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DESCRIPTION
METHOD OF MANUFACTURING SEMICONDUCTOR DEVICE

CROSS REFERENCE TO RELATED APPLICATION
This application is based upon and claims the benefit of
priority from the prior Japanese Patent Application No. 2011-46134,
filed on March 3, 2011, the entire contents of which are
incorporated herein by reference.

FIELD
Embodiments described herein relate to a method of
manufacturing a semiconductor device.

BACKGROUND

In semiconductor processes of forming an MOS transistor,
heat treatment of a wafer is generally performed in the final
process in an atmosphere containing hydrogen. Due to this heat
treatment, dangling bonds (uncombined hands) which exist in an
interface between a substrate and a gate insulator are terminated
and stabilized by hydrogen. As a result, the interface level density
in the interface between the substrate and the gate insulator is
reduced. In general, this process is called sintering process (or
hydrogen sintering process).

In a high performance LSI of the next generation or later, it
is demanded to apply materials which have not been conventionally
used, to the LSI manu'facturing process to form a gate electrode,
an interconnect, an inter layer dielectric, a memory element and
the like. Some of those materials may be degraded in
characteristics remarkably due to high temperature heat treatment
or a reducing atmosphere containing hydrogen in the hydrogen
sintering process. ~

Such degradations in characteristics can be suppressed by
lowering the temperature in the hydrogen sintering process. In
this case, however, the diffusion rate of hydrogen molecules and
the reaction rate between the hydrogen molecules and the dangling
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bonds also become lower. Therefore, the lowering of the
temperature is not desirable in terms of the original object, i.e., the
reduction of the interface level density. Therefore, a process which
can reduce the interface level density in the interface between the
substrate and the gate insulator while suppressing the
characteristic degradation of the materials of the LSI is needed.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A to 3B are side sectional views showing a method of
manufacturing a semiconductor device of a first embodiment;

FIGS. 4A to 4C are schematic  diagrams for explaining
effects of microwave annealing on dangling bonds;

FIG. 5 is a graph showing measured results of the interface
level density in the interface between a substrate and a gate
insulator when sintering processes are performed under various
conditions; and .

FIGS. 6A to 8B are side sectional views showing a method of
manufacturing a semiconductor device of a second embodiment.

DETAILED DESCRIPTION

Embodiments will now be explained with reference to the
accompanying drawings.

An embodiment described herein is a method of
manufacturing a semiconductor device, the method including
forming a transistor including a gate insulator and a gate electrode
on a substrate. The method further includes forming an
interconnect structure including one or more interconnect layers on
the substrate by performing first and second processes one or
more times, the first process forming an interconnect layer on the
substrate, and the second process processing the interconnect
layer into an interconnect pattern. The method further includes
annealing the substrate by irradiating the substrate with a
microwave, after at least one interconnect layer included in the one
or more interconnect layers is processed into an interconnect
pattern on the substrate. |
(First Embodiment) |
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FIGS. 1A to 3B are side sectional views showing a method of
manufacturing a semiconductor device of a first embodiment. In
the first embodiment, a logic LSI is manufactured as the
semiconductor device.

As shown in FIG. 1A, isolation insulators 101 are first
formed in a substrate 100. MOS transistors Tr for the logic LSI are
then formed on the substrate 100 between the isolation insulators
101.

The MOS transistors Tr are formed as described below. An
insulation material for gate insulators 102 and an electrode
material for gate electrodes 103 are first formed on the substrate
100 successively, and the electrode material is then etched to be
the gate electrodes 103. Next, extension regions 104 are formed
to sandwich the gate electrodes 103, and sidewall insulators 105
are then formed on side surfaces of the gate electrodes 103. Next,
source and drain regions 106 are formed to sandwich the gate
electrodes 103. Although the substrate 100 is a semiconductor
substrate such as a silicon substrate in the present embodiment,
the substrate 100 may be a semiconductor on insulator (SOI)
substrate. |

As shown in FIG. 1B, an inter layer dielectric 107 is then
formed on the substrate 100 to cover the MOS transistors Tr.
Contact plugs 108 are formed in the inter layer dielectric 107. A
first interconnect layer 110 as a first layer of interconnect layers is
formed on the inter layer dielectric 107. Although the first
interconnect layer 110 is a metallic interconnect layer in the
present embodiment, the first interconnect layer 110 may be a
polysilicon interconnect layer (the same is also true of other
interconnect layers described later). The first interconnect layer
110 is electrically connected to the substrate 100 or the gate
electrodes 103 via the contact plugs 108.

Each contact plug 108 includes a plug material and a barrier
metal layer formed under the plug material. The plug material is
tungsten (W) for example. In the same way, the first interconnect
Iayér 110 includes an interconnect material and a barrier metal
layer formed under the interconnect material. The interconnect
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material is aluminum (Al) for example. The same is also true of
via plugs and other interconnect layers described later.

