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ABSTRACT

A CaFy buffer layer (3) 1s formed on a CaF2 (111} substrate
(2) by an MBE method. Furthermore, a CuCl thin film 1s grown
on the CaFy buffer layer (3) by the MBE method while
irradiating it with an electron beam to form an electro beam
irradiation film (1a). Subsequently, a CuCl thin film is grown by
the MBE method without the irradiation of electron beam to
form an electron beam non-irradiation film (1b), thereby thus
forming a CuCl thin film (a) including the electron beam
irradiation film (1a) and the electron beam non-irradiation film
(1b). Consequently, a CuCl thin film (1) exhibiting high

planarity and crystallinity can be formed.
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GROUP I-VII SEMICONDUCTOR SINGLE CRYSTAL THIN FILM
AND PROCESS FOR PRODUCING SAME

FIELD OF INVENTION

The present invention relates to a group I-VII
semiconductor single crystal thin film and a process for
producing the same, and especially to a process for producing a
group I[-VII semiconductor single crystal thin film, the process
including electron beam irradiation during single crystal growth,
so that the group I-VII semiconductor single crystal thin film is

excellent in planarity and crystallinity.

BACKGROUND OF THE INVENTION

The progress in information society draws attention to
optical communication technique as a technique that realize
high-speed communication. Meanwhile, the optical
communication technique has been studied to improve and
attain a faster-speed communication.

A super-high speed optical switch, that switches at a
faster speed than conventional optical switches, is needed for
attaining faster-speed communication in the optical
communication technique. In order to realize such a super-high
speed optical switch, it is important to develop a material
having a large optical non-linearity and a faster response speed.

Non-linearity is a phenomenon in which light irradiation
changes the absorption coefficient and refractive index of a
material on which the light is irradiated. Thus, irradiation of
light on a material having optical non-linearity can prevent
another light from passing through the material, or change a

direction of the another light. That is to say, the use of the
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material having optical non-linearity makes it easier to
construct an all-opt switch, which controls light by using light.

However, conventionally-known materials having large
nonlinear optical responses (optical non-linearity) have slow
responding speeds. This hinders practical use of the all-opt
switch. That is to say, a material having a large optical
non-linearity and a fast responding speed is required for an
all-opt switch.

Group I-VII semiconductors such as CuCl and the like
have drawn attention as such a material having a large optical
non-linearity and a fast responding speed. Group I-VII
semiconductors (such as CuCl and the like) has a very small
Bohr radius of exciton (approximately 0.7nm), and a very large
binding energy of exciton (approximately 200meV). The very
small Bohr radius of exciton and very large binding energy of
exciton allow for a stable exciton state. Because of this, it is
expected that optical non-linearity of group [I-VII
semiconductors becomes higher due to electric field or the
confinement of excitons. Therefore, optical properties of the
group I-VII semiconductors have been extensively studied (see
S.Yano, T.Goto, and T.Itoh, J.Appl.Phys.79(1996) p.82186).

For example, A.Ekimov, Al.L.Efros, and A.A.Onushchenko,
Solid State Commun.56 (1985) p.921, and T.Itoh, Y.Iwabuchi
and M.Kataoka, Phy.Stat.Sol.B145 (1988) p.567, CuCl studied
optical properties of a structure in which single crystal particles
are embedded in a glass matrix or NaCl matrix. G. R. Olbright
and N.Peyghambarian, Solid State Common.58 (1986) p.337,
R.S.Williams, D.K.Shuh and Y.Segawa, J.Vac.Sci.Technol.A6
(1988) p.337, A.Kahn, S.Ahsan, W.Chen and M.Damas,
Phys.Rev.Lett.68 (1992) p.3200, and A.Yanase, Y.Segawa,
Surf.Sci.278 (1992) L105 examined surface morphology and

optical properties of CuCl epitaxial growth on various
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substrates such as NaCl (001) substrate, CaFs (111) substrate,

GaP (110) substrate, MgO (001) substrate, and the like.

Furthermore, it is theoretically predicted (see H.Ishihara,
T.Amakata, K.Cho, Phys.Rev.B65, 2001, 035305)that a CuCl
thin film (CuCl nano structure) having a nano-level planarity,
has a large optical linearity due to an internal electric field
having increased resonance when the CuCl thin film has a
particular size (film thickness of 26nm).The prediction expects
that wavelength of light coupled with electrons would be very
short in the crystals and be interfered with even with a film
thickness of nano scales, the interference would result in the
increase in the internal electric field when the film has a film
thickness that is near a particular f{ilm thickness. The
particular film thickness that causes the resonance-increase of
the internal electric field is unique to each material. It is
expected that the value of the particular film thickness of a
material be determined depending on contribution of the
electronic resonance order in the material or dielectric constant
of the material.

In view of this, there is a demand for a technique for
producing, from a group I-VII semiconductor, a single crystal
thin film that is excellent in planarity and crystallinity.

However, it is difficult to produce a single crystal thin film
having a nano-level planarity (nano structure} from a group
I-VII semiconductor such as CuCl or the like. That is to say,
there is no known technique in which to control a size, shape,
planarity, and exciton attenuation constant in a thin film made
from a group I-VII semiconductor such as for example, CuCl.

