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SEMICONDUCTOR STRUCTURE HAVING
FILM INCLUDING GERMANIUM OXIDE ON
GERMANIUM LAYER AND METHOD OF
FABRICATING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a National Stage entry under 35 U.S.C.
371 of International Patent Application No. PCT/JP2013/
061542, filed on Apr. 18, 2013, which claims the benefit of
and priority to Japanese Patent Application No. 2012-
185277, filed on Aug. 24, 2012, the entire contents of each
of which are incorporated by reference herein.

TECHNICAL FIELD

The present invention relates to a semiconductor structure
having a film including germanium oxide on a germanium
layer and a fabricating method of the semiconductor struc-
ture.

BACKGROUND ART

Germanium (Ge) is a semiconductor that has better elec-
trical properties than silicon (Si). However, germanium
oxide (for example, GeO,) is unstable. Therefore, germa-
nium is hardly used as a semiconductor material forming a
MOSFET (Metal Oxide Semiconductor Field Effect Tran-
sistor).

Non-patent documents 1 and 2 disclose that an interface
condition between a germanium substrate and a germanium
oxide film is improved when high pressure oxygen gas is
used during forming the germanium oxide film on the
germanium substrate.

PRIOR ART DOCUMENT
Non-Patent Document

Non-Patent Document 1: IEEE TRANSACTIONS ON
ELECTRON DEVICES, VOL. 58, NO. 5, MAY 2011 pp.
1295-1301

Non-Patent Document 2: IEDM11-646-649 2011

SUMMARY OF THE INVENTION
Problem to be Solved by the Invention

When miniaturization of a gate length is performed,
reduction of an EOT (Equivalent Oxide Thickness) of a gate
insulating film is needed. In the methods of Non-Patent
Documents 1 and 2, an interface condition between a
germanium substrate and a germanium oxide film is pref-
erable. However, a forming rate of the germanium oxide film
is large. It is therefore difficult to form a thin germanium
oxide film.

The present invention is directed to the above-mentioned
problem. An object of the present invention is to create an
interface condition between a germanium layer and a film
including germanium oxide preferable and to form a film
including thin germanium oxide.

Means for Solving the Problem

The present invention is directed to a semiconductor
structure that includes: a germanium layer; and an insulating
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film that has a film that includes a germanium oxide and is
formed on the germanium layer, and a high dielectric oxide
film that is formed on the film including the germanium
oxide and having a dielectric constant higher than that of a
silicon oxide, wherein: an EOT of the insulating film is 2 nm
or less; and when Au is acting as a metal film that is formed
on the insulating film, a leak current density is 107597+
A/em? or less when a voltage of the metal film with respect
to the germanium layer is applied from a flat band voltage
to an accumulation region side by 1 V. According to the
present invention, it is possible to make an interface condi-
tion between a germanium layer and a film including ger-
manium oxide preferable and form a film including thin
germanium oxide.

In the above-mentioned structure, the high dielectric
oxide film may include at least one of a hafnium oxide film,
a zirconium oxide film, an aluminum oxide film, an yttrium
oxide film, a scandium oxide film and an oxide film of a rare
earth element.

In the above-mentioned structure, when Au is acting as
the metal film formed on the insulating film, a capacitance
value between the germanium layer and the metal film at a
frequency of 50 kHz or more may decrease evenly or may
be constant when the voltage of the metal film with respect
to the germanium layer changes from the flat band voltage
to an inversion region.

The above-mentioned structure may include a gate elec-
trode on the high dielectric oxide film.

In the above-mentioned structure, log, i, - (cm?/V-s) may
be more than -0.59xlog, ;N +10.19 when N_ is 5x10' cm™>
or more in a case where the germanium layer is a p-type, a
face current density in the germanium layer is N (cm™2) and
an electron mobility of the germanium layer is p.eﬁ(cmz/\/ ‘$).

The present invention is also directed to a semiconductor
structure including: a germanium layer; and a germanium
oxide film that is formed on the germanium layer, has a
density of 3.6 g/cm® or more and has an EOT of 2 nm or less.
According to the present invention, it is possible to create an
interface condition between a germanium layer and a film
including germanium oxide preferable and form a film
including thin germanium oxide.

In the above-mentioned structure, when Au is acting as a
metal film formed on the germanium oxide film, a capaci-
tance value between the germanium layer and the metal film
at a frequency of 50 kHz or more may decrease evenly or
may be constant when a voltage of the metal film with
respect to the germanium layer changes from a flat band
voltage to an inversion region.

The above-mentioned structure may include a gate elec-
trode on the germanium oxide film.

The present invention is also directed to a method of
fabricating of a semiconductor structure characterized by
including: a process of forming a high dielectric oxide film
on a germanium layer, a dielectric constant of the high
dielectric oxide film being larger than that of a silicon oxide;
and a process of forming a film including a germanium oxide
between the germanium layer and the high dielectric oxide
film by oxidizing the germanium layer through the high
dielectric oxide film in an oxygen atmosphere under a
condition that a partial pressure of the oxygen at room
temperature is more than 1 atmosphere and a temperature of
the germanium layer is less than 550 degrees C. According
to the present invention, it is possible to create an interface
condition between a germanium layer and a film including
germanium oxide preferable and form a film including thin
germanium oxide.
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In the above-mentioned method, the condition may be
that the partial pressure of the oxygen at the room tempera-
ture is more than 10 atmospheres and the temperature of the
germanium layer is 520 degrees C. or less.