As shown in FIG. 2A, the first interconnect layer 110 is then
processed into interconnect patterns by dry etching such as
reactive ion etching (RIE). In this way, the interconnect patterns
of the first interconnect layer 110 are formed above the substrate
100.

In the present embodiment, the process shown in FIG. 1B
and the process shown in FIG. 2A are repeated three times in total.
As a result, as shown in FIG. 2B, a first inter layer dielectric 109 as
a first layer of inter layer dielectrics, a first via plug 111 as a via
plug in a first via plug layer, interconnect patterns of a second
interconnect layer 113 as a second layer of the interconnect layers,
a second inter layer dielectric 112 as a second layer of the inter
layer dielectrics, a second via plug 114 as a via plug in a second via
plug layer, and interconnect patterns of a third interconnect layer
115 as a third layer of the interconnect layers are formed above
the substrate 100, as well as the inter layer dielectric 107 under
the interconnect structure, the contact plugs 108, and the first
interconnect layer 110. The processes shown in FIGS. 1B and 2A
are examples of first and second processes, respectively.

In this way, the interconnect structure including three
interconnect layers 110, 113 and 115 are formed above the
substrate 100. The first interconnect layer 110 is a bottommost
interconnect layer in the interconnect structure, and the third
interconnect layer 115 is a topmost interconnect layer in the
interconnect structure.

The semiconductor device of the present embodiment may
include only one or two interconnect layers, or may include four or
more interconnect layers. In the former case, the processes
shown in FIGS. 1B and 2A are performed only once or twice. In
the latter case, the processes shown in FIGS. 1B and 2A are
repeated four or more times.

As shown in FIG. 3A, a passivation film 116 is then formed
on the second inter layer dielectric 112 to cover the third
interconnect layer 115. The passivation film 116 is formed by
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depositing a silicon oxide film and a silicon nitride film successively
by plasma chemical vapor deposition (CVD), for example.

As shown in FIG. 3A, the passivation film 116 is then
removed partially by photolithography and etching to form an
aperture in the passivation film 116. As a result, a part of the
third interconnect layer 115 is exposed in the aperture. A part of
the third interconnect layer 115 finally exposed in the aperture is
referred to as pad electrode.

A sintering process which heats the substrate 100 is then
performed to lower the interface level density in the interface
between the substrate 100 and the gate insulator 102 (FIG. 3B).

~ In the present embodiment, microwave annealing of the substrate

100 is performed as the sintering process. In other words, the
substrate 100 is annealed by irradiating the substrate 100 with a
microwave. As a result, the interface level density in the interface
between the substrate 100 and the gate insulator 102 is lowered.

In this way, the microwave annealing of the substrate
100 in the present embodiment is performed after forming the
third interconnect layer 115 which is the topmost interconnect
layer and processing the third interconnect layer 115 into the
interconnect patterns. Advantages of performing the
microwave annealing after forming and processing the topmost
interconnect layer will be described later.

In the present embodiment, the microwave annealing is
performed after forming and processing the passivation film 116.
However, the microwave annealing may be performed before
forming or processing the passivation film 116 as long as it is
performed after forming and processing the third interconnect
layer 115.

In the present embodiment, the MOS transistors Tr and
the multilayer interconnect structure are formed by the
processes shown in FIGS. 1A to 3A before the microwave
annealing. However, the processes performed before the
microwave annealing may be different from the processes
shown in FIGS. 1A to 3A.

Another example of the sihtering process using the
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microwave is a method of obtaining a sintering effect by
generating plasma in a space above the substrate by means of
irradiation with the microwave and then irradiating the substrate
with active species (such as ions and radicals) generated in the
plasma. On the other hand, in the sintering process of the
present embodiment, the sintering effect is obtained by
irradiating the substrate 100 with the microwave and thereby
annealing the substrate 100. The present embodiment has an
advantage that the sintering effect can be obtained even if the
plasma is not generated by the irradiation with the microwave.
(1) Details of Microwave Annealing 1

Hereafter, the microwave annealing performed in FIG. 3B
will be described in detail.

In the present embodiment, the microwave annealing is
performed as the sintering process as described above. The
microwave annealing has a property that a place where a defect
exists is heated selectively without heating the whole of the
substrate 100.

The heating object in the sintering process of the present
embodiment is not the whole of the substrate 100, but the
interface between the substrate 100 and the gate insulator 102.
The interface is a. place where the material changes
discontinuously and a large number of defects exist locally. In
the present embodiment, therefore, the interface which is the
heating object can be heated selectively by performing the
microwave annealing as the sintering process.

According to such a sintering process, it becomes
possible to efficiently lower the interface level density in the
interface between the substrate 100 and the gate insulator 102
even at a low temperature by selectively heating the interface.
In other words, it becomes possible to obtain, even at a low
temperature, the sintering effect that can lower the interface
level density. Therefore, even in the case where the
semiconductor device includes a material which is degraded in
characteristics by high-temperature heat treatment, it is
possible to execute the sintering process using the microwave
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annealing while suppressing the characteristic degradation of
such material by executing the sintering process at a low
temperature.