For example, a molecular beam epitaxy (MBE) method has
been established as a method for producing a nano structure
from a group III-V semiconductor, but not for a group II-VI

semiconductor and a group I-VII semiconductor.
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Group  II-VI semiconductors and  group [-VII
semiconductors are more ionic than the group III-V
semiconductors, thereby making it difficult to use the MBE
method for the group II-VI semiconductors and group I-VII
semiconductors. That is to say, in order to produce, on an ionic
single crystal substrate, a flat single crystal thin film (flat single
crystal super thin film) in a nano thickness from a group I-VII
semiconductor, which is an ionic semiconductor, it is necessary
to establish a technique different from the III-V semiconductor
crystal growth which is applied for III-V semiconductor having a

strong covalent bond.

SUMMARY OF INVENTION

The present invention is attained in view of the
above problem. An object of the present invention is to
provide a group I-VII semiconductor single crystal thin
film and a process for producing the same, the group I-VII
semiconductor single crystal thin film having high
planarity and crystallinity.

A group [-VII semiconductor single crystal thin film
according to the present invention is a group I-VII
semiconductor single crystal thin film formed on a
substrate made {from ionic single crystals. In order to
attain the object of the present invention, the group I-VII
semiconductor single crystal thin film according to the
present invention is arranged such that the group I-VII
semiconductor single crystal thin film is formed on a
buffer layer while an electron beam is irradiated on the
group I-VII semiconductor single crystal thin film, the
buffer layer used for alleviating distortion caused due to a
difference in lattice constant between the substrate and

the group I-VII semiconductor single crystal thin film. The
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ionic single crystals of the present invention are of a

single crystal material such as ionic crystal (formed by
ionic bonding), oxides such as sapphire, quarts, etc.

The group I[-VII semiconductor single crystal thin
film with this arrangement has an improved surface in
planarity and crystallinity, as compared with a group I-VII
semiconductor single crystal thin film formed in a
conventional manner without the electron beam
irradiation. It is deduced that the electron beam
irradiation during the growth of the group I-VII
semiconductor single crystal causes the thin film to grow
under electron excited state, that is to say, a covalent
bond state (or a state similar to the covalent bond state).
Thus, it is possible to house a semiconductor film with a
large optical non-linearity and a fast response speed.

Moreover, with this arrangement, the buffer layer
makes it possible to alleviate the distortion caused due to
the difference in the lattice constants between the
substrate and the I-VII semiconductor single crystal thin
layer. Further, the group I-VII semiconductor single
crystal thin film can be improved in quality by
concentrating defects in the buffer layer.

Moreover, a group I-VII semiconductor single crystal
thin film according to the present invention may include:
a layer formed while irradiating an electron beam thereon;
and a layer formed while not irradiating the electron beam
thereon.

It is possible to attain a group I-VII semiconductor
single crystal thin film having high planarity with this
arrangement in which the group I-VII semiconductor

single crystal thin film includes the layer formed while
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irradiating the electron beam thereon and the layer

formed while not irradiating the electron beam thereon.
There 1s an optimum f{ilm thickness for the film to be
grown with the electron beam irradiation with respect to
the film thickness (whole film thickness) of the group I-VII
semiconductor single crystal thin film. Thus, it is possible
to improve the group I-VII semiconductor single crystal
thin film 1in i1ts surface planarity by deciding the {ilm
thicknesses of the films to be grown with and without the

electron beam irradiation 1n consideration with the film
thickness (whole {ilm thickness) of the group I-VII

semiconductor single crystal thin film.

Moreover, the film thickness of the group I-VII
semiconductor single crystal thin film may have a film
thickness that allows an i1nternal electric field to be
resonance-increased.

It is theoretically predicted that the internal electric
field in the group I-VII semiconductor single crystal thin
film resonance-increases with a particular film thickness.
That 1s, 1t 1s possible to realize a group I-VII
semiconductor single crystal thin film having very large
optical non-linearity and very {fast response speed by

giving the group I-VII semiconductor single crystal thin

film a film thickness that allows the internal electric field

to be resonance-increased.

Moreover, the group I-VII semiconductor single
crystal thin film may i1nclude (a) a region formed while
irradiating an electron beam thereon and (b) a region
formed while not irradiating the electron beam thereon,
when viewing the substrate in a direction vertical to its

surface.

With this arrangement, it is possible to form the
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group I-VII semiconductor single crystal thin film
arbitrarily surface-modifying one portion and not
surface-modifying the other portion of the group I-VII
semiconductor single crystal thin film. In other words, it
is possible to form, on one substrate, group I[-VII
semiconductor single crystal thin films having different
properties.

Moreover, the group I-VII semiconductor single
crystal thin film may be a CuCll thin film, or a metal
halide semiconductor thin film.

Excitons of these group I-VII semiconductors have
very small Bohr radius and very large binding energy.
Therefore, a stable exciton state can be obtained.
Moreover, electric field and confinement of excitons give a
large optical non-linearity.

A process according to the present invention is a
process for producing a group I-VII semiconductor single
crystal thin film on a substrate made from ionic single
crystals. In order to attain the object, the process
according to the present invention includes forming a
buffer layer on the substrate, the buffer layer used for
alleviating distortion caused due to a difference in lattice
constant between the substrate and the group I-VII
semiconductor single crystal thin film; and forming the
group I-VII semiconductor single crystal thin film while
irradiating an electron beam on the buffer layer.

According to the process, it is possible to attain
significantly better surface planarity and crystallinity
compared with a conventional process for producing a
group I-VII semiconductor single crystal thin film without
the electron beam irradiation. Thus, it is possible to

realize a semiconductor thin film having a large optical
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linearity and a fast response speed.

