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1. Introduction

Nanotechnology is attracting a great deal of researcher’s
attention and nanofabrication is one of the hottest topics in
the nanotechnology. We propose a new biological method
which can produce nanometric inorganic functional struc-
tures utilizing biomineralization, self-assembly and wvul-
nerability of the protein supramolecules. This method was
named “Bio Nano Process” (BNP).

As the first application of the BNP, we have been pro-
ducing an array of nanodots embedded in the SiO, layer of
the metal-oxide-semiconductor (MOS) capacitor, which is
the key component of the floating gate memory MOS tran-
sistor. In this paper, we described the each step of the fab-
rication of the MOS capacitor with nanodots array pro-
duced by a small cage-shaped protein, Listeria ferritin
(Lis-fer) with 4.5nm ferrihydrite core. The density of
nanodots array produced by Lis-fer should exceed 10%
cm, ¥ which is desirable to suppress the effect of interface
trap density at SiO,/Si. We also described the electric
properties of the fabricated MOS.

2. Experimental

A p-type Si substrate with a 3 nm thick SiO, layer was
exposed to 3-aminopropyl-triethoxysilane (APTES) vapor
and SiO, surface was covered with APTES.

Lis-fer with ferrihydrite core was adsorbed on the
APTES modified Si substrates. The adsorption density of
Lis-fer was observed by a high resolution scanning electron
microscope (HR-SEM).

Then, the protein shells and APTES layer were elimi-
nated by heat- or UV/ozone treatment and an array of
nanodots was obtained. The traces of carbon and nitrogen
atoms on the surface were examined by an X-ray photo-
electron spectrometer (XPS).

After the protein and APTES elimination, a SiO, layer
with a thickness of 20 nm was deposited on the substrate
with an array of ferrihydrite cores by PECVD method using
tetraethyl-orthosilicate (TEOS) as silicon source and Al
electrode was deposited on the SiO,. The obtained MOS
structure was annealed at 450°C for 1h in reducing ambient
gas (H, : N, = 10% : 90%). Capacitance-voltage character-
istics of the MOS capacitor were measured.
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3. Results and Discussion

Fig. 1 shows the SEM image of the substrate after Lis-fer
adsorption. Since SEM can not visualize protein shells,
only nanodot cores can be seen as white dots. The density
of nanodots was 1.8 x 10%? cm™, which is higher than the
target density 10" cm™.

We attempted two methods for the selective elimination
of protein shell, heat- and UV/ozone treatments. In the case
of the UV/ozone treatment, aggregates of nanodot cores
were observed. (Fig.2a). To avoid this aggregates we con-
ducted heat-treatment at 500°C for 10min by a rapid ther-
mal annealing (RTA), which was proven to eliminate pro-
tein completely by XPS (Fig. 3). Cores did not make ag-
gregates. (Fig. 2 b) This difference may come from the way
of protein elimination. The energy of UV light is high
enough to cut the chemical bonds of protein and the stable
protein scaffold which maintains Lis-fer monolayer array
structure was destroyed. Therefore, cores moved freely and
aggregated. On the other hand, the heat-treatment made the
protein shell into carbonaceous state which formed stable
matrix. Cores were buried in the matrix and they were fixed
during protein oxidation. Therefore independent nanodots
cores were distributed evenly. Judging from these results
we employed the heat-treatment for the protein elimination.

The protein elimination was confirmed by XPS meas-
urements. Fig 3 shows the results. N1s signal completely
disappeared after heat-treatment and C1s signal became the
same level before the heat-treatment.

Capacitance-voltage (C-V) characteristics of the MOS
capacitor were measured to investigate electron confine-
ment in the nanodots. Fig. 4 (a) shows the result and there
is a clear hysteresis. The anti-clockwise hysteresis can be
observed reproducibly, and it indicated the charging and
discharging of electron in the embedded Lis-fer cores. C-V
curve of the same MOS capacitor but produced using
Lis-apofer, which consists of only protein shell without
core, did not show any hysteresis as shown in Fig. 4 (b).
The flat band shift was larger than our previous work,
which employed ferritin molecule as cage-shaped protein.”
These results clearly indicate that the electrons are confined
within the array of high density nanodots made by Lis-fer.



4. Conclusions

High-density (1.8 x 10*%cm™) Lis-fers with homogenous
ferrihydrite core were adsorbed onto the APTES modified
Si substrate. The protein shells and APTES layer were
eliminated by heat treatment and the obtained array of cores
were embedded in SiO, layer. The MOS capacitor with
nanodots showed hysteresis in CV curve, which indicates
the electron confinement in the cores made by Lis-fer. The
results described in this paper clearly demonstrated that
Lis-fer will make it possible to fabricate much scaled float-
ing gate type memory.
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Fig. 1 SEM image of Lis-fer molecules
adsorbed onto substrate modified by
APTES. The density of Lis-fer was ap-
proximately 1.8 x 10" cm™.
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Fig. 3 XPS signals of (a) N1s and (b) Cls from the silicon
substrate with Lis-fer array before and after heat treatment
under oxygen gas. The broken lines correspond to the sam-
ple after 500°C heat treatment under oxygen gas, the dotted
lines correspond to the sample with APTES and Lis-fer layer
and the solid lines correspond to bare silicon dioxide.
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Fig. 2 SEM image of Lis-fer core array onto substrate after the outer
protein shell and APTES layer were removed by (a) UV/ozone treat-
ment and (b) heat-treatment. (a) Aggregates of the cores were seen. (b)
Independent cores were seen.
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Fig. 4 Capacitance-voltage characteristic of MOS
structure (a) with and (b) without iron nanodots. In
the capacitance with the iron nanodots made by
Lis-fer, the hysteresis was clearly observed.
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