Effects of the microwave annealing on the interface will
be described from the viewpoint of the dangling bonds.

FIGS. 4A to 4C are schematic diagrams for explaining the
effects of the microwave annealing on the dangling bonds.

FIG. 4A schematically shows silicon (Si) atoms forming
the substrate 100, silicon (Si) and oxygen (O) atoms forming
the gate insulator 102, and covalent bonds among these atoms.
In FIG. 4A, X denote a dangling bond existing in an interface S
between the substrate 100 and the gate insulator 102.

As described above, the microwave annealing has the
property that a place having defects is heated selectively without
heating the whole of the substrate 100. As regards its mechanism,
however, unclear points still remain. However, a model in which
the microwave is absorbed by incomplete Si-Si bonds and the
temperature in their vicinities rises locally when silicon is irradiated
with microwave is proposed. Considering this model, it is
considered that the microwave annealing has effects on the
dangling bonds as shown in FIGS. 4B and 4C.

FIGS. 4B and 4C show changes of the dangling. bonds
obtained when the microwave annealing is performed in an
atmosphere which does not contain hydrogen and in an
atmosphere which contains hydrogen, respectively. In the former
case, Si-O bond pairing is changed at the interface S and dangling
bonds are coupled via an O atom (FIG. 4B). On the other hand, in
the latter case, dangling bonds are terminated by hydrogen (H)
atoms (FIG. 4C).

From this, it is considered that the sintering process using
the microwave anhealing is effective both in the atmospheres
which does not contain hydrogen and contains hydrogen. In the
present embodiment, therefore, the sintering process may be
performed in either of the atmospheres which does not contain
hydrogen and contains hydrogen.

However, in order to enhance the Sintering effect, it is
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desirable to perform the sintering process in the atmosphere which
contains hydrogen. On the other hand, if the semiconductor
device includes a material which is degraded in characteristics by
the reducing atmosphere of hydrogen, it is desirable to perform the
sintering process in the atmosphere which does not contain
hydrogen. :

When supplying hydrogen into a reaction chamber in which
the sintering process is to be performed, hydrogen may be supplied
into the chamber singly, or may be supplied in a mixture with
another gas. An example of such a gas includes an inert gas such
as nitrogen (N2). Another example of the hydrogen supply method
includes a method of previously installing a hydrogen supply source
in the vicinity of the MOS transistors Tr and discharging the
hydrogen at the time of the sintering process. A specific example
of this method includes a method of previously forming a thin film
containing hydrogen in the vicinity of the MOS transistors Tr, and a
method of previously causing the substrate 100 to contain
hydrogen by implanting hydrogen ions from the back side of the

- substrate 100.

In the present embodiment, not only the interface between
the substrate 100 and the gate insulator 102, but also the
substrate 100 is heated by the irradiation with the microwave. In
general, however, there are a large number of defects in the
interface between the substrate 100 and the gate insulator 102
because the material changes discontinuously, so that the
microwave is absorbed selectively by these defects. As a
mechanism of the microwave annealing, a model in which energy
of the microwave absorbed by the defects causes some interface

‘reaction in the interface between the substrate 100 and the gate

insulator 102 is also considered.

Effects of the sintering process using the microwave
annealing will be compared with effects of other sintering
processes. ,

FIG. 5 is a graph showing measured results of the interface
level density in the interface between the substrate 100 and the
gate insulator 102 when the sintering processes are performed
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In FIG. 5, the interface level densities when various
sintering processes have been performed are indicated by ratios
with the interface level density in the case where no sintering
process is performed being set equal to 1. The temperature of the
substrate 100 is 350°C in any of these sintering processes.

In the case where the substrate 100 is heated in a heat
treatment furnace having an Ar atmosphere, the interface level
density is approximately in a range of 0.62 to 0.81. Furthermore,
in the case where the substrate 100 is heated in a heat treatment
furnace having an Ar/H, atmosphere, the interface level density is
approximately in a range of 0.66 to 0.82.

On the other hand, in the case where the substrate 100 is
heated by the microwave annealing, the interface level density is
improved approximately to 0.32. This is a result which is as good
as that of high temperature hydrogen sintering represented by a
dashed line in FIG. 5. In this high temperature hydrogen sintering,
heating is performed at 450°C for 30 minutes in a heat treatment
furnace having an atmosphere which contains H, of approximately
10%. It is appreciated that, at a temperature as low as 350°C, the
microwave annealing brings about a sintering effect which is the
same degree as that of the high temperature hydrogen sintering at
450°C.

It is appreciated from the results described above that when
performing the sintering processes at the same processing
temperature for the same processing time period, the microwave -
annealing is effective in lowering the interface level density as
compared with other sintering processes.