Moreover, the buffer layer makes it possible to
alleviate the distortion caused due to the difference in the
lattice constants between the substrate and the I-VII
semiconductor single crystal thin layer. Further, the
group I-VII semiconductor single crystal thin film can be
improved 1n quality by concentrating defects in the buffer
layer.

A process according to the present invention for
producing a group I-VII semiconductor single crystal thin
film may include: forming a layer of the group I-VII
semiconductor single crystal thin film while irradiating an
electron beam thereon; and forming the rest of the group
[-VII semiconductor single crystal thin film while not
irradiating the electron beam thereon.

[t 1s possible to attain a CuCl thin film having high
planarity with this arrangement in which the group I-VII
semiconductor single crystal thin film includes the layer
formed while irradiating the electron beam thereon and
the layer formed while not irradiating the electron beam
thereon.

The layer formed while irradiating the electron beam
thereon and the layer formed while not irradiating the
electron beam thereon may have film thicknesses that are
decided in consideration of a film thickness of fhe group

[-VII semiconductor single crystal thin film.

There 1s an optimum film thickness for the film to be
grown with the electron beam irradiation with respect to
the film thickness of the group I-VII semiconductor single
crystal thin film. Thus, it is possible to improve the group
[-VII semiconductor single crystal thin film in its surface

planarity by deciding the film thicknesses of the films to
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be grown with and without the electron beam irradiation
in consideration with the film thickness (whole film
thickness) of the group I-VII semiconductor single crystal
thin film.

Moreover, the film thickness of the group I-VII
semiconductor single crystal thin film may have a film
thickness that allows an internal electric field to be
resonance-increased.

With this arrangement, it is possible to realize a
group I-VII semiconductor single crystal thin film having
very large optical non-linearity and very fast response
speed.

The process according to the present invention is
preferably arranged such that an acceleration voltage (HV)
of the electron beam is 0(kV) < HV £ 30 (kV).

Electron beam irradiation with an acceleration
voltage HV larger than 30kV would possibly cause poor
quality of the group I-VII semiconductor single crystal
thin film. The arrangement in which the acceleration
voltage HV ot the electron beam is 0 (kV) < HV < 30 (kV)
allows to produce a group I[-VII semiconductor single
crystal thin film of high planarity without causing a poor
quality.

The process according to the present invention may
be arranged such that a filament current FI of the
electron beam is O (A) < FI £ 5 (A).

Electron beam irradiation with a filament current FI
larger than 5 A would possibly cause poor quality of the
group I-VII semiconductor single crystal thin film. The
arrangement in which the filament current FI of the
electron beam is O (A) < FI £ 5 (A) allows to produce a

group I-VII semiconductor single crystal thin film of high
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planarity without causing a poor quality.

The process according to the present invention may
be arranged such that an irradiation current (HI) of the
electron beam is O(uA) < HI £ 150(nA).

Electron beam irradiation with an irradiation
current HI larger than 150 pA would possibly cause poor
quality of the group I-VII semiconductor single crystal
thin film. The arrangement in which the irradiation
current HI of the electron beam is O(nA) < HI < 150(pA)
allows to produce a group I-VII semiconductor single
crystal thin film of high planarity without causing a poor
quality.

For a fuller understanding of the nature and advantages
of the invention, reference should be made to the ensuing
detailed description taken in conjunction with the

accompanying drawings.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a cross sectional view of a substrate on which a
group I-VII semiconductor single crystal thin film according to
the present invention is formed.

FIG. 2 is an AFM image of a surface of a CuCl thin film
according to an Example of the present invention.

FIG. 3 is an AFM image on a surface of a CuCl thin film
formed in 65nm film thickness without electron beam
irradiation.

FIG. 4 1is a graph illustrating reflection spectrum
measurement results and theoretical calculation results of the
CuCl thin f{film according to the Example of the present
invention.

FIG. 5(a) is a graph illustrating emission spectrum

measurement results of the CuCl thin film according to the
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Example of the present invention.

FIG. 5(b) is a graph illustrating emission spectrum
measurement results of a CuCl thin film formed without
electron beam irradiation.

FIG. 6(a) is an AFM photo of a surface of CuCl thin film
having a whole film thickness of approximately 30nm and an
electro beam irradiation film thickness of 12nm.

FIG. 6(b) is an AFM photo of a surface of a CuCl thin film
having a whole film thickness of approximately 30nm and an
electro beam irradiation film thickness of 15nm.

FIG. 6(c) is an AFM photo of a surface of a CuCl thin film
having a whole film thickness of approximately 30nm and an
electro beam irradiation film thickness of 18nm.

FIG. 7 is a graph illustrating reflection spectrum
measurement result and theoretical calculation results for a
CuCl thin film according to another Example of the present
invention.

FIG. 8(a) is a graph illustrating results of emission
spectrum measurement for the CuCl thin film according to the
another Example of the present invention.

FIG. 8(b) is a graph of emission spectrumn measurement
results of a CuCl thin film formed in film thickness of 30nm
without electron beam irradiation.

FIG. 9 is a plane view schematically illustrating a
configuration of a thin film producing apparatus used in the
production of the CuCl thin film in one Example of the present

invention.