In the above-mentioned method, the high dielectric oxide
film may include at least one of a hafhium oxide film, a
zirconium oxide film, an aluminum oxide film, an yttrium
oxide film, a scandium oxide film and an oxide film of a rare
earth element.

The above-mentioned method may include a process of
forming a gate electrode on the high dielectric oxide film.

The above-mentioned method may include a process of
forming a gate electrode on the high dielectric oxide film,
wherein: the condition may be that the partial pressure of the
oxygen at the room temperature is more than 10 atmo-
spheres and the temperature of the germanium layer is 520
degrees C. or less, and the high dielectric oxide film may be
an yttrium oxide.

The present invention is also directed to a method of
fabricating a semiconductor structure including a process of
forming a germanium oxide film on the germanium layer by
oxidizing an upper face of the germanium layer in an oxygen
atmosphere under a condition that a partial pressure of the
oxygen at room temperature is more than 1 atmosphere and
a temperature of the germanium layer is less than 550
degrees C. According to the present invention, it is possible
to make an interface condition between a germanium layer
and a film including germanium oxide preferable and form
a film including thin germanium oxide.

In the above-mentioned method, the condition may be
that the partial pressure of the oxygen at the room tempera-
ture is more than 10 atmospheres and the temperature of the
germanium layer is 520 degrees C. or less.

The above-mentioned method may include a process of
forming a gate electrode on the germanium oxide film.

Effects of the Invention

According to the present invention, it is possible to create
an interface condition between a germanium layer and a film
including germanium oxide preferable and form a film
including thin germanium oxide.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A, FIG. 1B, and FIG. 1C illustrate cross sectional
views for describing a fabricating method of a semiconduc-
tor structure;

FIG. 2A illustrates a film thickness of a germanium oxide
film with respect to a thermal process time;

FIG. 2B illustrates a film thickness of a germanium oxide
film with respect to an oxygen pressure;

FIG. 3A and FIG. 3B illustrate a film thickness of ger-
manium oxide with respect to an etching rate;

FIG. 4A and FIG. 4B illustrate signal intensity of samples
in which oxygen pressures are 1 atmosphere and 70 atmo-
spheres at room temperature, respectively, with respect to
bonding energy;

FIG. 5 illustrates a density of a germanium oxide film
with respect to an oxygen pressure;

FIG. 6 illustrates a leak current with respect to an EOT;

FIG. 7 illustrates a capacitance value C with respect to a
voltage V;

FIG. 8A and FIG. 8B illustrate cross sectional views for
describing a fabricating method of a semiconductor structure
in accordance with a first embodiment;

10

20

30

40

45

50

55

4

FIG. 9A, FIG. 9B, FIG. 9C, and FIG. 9D illustrate cross
sectional views for describing a fabricating method of a
semiconductor structure in accordance with a second
embodiment;

FIG. 10 illustrates a capacitance C with respect to a
voltage V;

FIG. 11A illustrates a CET with respect to an oxidation
time;

FIG. 11B illustrates a leak current density J with respect
to an EOT;

FIG. 12A illustrates an interface state density D,, with
respect to an EOT;

FIG. 12B illustrates an interface state density D,, with
respect to energy,

FIG. 13A illustrates a cross sectional view of a transistor
having a semiconductor structure of a first embodiment;

FIG. 13B illustrates a cross sectional view having a
semiconductor structure of a second embodiment;

FIG. 14A and FIG. 14B illustrate a mobility p,_, with
respect to a face electron density N,.

MODES FOR CARRYING OUT THE
EMBODIMENTS

First, a description will be given of experiments per-
formed by the present inventors. FIG. 1A to FIG. 1C
illustrate cross sectional views for describing a fabricating
method of a semiconductor structure. As illustrated in FIG.
1A, a germanium substrate 10 is prepared. The germanium
substrate 10 is a p-type in which a main face is a (100) face,
a dopant is gallium (Ga), and a dopant concentration is
approximately 7x10'® cm™>. As illustrated in FIG. 1B, the
germanium substrate 10 is subjected to a thermal oxidation
in oxygen atmosphere, and thereby a germanium oxide film
12 is formed. As illustrated in FIG. 1C, an aluminum (Al)
film acting as a metal film 16 is formed on a back face of the
germanium substrate 10. A gold (Au) film acting as a metal
film 14 is formed on a front face of the germanium oxide
film 12. It is possible to correct a voltage applied to the metal
film 14 in a case where a metal other than Au is used as the
metal film 14 to a voltage in a case where a work function
of the metal film 14 is used and Au is used as the metal film
14.

In FIG. 1B, a temperature of the germanium substrate 10
(a substrate temperature) and a pressure of oxygen gas
(oxygen pressure) are changed, and the germanium oxide
film 12 is formed. FIG. 2A illustrates a film thickness of a
germanium oxide film with respect to a thermal process time
(oxidation time). FIG. 2B illustrates a film thickness of a
germanium oxide film with respect to an oxygen pressure. In
FIG. 2A, the substrate temperature is 500 degrees C. In FIG.
2B, the oxidation time is 30 minutes. The dots appearing in
FIG. 2A and FIG. 2B indicate measurement points, and the
straight line indicates an approximation line of the measure-
ment points. The oxygen pressure is a pressure at room
temperature (approximately 25 degrees C.). That is, samples
were sealed with the above-mentioned oxygen pressure at
room temperature. After that, the temperature was increased,
and the thermal process was performed. Therefore, the gas
pressure of the thermal process is higher than the above-
mentioned gas pressure. The same applies the following
experiments.

