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HEAT TREATMENT PROCESS FOR SEMICONDUCTOR SUBSTRATES

The present invention relates to the
fabrication of semiconductor components for the
microelectronics industry and/or the optoelectronics
industry. More specifically, it relates to the field of
the fabrication and/or ©preparation of substrates
intended for the production of such components.

There are certain substrate fabricating
processes which consist in transferring a layer, for
example a silicon layer, onto a support substrate.

A process for fabricating layers and thin films
of semiconductor material, comprising at least three
steps, is known, for example from document
FR 2,681,472. During a first step, a layer of gaseous
microbubbles is created by ion implantation under one
face of a wafer of semiconductor material. During a
second step, this face of the wafer is transferred onto
a support substrate and fastened to the latter. During
a third step, the assembly consisting of the wafer and
the support substrate is subjected to a heat treatment
capable of cleaving the wafer in the implantation
layer. The choice of parameters, such as the time and
the temperature of this heat treatment, depends on the
history and the thermal budget of the semiconductor
wafer. This thermal budget is, for example, acquired
during the implantation step, by intentional heating
and/or by heating due to the ion beam itself. It may
also be acquired during an annealing step which
precedes the bonding and which is intended to make the
implanted atoms migrate for the purpose of facilitating
the subsequent cleavage. It may furthermore be acquired
during an annealing operation which is carried out
before c¢leavage and is intended to stabilize the
bonding. Other heat treatments may also be envisaged
before cleavage.

After cleavage, a thin layer adhering to the
support substrate 1s obtained. This process is called
the Smart-Cut® process.
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In one particular application of this process,
called the SOI (Silicon On Insulator) technique, a
silicon-on~insulator layer is produced. Several ways
may be envisaged for producing a silicon-on-insulator
layer using the process described in the previous
paragraph. According to a first way, it is possible,
for example, to cover the silicon wafer, on its
implantation face, with a layer of insulating oxide and
to use a support substrate, for example also made of
silicon, for the transfer. According to a second way,
it is possible to have a completely semiconducting
wafer which 1s transferred either onto a support
substrate covered with a layer of insulator or onto a
completely insulating support substrate {e.g. quartz).
According to a third way, it is possible to have an
insulator on the semiconductor wafer and to transfer
this wafer either onto a support substrate which is
itself also covered with an insulator or onto a
completely insulating substrate. It should furthermore
be pointed out here that, in order to obtain an
insulator, it is advantageous to carry out a step of
forming an oxide layer on the surface of a wafer or of
a support substrate, in this case made of silicon, but
more generally made of a semiconductor material.

After the three steps of the process described
above, problems of the semiconductor layer disbonding
from its support substrate may arise. Defects present
at the interface between the semiconductor layer and
the support substrate may also become electrically
active and make the wafer composed of the support
substrate/semiconductor layer assembly unusable. 1In
order to alleviate these drawbacks, and more
particularly to prevent the layer from disbonding when
a polishing operation is envisaged, it is necessary to
reinforce the bonding interface between the support
substrate and the wafer having the semiconductor layer.

It is known that -annealing at relatively high
temperatures, i.e. greater than 1000°C and preferably
about 1100°C, allows the bonding interface to be
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reinforced. Hereafter, any thermal operation intended
to improve the properties of the material we will call
annealing. This annealing may be a heat treatment
carried out at a constant temperature or at a varying
temperature. In the 1latter case, the annealing may be
carried out, for exampie, with a gradual increase in
temperature Dbetween two values, with a cyclic
oscillation between two temperatures, etc.

This type of annealing may be carried out in a
non-oxidizing atmosphere or in an oxidizing atmosphere.
Annealing in a non-oxidizing atmosphere (nitrogen,
argon, vacuum, etc.) generally has the drawback of
causing the spurious phenomenon of pitting on the
surface of a semiconductor, particularly silicon.
Annealing in an oxidizing atmosphere has the drawback
of creating defects in the crystal structure. These
defects are, for example, of the stacking-fault type
and/or, in S0OI structures, HF defects (a defect is
called an HF defect when its presence is revealed by a
halo of decoration of the buried oxide after treatment
in a hydrofluoric acid bath), etc.