(2) Details of Microwave Annealing 2

The sintering process using the microwave annealing will
be described in detail, regarding the point that the sintering
process is performed after the topmost interconnect layer is
formed and processed, with reference to FIG. 3B again.

In the present embodiment, the microwave annealing is
performed after the third interconnect layer 115, which is the
topmost interconnect layer, is formed and processed as
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described above. This has mainly two advantages described
below.

First, there is an advantage that the interface between
the substrate 100 and the gate insulator 102 can avoid being
damaged by interconnect processing after the sintering process.

Since the substrate 100 is exposed to plasma during dry
etching, characteristics' of the interface between the substrate
100 and the gate insulator 102 are degraded. Therefore, if the
processing of the interconnect layers is performed after the
sintering process, the characteristics of the interface improved
by the sintering process are degraded again. In the present
embodiment, therefore, the sintering process using the
microwave annealing is performed after the processing of the
topmost interconnect layer. As a result, it can be avoided that
the interface is damaged by the interconnect processing after
the sintering process.

Secondly, there is an advantage that H atoms supplied to
the interface between the substrate 100 and the gate insulator
102 can avoid slipping out by influence of plasma generated
during the interconnect processing.

If the processing of the interconnect layers is performed
after the sintering process, H atoms supplied to the interface slip
out due to the influence of the plasma for dry etching. In the
present embodiment, therefore, the sintering process using the
microwave annealing is performed after processing of the topmost
interconnect layer. As a result, the H atoms supplied to the
interface can avoid slipping out due to the influence of the plasma.

There are two kinds in damages to the interface caused by
the plasma, as described below. A first damage is a physical
damage caused when plasma ions collide with the interface. This
is called ion collision damage. A second damage is a damage
caused by a fact that interconnects are electrified by the plasma
and these charges flow into the interface. This is called charge up
damage.

In general, the interconnect structure of the logic LSI

includes a large number of interconnect layers (for example,



WO 2012/117787 _ PCT/JP2012/051906

10

15

20

25

30

35

11

interconnect layers in approximately ten layers). However, in
general, the ion collision damage to the interface by the processing
of the second and subsequent interconnect layers is smaller than
the damage by the processing of the first interconnect layer. As
this reason, it is considered that as the order of the interconnect
layer becomes higher, 1) the distance between the MOS transistors
Tr and the interconnect layer becomes larger, 2) the interconnect
patterns become larger and simpler, and 3) the protection effect
given by the lower order inter layer dielectrics and interconnect
layers becomes greater. On the other hand, in general, the charge
up damage to the interface by the processing of the second and
subsequent interconnect layers becomes greater due to the
antenna effect as compared with that by the processing of the first
interconnect layer.

Therefore, if the damage and influence to the interface by
the processing of the second and subsequent interconnect layers is
considered to be slight in consideration of the ion collision and
charge up damages by the interconnect processing, the sintering
process using the microwave annealing may be performed after the
first interconnect layer is formed and processed. Specifically, the
sintering process may be performed at any time as long as it is
performed after the first interconnect layer 110 is processed in the
process shown in FIG. 2A. The effect that the interface level
density is lowered efficiently even at a low temperature can be also
obtained in such a sintering process. }

(3) Setting Conditions of Microwave Annealing

Setting conditions of the microwave annealing of FIG. 3B
will be described. .

The microwave annealing in the present embodiment is
executed by using a microwave in the range of, for example, 2.45
to 25.0 GHz, with the température of the substrate 100 being
adjusted to be in the range of 200 to 450°C (preferably in the
range of 300 to 400°C), and with supplied power in the range of 10
W/cm? to 10 kW/cm? for a time period in the range of 30 seconds
to 60 minutes. ]

The atmosphere during the annealing may be an
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atmosphere containing an inert gas such as N, (nitrogen) or ‘Ar
(argon) as its main component, or may be an atmosphere
containing an inert gas and H, (hydrogen) which accounts for
approximately 10 to 50% (for example, approximately 10%) of the
inert gas. The pressure during the annealing may be any of high
pressure, atmospheric pressure, and low pressure.

The microwave annealing apparatus used in the microwave
annealing may be a single wafer processing type, or may be a
batch processing type. The number of times of irradiation with the
microwave in the process of FIG. 3B may be one, or may be two or
more.

The microwave will be described complementarily. The
microwave is prescribed as an electromagnetic wave having a
frequency in the range of 300 MHz to 3 THz (a wavelength in the
range of 100 um to 1 m). As regards the frequency of the
microwave, 2.45 GHz, 5.80 GHz and 24.125 GHz are specified as
the ISM (Industrial, Scientific, and Medical use) band. Regarding
microwaves of these frequencies, magnetrons for generating them
can be obtained inexpensively. Therefore, it is desirable to
perform the microwave annealing in the present embodiment by
using the microwave having a frequency in the range of 2.45 to
25.0 GHz as described above.

