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Electron conduction mechanism on very thin film
having 2 dimensional structure.

Shoji IIDA

Abstract

Resistance change in 2 dimensional conductive film (very thin film) shows an
irregular characteristic with increasing of the film thickness. The evidences are shown
in the attached paper (in English). In this paper, it is simply expressed that the
phenomenon occurs by the interference of two electron paths that are introduced
from a solution of Schrodinger equation.

In this paper, the solution method is expressed in detail: Initially, it was assumed
that an electron path in a thin conductive film is expressed by a Schrodinger equation
whose trajactory is impinged by a periodic potentials. To solve the equation, some
calculated results that had been reported on literatures were referred. Based on these
equations, the final solution was obtained as a simple sinusoidal function after used
some new boundary conditions. This proved that an electron path in a thin film is
expressed by the sinusoidal function. Therefore, when two electron paths are exists
in a film, there occurs an interference with each other, and the result appears as an
irregular phenomenon of a resistance.
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Resistivity Oscillation of Ti Film During Growth
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Very thin Ti films have resistivities with film-thickness-dependent osciliatory characteristics. Experimental
results show that with Hy, CO; and O, gas adsorption on the film surface, the film structure and film components
have little influence on the resistivity oscillation. Furthermore, the oscillation amplitudes are sensitive to the sur-
face flatness. The resistivity oscillation is considered to occur by a modulation of the electron transmission, in the
matching of two electron wave-functions at the interface of film/substrate and vacuum/film.

KEYWORDS:

1. Introduction

Tiis an important material which is utilized for VLSI
electronic parts. Ti is a particularly popular choice for
the gate electrodes of VLSI as a compound (TiSi,,
Ti0,). In addition, Ti has been investigated for applica-
tion to VLSI memory capacitors. However, due to the
rapidly growing scale of integration, all components on
Si chips will become smaller and more densely packed.
Eventually, component size will reach the mesoscopic
scale. At such a scale, electron conduction problems
will arise, caused by a number of physical phenomena
appearing at the interface layer between the compo-
nents and the substrate. In particular, the well-known
classical size.effect (CSE)"? will indicate an increase in
the resistivity of a film by decreasing of film thickness,
due to stronger electron scattering at the surface than
in the bulk.

Unlike the CSE, resistivity oscillation due to the
quantum size effect (QSE) is not a simple phenomenon.
This phenomenon is divided into two categories de-
pending on the film material. One is called the semi-
metal category (Bi). In this case, the QSE is experimen-
tally and theoretically explained.>® by the formation of
subbands at very low temperatures. The other catego-
ry is called the metal category. Jonker and Park” deter-
mined resistivity oscillation by using thin epitaxial
(111) films of copper and silver on a tungsten (110) sub-
strate with incident electrons injected perpendicularly
from the vacuum to the films. They explained the
generation mechanism of the QSE at room tempera-
ture (RT) by the interference between the parts of the
electronic wave-functions reflected from the film/sub-
strate interface and the vacuum/film interfaces, which
causes modulation of the electron transmission.

In addition, Jalochowski and Bauer® studied Pb films
on Si substrates and explained that the QSE is caused
by periodic changes in surface specularity p with
monolayer-by-monolayer structure growth. '

Here, we present experimental results using Ti thin
films, i.e., in situ measurements in ultra-high-vacuum
(UHV) at RT, and examine the resultant resistivity de-
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Kobe University, 1-1 Rokkodai, Nada, Kobe 657, Japan.

*’Present address: Sanyo Electric, Ltd., Gifu Factory, 180 Ohmori,
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thin film, resistivity oscillation, classical size effect, quantum size effect, wave-function

pendence of film thickness, gas adsorption effect on the
surface and film flatness as well as the film structure.

We discuss the cause of the mechanism for oscilla-
tion generation and show that the oscillation can be ex-
plained by the modulation of conduction electrons on
the free surface (vacuum/surface) and at the substrate
surface (Alm/substrate).