Moreover, it is sometimes useful, in the case
of the application that we mentioned earlier for
example, to form an oxide layer on the surface of a
silicon layer, for example by oxidation. However, as
indicated above, oxidation, but also more generally any
formation of a surface oxide layer, is known to
generate defects. Now, the presence of these defects in
the crystal structure is thoroughly undesirable.

One object of the invention is to provide a
process allowing annealing operations to be carried
out, especially for stabilizing the bonding interface
between a wafer comprising a semiconductor layer,
especially a silicon wafer, and a support substrate,
without any pitting of the surface of the layer.

Another object of the invention is to provide a
process allowing -an oxide layer to be formed on the

surface of the semiconductor layer, while limiting as



far as possible the number of defects introduced into
the crystal structure.

These objects are achieved by virtue of a
process for treating a substrate which includes a

5 semiconductor layer on at least one of its faces,
characterized in that 1t comprises a step of annealing
the substrate and a step of forming an oxide layer on
the surface of the semiconductor layer, which step is
carried out before the end of the annealing step,

10 protecting the rest of the semiconductor layer.

The expression “substrate which includes a
semiconductor layer on at least one of its faces”
should be understood to mean an entirely semiconducting
substrate (for example a silicon substrate), or a stack

15 of semiconducting layers, or else a substrate
comprising inhomogeneous structures or a substrate
comprising components or parts of components at various
stages in their fabrication.

By way of example, the semiconductor 1layers

20 have a thickness of a few tens of A to a few tens of
microns.

Thus, by wvirtue of the process according to the
invention, an oxide layer is formed on the surface of
the semiconductor layer. This oxide layer protects the

25 rest of the semiconductor layer, during the annealing
step, in order @especially to avoid the pitting
phenomenon. The oxide layer may be formed by deposition
of an oxide on the surface of the semiconductor layer
(particularly, but not exclusively, in the case of non-

30 oxidizable semiconductors), by thermal oxidation of the
surface region of the semiconductor layer or else by
deposition of an oxide on the surface of the
semiconductor layer followed by thermal oxidation of
the semiconductor through the oxide layer already

35 deposited. In all cases, the oxide may be composed of
elements in the semiconductor material and of other
elements, such as nitrogen, etc.

The combination of the step of forming a
surface oxide layer and of the anneali’r — —————%ka
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process according to the invention, makes it possible
in particular to reinforce thé bonding interface
between the semiconductor layer and the support
substrate, preventing the formation of defects, and
more particularly the formation of pitting-type
defects.

Moreover, the step of annealing the substrate
makes it possible to heal the semiconductor layer of
the defects generated during the previous steps in the
fabrication and preparation process. More particularly,
the annealing step may be carried out for a time and at
a temperature which are such that the crystal defects,
such as stacking faults, HF defects, etc., generated in
the semiconductor layer during the step of forming a
surface oxide layer are healed. Thus, it is possible to
form an oxide layer on the surface of a semiconductor
layer without dramatically increasing its level of
defects. The Applicant has furthermore discovered that
the healing of the semiconductor material by annealing
gives 1t better resistance to any steps subsequent to
the formation of an oxide layer on the surface of the
semiconductor layer. This is because a semiconductor
layer contains fewer defects after formation of a
surface oxide layer, when it has been annealed prior to
the formation of the oxide.

According to a variant of the process according
to the invention, the process comprises, after the
annealing step, a deoxidation step in order to remove
the oxide layer formed on the surface of the
semiconductor layer.

According to another wvariant, the process
according to the invention comprises several steps of
forming a surface oxide layer and several deoxidation
steps, at least the final step of forming a surface
oxide layer being followed by an annealing step.

