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In the present invention, a contact layer formed of a material
having an electron concentration of less than 1x10*% cm™ is
directly provided on a surface of a semiconductor crystal
having an n-type conductivity with a band gap of 1.2 eV or
less at room temperature. Consequently, the wave function
penetration from the contact layer side to the semiconductor
surface side is reduced. As a result, the formation of the
energy barrier height'¢, due to the Fermi level pinning
phenomenon is much suppressed. It is possible to achieve
the contact with a lower resistivity and with high ohmic
properties.
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SEMICONDUCTOR DEVICE INCLUDING
CONTACT STRUCTURE

TECHNICAL FIELD

The present invention relates to a contact structure of
contact with high ohmic properties (having a low Schottky
barrier height ¢) provided on a surface of a semiconductor
crystal having an n-type conductivity.

BACKGROUND ART

Electrodes are essential for semiconductor devices. It is
necessary to realize ohmic contact between an electrode and
a semiconductor surface and reduce contact resistance as
small as possible. For this purpose, the following two kinds
of methods are usually adopted. A first method is a method
of increasing impurity concentration on a semiconductor
side and constructing a situation in which electrons in metal
move in and out the semiconductor side through a tunnel
effect. A second method is a method of selecting, as a
material of the electrode, a material having a work function
that can make ohmic contact with a semiconductor material
surface.

However, when a conductivity type of a semiconductor
crystal is an n type, it is known that, even if a metal having
a work function that theoretically should make ohmic con-
tact is selected, in many cases, the metal comes into make
Schottky-contact. This phenomenon is considered to be due
to so-called “Fermi level pinning”.

According to the Schottky theory, a Schottky barrier
height ¢ generated on a contact surface (a junction surface)
between an n-type semiconductor and metal is given by a
difference (¢,,~¢) between a work function ¢,,of the metal
and electron affinity ¢, of the n-type semiconductor. How-
ever, in most cases, an energy barrier by the Schottky theory
is not equal in height to an actual Schottky barrier. Such a
phenomenon is called the Fermi level pinning because the
phenomenon looks like an effect caused by “pinning” the
Fermi level. This Fermi level pinning is a phenomenon seen
at the junction with not only Si but also most semiconductors
such as Ge and a metal. The unit of ¢,,, ¢, and ¢z is [V],
respectively.

Contact resistivity p. on a junction interface between an
n-type semiconductor and an electrode material is in a
relation of the following Expression 1 with the Schottky
barrier height ¢ and donor concentration N, per unit
volume of the junction interface region. Note that & in the
expression is a constant.

(Expression 1)

Pc < exp(/l 95 ]
VNp

That is, in order to form an ohmic junction interface
between the n-type semiconductor and the electrode material
and in order to reduce the contact resistivity p., either the
Schottky barrier height ¢ has to be reduced or the donor
concentration N, of the junction interface region has to be
increased.

However, increasing the donor concentration N, of the
junction interface region is limited by the solid solubility
limit of donor in semiconductor in the thermal equilibrium.
Usually, the donor concentration is increased to near the
solid solubility limit and cannot be increased to the concen-
tration higher than that. On the other hand, as explained
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above, particularly in the case of an n-type semiconductor,
the Schottky barrier height ¢ cannot be sufficiently reduced
to a desired level because of the Fermi level pinning
phenomenon.

Furthermore, the area of the contact decreases, as the
semiconductor device is miniaturized. As it is easily under-
stood from the above Expression 1, when the contact area is
represented as S, actual contact resistance Rc is p/S. Even
when same p. is used, the actual contact resistance Rc
increases sharply with miniaturization and effectively pre-
vents the inherent performance improvement of the semi-
conductor device. That is, it is strongly demanded to reduce
pc itself in order not to increase the ratio of the contact
resistance to the total resistance between the drain electrode
and the source electrode with the miniaturized semiconduc-
tor device.

Therefore, as explained above, it has also been attempted
to achieve the ohmic contact by providing the semiconduc-
tor layer having the high donor concentration N, in the
junction interface region between the n-type semiconductor
and the electrode material (see Patent Literature 1: Japanese
Patent Application Laid-Open No. 2012-124483 and Patent
Literature 2: Japanese Patent Application Laid-Open No.
2014-41987).