2. Experimental

Specimens for the experiment were prepared as fol-
lows: Mirror-like Pyrex glass plates and a sapphire crys-
tal plate having an R surface were used as the sub-
strates. For comparison purposes, some Pyrex glass
plates which were not fully polished were applied to a
mirror-like plane (quasi-plane). Their dimensions were
of 25X25 mm were the same as those of the sub-
strates. The specimens were first cleaned in an ultra-
sonic washer and then dried at 150°C. As shown in Fig. 1,
seven parallel electrodes 500 A thick were formed on
each plate by the sputtering deposition of gold. The
long electrodes (1.0 X 7.5 mm) were used for measuring
current, whereas the two short pairs (1.0x 3.5 mm)
were used for measuring voltage. The two independent
I-V measurements were simultaneously performed.

A mask made from a Mylar film sheet having a win-
dow size of 4 X 15 mm, was put on the electrodes. The
masked substrate was then affixed to the holder and
placed in an electron evaporator. Then the evaporator
was heated at 250°C for 20 h; the substrate reached
almost the same temperature. After being cooled to
RT, high-purity Ti was melted by an electron beam and
the metal vapor was deposited onto these electrodes at
a deposition rate of 0.2 to 0.6 A/s and at a pressure of
1x107%-10"° Torr. During the deposition, the film
thickness was monitored with a quartz thickness con-
troller, and the substrate temperature did not exceed
25°C. Deposition continued to a certain thickness and
was then stopped, at which time the substrate tempera-
ture was measured.

After verifying that the substrate temperature was
RT, the I-V measurements were made. The measure-
ments were carried out frequently when the film thick-
ness was less than about 600 A. The reproducibility of
the measurement was checked by the two independent
measurements (see Fig. 1). It was observed that the
data agreed within an error of +1-2%. During the re-
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Fig. 1. Electrodes on a substrate and deposited film on the elec-
trodes.

sistivity measurements, the vacuum pressure was main-
tained at about 1 x107°-107* Torr.

Another experiment was conducted on the gas ex-
posure. A quadrupole mass spectrometer was used to
inspect the gas released into the vessel, and low energy
electron diffraction (LEED), X-ray diffraction (XRD),
scanning tunneling microscopy (STM) and transmis-
sion electron microscopy (TEM) were used to study the
relationship between the film structure and resistivity
oscillation.

3. Results

Figure 2 shows the resulting resistivity oscillation
modes at RT. In the figure, (al and a2) were formed on
the mirror like Pyrex glass plates and (b1 and b2) were
formed on the quasi planes. In the former cases, no
CSE-type resistivity changes can be observed. The lat-
ter cases, in contrast, show CSE-type characteristic
changes mixed with the resistivity oscillation modes.
This phenomenon has previously been reported.” In
one study,” electrons were injected perpendicular to
the film surface, and the importance of using a single-
crystal substrate when observing the oscillation was
stressed. However, we consider that it is not essential
to use a single-crystal substrate to observe the the oscil-
lation.

The relationship between the remaining gas and re-
sistivity oscillation was examined with a vacuum pres-
sure gauge and a mass analyzer. No clear relationship
was found between the oscillation and the vacuum
pressure changes. At the same time, the primary con-
stituents of the released gas were found to be Hy, CO,
and Oq. The resistivity measurements were performed
while the employed film was being exposed to these
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Fig. 2. Resistivity vs film thickness of Ti filns: (a) the film is on a
mirror-like flat glass substrate, (b) the film is on a quasi-plane glass
substrate.
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Fig. 3. Cross section of a Ti film on a flat sapphire substrate.

gases. This is because it was reported that the periodi-
cal arrangement of surface atoms occurs by the adsorp-
tion of these gases.'®*¥ This experiment was conduct-
ed for films of 20 A and 200 A thickness. No apparent
resistivity changes corresponding to the gas compo-
nents were observed.*?

The relationship between the resistivity and struc-
ture changes was examined by LEED and AES. The
results showed that there were no periodic structure
changes dependent on film thickness. Through inspec-
tion by XRD from outside the vessel, a small amount of
film crystallization was observed, but still no periodic
structure changes were seen. This was also recognized
from the cross section inspection by TEM of a Ti film
deposited on a sapphire substrate, as shown in Fig. 3,
which shows that the film did not grow monolayer-by-
monolayer and that the micro-crystal layer covered the
amorphous layer. This structure is identical to a previ-
ously reported one.” The film surface was inspected by
STM and SEM, and no periodic changes were found.

A check was made on the resistivity changes at 30 K,
but no subband formation was found for a Bi film.?
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4. Discussion

Resistivity change depends on the film thickness, not
on the gas adsorption on the surface, the film crystal
growth structure or the formation of Ti compounds
with the substrate.*'® Therefore, we considered that
the resistivity oscillation has another cause.