As illustrated in FIG. 2A, the film thickness of the
germanium oxide film 12 increases as the oxidation time
passes. An inclination of FIG. 2A corresponds to an oxida-
tion rate. This is because oxygen diffuses in the germanium
oxide film 12, and the oxygen oxidizes the upper face of the
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germanium substrate 10. The oxidation rate becomes higher
under a condition that the oxygen pressure is 1 atmosphere
than a condition that the oxygen pressure is 0.1 atmospheres.
When the oxygen pressure is higher than 1 atmosphere, the
oxidation rate becomes smaller as the oxygen pressure
becomes higher.

As illustrated in FIG. 2B, when the substrate temperature
is 550 degrees C., the film thickness of the germanium oxide
film 12 increases as the oxygen pressure becomes higher.
This corresponds to the fact that the oxidation rate increases
as the oxygen pressure becomes higher. On the other hand,
under a condition that the substrate temperature is 520
degrees C. or less, when the oxygen pressure is higher than
1 atmosphere or 10 atmospheres, the film thickness of the
germanium oxide film 12 decreases as the oxygen pressure
becomes higher.

When it is interpreted that the oxygen having diffused in
the germanium oxide film 12 oxidizes the upper face of the
germanium substrate 10, the oxidation rate is supposed to
increase as the oxygen pressure gets higher. The above-
mentioned interpretation cannot explain the phenomenon
that the oxidation rate decreases as the oxygen pressure gets
higher.

And so, in order to solve the above-mentioned phenom-
enon, an etching rate of the germanium oxide film 12 was
measured. Samples of FIG. 1B were fabricated. The fabri-
cation conditions are as follows.

Oxygen pressure: 70 atmospheres, and substrate tempera-
ture: 500 degrees C.

Oxygen pressure: 70 atmospheres, and substrate tempera-
ture: 550 degrees C.

Oxygen pressure: 1 atmosphere, and substrate temperature:
500 degrees C.

The samples were immersed in mixed liquid of ethyl alcohol
(C,H40OH) and water (H,O) with a ratio of 100:5, and the
etching rate of the film thickness of the germanium oxide
was measured. FIG. 3A and FIG. 3B illustrate the film
thickness of the germanium oxide with respect to the etching
rate. Dots indicate measurement points, and a straight line
indicates an approximation line of the measurement points.
Absolute values of the inclinations of FIG. 3A and FIG. 3B
correspond to the etching rate. As illustrated in FIG. 3A,
regarding the samples in which the substrate temperature is
500 degrees C. and the oxygen pressure is 1 atmosphere, the
etching rate is approximately 0.56 nm/minute. Regarding the
samples in which the substrate temperature is 500 degrees C.
and the oxygen pressure is 70 atmospheres, the etching rate
is approximately 0.37 nm/minute until five minutes of
etching time. After the five minutes, the etching rate is
approximately 0.19 nm/minute. As illustrated in FIG. 3B,
regarding the samples in which the substrate temperature is
550 degrees C. and the oxygen pressure is 70 atmospheres,
the etching rate is approximately 0.62 nm/minute.

Every time of which the samples had a temperature of 500
degrees C. and the oxygen pressures were 1 atmosphere and
70 atmospheres were subjected to the etching, an XPS
(X-ray Photoelectron Spectroscopy) measuring was per-
formed. FIG. 4A and FIG. 4B illustrate signal intensity of
the samples in which the oxygen pressures are 1 atmosphere
and 70 atmospheres with respect to bonding energy, respec-
tively. The bonding energy of Ge3d was measured. In FIG.
4A and FIG. 4B, peaks of approximately 30 eV correspond
to the bonding energy between Ge and Ge. Peaks of approxi-
mately 33.5 eV correspond to the bonding of Ge and O.

As illustrated in FIG. 4A, regarding the samples in which
the oxygen pressure is 1 atmosphere, when the germanium
oxide film 12 is subjected to the etching from O minute to 7
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minutes, a peak corresponding to the bonding between Ge
and O is reduced. This indicates that the thickness of the
germanium oxide film 12 is reduced because of the etching.
However, a shifting of the peak energy is not observed. As
illustrated in FIG. 4B, regarding the samples in which the
oxygen pressure is 70 atmospheres, when the germanium
oxide film 12 is subjected to the etching from O minute to 8
minutes, the peak corresponding to the bonding between Ge
and O is reduced as in FIG. 4A. However, the shifting of the
peak energy is not observed. Therefore, it is thought that
there is no difference of the bonding energy of Ge and O
between the samples in which the oxygen pressure is 1
atmosphere and the samples in which the oxygen pressure is
70 atmospheres.