Furthermore, 5.8 GHz is a most suitable frequency to heat
silicon. Therefore, in the case where the substrate 100 is a silicon
substrate, it is desirable to set the frequency of the microwave to a
frequency near 5.8 kHz, for example, a frequency in the range of 3
to 8 GHz. As a result, the heating efficiency of the substrate 100
can be made favorable. Even if the substrate 100 is a
semiconductor substrate other than a silicon substrate, the most
suitable frequency for heating is not much different. Therefore,
the frequency in the range of 3 to 8 GHz is also effective in heating
semiconductor substrates other than the silicon substrate.

(4) Microwave Irradiation Side in Microwave Annealing

A microwave irradiation side in the microwave annealing of
FIG. 3B will be described. | '

In the microwave annealing in the present Hembodiment,
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only either the front side or the back side of the substrate 100 may
be irradiated with the microwave, or both sides may be irradiated
with the microwave.

In general, if the front side of the substrate is irradiated
with the microwave in an LSI having a multilayer interconnect
structure, the microwave is reflected and absorbed by the
interconnects and therefore the interconnect pattern dependence of
in-plane temperature distribution of the substrate is caused in
some cases. When such a substrate is viewed from the above, the
substrate often has a structure in which MOS transistors are hidden
by the interconnects. In this case, if the front side of the
substrate is irradiated with the microwave, it is considered that the
interface between the substrate and the gate insulator is not
irradiated sufficiently with the microwave, so that a sufficient
sintering effect cannot be obtained.

In this case, it is effective to irradiate the back side of the
substrate with the microwave. Typically, circuit patterns do not
exist on the back side of the substrate and interconnect layers are
not formed on the back side. Therefore, it is considered that the
microwave with which the back side is irradiated acts on the
interface efficiently and evenly.

In the present embodiment, therefore, it is desirable to
irradiate the back side of the substrate 100 with the microwave in
the case where the number of interconnect layers in the multilayer
interconnect structure is large. Even in the case where the
number of interconnect layers is large, therefore, it becomes
possible to irradiate the interface between the substrate 100 and
the gate insulator 102 sufficiently with the microwave and obtain a
sufficient sintering effect. |

On the other hand, in the present embodiment, the front
side of the substrate 100 may be irradiated with the microwave.
Such an irradiation has an advantage that the irradiation process
can be executed easily as compared with the case where the back
side of the substrate 100 is irradiated with the microwave.

In the present embodiment, both the front side and the
back side of the substrate 100 may be irradiated with the



WO 2012/117787 PCT/JP2012/051906

10

15

20

25

30

35

14

microwave simultaneously. Even if there is a part to which the
microwave is not applied in irradiation of the front side, the
microwave can be applied to such a part by irradiation from the
back side, resulting in an advantage. In this case, an insulation
film may be formed on the back side of the substrate 100, and the
formed insulation film may be removed. Furthermore, the
substrate 100 may be processed to become thin concurrently with
removal of the insulation film by polishing the back side of the
substrate 100 before irradiation with the microwave. This process
has an advantage that the transmittance of the microwave applied
from the back side is improved.

In the case where both the front side and the back side of
the substrate 100 are irradiated with the microwave, it is desirable
to irradiate both sides with the microwave simultaneously.
However, the both sides may be irradiated in order.

(5) Effects of First Embodiment

Finally, effects of the first embodiment will be described.

As described above, the microwave annealing in the present
embodiment is performed as the sintering process. According to
such a sintering process, it is possible to efficiently lower the
interface level density in the interface between the substrate 100
and the gate insulator 102 even at a low temperature by selectively
heating the interface. Therefore, even in the case where the
semiconductor device includes a material which is degraded in
characteristics by high temperature heat treatment, it becomes
possible to execute the sintering process while suppressing the
characteristic degradation of such a material by executing the
microwave annealing at a low temperature.

Furthermore, the sintering process using the microwave
annealing can be performed in either of an atmosphere which
contains hydrogen and an atmosphere which does not contain
hydrogen. Therefore, even in the case where the semiconductor
device includes a material which is degraded in characteristics by a
reducing atmosphere of hydrogen, it is possiblé,to execute the
sintering process while suppressing the characteristic degradation
of such a material by executing the'miCrowave annealing in an
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- atmosphere which does not contain hydrogen, in the present

embodiment.

In this way, the present embodiment is promising as the
sintering process of the semiconductor device including a material
which is susceptible to a high temperature and a hydrogen
atmosphere, and the present embodiment contributes to
improvement of the reliability of such a material. Examples of a
material for which there is a concern of being degraded by a high
temperature and a hydrogen atmosphere include metals such as Sr,
Cu, Ni, Bi, Mn, Hf, Zr, Ti, Al and Mg, and metallic compounds
containing these metallic elements.

