beam irradia- 

tion, and (b) non-irradiation conditions. 
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Fig. 9. Frequency characteristics of the obtained capacitor. 

[4-6,8]. It should also be mentioned that the temperature 
dependence of the capacitance of the present capacitor util- 

izing the electronic solid electrolyte was much smaller and 
the dielectric loss was also small compared with those of a 
commercial capacitor with a liquid electrolyte. 

4. Summary 

The results of this study are summarized as follows: 
1. A new method of the ion-beam-assisted deposition of 

organic materials utilizing the Kaufman-type ion source was 

proposed. 
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2. The quality of TCNQ complex films prepared by this 

method was confirmed to be greatly improved compared with 
that obtained with the conventional evaporation method. 

3. The maximum capacitance was obtained in the range of 
the ion-beam current between 60 nA/cm* and 90 nA/cm* 
for the ion-beam energy of 100 eV under the ion source- 
substrate distance of 270 mm using helium ion beams. 

4. Organic solid capacitors fabricated using the TCNQ 
complex by ion-beam-assisted method exhibited the ideal 
frequency dependence of impedance up to 10h Hz, contrary 
to the capacitor with the liquid electrolyte. Also, the evapo- 
rated TCNQ complex films confirmed to exhibit high elec- 
tronic conduction. 

5. The frequency characteristics are the same as those of 
the organic solid capacitors utilizing a fusible TCNQ complex 
and also conducting polymers. 
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