Next, fabricated samples were samples in which the
substrate temperature was 500 degrees C., the film thickness
was 5 nm and the oxygen pressure was changed and samples
in which the substrate temperature was 550 degrees, the film
thickness was 10 nm and the oxygen pressure was changed.
The density of the germanium oxide film 12 of the fabricated
samples was measured with use of a GIXR (Grazing Inci-
dence X-ray Reflectivity) method. FIG. 5 illustrates the
density of the germanium oxide film with respect to the
oxygen pressure. Dots indicate measurement points. Straight
lines connect the measurement points. Bars of an upper side
and a down side indicate a measurement error. As illustrated
in FIG. 5, with respect to the samples of the substrate
temperatures of 500 degrees C. and 550 degrees C., when
the oxygen partial pressure increases, the density of the
germanium oxide film 12 increases. When the oxygen partial
pressure is 0.1 atmospheres, the difference in density of the
samples of the substrate temperatures of 500 degrees C. and
550 degrees C. is small. When the oxygen pressure is 10
atmospheres or more, the density difference between the
samples of the substrate temperatures of 500 degrees C. and
550 degrees C. is large. The density of GeO, glass is
generally 3.65 g/cm®. Therefore, the density of the samples
of the substrate temperature of 500 degrees C. is larger than
that of general germanium oxide. It is thought that the
etching rate of the samples is small in which the substrate
temperature is 500 degrees C. and the oxygen pressure is 70
atmospheres in FIG. 3A and FIG. 3B because the density of
the germanium oxide became large.

It is thought that the oxidation rate of the germanium
oxide film 12 is small under the condition that the substrate
temperature is 520 degrees C. or less and the oxygen
pressure is 1 atmosphere or more in FIG. 2B because the
density of the germanium oxide film 12 is large. It is thought
that this is because the germanium oxide film 12 having
large density is dense, and thereby the diffusion rate of the
oxygen in the germanium oxide film 12 is small.

Next, samples of FIG. 1C were fabricated. The fabrication
condition was as follows.

Oxygen pressure: 70 atmospheres, and substrate tempera-
ture: 500 degrees C.

Oxygen pressure: 70 atmospheres, and substrate tempera-
ture: 550 degrees C.

Oxygen pressure: 1 atmosphere, and substrate temperature:
500 degrees C.

FIG. 6 illustrates a leak current with respect to an EOT.
The measurement temperature is room temperature. In FIG.
6, the EOT indicates an EOT of the germanium oxide film.
The EOT can be converted from the saturated capacitance
value of the C-V characteristic. The leak current density J is
a leak current density between the metal film 16 and the
metal film 14 in the case where the voltage of the metal film
14 with respect to the metal film 16 is -1 V from the flat
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band voltage. Dots indicate measurement points. Straight
lines indicate approximation lines. A dotted line indicates
the leak current density with respect to the EOT of the
silicon oxide film formed on the silicon substrate.

As illustrated in FIG. 6, the oxidation rate of the samples
in which the oxygen pressure is 1 atmosphere and the
substrate temperature is 500 degrees C. is large. It is
therefore difficult to form the germanium oxide film 12 of
which EOT is 2.8 nm or less. The leak current of an identical
EOT is larger than that of the silicon oxide film. The
oxidation rate of the samples in which the oxygen pressure
is 70 atmospheres and the substrate temperature is 550
degrees C. is large. It is therefore not possible to form the
germanium oxide film 12 of which EOT is 2.2 nm or less.
The leak current of an identical EOT is smaller than that of
the silicon oxide film. However, when the EOT gets smaller,
the leak current gets larger.

On the other hand, the oxidation rate of the samples in
which the oxygen pressure is 70 atmospheres and the
substrate temperature is 500 degrees C. is small. It is
therefore possible to form the germanium oxide film 12 of
which EOT is approximately 1.2 nm. And, the leak current
density J can be 1072 A/cm?. This value is smaller than a
silicon oxide film having the same EOT by approximately 3
digits.

When the C-V characteristic was measured with use of the
samples in which the oxygen pressure was 70 atmospheres
and the substrate temperature was 500 degrees C., the EOT
was 1.2 nm. The C-V characteristic was measured by
applying a voltage V to the metal film 14 with respect to the
metal film 16. FIG. 7 illustrates a capacitance value C with
respect to the voltage V. The measurement temperature is
room temperature. The frequency at which the C-V charac-
teristic was measured is 1 kHz to 1 MHz. As illustrated in
FIG. 7, a hysteresis is hardly observed from the region in
which the voltage V is minus (accumulation region) to the
flat band voltage in which the capacitance value C is
reduced. The frequency dependence is hardly observed. This
indicates that there are extremely few defects in the germa-
nium oxide film 12 and the interface state density on the
valence band side of germanium between the germanium
substrate 10 and the germanium oxide film 12 is extremely
small.

Further, when the voltage is increased to the plus region
(inversion region) from the flat band voltage, the capacitance
hardly changes with respect to the voltage V and there is no
frequency dependence in a region of which frequency is
high (1 MHz, 100 kHz, 50 kHz). That is, when the voltage
changes from the flat band voltage to the inversion region,
the capacitance value between the germanium substrate 10
and the metal film 14 at the frequency of 50 kHz or more
decreases evenly or is constant. For example, when the
germanium oxide film 12 is formed at 1 atmosphere, the
capacitance value at the frequency of 50 kHz or more
increases from the flat band voltage to the inversion region
as well as the case of the capacitance value at the frequency
of 10 kHz or less of FIG. 7. From the result, it is understood
that the interface state density on the conduction band of the
germanium at the interface between the germanium sub-
strate 10 and the germanium oxide film 12 is small and the
interface condition is preferable, when the germanium oxide
film 12 is formed at a high pressure.

As illustrated in FIG. 6 and FIG. 7, it is possible to reduce
the EOT of the samples that are fabricated under the
condition that the oxygen pressure is 70 atmospheres and the
substrate temperature is 500 degrees C. And it is possible to
make the interface condition preferable.
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In the following, a description will be given of embodi-
ments based on the above-mentioned experiments.