DETAILED DESCRIPTION OF THE INVENTION
The present invention is described in further details

referring to Examples, to which the present invention is not
limited.
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|[Example 1]

One Example of the present invention is explained below
referring to drawings. FIG. 1 is a cross sectional view
illustrating a configuration of a substrate (on CaFs (111)
substrate 2) 2 on which a CuCl thin film 1 was formed. The
CuCl thin film 1 was a group [-VII semiconductor single crystal

thin film according to the present Example of the present

invention.
As illustrated in FIG. 1, the CuCl thin film 1 according to

the present Example included an electro beam irradiation film
la and an electron beam-not-irradiated film 1b. The electro
beam irradiation film la was formed while an electron beam
was being irradiated thereon, whereas the electron
beam-not-irradiated film 1b was formed while no electron beam
was being irradiated thereon. Moreover, the CuCl thin film 1
was formed on a CaFj buffer layer (buffer layer) 3 formed on the
CaF2 (111) substrate 2. The CuCl and CaF; have different
crystal structures: zincblende type structure and fluorite type
structure. However, lattice mismatch between the zincblende
type structure and fluorite type structure was approximately 1%
(lattice constants of CuCl and CaF, are respectively 0.5406nm
and 0.5463nm). Because the lattice mismatch was so small, it
was still possible to grow the CuCl thin film on the CaFs
substrate by epitaxial growth.

A process for producing the CuCl thin film 1 is described

below.
To begin with, the CaFz (111) substrate 2 was thermally

cleaned at 650°C for 1 hour, thereby removing impurity such as

natural oxidation film attached on a surface thereof.

Then, the CaF» (111) substrate 2 was heated to a

substrate temperature of 600°C, and then the CaF; buffer layer

3 was grown to 50nm film thickness at a growth rate of
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0.065nm/s by an MBE method.

FIG. 9 is a plane view schematically illustrating a
configuration of a thin film forming apparatus 10 used for
producing the CuCl thin film 1. As illustrated in FIG. 9, the thin
film forming apparatus 10 is provided with a vacuum vessel 11,
an electron beam irradiating apparatus 12, a Reflection High
Energy Electron Diffraction (RHEED) pattern detector 13, gas
emitting sections 14 to 18, and a substrate holder 19.

The vacuum vessel 11 can keep the inside thereof under
vacuum. The substrate holder 19 is provided in the vacuum
vessel 11. The substrate holder 19 is provided for holding the
substrate (in the present embodiment, CaFz (111} substrate 2)
on which the thin film is to be formed.

The electron beam irradiating apparatus 12 is provided
with a filament 12a. A voltage from power source means (not
illustrated) is applied across the filament 12a, thereby flowing a
filament current FI across the filament 12a so as to irradiate
the electron beam on the substrate held by the substrate holder
19. An irradiation current HI of the electron beam is varied
according to an acceleration voltage HV and the filament
current FI.

The Reflection High Energy Electron Diffraction pattern
detector 13 detects a pattern of the electron beam that is

reflected from the substrate on which it is irradiated from the

electron beam irradiating apparatus 12, the substrate being
held by the substrate holder 19.

The gas emitting sections 14 to 18 are nozzles for emitting
gases that are necessary for forming the thin film by the MBE
method. That is, the respective gases necessary for the thin film
formation are respectively emitted from the gas emitting
sections 14 to 18. Each gas emitting sections 14 to 18 is

provided with a shutter (not illustrated) respectively, so that a
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shutter of the gas emitting section is opened when the gas

emitting section emits the gas.

On the surface of the CaF: buffer layer 3 thus formed,
streaks of the Reflection High Energy Electron Diffraction
(RHEED) pattern appeared clearly. This proved that the surface
of the CaFa buffer layer 3 is flat.

After that, the growth of the CaF2 buffer layer 3 was
stopped. Then, the substrate temperature was reduced to 180°C,
and then the CuCl thin film 1 of 65nm film thickness was
formed by the MBE method, the CuCl thin film 1 including the
electro beam irradiation film la of 13nm film thickness and the
electro beam non-irradiation film 1b of 52nm film thickness.
That 1s, 13nm of the CuCl thin film 1 was grown with the
electron beam irradiation initially in the CuCl growth, and then
the remaining 52nm of the CuCl thin film 1 was grown without
the electron beam irradiation. The CuCl growth was carried out
with the acceleration voltage HV of 15kV for the electron beam,
the filament current FI of 2.5A, and the irradiation current of
25 u A. Further, the CuCl thin film 1 was grown at the growth
speed of 0.065nm/s both for the electro beam irradiation film
la and the electro beam non-irradiation film 1b.

The results of examination of the properties of the CuCl
film 1 thus formed are described. FIG. 2 is a Atomic Force
Microscope (AFM) image of the CuCl thin film 1. Moreover, FIG.
3 1s an AFM image of a CuCl thin film that was formed in a
similar manner to the formation of the CuCl thin film 1, but
without electron beam irradiation. That is, FIG. 3 is an AFM
image of a CuCl film of 65nm film thickness formed on the CaF,
buffer layer 3 by the MBE method with the substrate
temperature of 180°C and at the growth rate of 0.065nm/s, the
CaFs buffer layer 3 being formed on the CaF2(111) substrate 2.

As 1llustrated in FIG. 3, the Cucl film formed without the
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electron beam irradiation had a surface having grooves and

holes in the order of 150nm in depth. On the other hand, as
lllustrated in FIG. 2, the CuCl film 1 according to the present
Example has a surface that was mainly flat even though it had
some grooves and holes. The flat portion of the surface of the
CuCl film 1 according to the present Example is so flat that its
roughness was in the order of 2nm. This proves that the
clectron beam irradiation during its formation made the CuCl
thin film 1 highly excellent in planarity.