According to the latter two wvariants, the
process implemented- according-to the invention makes it
possible in particular to thin the semiconductor layer,

to remove part of the semiconductor layer containing a
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high concentration of defects or else to reduce the
roughness of the surface of the layer. Thus, the
process according to the invention proves to be
particularly useful when, after the implantation,
bonding and cleaving steps of the abovementioned
process, it is desired, on the one hand, to remove the
part disturbed by the implantation, i.e. in the
cleavage zone (this part in fact contains an enormous
number of defects) and, on the other hand, to reduce
the roughness of the surface resulting from the
cleavage. This formation of a sacrificial surface oxide
layer on part of the semiconductor layer makes it
possible to avoid the drawbacks of a ©polishing
operation by itself. This is because the technique of
polishing generates defects of the mechanical lesion
type, strain~hardened zones, etc. When chemical-
mechanical polishing is wused, defects due to the
chemistry may be added to the previous ones. 1In
addition, the polishing generally results in lack of
thickness uniformity. This latter drawback becomes more
and more critical as the thickness of material to be
removed increases, and therefore as the length of the
polishing step increases. This is the case especially
when the thickness to be removed by polishing reaches
100 nm. Thus, all these drawbacks usually result in a
lack of reproducibility in the polishing results. In
addition, lengthy polishing slow down the execution of
the process and result in a drop in productivity. The
advantages of forming a sacrificial surface oxide layer
in accordance with the process according to the
invention will therefore be appreciated, since it makes
it possible to remove material and to thin a
semiconductor layer. If this thinning is completed by
formation of a sacrificial surface oxide layer in a
polishing step, the defects generated by the polishing
operation may then be developed on a smaller scale.
According --to another wvariant, the support
substrate covered with the semiconductor layer may be
stored or delivered, for example to a semiconductor
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component fabricator, with a protective oxide layer
which will be removed when the treatment of the
substrate is continued.

Other aspects, objects and advantages of the
invention will appear on reading the detailed
description which follows. The invention will also be
more clearly understood with the aid of the references
to the drawings in which:

- Figure 1 shows diagrammatically the steps of
an example of how the process for treating
semiconductor layers is implemented according to the
invention;

- Figure 2 shows a diagram of an example of how
the temperature to which a substrate is heated varies
during its treatment by a process according to the
present invention;

- Figure 3 shows a diagram of another example
of how the temperature to which a substrate is heated
varies during its treatment by a process according to
the present invention;

- Figure 4 shows diagrammatically the steps of
a process of the prior art for treating substrates for
the microelectronics and optoelectronics industries;
and

- Figure 5 shows diagrammatically the steps of
smoothing a cleavage surface using the process
according to the invention.

According to a non-limiting example of how the
process according to the invention is implemented,
illustrated in Figure 1, this is carried out on a wafer
1 which comprises a support substrate 2 covered by a
silicon layer 4, together with a buried-oxide
interlayer 5 (Fig. la).

This process comprises a step of forming a
surface oxide layer in order to form a silicon oxide
layer 6 (Fig. 1b), an annealing step and a deoxidation
step {(Fig. lec).

During the step of forming the surface oxide
layer, the silicon oxide layer 6 develops in the
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vicinity of the initial surface 8 of the silicon
layer 4.

The formation of a surface oxide layer may be
carried out using a dry process or a wet process. Using
a dry process, the surface oxide layer is formed, for
example, by heating the wafer 1 in gaseous oxygen.
Using a wet process, the surface oxide layer is formed,
for example, by means ¢of water vapour.

Preferably, the step of forming the surface
oxide layer and the annealing step of the process
according to the invention are decoupled temporally.
Also preferably, the temperature at which the surface
oxide layer is formed is between 900 and 1000°C, since
the formation of a surface oxide layer generates fewer
defects in the SOI structure the lower its temperature.
On the other hand, the annealing step is advantageously
carried out above 1000°C.

It is preferred to form the surface oxide layer
using a wet process, since it introduces fewer defects
of the type of those already mentioned. The wet process
also gives higher rates of formation of the surface
oxide layer than the dry process and makes it possible
to maintain reasonable kinetics of formation of the
surface oxide layer, while still working at lower
temperature. Preferably therefore, the wet process is
used at a temperature of approximately 950°C, with
annealing at 1100°C in a non-oxidizing atmosphere, for
example in nitrogen, in argon, etc.