In the present embodiment, the sintering process using the
microwave annealing is performed after forming the topmost
interconnect layer and processing the topmost interconnect layer
into the interconnect patterns. As a result, it is possible for the
interface to avoid being damaged by plasma during the
interconnect processing and avoid slipping out due to the influence
of the plasma, after the sintering process.

However, in the case where the semiconductor device is the
logic LSI, if the damage and influence by the processing of the
second and subsequent interconnect layers are considered to be
slight, the sintering process using the microwave annealing may be
performed after the first interconnect layer is formed and
processed. .

~In the present embodiment, the setting conditions of the
microwave annealing have been exemplified. However, other
setting conditions may be adopted. Regarding the setting
conditions, however, it is desirable to set conditions capable of
sufficiently lowering the interface level density in the interface
between the substrate 100 and the gate insulator 102 without
degrading characteristics of other materials of the semiconductor
device. ,

In the present embodiment, the semiconductor device is
supposed to be the logic LSI. However, the semiconductor device
may be another type of IC. For example, the semiconductor
dévice may be a CMOS image sensor which requires a stabilized
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interface in the same way as the logic LSI.

In the present embodimeht, each interconnect layer may be
formed and processed by the dual-damascene method. In this
case, each interconnect layer is formed by 1) a process of forming
contact holes or via holes and interconnect trenches in an inter
layer dielectric by dry etching or the like; 2) a process of forming a
barrier metal layer and an interconnect layer on the inter layer
dielectric after the holes and trenches are formed; and 3) a process
of removing an unnecessary portion of the interconnect layer by
chemical mechanical polishing (CMP), dry etching or the like to
process the interconnect layer into interconnect patterns. 1In this
case as well, the sintering process may be performed after the
topmost interconnect layer is processed, or the first interconnect
layer is processed. In addition, in the case where the unnecessary
portion of the interconnect layer is removed by CMP, the sintering
process may be performed after the interconnect trenches for the
topmost interconnect layer are formed, or after the interconnect
trenches for the first interconnect layer are formed.

Hereafter, a second embodiment which is a modification of
the first embodiment will be described. The second embodiment
will be described laying stress on differences from the first
embodiment.

(Second Embodiment)

FIGS. 6A to 8B are side sectional views showing a method of
manufacturing a semiconductor device of the second embodiment.
In the second embodiment, a semiconductor memory LSI is
manufactured as the semiconductor device.

The semiconductor device in the present embodiment differs
from the semiconductor device in the first embodiment in that a
semiconductor memory element is included. The semiconductor
memory element may be formed on a substrate surface, or may be
formed in an interconnect layer. Examples of the semiconductor
device including the memory element on the substrate surface
include a DRAM having a trench capacitor and the like. On the
other hand, examples of the semiconductor device including the
memory element in the interconnect layer.include a DRAM having a
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stack capacitor, a ferroelectric random access memory (FeRAM) of
1T1C type, a magnetoresistive random access memory (MRAM), a
resistance random access memory (ReRAM), a phase change
memory (PCM) and the like. The present embodiment can be
applied to any of these memories.

Hereafter, the method of manufacturing the semiconductor
device of the present embodiment will be described by taking a
semiconductor memory LSI having a capacitor Cp as the
semiconductor memory element, as an example.

FIG. 6A shows isolation insulators 201, gate insulators 202,
gate electrodes 203, extension regions 204, sidewall insulators 205,
source and drain regions 206, an inter layer dielectric 207, and
contact plugs 208 formed on or in the substrate 200. FIG. 6A
further shows a first interconnect layer 210 as a first layer of
interconnect layers formed on the substrate 200. FIG. 6A further
shows MOS transistors Tr for the semiconductor memory LSI
formed on the substrate 200. These components can be formed
by the processes shown in FIGS. 1A to 2A. Examples of the MOS
transistors Tr include cell transistors, selection transistors,
peripheral transistors and the like. :

FIG. 6A further shows the capacitor Cp formed in the first
interconnect layer 210. The capacitor Cp includes a lower
electrode 211, a capacitor insulator 212, and an upper electrode
213 stacked on a contact plug 208 in order. Each of the upper
electrode 213 and the lower electrode 211 may be formed of only a
metallic layer, or may be formed by stacking two or more metallic
layers.

The capacitor Cp can be formed by forming an electrode
material for the upper electrode 213, an insulation material for the
capacitor insulator 212, and an electrode material for the lower
electrode 211 successively and processing these materials by
etching. The capacitor Cp may be formed before the first
interconnect layer 210 is formed and processed, or may be formed
after the first interconnect layer 210 is formed and processed. The
interconnect patterns of the first interconnect layer 210 and the
capacitor Cp are insulated from each other by a first inter layer
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dielectric 209 as a first layer of inter layer dielectrics, which will be
described later. . |

As shown in FIG. 6B, the first inter layer dielectric 209 is
formed on the inter layer dielectric 207 which is located under the
interconnect structure, to cover the first interconnect layer 210 and

the capacitor Cp. A first via plug 214 as a via plug in a first via

plug layer is formed in the first inter layer dielectric 209. A second
interconnect layer 216 as a second layer of the interconnect layers
is formed on the first inter layer dielectric 209.