For example, Patent Literature 2 states that it is known
that a barrier height ¢ is generated against electrons flowing
in a direction from metal to n-type Ge by the Fermi level
pinning phenomenon between the n-type Ge and the metal
electrode and, as a result, the contact resistance is increased,
and it is assumed that, if an n-type Ge layer with an
increased electron concentration (carrier concentration) is
inserted between the n-type Ge and the metal electrode, a
depletion layer is extremely narrowed, electrons can tunnel,
and cause ohmic contact. Patent Literature 2 discloses an
invention of an ohmic contact structure characterized in that
an n*-type Ge layer having an electron concentration of 10*°
cm™ or more and a thickness of 2 nm or more is formed
between the metal layer for electrode and the n-type Ge layer
for the purpose of providing an n*-type Ge semiconductor
layer forming method and an ohmic contact structure for
reducing contact resistance between the electrode layer and
the n-type Ge layer through an inexpensive process.

CITATION LIST
Patent Literature

Patent Literature 1: Japanese Patent Application Laid-Open
No. 2012-124483

Patent Literature 2: Japanese Patent Application Laid-Open
No. 2014-41987

Non Patent Literature

Non Patent Literature 1: V. Heine, “Theory of Surface
States,” Phys. Rev. 138, A1689 (1965)

Non Patent Literature 2: S. M. Sze, Physics of Semicon-
ductor Devices, 2nd ed. Wiley, New York (1981)

Non Patent Literature 3: H. B. Michaelson, J. Appl. Phys.
48, 4729 (1977).

SUMMARY OF INVENTION
Technical Problem

However, as in the methods disclosed in Patent Literature
1 and Patent Literature 2, when the semiconductor layer



US 10,748,776 B2

3

having the high donor concentration N, is provided in the
junction interface region between the n-type semiconductor
and the electrode material, a process for forming the semi-
conductor layer having the high donor concentration is
required. As a result, an increase in manufacturing cost of a
semiconductor device is caused. Furthermore, new defects
are often introduced by introducing donors equal to or more
than the solid solubility limit achieved in the thermal equi-
librium state. There is a concern that a reverse bias leak
current of n+/p junction remarkably increases.

Accordingly, rather than deliberately providing a new
semiconductor layer in the junction interface region on the
n-type semiconductor side, it is desirable to achieve contact
with high ohmic properties by selecting the electrode mate-
rial bonded to the surface of the n-type semiconductor. It is
expected that the contact resistivity can be greatly reduced
according to the above Expression 1 by realizing the elec-
trode with small ¢ in addition to the disposition of the
high-concentration donor layer near the junction interface on
the n-type semiconductor side.

Solution to Problem

In order to solve the problems described above, a semi-
conductor device according to the present invention is
characterized by including a contact structure in which a
contact layer formed of a material having an electron con-
centration of less than 1x10?* cm™ is directly provided on
a surface of a semiconductor crystal having an n-type
conductivity with a band gap of 1.2 eV or less at room
temperature.

Preferably, the semiconductor crystal is any one of Si, Ge,
and a compound of Si and Ge (Si,Ge,).

In a certain form, the semiconductor crystal is Ge, and the
contact layer is formed of a material containing, as a main
component, a germanide of any one of Gd, Y, Ho, Er, and
Yb, or Bi.

In a certain form, the semiconductor crystal is Si, and the
contact layer is formed of a material containing Bi as a main
component.

As the contact layer, it is also possible to select a material
that can make contact with high ohmic properties when a
donor concentration of a surface region of the semiconduc-
tor crystal is 1x10'® cm™ or less. In the conventional
structure, when the donor concentration is low concentration
such as 1x10'® cm™ or less, it is difficult to obtain the ohmic
contact. On the other hand, in the structure of the present
invention, it is possible to obtain the ohmic contact even in
the case of the low donor concentration.

The contact structure included in the semiconductor
device according to the present invention can be a form
including a metal layer on the contact layer.

The semiconductor device according to the present inven-
tion is an n-channel MOSFET in which the semiconductor
crystal is Si or Ge.