As shown in Figure 2, a surface oxide layer may
be formed during a first temperature hold at 950°C,
with annealing at a second temperature hold at T, =
1100°C.

In some cases, the wafer 1 may be raised to a
temperature of approximately 1200°C. It may even be
envisaged, for example in order to stabilize the
bonding interface 10 between the buried-oxide layer 5
and the support-- -substrate-- 2, to <carry out this
annealing at even higher temperatures, but undesirable
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effects may arise, such as metallic contaminations
coming from thé annealing equipment for example.

As illustrated in the diagram in Figure 3,
according to one variant, the surface oxide layer may
also be formed, for example, during the phase of
raising the temperature of the substrate to the
annealing temperature T,, at which a temperature hold is
carried out.

In the implementation examples illustrated by
Figures 2 and 3 and described above, the step of
forming the surface oxide layer 1is carried out before
the actual annealing step starts. However, according to
another way of implementing the process according to
the invention, the formation of the surface oxide layer
may be carried out both during the phase of raising the
temperature of the substrate and during the beginning
of the annealing phase. It may also be entirely carried
out during the beginning of the annealing phase, for
example by introducing a metered quantity of an
oxidizing gas into the annealing atmosphere.
Preferably, it is carried out in such a way. that the
formation of the surface oxide layer is completed
before the end of the annealing.

The deoxidation step is preferably carried out
by immersing the wafer 1 in a bath of hydrofluoric
acid, which exhibits good silicon/silicon oxide etching
selectivity.

Two examples of application of the invention
will be explained below, in the context of the Smart-
Ccut® process. This process is used here to fabricate
SOI structures.

Example 1: The ©process according to the
invention, as described above, may be carried out for a
time and at a temperature which are such as to
reinforce the bonding interface 10, between the buried-
oxide layer 5 and the support substrate 2, obtained
after the process--illustrated in PFigure 4 has been
implemented.
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According to this process, a silicon wafer 3
covered with a buried-oxide layer is subjected to
hydrogen ion implantation, for example using a dose of
5 x 10%® H'/cm?, at 100 KeV, in an implantation zone 12
located at a defined depth (Fig. 4aj). After
implantation, the silicon wafer 3 1is brought into
contact with a support substrate 2 (Fig. 4b). The
assembly, comprising the silicon wafer 3 and the
support substrate 2, is then subjected to a treatment
step capable of allowing separation from the silicon
wafer 3, in the implantation zone 12 (Figure 4¢). This
step is, for example, <carried out by raising the
assembly comprising the silicon wafer 3 and the support
substrate 2 to a temperature which depends on the
implantation conditions and which may be as high as
approximately 600°C. According to a variant, mechanical
stresses are applied in combination with the heat
treatment or as a replacement of this heat treatment.
After the semiconductor layer 4 has been separated from
the wafer 3, a support substrate 2 covered by a thin
silicon layer 4, together with a buried-oxide
interlayer 5, is obtained. The free surface of this
silicon layer 4 is a cleavage surface 14.

It is sometimes necessary, for example before
polishing the «cleavage surface 14 or in order to
prevent the formation of electrically active defects,
to carry out a step of stabilizing the bonding
interface 10. This stabilization is obtained by
annealing the substrate at a temperature close to
1100°C, for example. The annealing is carried out in an
atmosphere containing at least one non-oxidizing gas,
such as argon. A prior oxidation step is therefore
preferably carried out in the region of 950°C in order
to form an oxide layer 6 intended to protect the
silicon layer 4 during this stabilization annealing.
After this annealing, the silicon layer 4 undergoes a
deoxidation step,--intended --to remove the protective
oxide layer 6.
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Example 2: In the process illustrated by
Figure 4 and already described in the presentation of
the first example, after cleavage the cleavage surface
14 of the silicon layer 4 1is too rough and there
remains, subjacent to this cleavage surface 14, a
disturbed zone 16 corresponding to the remaining part
of the implantation zone 12 (Figures 5a and 5b). The
process according to the invention may therefore be
carried out in order to remove this disturbed zone 16
and to re-establish a suitable roughness. According to
the technique of the prior art, these operations are
carried out by chemical-mechanical polishing. However,
polishing is not completely satisfactory since it has
the drawbacks already mentioned above. The process
according to the dnvention remedies them by forming a
sacrificial surface oxide layer.