Reflection spectrum of the CuCl film 1 was measured. The
measurement of the reflection spectrum was carried out under
an atmosphere of absolute temperature of 3.6K with a halogen
lamp as a light source. FIG. 4 is a graph illustrating the results
(indicated by the solid line in FIG. 4) of the measurements of
the reflection spectrum of the CuCl thin film 1, and a
theoretically-calculated reflection spectrum (indicated by the
dotted line in FIG. 4) of the CuCl thin film 1.

The theoretical calculation used ABC-Free theory that
utilizes the contribution of Z3 (n = 1) exciton order (see K.Cho,
J.Phys.Soc.Jpn.55, 1986, p.4113). More specifically, based on
the ABC-Free theory, the results of the measurements were
compared with an assumptive three-layered structure of CuCl

(active) layer/CuCl inactive layer/CaF2 layer so as to estimate a
film thickness and attenuation multiplier factor.

As 1llustrated in FIG. 4, the results of the measurements
of the reflection spectrum matched well with the theoretical
calculation calculated assuming that the resonance portion
(CuCl layer) of the CuCl thin film was 58nm in thickness, a
backside optical active layer (CuCl inactive layer) was 17nm in
thickness, the attenuation multiplier factor in an energy region
of an energy of Er or less was I'o= 0.1meV, the attenuation

multiplier factor in an energy region of an energy of Er or more
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increased linearly and reached 6 Tp at 3.215meV. Here, the

CuCl inactive layer is a region in which large distortion and
many defects occurred due to the lattice mismatching between
the substrate and CuCl. Moreover, Er is an energy level at
which the resonance occurs. Theoretically, Er depends on the
film thickness. Moreover, the attenuation multiplier factor
corresponds to a width of absorption line.

This explained that the CuCl thin film 1 formed as above
was an optically excellent CuCl thin film with a small
attenuation multiplier factor.

Next, an emission spectrum of the CuCl thin film 1 was
measured. The measurement of the emission spectrum was
carried out under an atmosphere of absolute temperature of
3.6K using a He-Cd laser (exciting wavelength of 325nm) as an
exciting light source.

FIG. S5(a) 1s a graph illustrating the results of the emission
spectrum measurements for the CuCl thin film 1. Moreover, FIG.
5(b) is a graph illustrating the results of emission spectrum
measurement for the CuCl thin film of 65nm in thickness
formed without the electron beam irradiation.

As 1llustrated in FIG. 5(b), only one light emitting sharp
peak due to the bound excitons was observed in the CuCl thin
film formed without the electron beam irradiation. On the other
hand, as illustrated in FIG. 5(a), the CuCl thin film 1 showed a
“shoulder” (BE’ 65 in FIG. 5(a)) on the left side of the emission
peak (BEss in FIG. 5(a)) due to the bound excitons. That is, the
CuCl thin film 1 formed with the electron beam irradiation
showed the new peak BE’ 65 due to bound excitons on the
lower-energy side of the emission peak BE ¢5 due to the bound
excitons. It is considered that the new peak BE’ 45 appeared due

to excitons trapped in defects caused by the electron beam

irradiation.
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As described above, the process of the present Example

for producing the CuCl thin film 1 can improved the resultant
CuCl thin film 1 such that the CuCl thin film can have a
surface whose roughness 1s reduced to the order of 2nm, on the
contrary that the conventional CuCl thin film, produced by the
conventional method in which no electron beam irradiation 1is
performed, has a surface whose roughness is several nm to
several tens nm. Thus, an excellent super flat single crystal film
can be attained according to the process of the present Example.
It 1s considered that the electron beam irradiation during the
Cull single crystal growth puts the growing thin film in an

electron excited state, that is, covalent bond state (or a state

similar to the covalent bond state).

Therefore, according to the process of the present
Example for producing the CuCl thin film 1, it is possible to
realize the CuCl thin film 1 that is excellent 1n planarity and
crystallinity. Thus, it 1s possible to realize a semiconductor thin
film having a large optical non-linearity and a fast response
speed. Because of this, for example, there 1s a possibility of
realizing an all-opt switch that controls light by using light.

In terms of the electron beam irradiation conditions, the
present invention i1s not limited to the electron beam irradiation
conditions in the present Example in which the acceleration
voltage HV was 15kV, the filament current FI was 2.5A, and the
1irradiation current HI was 25UA.

However, if the acceleration voltage of the electron beam
was excessively high, or if the filament current or the irradiation
current was excessively strong, the resultant sample (CuCl film
(group I-VII semiconductor single crystal thin film)) would be
poor 1n quality. More specifically, if the acceleration voltage HV
was higher than 30kV, if the filament current FI was greater

than 5A, or if the irradiation current HI was greater than 150uA,
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the electron beam irradiation would cause the resultant CuCl
film (group I-VII semiconductor signal crystal thin film) to be
poor in quality, thereby resulting in poor planarity adversely.

Therefore, it is preferable that the electron beam
irradiation conditions be such that OkV < HV < 30kV, OA < FI <
oA, and OpA < HI £ 150pA. These electron beam irradiation

conditions make it possible to produce a CuCl film (group I-VII

semiconductor single crystal thin film) that i1s excellent in
planarity, without causing poor quality in the CuCl film (group

I-VII semiconductor single crystal thin film).

