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Method of detaching a thin film at moderate temperature after

co-implantation

Technical field

The present invention relates to a method of detaching a thin film
from a substrate.

It relates advantageously to the case of a transfer of that thin film
from the substrate, referred to as source substrate, to a support referred to as
target substrate, applicable in particular in the case where the target substrate
is made from a different material to that of the source substrate (the term
heterostructure is then used). This target substrate can just be an intermediate
support from which the thin film will later be detached.

Conventionally, the source substrate is fixed, for example, by
molecular bonding, by one of its surfaces to the target substrate, then a thin film
of the source substrate which extends along the target substrate is detached
from the remainder of the source substrate, on which the procedure may then
be iterated.

The invention has applications in particular in the fields of micro-
electronics, micro-mechanics, integrated optics and integrated electronics.

It makes it possible, for example, to produce assemblies referred to
as structures in which the thin film, which is of a material selected for its
physical properties, is transferred to a support in order to form a stack of several
layers (two or more). Thus, the advantages of the materials of the thin film and
of the support may be combined. The transfer of a thin film may in particular

make it possible to associate in a single structure parts which prima facie have
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incompatibilities such as a large difference in thermal expansion coefficients (for
example: silicon on fused silica SOQ, SiC on silicon, etc.)

The target substrate is not necessarily a bulk support. Thus the
invention also relates to the case in which a single thick layer is deposited on
the implanted face (or on the face to be implanted); after detachment, a "self-
supporting” thin film is obtained which may then, if useful, be fixed to a bulk
target substrate.

Thin film is conventionally understood to mean a layer of which the
thickness is of the order of a few tens of angstréms to several microns. A thick
layer is thus a layer having a thickness typically of at least several microns, or

even several tens of microns.

Context of the problem and prior art

The detachment of the thin film from the remainder of the source
substrate is based on the observation that an implantation of chemical species
in the source substrate may induce the formation of a zone of defects at a given
depth. These defects may be micro-bubbles and/or platelets and/or micro-
cavities and/or dislocation loops and/or other crystalline defects, disrupting the
crystalline quality of the material, of which the nature, the density and the size
are strongly dependent on the species implanted as well as on the nature of the
source substrate. A heat-treatment may then be applied to enable the
development of specific defects present in the weakened zone, which will
enable the detachment of the thin film from the source substrate to be obtained
later. This has in particular been described in the document US-5 374 564 and
developments thereof, such as the document US-6 020 252.

The implantation step has been the subject of numerous research
projects and studies in the specific field of SOI. In that context the problem to
resolve is generally to reduce the implantation doses in order, on the one hand,
to reduce the costs of manufacture by reducing the time of use of the machine,
and, on the other hand, from a technological point of view, to reduce the zone

damaged by the implantation.
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Thus, for example, Agarwal et al (1997) gave an account, in "Efficient
production of silicon-on-insulator films by co-implantation of He® with H™,
Applied Physics Letters, Volume 72, Number 9, 2 March 1998, of trials carried
out by applying ions of two types, that is to say a co-implantation of the two
species hydrogen and helium, in a silicon substrate. The authors specify that
the implantation profiles of the two implanted species must be localized at the
same depth, around which the concentration in implanted species is maximum
and it is at that location that propagation of the splitting will be induced. The
authors teach that the order of implantation of the two implanted species is
important: hydrogen must be implanted first, helium second. They comment that
it is thus possible to reduce the total implanted dose by a factor of the order of
three in relation to the use of each species alone.

More particularly, this document discloses trials with low doses (7.5 x
10"%/cm? H* and 1 x 10'%cm? He ; or 1 x 10"®%cm? H* and 1 x 10'%cm?® He) on
the SOI. The detachment is then obtained at a usual temperature (500°C) with a
low total implanted dose.

It may be noted that this document describes an experimental
approach and gives little importance to the target substrate.

Similar teachings may be found in US-2002/0025604 which concerns
a low-temperature semiconductor layering and three-dimensional electronic
circuits using the layering. Such layering method includes several steps. First
hydrogen and then helium are implanted at doses between 1.10'°cm™ and
4.10"cm™ with a range that is close to each other. Implanted wafer is then
bonded to another wafer. The bonded wafers are then annealed at low
temperature between 200-250° for 1 to 48 hours and annealed at 400-600°C for
1 to 10 minutes so that a portion of the wafer is detached. This document
concerns layering silicon on a silicon substrate.

The problem is posed in a very different manner in the case of
heterostructures, that is to say in the case in which the materials of the source
and target substrates are different. In this case, one of the major technological
problems encountered is the presence of a field of very high stress in the

various layers in contact, during the heat-treatment such as that during which



WO 2004/042779 PCT/EP2003/013148

10

15

20

25

30

the detachment of the thin film from the remainder of the source substrate
occurs: this stress field is due to the difference in coefficients of thermal
expansion between the various materials brought into contact.