The silicon layer 4 1is oxidized, by heat
treatment using one of the techniques explained above,
in order to form an oxide layer 6 (Fig. 5c¢). This oxide
layer 6 develops in the vicinity of the cleavage
surface 14 and the interface between the oxide and the
silicon advances into the depth of the silicon,
progressively smoothing the roughness of the cleavage
surface 14.

An annealing step in accordance with the
process according to the invention is then carried out.

The oxide layer 6 is then consumed chemically
{Fig. 5d). By way of example in this case, in order to
remove from one thousand Angstrdéms to a few thousands
of &ngstroms, the wafer 1 is immersed in a 10 or 20%
hydrofluoric acid bath for a few minutes.

In order to carry out this wvariant of the
process according to the invention, the important
parameters are the temperature, the oxidation time, the
oxidizing character of the atmosphere and the oxygen
content. These parameters may be well controlled. This
makes this application of -the process according to the
invention to the formation of a sacrificial layer very
reproducible. This process is also flexible to use and
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procedures for the fabrication of components for the
microelectronics industry.

The process according to the invention may also
include at least one step of forming a surface oxide
layer and at least one deoxidation step, at least one
annealing step being carried out after the final step
of forming a surface oxide layer so as to heal the
defects generated by the step or steps of forming an
oxide layer on previous surfaces. According to another
variant, the process according to the invention
comprises several steps of forming a surface oxide
layer and several deoxidation steps, each step of
forming a surface oxide layer being followed by an
annealing step.

The abovementioned steps of forming a
sacrificial layer may be combined with a polishing
step. This polishing step may or may not be after the
steps of forming a sacrificial layer. The combination
of these steps may be used to remove part of the
silicon layer having a high concentration of crystal
defects, these being, for example, 1in the zone
disturbed by the ion implantation. This combination may
also be used to reduce the roughness. By virtue of the
formation of a sacrificial surface oxide layer and of
the deoxidation with which it 1is associated, the
polishing operation may then be very substantially
shorter and therefore less liable to damage the silicon
layer 4. Carried out after the formation and removal of
a sacrificial surface oxide layer, it is more effective
since the roughness, difficult to decrease by chemical-
mechanical polishing, has already been reduced to a
large extent.

According to an advantageous variant, a step of
forming a surface oxide. layer 1is followed by an
annealing step which annealing heals the defects
generated by the -formation of the surface oxide layer
and stabilizes the bonding interface 10, a deoxidation
step is carried out after this annealing and, finally,
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a short polishing step allows the reduction in
roughness to be completed.

In general, the process according to the
invention is implemented in the context of processes
designed to transfer layers of materials onto a support
substrate 2 (Smart-Cut®, ete.). It therefore serves to
reinforce the interface where the materials are bonded
to the support substrate 2 and/or to remove a layer in
the vicinity of a highly disturbed zone 16. The process
according to the invention is also implemented in the
context of processes designed to produce SOI structures
(SIMOX, Smart-Cut®, etc.) or in the context of the use
of these structures. It then serves to thin or oxidize
a silicon layer 4 without dramatically increasing the
level of defects in this silicon layer 4.

Again, the process according to the invention
is advantageously used to form an oxide layer 6 locally
on at least part of the surface of the semiconductor
layer 4.

What has been described above in the case of
silicon may be transposed to other semiconductors,
especially silicon compounds such as SiC, SiGe, etc.