As shown in FIG. 7A, the second interconnect layer 216 is
then processed into interconnect patterns by dry etching such as
RIE. In this way, the interconnect patterns of the second
interconnect layer 216 are formed on the first inter layer dielectric
209.

In the present embodiment, processes similar to those of
FIGS. 2B and 3A are then performed. As a result, as shown in
FIGS. 7B and 8A, an second inter layer dielectric 215 as a second
layer of the inter layer dielectrics, a second via plug 217 as a via
plug in a second via plug layer, interconnect patterns of a third
interconnect layer 218 as a third layer of the interconnect layers,
and a passivation film 219 are formed above the substrate 200.

A sintering process which heats the substrate 200 is then
performed to lower the interface level density in the interface
between the substrate 200 and the gate insulator 202 (FIG. 8B).
In the present embodiment, microwave annealing of the substrate
200 is performed as the sintering process in the same way as the
first embodiment. In other words, the substrate 200 is annealed
by irradiating the substrate 200 with the microwave. As a result,
the interface level density in the interface between the substrate
200 and the gate insulator 202 is lowered.

Regarding the setting conditions of the microwave annealing,
it is desired to set conditions under which the interface level
density in the interface between the substrate 200 and the gate
insulator 202 can be lowered to a desired degree without degrading
characteristics of other materials (for example, materials of the
capacitor Cp) in the semiconductor device.
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The present embodiment has been described by taking the
case where each memory cell is formed of at least one transistor Tr
and one capacitor Cp as an example. However, the memory cell
may be formed of only one transistor. Examples of the
semiconductor memory including such a memory cell include a
flash memory of floating gate type or charge trap type, a
ferroelectric memory of one transistor type, a 1T-DRAM and the
like. Furthermore, the memory cell may be formed of at least one
transistor and one resistance change element. Examples of the
semiconductor memory having such a memory cell include an
MRAM, a ReRAM, a PCM and the like. Furthermore, the memory
cell may be disposed two-dimensionally, or may be disposed
three-dimensionally.

(Effects of Second Embodiment)

Finally, effects of the second embodiment will be described.

As described above, the microwave annealing in the present
embodiment is performed as the sintering process in the same way
as the first embodiment. According to the present embodiment,
therefore, it is possible to efficiently lower the interface level
density in the interface between the substrate 100 and the gate
insulator 102 even at a low temperature by selectively heating the
interface. In addition, even in the case where the semiconductor
device includes a material which is degraded in characteristics by a
high temperature or a hydrogen atmosphere, it is possible'to
execute the sintering process while suppressing the characteristic
degradation of such a material by executing the microwave
annealing at a low temperature or in an atmosphere which does
not contain hydrogen, in the present embodiment.

Furthermore, a semiconductor memory LSI is manufactured
as the semiconductor device in the present embodiment.
Therefore, characteristic degradation of the memory element
material in the sintering process poses a problem. However, since
the interface level density can be lowered efficiently even at a low
temperature according to the present embodiment, it is possible to
execute the sintering process while suppréssing the characteristic
degradation of the memory element material.
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Furthermore, in the present embodiment, the sintering
process using the microwave annealing is performed after the
topmost interconnect layer is formed and processed, as in the first
embodiment. As a result, it is possible for the interface to avoid
being damaged by plasma during the interconnect processing and
avoid slipping out due to the influence of the plasma, after the
sintering process.

According to the present embodiment, in the case where the

- semiconductor device is the semiconductor memory LSI, it is

possible to suppress the characteristic degradation of the memory
element material caused by the sintering process. Therefore, in
the case where 1) the total number of the interconnect layers of
the semiconductor device is N where N is an integer of 2 or more;
2) the N interconnect layers includes one or more interconnect
layers including memory elements; and 3) a topmost interconnect
layer included in the one or more interconnect layers is a K-th
interconnect layer where K is an integer satisfying the relation
represented by 1 < K < N - 1, the sintering process may be
performed after a (K + 1)-th interconnect layer is formed and
processed in the present embodiment.

This will be described with reference to FIGS. 6A to 8B.
The total number N of the interconnect layers of the semiconductor
device is 3. The layer number K of the topmost layer among the
one or more interconnect layers including the memory elements is
1 (in other words, the memory elements exist only in the first
interconnect layer 210). Therefore, in the present embodiment,
the sintering process using the microwave annealing may be
performed after the second interconnect layer 216 is formed and
processed. In other words, the sintering process may be
performed at any time as long as it is after the second interconnect
layer 216 is processed in the process of FIG. 7A. This is useful in
the case where, for example, the damage and influence to the
interface by the processing of the third interconnect layer 218 are
considered to be slight.