Advantageous Effects of Invention

According to the present invention, the contact layer
formed of the material having the electron concentration of
less than 1x10%* cm™ is directly provided on the surface of
the semiconductor crystal having the n-type conductivity
with the band gap of 1.2 eV or less at room temperature.
Therefore, the penetration of the electron wave function
from the contact layer side to the semiconductor surface side
is suppressed. As a result, generation of the barrier height ¢,
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due to the Fermi level pinning phenomenon is suppressed.
As a result, it becomes possible to achieve contact with high
ohmic properties.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram for conceptually explaining a stacked
state (A) after film formation and a stacked state (B) after
heat treatment.

FIG. 2 is a diagram showing a J-V characteristic (A) of
elemental metal/n-Ge junction and a J-V characteristic (B)
of metal germanide/n-Ge junction.

FIG. 3 is a diagram showing a result obtained by check-
ing, concerning Gd germanide/n-Ge junction and Ho ger-
manide/n-Ge junction, a Schottky barrier height (¢,) and
uniformity thereof from temperature dependence of satura-
tion current density J..

FIG. 4 is a diagram showing a result obtained by checking
n-Ge crystal surface orientation dependence of a degree of
FLP relaxation.

FIG. 5 is a measurement value of the Schottky barrier
height for each material used as a contact layer.

FIG. 6 is a diagram showing a result obtained by checking
relaxation of FLP on a Bi-based material/n-Si junction
interface.

FIG. 7 is a diagram showing a result obtained by checking
Gd germanide (GdGe,), which functions as a contact layer,
thickness dependence of Schottky barrier height in Gd
germanide/n-Ge junction.

DESCRIPTION OF EMBODIMENTS

A contact structure according to the present invention is
explained below with reference to the drawings.

As explained above, in manufacturing a semiconductor
device using typical semiconductor crystal such as Si or Ge,
when a contact structure of contact with high ohmic prop-
erties is intended, even if a work function of a metal material
used as an electrode is changed, it is difficult to achieve
desired ohmic properties because of the Fermi level pinning
phenomenon. This difficulty is conspicuous, in particular, in
an n-type conductivity semiconductor crystal.

Note that, when the band gap of the semiconductor is
large, such a phenomenon is not so conspicuous. Accord-
ingly, in realizing contact with high ohmic properties in the
n-type semiconductor crystal having an energy band gap of
approximately 1.2 eV or less at room temperature, it is a real
problem how to suppress the Fermi level pinning phenom-
enon.

In solving this problem, the inventors devised the present
invention considering that the influence of Fermi level
pinning can be conspicuously reduced by preventing pen-
etration of electrons (a wave function) from the contact layer
side to the semiconductor crystal side.

There are many arguments over the origin of the Fermi
level pinning. However, in all the cases, it is considered that
an interface dipole layer is formed and the effect of the
interface dipole layer is determined by dipole density and
strength of dipoles. Thereafter, in order to explain the Fermi
level pinning phenomenon on the basis of the discussion
over the level of the semiconductor interface of V. Heine,
Metal Induced Gap States theory (MIGS model) has been
proposed (Non Patent Literature 1: “Theory of Surface
States,” Phys. Rev. 138, A1689 (1965)).

In this MIGS theory, the consistency of the wave function
(consistency of the Fermi surface) at the junction interface
between the metal and the semiconductor having different
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band structures is regarded as a problem. Nonconsistency of
a band gap energy occurs on the junction interface between
the metal and the semiconductor. Therefore, the wave func-
tion of the metal is attenuated in the energy band gap in the
semiconductor. Specifically, the wave function (a sine wave)
is exponentially attenuated in the potential barrier present at
the junction interface. In other words, the wave function of
the metal penetrates into the energy band gap of the semi-
conductor. The Fermi level pinning phenomenon becomes
more conspicuous as the degree of the wave function
penetration increases.

The inventors have found that, based on the MIGS theory,
if the degree of the wave function penetration is reduced to
conspicuously low, the Fermi level pinning phenomenon is
conspicuously suppressed and it is possible to easily obtain
contact with high ohmic properties.

The inventors reached the knowledge that, to reduce the
degree of the wave function penetration to be conspicuously
low, it is effective to design the electron concentration in the
material used as the contact layer to be low.