Moreover, the electron beam irradiation conditions are
casy to apply in well-known electron beam irradiating
apparatuses. Thus, it 1s possible to use a well-known electron
beam irradiating apparatus when the electron beam irradiation
conditions are applied. This allows to produce a CuCl film
(group I-VII semiconductor single crystal thin film) that is
excellent in planarity, without increasing facility cost or
development cost for equipments.

|[Example 2]

Another Example of the present invention is described
referring to drawings.

CuCl thin films (6 samples later described) were formed
on a CaF2 butfer layer (CaFz buffer layer) 3 of 50nm
approximately in thickness on a CaF2 (111) substrate 2, like the
CuCl thin film 1 of Example 1. However, the CuCl thin films
according to the present Example were configured to have a film
thickness of approximately 30nm at which an internal electric
field 1s expected to resonance-increase most significantly. The
CuCl thin films in the present Example were produced in the
same manner as 1n Example 1, except that the CuCl thin film in
the present Example was produced to have the film thickness

different from that of the CuCl thin film 1 in Example 1.
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In the present embodiment, 6 samples were prepared by

orowing films different in film thickness (electron beam
irradiation film thickness), namely Onm, 6nm, 12nm, 15nm,
18nm, and 30nm, while irradiating an electron beam thereon
initially in the CuCl thin film growth. That is, the following CuCl
thin films were prepared: a CuCl thin film 10 produced by
forming CuCl in thickness of approximately 30nm without
irradiating the electron beam thereon; a CuCl thin film 11
having an electro beam irradiation film of approximately 6nm in
thickness; a CuCl thin film 12 having an electro beam
irradiation film of approximately 12nm in thickness; a CuCl
thin film 13 having an electro beam irradiation {ilm of
approximately 15nm 1in thickness; a CuCl thin film 14 having
an electro beam irradiation film of approximately 18nm 1n
thickness; and a CuCl thin film 15 produced such that its whole
30nm thickness was formed while irradiating the electron beam
thereon.

Moreover, the electron beam irradiation was performed in
the same manner as in Example 1, that is, with an acceleration
voltage HV of 13kV, a filament current FI of 2.5A, and an
irradiation current of 25uA. Note that the present invention is
not limited to the above electron beam irradiation conditions.
However, as in Example 1, 1t 1s preferable that the electron
beam i1rradiation conditions be such that OkV < HV < 30kV, 0OA
< FI £ 5A, and OpA < HI £ 150uA.

The surfaces of the CuCl thin films 10 to 15 thus
prepared as above were observed using an atomic force
microscope. The CuCl thin film 10 prepared without the
electron beam irradiation had a surface whose roughness was
the order of 80nm and which had no flat portion.

The CuCl thin films 11, 12, and 13 respectively having

onm, 12nm, and 15nm electro beam irradiation film thickness
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had surfaces whose roughness was the order of 2nm, and

grooves and holes were the order of 40nm in depth at most. The
CuCl thin films 11 to 13 showed wider flat portions and smaller
density of grooves and holes with the greater electron beam
irradiation film thickness.

Moreover, with the electron beam 1irradiation film
thickness of 18nm or greater, the density of the grooves and
holds on the surface of the samples was gradually increased.

FIGS. 6(a) to 6(c) illustrate AFM 1mages of the surfaces of
the samples (CuCl thin films 12 to 14) in which the films of
12nm, 15nm, and 18nm in thickness were formed while the
electron beam was irradiated thereon.

The observation of the AFM images of the CuCl thin films
1llustrated in FIGS. 6{(a) to 6(c) showed that there is a most
suitable electron beam irradiation film thickness for forming a
CuCl thin film of approximately 30nm in thickness. It was
found that the most suitable electron beam irradiation film
thickness under the growth conditions in the present Example
1s 15nm.

Next, reiflection spectrum of the CuCl thin film 13 having
the electron beam irradiation film thickness of 15nm was
measured. The measurement was performed in the same
manner as in Example 1. In FIG. 7, the actual results of the
measurement and theoretically-calculated reflection spectrum
are illustrated. The theoretical calculation was carried out using

the ABC-Free theory by contribution of Z3 (n=1) exciton order.

As 1illustrated in FIG. 7, the results of the measurements
of the reflection spectrum matched well with the theoretical
calculation calculated assuming that the resonance portion
(CuCl layer) of the CuCl thin film was 32nm in thickness, a
backside optical active layer (CuCl inactive layer) was 7nm in

thickness, the attenuation multiplier factor in an energy region



CA 02555582 2006-08-09

-1 -
of an energy of Er or less was I'o= 0.1lmeV, the attenuation

multiplier factor in an energy region of an energy of Er or more

increased linearly and reached 44 I'p at 3.215meV.

Therefore, it can be said that the CuCl thin film 13 was an
optically excellent CuCl thin iilm with a small attenuation
multiplier factor.

Emission spectrum of the Cull thin fﬂm 13 was measured.
The measurement was carried out in the same manner as in
Example 1. FIG 8(a) 1s a graph 1illustrating the results of the
measurement of the emission spectrum of the CuCl thin film 13.
Moreover, FIG. 8(b}] 1s a graph 1illustrating results of
measurement of emission spectrum of the CuCl thin film of
30nm film thickness formed without the electron beam
irradiation.