Thus, in the case of substrates with different thermal expansion
coefficients (heterostructure), it is important to manage to achieve the
detachment at a lower temperature than the critical temperature at which the
heterostructure will be degraded on account of the aforementioned mechanical
stresses. This degradation may typically result in the breakage of one or both
substrates brought into contact and/or in the substrates becoming unbonded at
the bonding interface. For example, in a heterostructure comprising a implanted
substrate of Si bonded to a fused silica substrate, the detachment of the Si layer
on the fused silica substrate is accompanied by the breakage of the substrates
if the heterostructure is subjected to a heat-treatment at 500°C. It is thus
desirable to reduce the heat-treatment temperature to avoid the breakage or
any damage of the heterostructure (and/or of the two substrates obtained after
detachment) and to maintain a good quality for the transferred layer.

The same need to be able to use a relatively low detachment
temperature is met when compounds are formed in one of the substrates (for
example in the future thin film) and are liable to be degraded during a heat-
treatment which is too aggressive.

One way to reduce the temperature of obtainment of the detachment
is to "play" with the implantation conditions. For example, an excess dose of the
implanted species makes it possible to reduce the thermal budget for
detachment, thermal budget being understood to mean the pair Length of heat-
treatment/Temperature of heat-treatment.

Bruel et al. (ECS Spring Meeting 1999) have thus shown that if the
source substrate is a wafer of silicon, a dose of hydrogen ions implanted at 1 x
10"7/em?, instead of at 5.5 x 10'%/cm?, makes it possible, for a limited duration of
heat-treatment of a few hours, to reduce the detachment temperature from
425°C to 280°C.

This approach, although reducing the thermal budget for detachment,

uses an implantation at high dose which may represent a significant drawback
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from an industrial point of view (high cost). Furthermore, it is of note that, due to
the high implanted dose, the disrupted zone (comprising defects related to the
implantation) at the surface of the transferred layer is thicker and the later
processing operations necessary to eliminate that disrupted superficial zone
may be more restrictive (greater removal of material, corresponding to more
costly processing and potentially increasing the risks of lack of homogeneity of
the thickness of the transferred layer).

Another idea to reduce the temperature of detachment is described
in the document US-A-5 877 070 (Gosele et al). It consists in implanting firstly
an element involving the formation of hydrogen traps (in particular boron,
carbon, phosphorus, nitrogen, arsenic or fluorine, that is to say elements of
considerable size) then implanting the hydrogen in the source substrate, and in
carrying out an operation of prior annealing before bonding of the source and
target substrates. According to the inventors this enables the detachment
temperature to be reduced by 50% in comparison with the case of implantation
of H" alone. The invention relies on two steps: co-implantation (in which the
hydrogen is introduced secondly) and a pre-annealing of the source substrate.

The invention relates to a method of detaching a thin film from a
source substrate (for example fixed beforehand onto a target substrate,
advantageously of a different material to that of the source substrate), which
does not require implantation doses that are too high nor the annealing of the
source substrate after implantation (and, where the case arises, before its
bonding onto the target substrate), while permitting the detachment at a
temperature sufficiently low not to induce, when the source substrate is fixed to
a target substrate and when their coefficients of thermal expansion are different,
prohibitive mechanical stresses on the heterostructure constituted by the two
substrates, and/or not to risk degrading components which may have been

formed on one of the substrates before detachment.

Presentation of the invention
To that end, the invention provides a method of detaching a thin film

from a source substrate comprising the following steps:
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a) implanting ions or gaseous species in the source substrate so as
to form therein a buried zone weakened by the presence of defects;

b) splitting in the weakened zone leading to the detachment of the
thin film from the source substrate
this method being characterized in that

- the implanting step comprises, on the one hand, a sub-step
according to which a first species is implanted which is adapted to form
defects and, on the other hand, substantially at the same depth, a sub-step
according to which a second species adapted to occupy defects is
implanted, the implantation of the first step being made at a sufficient dose
to permit, alone, detachment of the thin film at a first temperature, and the
implantation of the second species being made at a dose lower than the
dose of the first species, and

- the splitting is carried out at a second temperature that is less than the first
temperature.

The invention is thus based on the implantation of two different
species, characterized by different levels of efficacy to jointly form a weakened
zone in the source substrate. One of the implanted species is chosen so as to
localize the zone in which detachment will later occur by the formation of
specific defects, the other is chosen to form a gas reservoir which will promote
the extension of the specific defects designated previously, in particular by
increasing their internal pressure.

Preferentially, the implantation of the first species, creating defects
which promote detachment, is made firstly whereas the implantation of the other
species, made so as to localize that second species in the zone of the defects
created by the first species, is made secondly. This implantation order makes it
possible to obtain a more favorable detachment dynamic.

In other words, implantation is advantageously carried out firstly of
the first species, which has a high level of efficacy in creating a weakened layer
(weakened is understood to mean the formation of specific defects of the micro-
cavity and/or platelet etc. type), whereas, in this weakened layer, the second

species, of lower efficacy in forming weakening defects, is implanted using a
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moderate dose. Being available in the weakened zone, the atoms of this second
species will become trapped at or near the micro-cavities and/or platelets
created at the time of the first implantation. At the time of the heat-treatment
intended to induce detachment, the atoms of that second species will already
be in place to participate in pressurizing the cavities present in the weakened
layer and to enable their development; it follows from this that it is useful to
choose as the second species a species having a high capacity to induce an
effect of pressure in the cavities and/or micro-cracks located in the weakened
layer. Nevertheless, it is possible to implant the second species first, which will
later be available to progressively fill the defects which will be created by the
implantation of the first species.