First Embodiment

FIG. 8A and FIG. 8B illustrate cross sectional views for
describing a fabricating method of a semiconductor structure
in accordance with a first embodiment. As illustrated in FIG.
8A, a germanium layer 30 is prepared. The germanium layer
30 may be a single crystal germanium substrate or a ger-
manium film formed on a substrate (for example, a silicon
substrate). And, the germanium layer 30 may be a highly-
pure germanium or may include an impurity. For example,
the germanium layer 30 may be an n-type or a p-type
germanium. Further, the germanium layer 30 may include
some amounts of silicon that achieves the effect of the
above-mentioned experiments. A composition ratio of the
silicon may be 10 atomic % or less of the whole. A main face
of the germanium layer 30 may be a (111) face or the like
and may be another crystal face such as a (110) face or a
(100) face.

As illustrated in FIG. 8B, a germanium oxide film 32 is
formed on the germanium layer 30. The germanium oxide
film 32 may be GeO, having a stoichiometric composition
ratio or having a non-stoichiometric composition ratio.
When the oxygen pressure is higher than 1 atmosphere in
FIG. 2B, the forming rate of the germanium oxide film 32
can be smaller than that of the case of the 1 atmosphere.
Thus, when the germanium oxide film 12 is formed with
such oxidation temperature and such oxygen pressure, it is
possible to reduce the EOT and make the interface condition
preferable. Therefore, the germanium oxide film 32 oxidizes
the upper face of the germanium layer 30 in oxygen atmo-
sphere under a condition that the oxygen partial pressure at
room temperature is larger than 1 atmosphere and the
temperature of the germanium layer 30 is less than 550
degrees C. as illustrated in FIG. 2B. Thus, as illustrated in
FIG. 6, it is possible to reduce the oxidation rate and form
the germanium oxide film 32 having a small EOT with high
controllability. And, as illustrated in FIG. 7, it is possible to
make the interface condition between the germanium layer
30 and the germanium oxide film 32 preferable. In the
experiments, 100% oxygen gas was used. However, mixed
gas of oxygen gas and inert gas (for example, nitrogen gas,
eighteenth group element gas such as helium, neon, argon,
krypton, xenon or radon, or mixed gas of these) may be used.
It is preferable that the oxygen partial pressure is 10 atmo-
sphere or more. It is more preferable that the oxygen partial
pressure is 30 atmospheres or more. It is preferable that the
temperature is 520 degrees C. or less. It is more preferable
that the temperature is 500 degrees C. or less. It is preferable
that the oxidation temperature is 450 degrees C. or more in
order to make the interface between the germanium layer 30
and the germanium oxide film 32 preferable. It is more
preferable that the oxidation temperature is 470 degrees C.
or more.

The germanium oxide film 32 formed in this manner can
have a density of 3.6 g/cm® or more as illustrated in FIG. 5
and can have the EOT of 2 nm or less as illustrated in FIG.
6. 1t is preferable that the density is 3.65 g/cm® or more. It
is more preferable that the density is 3.7 g/cm’ or more. It
is much more preferable that the density is 3.8 g/cm® or
more. It is preferable that the EOT is 1.5 nm or less. It is
more preferable that the EOT is 1.2 nm or less. It is much
more preferable that the EOT is 1.0 nm or less.

Second Embodiment

FIG. 9A to FIG. 9D illustrate cross sectional views for
describing a fabricating method of a semiconductor structure
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in accordance with a second embodiment. As illustrated in
FIG. 9A, the germanium layer 30 is prepared as described
with respect to the first embodiment. As illustrated in FIG.
9B, a high dielectric oxide film 34 is formed on the germa-
nium layer 30. The high dielectric oxide film 34 is a film
having a dielectric constant higher than that of silicon oxide
and is a film including at least one of a hathium oxide film,
a zirconium oxide film, an aluminum oxide film and an
oxide film of a rare-earth element (for example, an yttrium
oxide film or a scandium oxide film). For example, the high
dielectric oxide film 34 may be one of the above-mentioned
films or a film in which a plurality of above-mentioned films
are laminated. The rare-earth element is scandium (Sc),
yttrium (Y), lanthanum (La), cerium (Ce), praseodymium
(Pr), neodymium (Nd), promethium (Pm), samarium (Sm),
europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium
(Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium
(Yb), or lutetium (Lu). The high dielectric oxide film 34 may
have a stoichiometric composition ratio or a non-stoichio-
metric composition ratio. The high dielectric oxide film 34
is formed by a sputtering method or the like.