Furthermore, in the present embodiment, each interconnect
layer may be: formed and processed by the dual-damascene
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method. In this case as well, the sintering process may be
performed after the topmost interconnect layer is processed, or the

(K + 1)-th interconnect layer is processed. In addition, in the case

where the removal of the unnecessary portion of the interconnect
layer is performed by CMP, the sintering process may be performed
after the interconnect trenches for the topmost interconnect layer
are formed, or after the interconnect trenches for the (K + 1)-th
interconnect layer are formed.

While certain embodiments have been described, these
embodiments have been presented by way of example only, and
are not intended to limit the scope of the inventions. Indeed, the
novel methods described herein may be embodied in a variety of
other forms; furthermore, various omissions, substitutions and
changes in the form of the methods described herein may be made
without departing from the spirit of the inventions. The
accompanying claims and their equivalents are intended to cover
such forms or modifications as would fall within the scope and spirit
of the inventions.
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CLAIMS _

1. A method of manufacturing a semiconductor device, the
method comprising:

forming a transistor including a gate insulator and a gate
electrode on a substrate;
| forming an interconnect structure including one or more
interconnect layers on the substrate by performing first and second
processes one or more times, the first process forming an
interconnect layer on the substrate, and the second process
processing the interconnect layer into an interconnect pattern; and

annealing the substrate by irradiating the substrate with a
microwave, after at least one interconnect layer included in the one
or more interconnect layers is processed into an interconnect
pattern on the substrate.

2. The method of Claim 1, wherein the annealing is performed
after a topmost interconnect layer included in the one or more
interconnect layers is formed on the substrate and the topmost
layer is processed into an interconnect pattern. |

3. The method of Claim 1, wherein a temperature of the
substrate when the annealing is performed is equal to or lower
than 450°C.

4, The method of Claim 1, wherein a temperature of the
substrate when the annealing is performed is equal to or higher
than 200°C.

5. The method of Claim 1, wherein the annealing is performed
in an atmosphere including hydrogen molecules.

6. The method of Claim 1, wherein the annealing is performed
in an atmosphere including hydrogen molecules and an inert gas.

7. The. method of Cléim 1, wherein a front side and/or a back
side of the substrate are irradiated with the microwave.
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8. - The method of Claim 7, wherein the back side is irradiated
with the microwave after polishing the back side.

0. The method of Claim 1, wherein a frequency of the
microwave is 2.45 GHz to 25.0 GHz.

10. The method of Claim 1, wherein a frequency of the
microwave is 3 GHz to 8 GHz.

11. The method of Claim 1, wherein the annealing is performed
after a film containing hydrogen is formed in a vicinity of the
transistor.

12. The method of Claim 1, wherein the annealing is performed
after hydrogen is implanted into the substrate.

13. A method of manufacturing a semiconductor device, the
method comprising:

forming a transistor for a logic circuit on a substrate, the
transistor including a gate insulator and a gate electrode;

forming an interconnect structure including one or more
interconnect layers on the substrate by performing first and second
processes one or more times, the first process forming an
interconnect layer on the substrate, and the second process
processing the interconnect layer into an interconnect pattern; and

annealing the substrate by irradiating the substrate with a
microwave, after a bottommost interconnect layer included in the
one or more interconnect layers is formed on the substrate and the
bottommost interconnect layer is processed into an interconnect
pattern. ‘

14. The method of Claim 13, wherein a temperature of the
substrate when the annealing is performed is equal to or lower
than 450°C.
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15.  The method of Claim 13, wherein the annealing is
performed in an atmosphere including hydrogen molecules.

16. The method of Claim 13, wherein a front side and/or a back
side of the substrate are irradiated with the microwave.

17. A method of manufacturing a semiconductor device, the
method comprising:

forming a transistor for a memory circuit on a substrate, the
transistor including a gate insulator and a gate electrode;

forming an interconnect structure including N interconnect
layers on the substrate by performing first and second processes N
times, where N is an integer of 2 or more, the first process forming
an interconnect layer on the substrate, and the second process
processing the interconnect layer into an interconnect pattern; and

annealing the substrate by irradiating the substrate with a
microwave, after a (K + 1)-th interconnect layer is formed on the
substrate and the (K + 1)-th interconnect layer is processed into
an interconnect pattern, in a case where the N interconnect layers
include one or more interconnect layers including memory
elements and a K-th interconnect layer is a topmost interconnect
layer included in the one or more interconnect layers, where K is
an integer satisfying a relation of 1 <K <N -1,

18. The method of Claim 17, wherein a temperature of the
substrate when the annealing is performed is equal to or lower
than 450°C.

19. The method of Claim 17, wherein the annealing is
performed in an atmosphere including hydrogen molecules.

20. The method of Claim 17, wherein a front side and/or a back
side of the substrate are irradiated with the microwave.
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