In our experiment, since the film growth is not
monolayer-by-monolayer, we cannot use the model® as-
suming periodic change of surface specularity p. It is
well known that for the QSE; the relation between elec-
tron mean free path length and film thickness is im-
portant. Fischer et al.’® obtained the relationship be-
tween the electrical conductivity o(d) and mean free
path length (d) for film thickness d, as follows:

1/3 ;2
3‘_"'1:"_(‘{2:(8_”) T (1)

lo 1d) \3/) h
Using eq. (1) and Ti bulk values of ow=2.4x10°
(Qm)7Y, lo=30 A and o(d)=8.3 X10° (2m)~* where
d=200 A, we obtained {(d)=10 A. This is 1/3 that of
the bulk value. However, from one report'® the mean
free path length is assumed to increase one order over
the bulk length when the film conductivity o(d)
=2.6 X 10° (Qm) "}, though in this case the effect of film
thickness is not clear. Given these conflicting results,
we used the latter to explain our experimental results.

The relation between [ and d is shown by
Sondheimer'® using surface specularity p, as follows:

3 l
p=pw(1+-8-(1 —p)3> d>1 (2)
31-pl 1

PP T4pdin (1/d)

Equation (2) does not fit the experimental results
shown in Fig. 2, but eq. (3) does for bl and b2, when
the film thickness is less than 200 A. The surface rough-
ness is about 50 A. However, the resistivity oscillation
phenomenon can not be explained by eq. (3). The sur-
face roughness of films al and a2 in Fig. 2 is 20 A; this
shows that the resistivity oscillation has a relationship
with the surface roughness. The surface roughness was
obtained by the DEKTAK-3030 with an accuracy of
+5 A

Using these results we studied the following: as ex-
plained by Weinert,?” each very small part of the sur-
face layer takes the form of a periodic charge distribu-
tion. Electrons that flow on the surface are affected by
the periodic charge distribution. Using this model, In-
gelsfield? derived a wave-function equation for an elec-
tron traveling on the surface. His wave-function on the
free surface can be written as follows.

d<1 (3)

Y1(z)=A exp (—ay) cos (T—i}iqﬁ) (4)

By the same method we obtained a wave-function on
the substrate surface as shown in eq. (5)

wxx)=BeXp(—ﬁy)am<%§i¢') (5)
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Fig. 4. Comparison of experimental resistivity data and calculated
results.

where z is the direction of the film length; y is the direc-
tion of the film thickness; a is a lattice parameter; A, B,
a, and § are constants; ¢ and ¢’ are phase angles.

When the film thickness d is close to [, there is a pos-
sibility that traveling electrons will be reflected from
the surface and will create a new standing wave by
matching the two wave-functions. This new standing
wave is composed by the summation of egs. (4) and (5).
Figure 4 shows calculation results obtained using this
model. These calculated results fit the experimental
results of Fig. 2, i.e., al and a2, when d is small. In the
figure, the chain lines show the measured results (Fig.
2; al, a2) and the solid lines show the calculated
results. The disagreement of the two curves between
0-150 A is considered to be due to the poor surface
specular conditions. However, for bl and b2 the calcula-
tion errors are no longer negligible even with small d
values. Therefore, it appears that resistivity oscillation
requires specularity on the film surface.

The Au electrodes have a surface roughness of about
100 A. Therefore, their contribution to the Ti film resis-
tivity oscillation is small.

As noted before, Jonker et al.” explained that the
QSE occurs by modulation of electron wave-functions
when electrons are injected perpendicular to the film.
In our case, electrons are injected parallel to the film.
As in the above case, there is matching of electron
wave-functions and the QSE is generated.

5. Conclusion

Using Ti thin films, resistivity oscillation depending
on film thickness was observed. In obtaining the oscilla-
tion, it was not essential to use a single crystal sub-
strate, but the flatness of the film was important. The
adsorption of Hs, CO; and O; on the film surface, film
structure and film composition did not cause this oscilla-
tion.

From the calculation model, it may be concluded
that resistivity oscillation occurs by the modulation of a
transmission electron, in the matching of two wave-
functions of vacuum/film and film/substrate.

_..9.._
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