As illustrated in FIG. 9C, the high dielectric oxide film 34
is subjected to a thermal process in a high pressure oxygen
atmosphere. Oxygen diffuses in the high dielectric oxide
film 34 and oxidizes an upper face of the germanium layer
30. Thus, the germanium oxide film 32 is formed between
the germanium layer 30 and the high dielectric oxide film
34. The germanium oxide film 32 and the high dielectric
oxide film 34 form an insulating film 33. The germanium
oxide film 32 may be GeO, having a stoichiometric com-
position ratio or having a non-stoichiometric composition
ratio. Atomic elements of the high dielectric oxide film 34
may diffuse in the germanium oxide film 32. For example,
the germanium oxide film 32 may be a mixed film of
germanium oxide and metal oxide (oxide of a metal included
in the high dielectric oxide film 34). In this manner, the
germanium oxide film 32 may be a film including at least
germanium oxide. The germanium oxide film 32 oxidizes
the upper face of the germanium layer 30 in oxygen atmo-
sphere under a condition that the oxygen partial pressure at
room temperature is more than 1 atmosphere and the oxi-
dation temperature of the germanium layer 30 is less than
550 degrees C. as well as the first embodiment. It is
preferable that the oxygen partial pressure is 10 atmospheres
or more. It is more preferable that the oxygen partial
pressure is 30 atmospheres or more. It is preferable that the
temperature is 520 degrees C. or less. It is more preferable
that the temperature is 500 degrees C. or less. It is preferable
that the oxidation temperature is 450 degrees C. or more. It
is more preferable that the oxidation temperature is 470
degrees C. or more.

The high dielectric oxide film 34 has a high dielectric
constant. It is therefore possible to reduce the EOT of the
high dielectric oxide film 34. However, an interface state is
formed at an interface between the germanium layer 30 and
the high dielectric oxide film 34, and the interface condition
is not preferable. And so, as illustrated in FIG. 9C, the upper
face of the germanium layer 30 is oxidized through the high
dielectric oxide film 34. Thus, the germanium oxide film 32
is formed. Oxygen diffuses in the high dielectric oxide film
34 more easily than the germanium oxide film 32. Therefore,
it is possible to form the germanium oxide film 32 with the
same condition as the first embodiment. Thus, it is possible
to reduce the film thickness of the germanium oxide film 32
and make the interface condition between the germanium
layer 30 and the insulating film 33 preferable, as well as the
first embodiment.
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In the second embodiment, the p-type germanium sub-
strate was used as the germanium layer 30, the yttrium oxide
film was used as the high dielectric oxide film 34, and a
semiconductor structure was fabricated. As illustrated in
FIG. 9D, a metal film 36 (a gold film) was formed on the
high dielectric oxide film 34. The film thickness of the high
dielectric oxide film 34 is 1.5 nm. A forming condition of the
germanium oxide film 32 is that the oxygen pressure is 70
atmospheres, the substrate temperature is 500 degrees C. and
the oxidation time is one minute.

FIG. 10 illustrates the capacitance C with respect to the
voltage V. The measurement temperature is room tempera-
ture. The frequency for measuring the C-V characteristic is
1 kHz to 1 MHz. As illustrated in FIG. 10, the hysteresis is
hardly observed in a region where the voltage V increases
and the capacitance C decreases (a region where an inver-
sion layer is formed from the flat band). When the voltage
is further increased from the flat band voltage to the inver-
sion region, the capacitance value hardly changes with
respect to the voltage V and there is no frequency depen-
dence in the region having high frequencies (1 MHz, 100
kHz and 50 kHz). That is, when the voltage V changes from
the flat band voltage to the inversion region, the capacitance
value between the germanium substrate 10 and the metal
film 14 at a frequency of 50 kHz or more decreases evenly
or is constant. Thus, it is understood that there are few
interface states at an interface between the germanium layer
30 and the insulating film 33, and the interface condition is.

The forming condition of the germanium oxide film 32
was changed, and a CET (Capacitance Equivalent Thick-
ness) with respect to the oxidation time was measured. FI1G.
11A illustrates the CET with respect to the oxidation time.
Dots are measurement points. Straight lines indicate lines
connecting the dots. As illustrated in FIG. 11A, when the
oxygen pressure is enlarged and the substrate temperature is
reduced as well as FIG. 2A, the dependence of the CET with
respect to the oxidation time is reduced and the control of the
CET becomes easier. For example, it is possible to reduce
the dependence of the CET with respect to the oxidation
time under a condition that the substrate temperature is 530
degrees C. or less and the oxygen pressure is 10 atmospheres
or less.

FIG. 11B illustrates the leak current density J with respect
to the EOT. In FIG. 11B, dots indicate the results of the
second embodiment. Broken lines indicate the results with
respect to zirconium oxide (ZrO,) on germanium (Ge),
aluminum oxide (Al,O;) on germanium oxide (GeO,),
lanthanum aluminum oxide (LaAlO;) on strontium germa-
nium (SrGe,) and silicon oxide (Si0,) on silicon (Si) using
a gate electrode of poly-crystal silicon (Poly Si). As illus-
trated in FIG. 11B, in the second embodiment, the leak
current is smaller than that of the silicon oxide film. In the
second embodiment, the leak current is smaller than in other
embodiments. Even if the EOT is 1 nm, the leak current
density J can be approximately 1x107> A/cm?®. The leak
current density of the second embodiment is 10~>*£07+2
Alem?®.

Next, a p-type germanium substrate was used as the
germanium layer 30, an yttrium oxide film was used as the
high dielectric oxide film 34, and a semiconductor structure
was fabricated. The film thickness of the high dielectric
oxide film 34 is 1.5 nm. The forming condition of the
germanium oxide film 32 is that the oxygen pressure is 70
atmospheres and the substrate temperature is 500 degrees C.
Samples having various EOTs were fabricated by changing
the oxidation time. As comparative examples, samples that
did not have the high dielectric oxide film 34 and had a
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germanium oxide film of which EOT was 10 nm were
fabricated on the p-type germanium substrate.