According to the calculation of the inventors based on a
simple free electron model, when the energy band offset
between the contact layer and the semiconductor is a pre-
determined value, the wave function penetration amount
(An,,,,,sz,) from the contact layer side to the semiconductor
crystal side is proportional to %5 to %5 power of the free
electron concentration (n) in the material used as the contact
layer (An,,,,,..,%n"? ° >”) Since the electron concentration
in a general metal material is 10°* to 10*® cm™>, it is possible
to conspicuously reduce the wave function penetration
amount from the contact layer side to the semiconductor
crystal side by designing the electron concentration in the
material used as the contact layer to be low. Therefore, as the
material satisfying such conditions, the inventors focused
on, rather than the conventional metal, the material having
electric conductivity such as the compound of the semicon-
ductor and the metal (germanide in the case of Ge or silicide
in the case of Si) or semimetals or conductive oxides.

According to the examination of the inventors, a result
was obtained that a contact structure showing a contact
characteristic with high ohmic properties is obtained if a
conductive material having an electron concentration of less
than 1x10%? cm™ is selected as a material of a contact layer
directly provided on the surface of a semiconductor crystal
having an n-type conductivity with a band gap of 1.2 eV or
less at room temperature.

In this specification, at a junction region of different kinds
of materials, a contact in which an electric current linearly
changes in a range of +10% when a voltage is changed in a
range of =0.5 V to +0.5 V is defined as “a contact with high
ohmic properties”.

As the semiconductor crystal having the energy band gap
of 1.2 eV or less at room temperature, Si, Ge, and a
compound of Si and Ge (Si,Ge,) can be illustrated.

As the combination of the semiconductor and the contact
layer material, a conducive material in which the semicon-
ductor crystal is Ge and the contact layer is a conductive
material which contains, as a main component, a germanide
of'any one of Gd, Y, Ho, Er, and Yb, or a conductive material
which contains, as a main component Bi can be illustrated.

A combination in which the semiconductor crystal is Si
and the contact layer is a material containing Bi as a main
component can also be illustrated.

Note that, when the donor concentration in the surface
region of the semiconductor crystal is high and the electron
concentration at the junction interface with the contact layer
is sufficiently high, ohmic contact properties can be obtained
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in the first place. However, in the conventional structure, it
is difficult to obtain ohmic contact when the donor concen-
tration is low concentration such as 1x10'® cm® or less. On
the other hand, in the structure of the present invention,
contact with high ohmic properties can be obtained even
when the donor concentration is low concentration such as
1x10'® cm™ or less. Therefore, design or selection of such
a contact layer is an extremely important technique. In
particular, this effect can be obtained even when realization
of a high-concentration layer is difficult. This greatly
expands an application range to devices.

It goes without saying that such a contact structure may be
a form including a metal layer on the contact layer.

The semiconductor device including such a contact struc-
ture may be, for example, an n-channel MOSFET in a
C-MOS in which the semiconductor crystal is Si or Ge.

EXAMPLE

[Relaxation of FLP at a metal germanide/n-Ge junction
interface]

As explained above, there are many arguments over the
origin of the Fermi level pinning (FLP). However, in all the
cases, it is considered that an interface dipole layer is formed
and the size of the interface dipole layer is determined by
dipole density and strength of dipoles.

In this example, a metal having low electron concentra-
tion was formed by forming a compound of metal and Ge,
the strength and the density of dipoles were changed by
changing the penetration amount of wave function in the
metal, and FLP that occurred at the junction interface with
n-Ge was systematically examined.

A film of various kinds of metal (Gd, Ho, Er, Yb, Ti, Co,
and Pt) having a thickness of 30 nm was vapor-deposited
and formed on an n-type (100) Ge substrate having donor
concentration of 10'%cm> level. A film of amorphous Ge
with a thickness of 20 nm was vapor-deposited and formed
on the film. Thereafter, heat treatment for 30 minutes was
performed at 500° C. in vacuum (approximately 10~ Pa) to
form metal-Ge compound/n-Ge junction. It was confirmed
by an X-ray diffraction method that polycrystalline ger-
manide was formed in all of these samples by the heat
treatment. Note that, for comparison, samples obtained by
performing only the film formation of the kinds of metal and
not performing the heat treatment were also manufactured.
Schottky characteristics of the junction interfaces were
evaluated for these samples.