As 1illustrated in FIG. 8(b), only one light emitting sharp
peak due to the bound exciton was observed in the CuCl thin
film formed without the electron beam irradiation. On the other
hand, as illustrated in FIG. 8(a), the CuCl thin film 13 showed,
due to the bound exciton, a “shoulder” (BE’ 30 in FIG. 8&(a)) on
the right side of the emission peak (BE 30 in FIG. 8(a)) that

appeared on the lower-energy side due to the electron beam

irradiation.
In the CuCl thin film 1 in Example 1, the new peak

(“shoulder”) BE’ 65 due to the electron beam irradiation
appeared on the lower-energy side of the emission peak BE g5
that occurred due to the bound exciton. On the other hand, in
the CuCl thin film 13, the emission peak (“shoulder”) BE’ 30 due
to the bound exciton appeared on the higher-energy side of the
peak BE 30 that occurred due to the electron beam irradiation.

It 1s considered that this phenomenon occurred because,
as the thickness of the electro beam irradiation film shared

more 1n the whole CuCl thin film thickness, a ratio of (a)
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excitons trapped by the defects caused by the electron beam

irradiation over (b) the excitons trapped by the defects occurred
in the portion formed without the electron beam irradiation was
increased.

Therefore, it is expected that the intensity of the peak
caused by the bound exciton varies depending on the ratio of
the thickness of the electro beam irradiation film over the whole
CuCl thin film thickness. This can be a significant factor for
deciding the whole CuCl thin film thickness and the thickness
of the electro beam irradiation film.

As described above, on the contrary to the CuCl thin film
conventionally formed without the electron beam irradiation,
the process according the present Example for producing the
CuCl thin film 13 can improve the resultant CuCl thin film 13
to have a surface whose roughness 1s reduced to the order of
2nm, thereby making it possible to form an excellent super flat
single crystal film. That is, the process according the present
Example can realize an approximately 30nm thickness CuCl
thin film that is excellent in planarity and crystallinity.

On the other hand, the CuCl thin film is theoretically
expected that the internal electric field is resonance-increased
most significantly with the film thickness of approximately
30nm (more speciiically 26nm). Thus, the process according to
the present Example for producing the CuCl thin film 13 can
realize a CuCl thin film having significantly excellent optical
non-linearity and response speed. Moreover, the CuCl thin film
13 can be Iaminated to include a light guide.

The intensity of the peak caused by the bound exciton due
to the electron beam irradiation varies depending on a ratio of
(a) the film thickness of the layer grown with the electron beam
irradiation over (b) the film thickness of the layer grown without

the electron beam irradiation. Thus, it is possible to form a
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CuCl thin film with a greater optical non-linearity by

appropriately changing, in consideration of the necessary film

thickness of the whole CuCl thin film, the film thickness of the
layer to be grown with the electron beam irradiation.

The film thickness of the CuCl thin film may be adjusted

as desired, even though the CuCl thin films 10 to 15 produced

in the present Example were 30nm in film thickness. For

example, the CuCl thin film may have a film thickness of 26nm

with which the internal electric field is most significantly

increased theoretically.

Moreover, the Examples explained above may be arranged
such that the electron beam is irradiated over the whole area on
the substrate, or such that the electron beam 1s irradiated onto
a particular position on the substrate. That 1s, the CuCl thin
film may be grown with the electron beam irradiated partly on a
region of the CuCl thin film, while growing the rest region of the
CuCl thin film without irradiating the electron beam thereon,
when viewing the substrate in a direction vertical to its surface.
With this arrangement, it is possible to produce the CuCl
thin f{ilm arbitrarily surface-modifying one portion and
not surface-modifying the other portion on one substrate.

Moreover, as described above, the CuCl thin film formed
with the electron beam irradiation shows the peak of the
emission spectrum at a different peak position compared with
the CuCl thin film formed without electron beam irradiation.
Thus, from the peak position, it is possible to obtain
information of a CuCl thin {film (it is possible to deduce
properties of the CuCl thin film).

Furthermore, the present invention 1s not limited to the
CaFz (111) substrate that 1s used in each Example described
above. Instead of CaF, (111), it is possible to use a substrate

made of another ionic single crystal material, that is, a material
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made of ionic crystal (a material formed with ionic bonds) that

is single crystal (excellent in crystallinity). For example, the
substrate may be made of a halogen metal such as an alkali
halide or the like. Alternatively, the substrate may be made of
an oxide such as sapphire, quartz, or the like. CuCl is optically
responsive 1n the ultraviolet region (380nm to 390nm). Thus, it
1s preferable to use a substrate transparent in the ultraviolet
region in order to attain wider application.

Moreover, 1t 1s not necessary to provide the CaF, buffer
layer 3 even though the CaF; buffer layer 3 is provided in each
Example described above. However, the distortion caused due to
lattice mismatching between CaFz (111) layer 1 and the CuCl
thin film can be absorbed and alleviated with the CaF, buffer
layer 3. Furthermore, if the CaF; buffer layer 3 is provided, the
defects occur mainly in this region (the CaF; buffer layer 3).
This improves the CuCl thin film in quality. Thus, it is
preferable that the CaF; buffer layer 3 be provided. Note that
the buffer layer formed on the substrate is not limited to CaFo,
but 1s preferably a material that matches well with a lattice
constant of a thin film formed on the buffer layer.

Moreover, the present invention i1s not limited to the
formation method of the CaFs buffer layer 3 and the CuCl thin
film in each Example in which the CaFy buffer layer 3 and the
CuCll thin film were formed by the MBE method. For example,
the CaF2 buffer layer 3 and the CuCl thin film may be formed by
any vapor-phase growth method such as a laser abrasion
method, a plasma CVD method, or the like. Even when any of
these methods is used, it is possible to form the thin film while
irradiating the electron beam thereon so as to modify the crystal
surface (factory of planarity and crystallinity).