FIG. 12A illustrates an interface state density D,, with
respect to the EOT. FIG. 12B illustrates the interface state
density D,, with respect to the energy. The EOT and the
interface state density were measured from the impedance
measurements at 200K and 100K with use of a conductance
method. In FIG. 12A, dots indicate an interface state density
at =0.2 eV from the mid gap (a center energy of an energy
band). A solid line indicates an approximation line. As
illustrated in FIG. 12A, even if the EOT is 2 nm or less, the
interface state density is 2x10'* eV~ cm™2 or less. In FIG.
12B, circle dots indicate the second embodiment in which
the EOT is 1 nm. And square dots indicate the comparative
example in which the EOT is 10 nm. E, indicates the energy
of a top of a valence band. E_ indicates bottom energy of a
conduction band. Generally, when the EOT is small, the
interface state density is large. The comparative example is
a sample in which the interface state density is greatly
reduced by enlarging the EOT. As illustrated in FIG. 12B,
even if the EOT is 1 nm, the second embodiment has an
interface state density that is not inferior to that of the
comparative example of which EOT is 10 nm.

In the second embodiment, as illustrated in FIG. 11B, the
EOT of'the insulating film 33 can be 2 nm or less. And, when
a metal film is formed on the insulating film 33, a leak
current density can be 107*297** A/cm? or less in a case
where the voltage V of the metal film 36 with respect to the
germanium layer 30 is —1 V from the flat band voltage. It is
preferable that the EOT is 1.5 nm or less. It is more
preferable that the EOT is 1.2 nm or less. It is much more
preferable that the EOT is 1.0 nm or less. It is preferable that
the leak current density is 107>*E97*> A/cm? or less. It is
more preferable that leak current density is 1x107> A/cm? or
less. It is much more preferable that the leak current density
is 1x107> A/cm? or less and 1x10™* A/cm? or less. When the
forming of the germanium oxide film 32 of FIG. 9C is not
performed after forming the high dielectric oxide film 34,
the leak current is very large in a case where the EOT is 2
nm or less. In this case, when the EOT is 2 nm or less, it is
not possible to reduce the leak current less than the silicon
oxide on the silicon substrate having the poly-crystal silicon
acting as the gate electrode.

When the p-type germanium was used, the leak current
density in a case where the voltage of the metal film with
respect to the germanium layer was -1 V from the flat band
voltage was used for the comparison. However, when the
n-type germanium is used, the leak current density in a case
where the voltage of the metal film with respect to the
germanium layer is 1V from the flat band voltage is used for
the comparison. That is, the leak current density for the
comparison is the voltage in a case where the voltage of the
metal film with respect to the germanium layer is applied to
the accumulation region side from the flat band voltage by
1V

FIG. 13A illustrates a cross sectional view of a transistor
having the semiconductor structure of the first embodiment.
FIG. 13B illustrates a cross sectional view having the
semiconductor structure of the second embodiment. As
illustrated in FIG. 13 A, a gate electrode 38 is formed on the
germanium oxide film 32 above the germanium layer 30. A
source or drain region 40 is formed in the germanium layers
30 on the both sides of the gate electrode 38. The germanium
layer 30 is a p-type. The source or drain region 40 is an
n-type. The germanium layer 30 may be an n-type and the
source or drain region 40 may be a p-type.
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As illustrated in FIG. 13B, the high dielectric oxide film
34 is formed between the germanium oxide film 32 and the
gate electrode 38. Other structures are the same as FIG. 13A.
Therefore, an explanation of the structures is omitted. As in
the case of the transistors of FIG. 13A and FIG. 13B, when
the germanium oxide film 32 or the insulating film 33 is used
as a gate insulating film, it is possible to achieve a MOSFET
in which the EOT of the gate insulating film is small and the
interface condition between the gate insulating film and the
semiconductor layer is preferable.

A FET was fabricated with use of the semiconductor
structure of the second embodiment. A p-type germanium
substrate was used as the germanium layer 30. A yttrium
oxide film was used as the high dielectric oxide film 34. The
film thickness of the high dielectric oxide film 34 is 1.5 nm.
The forming condition of the germanium oxide film 32 is
that the oxygen pressure is 70 atmospheres and the substrate
temperature is 500 degrees C. Samples having various EOTs
were made by changing the oxidation time. Samples that do
not have the high dielectric oxide film 34 and has a germa-
nium oxide film having the EOT of 10 nm on a p-type
germanium substrate were made as FETs of comparative
examples. A gate length was 100 um. A gate width was 25
um. A split CV method was used. The number of carriers and
a mobility p,rat room temperature were measured. The split
CV method 1s a method in which the number of carriers are
calculated from an integration of the CV measurement and
the mobility is calculated from the number of carriers and
the I-V measurement.

FIG. 14A and FIG. 14B illustrate the mobility p_, with
respect to a face electron density N;. The face electron
density N, was changed by applying a gate voltage to the
gate electrode. And the mobility . was measured. FIG.
14A illustrates the samples of the second embodiment of
which EOT is 1.18 nm, 1.03 nm and 0.94 nm and measure-
ment results of the comparative examples. The main face of
the germanium substrate is a (111) face. As illustrated in
FIG. 14A, when the face electron density is 3x10'* cm™ or
more, the mobility of the second embodiment is larger than
that of the comparative example. A solid line indicates a
straight line in which data of the comparative example in
which the face electron density is 3x10"* cm™ or more and
5x10'2 em™ or less are extrapolated.