FIG. 1 is a diagram for conceptually explaining a stacked
state (FIG. 1(A)) after the film formation and a stacked state
(FIG. 1(B)) after the heat treatment. A metal film 20 and a
film 30 of amorphous Ge were stacked on the surface of an
n-type (100) Ge substrate 10 after the film formation. After
the heat treatment for 30 minutes at 500° C., the metal film
20 and the film 30 of amorphous Ge become the metal
germanide film 40 and the metal germanide film 40 was
directly bonded on the surface of the Ge substrate 10.

FIG. 2 is a diagram showing J-V characteristics (FIG.
2(A)) at room temperature of elemental metal/n-Ge junction
and a J-V characteristic (FIG. 2(B)) of metal germanide/n-
Ge junction at room temperature. First, from comparison of
FIG. 2(A) and FIG. 2(B), it is clearly seen that ohmic
properties are improved by forming the metal germanide/n-
Ge junction.

When seven kinds of metal germanide/n-Ge junctions
shown in FIG. 2(B) are compared, increases in an OFF
current and saturation current density (J;: an extrapolation
value of J at V=0) are recognized at the junctions with n-Ge
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of the metal germanides formed by kinds of metal (Gd, Ho,
Er, and Yb) having relatively low work function. Note that,
the same effect was obtained in materials containing ger-
manide of Y and in materials containing Bi as main com-
ponents, other than the Gd, Ho, Er, and Yb.

FIG. 3 is a diagram showing examined results of,
Schottky barrier heights (¢,) and uniformity thereof
obtained from temperature dependence of saturation current
density J_, for Gd germanide/n-Ge (GdGex/n-Ge) junction
and Ho germanide/n-Ge (HoGex/n-Ge) junction.

From gradients of straight lines indicating the temperature
dependence shown in this figure, the Schottky barrier height
(¢,) 1s estimated as 0.42 eV for the Gd germanide/n-Ge
junction and estimated as 0.43 eV for the Ho germanide/n-
Ge junction. A Richardson constant estimated from inter-
cepts of the straight lines substantially coincides with a
value 143A/cm*/K? described in Non Patent Literature 2.
This fact indicates that a Schottky barrier is uniformly
formed rather than a leak due to a local barrier lowering.

From these results, it is considered that the density of
formed dipoles decreases at the metal germanide/n-Ge junc-
tion interface and, as a result, relaxation of FLP occurs.

[Surface Orientation Dependence of FLLP Relaxation in
n-Ge]

FIG. 4 is a diagram showing examined results on n-Ge
crystal surface orientation dependence of a degree of the
FLP relaxation. As a sample, Gd germanide was provided on
an n-Ge substrate having (111), (100), and (110) as principal
planes and Gd germanide/n-Ge junction was formed.

From. J-V characteristics at room temperature shown in
FIG. 4(A), the FLP relaxation is particularly conspicuous on
the (111) surface. From gradients of straight lines indicating
temperature dependence shown in FIG. 4(B). the Schottky
harrier height (¢,) in this example is estimated as 0.32 eV for
Gd germanide/(111)n-Ge junction, estimated as 0.42 eV for
Gd germanide/(100)n-Ge junction, and estimated as 0.53 eV
for Gd germanide/(110)n-Ge junction. It is read that a
Schottky barrier is uniformly formed.

In FIG. 5, dependence of Schottky barrier heights on
materials of contact layers provided on an n-Ge substrate is
summarized. On the left side in the figure, Schottky barrier
heights in the case in which a contact layer of a pure single
elemental metal material is provided on an n-type Ge(100)
surface are shown. On the right side of the figure, Schottky
barrier heights in the case in which a contact layer formed
of germanide (a metal-Ge compound) of the single elemen-
tal element is provided on the n-type Ge(100) surface and an
n-type Ge(111) surface are shown. As explained above, a
tendency that the Schottky barrier height is low is clearly
read when a contact layer formed of a germanide material is
provided compared with when a contact layer formed of a
metal material is provided. The Schottky barrier height tends
to be low when the principal plane of the n-Ge substrate is
(111) compared with when the principal plane is (100).