Moreover, each Example was so arranged that CuCl,

which is a strongly ionic material, was deposited. Electron
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numbers of constituting atoms are changed when electrons are

kicked out or implement in due to the electron beam irradiation
on a strongly ionic material. The change in the electron
numbers of constituting atoms would alter bonding from ionic
to covalent. That is, in each Example described above, the
electron beam irradiation changes the way the atoms are
bonded with each other, thereby improving the super thin film
single crystal in planarity and crystallinity.

Moreover, the present invention 1s not limited to the
Examples described above in which the CuCl thin film was
tormed as a group [-VII semiconductor single crystal thin film.
For example, a metal halide semiconductor or the like may be
tormed as a group I-VII semiconductor single crystal thin film
by a method substantially similar to the method described
above. In this case, the conditions such as film thickness,
deposition temperature, growth rate, growth method, or the like
may be changed as suitable for the group I-VII semiconductor
single crystal semiconductor to be formed. The film thickness at
which the internal electric field resonance-increases is unique
to each material. Thus, the film thickness of the whole film to
be formed and the film thickness of the film to be formed with
the electron beam i1rradiation be preferably decided in
consideration of the group I-VII semiconductor single crystal

semiconductor to be formed.

The present invention is not limited to the
description of the embodiments above, but may be altered
by a skilled person within the scope of the claims. An
embodiment based on a proper combination of technical
means disclosed in different embodiments is encompassed
in the technical scope of the present invention.

The embodiments and concrete examples of

implementation discussed in the foregoing detailed
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explanation serve solely to illustrate the technical details

of the present invention, which should not be narrowly
interpreted within the limits of such embodiments and
concrete examples, but rather may be applied in many
variations within the spirit of the present invention,

provided such variations do not exceed the scope of the

patent claims set forth below.

INDUSTRIAL APPLICABILITY

A group I-VII semiconductor single crystal thin film
according to the present invention 1is excellent in
planarity and crystallinity, and has a great optical
non-linearity and fast response speed. Because of this,
the group I-VII semiconductor single crystal thin film
according to the present invention i1s applicable to an
all-opt switch that controls light by using light.
Application of such an all-opt switch to the optical
communication technique makes it possible to realize an
optical communication system that i1s faster than the
conventional optical communication system. Moreover,
the application of the group I-VII semiconductor single
crystal thin film according to the present invention is not
limited to the all-opt switch, and the group I-VII
semiconductor single crystal thin film according to the
present 1nvention 1s applicable to any apparatus that

utilizes the optical non-linearity.
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The embodiments of the invention in which an exclusive property or

privilege 1s claimed are defined as follows:

1. A group I-VII semiconductor single crystal thin film
formed on a substrate made from ionic single crystals, comprising:

a layer formed while irradiating an electron beam thereon; and

a layer formed while not irradiating the electron beam thereon;

wherein

the group I-VII semiconductor single crystal thin film 1s formed
on a buffer layer while an electron beam is irradiated on the group I-
VII semiconductor single crystal thin film, the buffer layer used for
alleviating distortion caused due to a difference in lattice constant

between the substrate and the group I-VII semiconductor single

crystal thin film.

2. A group I-VII semiconductor single crystal thin film

according to claim 1, wherein a film thickness allows an internal

electric field to be resonance-increased.

3. A group I-VII semiconductor single crystal thin film

according to claim 1 or 2, wherein:

a region formed while irradiating an electron beam thereon and
a region formed while not irradiating the electron beam thereon are
located in different places when viewing the substrate in a direction

vertical to its surtace.

4. A group I-VII semiconductor single crystal thin film
according to any one of claims 1 to 3, wherein the group I-VII

semiconductor 1s a CuCl thin film.
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5. A group I-VII semiconductor single crystal thin film
according to any one of claims 1 to 3, wherein the group I-VII

semiconductor is a metal halide semiconductor thin film.

6. A process for producing a group [-VII semiconductor
single crystal thin film on a substrate made from ionic single crystals,
comprising:

forming a layer of the group I-VII semiconductor single crystal
thin film while irradiating an electron beam thereon; and

forming the rest of the group I-VII semiconductor single crystal
thin film while not irradiating the electron beam thereon; and

forming a buffer layer on the substrate, the bufter layer used
for alleviating distortion caused due to a difference in lattice constant
between the substrate and the group I-VII semiconductor single
crystal thin film; and

forming the group I-VII semiconductor single crystal thin film

while irradiating an electron beam on the buffer layer.

7. A process according to claim 6, wherein:

the layer formed while irradiating the electron beam thereon
and the layer formed while not irradiating the electron beam thereon
have film thicknesses that are decided in consideration of a film

thickness of the group I-VII semiconductor single crystal thin film.

8. A process according to claim 6 or 7, wherein:
the film thickness of the group I-VII semiconductor single

crystal thin film 1s a film thickness with which an internal electric field

1S resonance-increased.
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9. A process according to any one of claims 6 to 8, wherein:
an acceleration voltage (HV) of the electron beam is O(kV) < HV
< 30 (kV).

10. A process according to any one of claims 6 to 9,

wherein:

a filament current (FI) of the electron beam is a 0 (A) <
FI < 5 (A).

11. A process according to any one of claims 6 to 10,

wherein:

an irradiation current (HI) of the electron beam is O(pA)

< HI < 150(nA).
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