FIG. 14B illustrates measurement results of the samples
in which the main faces of the germanium substrates are a
(111) face and a (100) face. The EOT of the measured
samples is 0.94 nm. A broken line indicates a general
mobility of a silicon MOSFET. A solid line is a straight line
in which data of the comparative example in which the face
electron density is 3x10*% cm™ or more and 5102 cm™ or
less are extrapolated. As illustrated in FIG. 14B, in the
MOSFET using germanium, the mobility in a region having
a small face electron density (3x10'2 cm-2 or less) is larger
than that of the silicon MOSFET. However, the mobility is
approximately the same as that of the silicon MOSFET in a
region having a large face electron density (5x10'* cm™ or
more). In the embodiments, it is possible to enlarge the
mobility mode than that of the silicon MOSFET when the
face electron density N, is 5x10'? cm™ or more.

As mentioned above, in the FET having the semiconduc-
tor structure of the second embodiment, the mobility p-can
be within a range of the following inequality when the face
electron density N, is 5x10'* cm™2 or more.

Log;ohtes0.59xlog, (N +10.19

The mobility within the range could not be achieved in a
MOSFET having a germanium layer until now. The mobility
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can be achieved for the first time when the semiconductor
structure of the second embodiment is used.

It is preferable that the mobility p, ;- is within log, o>~
0.59xlog,,N,+10.3 when the face electron density Ns is
5x10"2 cm™ or more. It is more preferable that the mobility
Wz is within log,qp,>-0.59xlog, ;N +10.5 when the face
electron density Ns is 5x10'? cm™ or more.

The semiconductor structures of the first and second
embodiments can be applied to a semiconductor device
other than the MOSFET.

Although preferred embodiments of the present invention
have been described so far, the present invention is not
limited to those particular embodiments, and various
changes and modifications may be made to them within the
scope of the invention claimed herein.

DESCRIPTION OF REFERENCE NUMERALS

10 germanium substrate

12, 32 germanium oxide film
14, 16, 36 metal film

30 germanium layer

34 high dielectric oxide film
38 gate electrode

40 source or drain region

The invention claimed is:

1. A semiconductor structure comprising:

a germanium layer that is p-type;

an insulating film that has a film that comprises germa-
nium oxide and is formed on the germanium layer;

a high dielectric oxide film that is formed on the film
including the germanium oxide and has a dielectric
constant higher than that of a silicon oxide; and

a metal film comprising gold that is formed on the
insulating film,

wherein:

an EOT of the insulating film is 2 nm or less; and

a leak current density is 107>*597** A/em?® or less when a
voltage of the metal film with respect to the germanium
layer is applied from a flat band voltage to an accu-
mulation region side by 1 V,

wherein log, i, - (cm?/V's) is more than -0.59xlog, ;N +
10.19 when N, is 5x10"% cm™ or more, a face electron
density in the germanium layer is N, (cm~2) and an
electron mobility of the germanium layer obtained by a
split CV method is p,, (cm®/V's).

2. A semiconductor structure comprising:

a germanium layer that is p-type;

an insulating film that has a film that comprises germa-
nium oxide and is formed on the germanium layer;
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a high dielectric oxide film that is formed on the film
including the germanium oxide and has a dielectric
constant higher than that of a silicon oxide; and

a metal film that is formed on the insulating film,

wherein:

an EOT of the insulating film is 2 nm or less; and

a leak current density is 107¥°7** A/cm? or less when a
voltage of the metal film with respect to the germanium
layer is applied from a flat band voltage to an accu-
mulation region side by 1 V,

wherein log, o, » (cm?/V-s) is more than -0.59xlog, N+
10.19 when N, is 5x10'2 cm™ or more, a face electron
density in the germanium layer is N, (cm™>) and an
electron mobility of the germanium layer obtained by a
split CV method is p (cm?/V-s).

3. The semiconductor structure of claim 2, wherein a
capacitance value between the germanium layer and the
metal film at a frequency of 50 kHz or more decreases
evenly or is constant when the voltage of the metal film with
respect to the germanium layer changes from the flat band
voltage to an inversion region.

4. The semiconductor structure of claim 2, wherein
log, o is more than -0.59xlog,,N+10.19 when N, is
1x10* cm™ or more.

5. A semiconductor structure comprising:

a germanium layer;

a germanium oxide film that is formed on the germanium
layer, has a density of 3.73 g/cm® or more and has an
EOT of 2 nm or less; and

a gate electrode that is formed in contact with the ger-
manium oxide film.

6. The semiconductor structure as claimed in claim 5,
wherein a metal film comprises gold and a capacitance value
between the germanium layer and the metal film at a
frequency of 50 kHz or more decreases evenly or is constant
when a voltage of the metal film with respect to the
germanium layer changes from a flat band voltage to an
inversion region.

7. The semiconductor structure of claim 5, wherein a film
thickness of the germanium oxide film is 1.2 nm or less.

8. The semiconductor structure of claim 2, wherein the
high dielectric oxide film includes at least one of a zirconium
oxide, an yttrium oxide, a scandium oxide, and an oxide of
a rare earth element.

9. The semiconductor structure of claim 2, wherein the
metal film is a gate electrode.

10. The semiconductor structure of claim 2, wherein the
high dielectric oxide film includes at least one of a hafnium
oxide film, a zirconium oxide film, an aluminum oxide film,
an yttrium oxide film, a scandium oxide film and an oxide
film of a rare earth element.
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