The process according to the invention makes it
possible to obtain SOI-type semiconductor structures in
which the HF defect density is less than 1 defect/cm® in
a semiconductor layer 4 whose thickness is less than
2000 Angstroms.

The process according to the invention also
makes it possible to obtain semiconductor structures in
which a semiconductor layer 4, having a uniformity of
thickness of better than 5%, has an rms roughness value
of less than 2 nm.
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1. Process for treating a substrate which includes

a semiconductor layer (4) on at least one of its faces,
characterized in that it comprises a step of annealing
the substrate and a step of forming an oxide layer (6)
on the surface of the semiconductor layer (4), which
step is carried out before the end of the annealing
step, protecting the rest of the semiconductor
layer (4).

2. Process according to Claim 1, characterized in
that the step of forming the oxide layer (6} is carried
out by thermal oxidation of the semiconductor
layer (4).

3. Process according to either of Claims 1 and 2,
characterized in that the substrate is annealed in an
atmosphere comprising at least one non-oxidizing gas,
and preferably argon.

4. Process according to one of the preceding
claims, characterized in that the annealing step is
carried out for a time and at a temperature which are
such that the crystal defects generated in the
semiconductor layer {(4) by the formation of the surface
oxide layer (6) are healed.

5. Process according to one of the preceding
claims, characterized in that it comprises, after the
annealing step, a deoxidation step in order to remove
the oxide layer (6) formed on the surface of the
semiconductor layer (4).

6. Process according to Claim 5, characterized in
that it is used to thin the semiconductor layer (4).

7. Process according to one of the preceding
claims, characterized in that the annealing step 1is
carried out for a time and at a temperature which are
such that a ©bonding interface (10) between the
semiconductor layer (4) and a support substrate (2} is

reinforced.
8. Process according to one of the preceding
claims, characterized in that it : x
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steps of forming a surface oxide layer ({6} and several
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deoxidation steps, at least the final step of forming a
surface oxide layer {6) being followed by an annealing
step.

9. Process according to one of the preceding
claims, characterized in that it furthermore comprises
a subsequent polishing step.

10. Process according to one of the preceding
claims, characterized in that it comprises a step of
implanting atoms under one face of a wafer (3} of a
semiconductor material in an implantation zone (12), a
step of bringing that face of the wafer (3) subjected
to the implantation into intimate contact with a
support substrate (2), and a treatment step capable of
allowing separation from the wafer (3}, in the
implantation zone (12), in order to separate a
semiconductor layerx (4) from the wafer {3) and
constitute the substrate comprising this semiconductor

layexr {4}.

11. Process according to one of the preceding
claims, characterized in that the semiconductor 1is
silicon.

12. Process according to Claim 11, characterized in

that each annealing step is carried out above 1000°C,
and preferably around 1100°C.

13. Process according to either of Claims 11 and
12, characterized in that each step of forming an oxide
layer (6) is carried out at a lower temperature than
each annealing step, and preferably at a temperature
between 900°C and 1000°C.

14. Process according to one of the preceding
claims, characterized in that each step of forming a
surface oxide layer (6) is carried out before each
annealing step starts.

15. Process according to one of the preceding
claims, characterized in that at least one step of
forming a surface -oxide- layer (6} is carried out, at
least partially, during the phase of raising the
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1s6. Process according to one of Claims 1 to 12,
characterized in that each step of forming a surface
oxide layer is carried out, at the same temperature as
that of the annealing, by introducing a metered
guantity of an oxidizing gas into the annealing
atmosphere.

17. Process according to one of the preceding
claims, characterized in that the oxide layer (6) is
formed locally on at least part of the surface of the
semiconductor layer (4}.

18. SOI semiconductor structure produced by means
of the process according to one of the preceding
claims, characterized in that the HF defect density is
less than 1 defect/em® in a semiconductor layer (4)
whose thickness is less than 2000 Angstréms.

19. Semiconductor structure produced by means of
the process according to one of the preceding claims,
characterized in that the semiconductor layer (4) has
both a uniformity of thickness of better than 5% and an
rms roughness value of less than 2 nm.
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