[Relaxation of FLP on a Bi-based material/n-Si junction
interface]

FIG. 6 is a diagram showing an examined result of
relaxation of FLP on a Bi-based material/n-Si junction
interface in the case in which the semiconductor crystal is
n-Si instead of n-Ge. A surface orientation of n-Si shown in
this figure is (100). Bi was provided on this Si substrate as
a contact layer to form Bi/n-Si junction. Note that, for
comparison, samples were manufactured for Gd/n-Si junc-
tion and Al/n-Si junction.

From J-V characteristics at room temperature shown in
FIG. 6, relaxation of FLP at a junction interface becomes
stronger in the order of an Al contact layer, a Gd contact
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layer, and a Bi contact layer. In particular, substantially
complete ohmic properties are obtained in the case of the Bi
contact layer (Bi/n-Si junction).

Free electron concentration in these kinds of metal is
2x10%% cm~3 in Al, 6x10?* cm™ in Gd, and 10'°t0 107 cm™3
in Bi. On the other hand, concerning the work function, a
value of about 4.3 V is reported in Al, a value of 3.1 V is
reported in Gd, and a value of 4.2 V is reported in Bi (see
Non Patent Literature 3). It is clearly read that Bi and Al
have substantially the same work function but a degree of
FLP at the junction interface is extremely weak in Bi having
low free electron density and, concerning the Schottky
barrier height, Bi is substantially close to Gd or other
materials having a work function lower than the work
function of Gd.

[Thinning of a Contact Layer]

FIG. 7 is a diagram showing a examined result of depen-
dence of a Schottky barrier height (barrier height) at Gd
germanide/n-Ge junction on the thickness of Gd germanide
(GdGey), which functions as a contact layer. Note that, in an
example shown in this figure, a substrate is Ge, a principal
plane of which is a (111) surface. The Schottky barrier
height indicates a substantially fixed low value when the
thickness of the contact layer exceeds approximately 4 nm.
Satisfactory ohmic contact is obtained.

As explained above, according to the present invention,
the contact layer formed of the material having the electron
concentration of less than 1x10?* cm™ is directly provided
on the surface of the semiconductor crystal having the
n-type conductivity with the energy band gap of 1.2 eV or
less at room temperature. Therefore, the wave function
penetration from the contact layer side to the semiconductor
surface side is reduced. As a result, the formation of energy
barrier height ¢ due to the Fermi level pinning phenomenon
is reduced. It is possible to achieve contacts with high ohmic
properties.

Note that, in carrying out the present invention, it goes
without saying that the contact structure can be a form
including a metal layer on the contact layer.

The contact structure according to the present invention is
extremely useful in semiconductor devices such as C-MOS.

INDUSTRIAL APPLICABILITY

According to the present invention, the wave function
penetration from the contact layer side to the semiconductor
surface side is significantly suppressed. As a result, the
formation of the energy barrier height ¢ due to the Fermi
level pinning phenomenon is reduced. It is possible to
achieve contacts with high ohmic properties.

REFERENCE SIGNS LIST

10 n-type Ge substrate
20 metal film

30 film of amorphous Ge
40 metal germanide film

The invention claimed is:

1. A semiconductor device comprising a contact structure
in which a contact layer formed of a material having an
electron concentration of less than 1x10%* cm™ is directly
provided on a surface of a semiconductor crystal having an
n-type conductivity with a band gap of 1.2 eV or less at room
temperature,

wherein a donor concentration of a surface region of the

semiconductor crystal is 1x10'® cm™ or less.
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2. The semiconductor device according to claim 1,
wherein the semiconductor crystal is any one of Si, Ge, and
a compound of Si and Ge (Si,Ge,).

3. The semiconductor device according to claim 1,
wherein the semiconductor crystal is Ge, and the contact
layer is formed of a material containing, as a main compo-
nent, a germanide of any one of Gd, Y, Ho, Er, and Yb, or
Bi.

4. The semiconductor device according to claim 1,
wherein the semiconductor crystal is Si, and the contact
layer is formed of a material containing Bi as a main
component.

5. The semiconductor device according to claim 1,
wherein the semiconductor device includes a metal layer on
the contact layer.

6. The semiconductor device according to claim 1,
wherein the semiconductor device is an n-channel MOSFET
in which the semiconductor crystal is Si or Ge.

#* #* #* #* #*

10

10

15