The first species is advantageously hydrogen (in one of its forms, for
example in the form of H' ions), the modes of implantation of which are well
known, but it should be understood that other species may be used.
Furthermore, the second species is advantageously helium which makes it
possible to efficaciously generate a pressurizing effect.

A radical difference of this method, with respect to the experimental
technique described in the work of Agarwal, is that the dose implanted of the
first species is sufficient to form a weakened zone enabling detachment at a first
temperature: the dose of this first species thus remains within conventional
levels of the order of some 10'® atoms/cm? for hydrogen. The implanted dose of
the second species is moderate such that all the atoms of the second species
substantially find their place in the defects created by the first, and/or they
create the least possible other defects liable to be unfavorable to the
propagation of splitting; and the detachment is carried out at a second
temperature which is less than the first temperature.

In comparison with the document US-5 877 070, in which the dose
recommended for the species intended to generate defects (boron, for example)
is much less than the dose of the hydrogen (typically between 0.1% and 1% of
that dose) and in which intermediate annealing is imperative, the method of the
invention teaches proportions that are the inverse and requires no intermediate

heat-treatment (even if, of course; such an intermediate heat treatment remains
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possible provided that it is at a sufficiently low temperature not to commence

detachment).

It may be noted that this method differs from the teaching of above

discussed US-2002/0025604 by the fact that the second species is implanted at

a lower dose than the first one, and that the splitting is carried on at a

temperature less than the one at which splitting would occur as a result of the

first species only (about 500°C in practice).

According to preferred provisions of the invention (already set out or

not), possibly combined together:

implanting of the first species is carried out before that of the second
species,

or implanting of this first species is carried out after that of the second
species,

the source substrate is made from a material chosen from the group
consisting of semiconductors and insulators, single crystal, polycrystalline or
amorphous; a semiconductor can thus be chosen from column IV of the
Periodic Table of the Elements, for example silicon (which corresponds to a
case of great technical importance) and/or germanium; a semiconductor of
type IV (for example AsGa or InP, in particular) may also be chosen; an
insulator may also be chosen, for example lithium niobate (LiNbOs) or
lithium tantalite (LiTaOs3) in particular,

the first species is hydrogen, advantageously H® hydrogen, which is a
species which can be easily implanted in numerous substrates, in silicon or
another,

the first species (hydrogen or another) is implanted at a dose of the order of
some 10'® atoms/cm?, which is currently a typical dose for an implantation of
hydrogen alone, and corresponds to well-known modes of implantation,

the second species is helium, which interacts in a particularly efficient
manner with defects produced by an implantation of H* ions, and which
efficaciously enables pressurization to be made of crystalline defects; the

helium is advantageously implanted at a dose of the order of 1 x 10" and 5
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x 10" atoms/cm?, which is a usual implantation dose in various substrates,
and thus is easy to implement.

generally, but this also applies in particular when the source substrate is of
silicon and/or of one of its compounds (oxides, carbides, etc.), the first
temperature (that for which splitting would be achieved with just the first
species) is of the order of 500°C (a typical splitting temperature, in particular
for hydrogen in silicon) and the second temperature (that for which splitting
is actually carried out) is less than of the order of 300°C, which keeps the
mechanical forces at a bearable level even in case of significant difference
between the coefficients of thermal expansion of the two substances,

the source substrate is, before splitting in the weakened zone, bonded by its
implanted face to a target substrate, forming according to need an
intermediate or final support,

the splitting is followed by a step of thermal stabilization of the bonding
between the target substrate and the thin film,

the target substrate is made from single crystal or polycrystalline material
(for example of sapphire) or is amorphous (for example fused silica, glass of
any kind or even polymers), it being noted that sapphire and fused silica are
cases currently of real practical importance,

the target substrate is of fused silica, or of sapphire, which correspond to
cases currently being of real practical importance; but generally, the target
substrate may be any single crystal or polycrystalline type, or even be
amorphous (for example types of glass or polymers).

the difference in dose between the two species is significant, that is to say
that it is preferably at least 10 %,

preferably, the source substrate and the target substrate are brought into
intimate contact by direct bonding. (it is known how to deal well with the
parameters which enable solidity to be controlled, which makes this means
of fixation particularly easy to implement),

in variant form, before splitting within the weakened zone, a stiffening layer

is deposited on the implanted face of the source substrate.
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Description of the invention

Aims, features and advantages of the invention will appear from the
following description, given by way of illustrative non-limiting example, with
reference to the accompanying drawings in which:

5 e Figure 1 is a diagram of a source substrate in course of
implantation,

e Figure 2 is a later view of same after bonding to a target

substrate; and

e Figure 3 is a view of same in course of detachment of a thin film

10 deriving from the source substrate.

Figure 1 thus shows a substrate 1, for example of silicon
advantageously oxidized on its surface 4, which may be covered by a protective
layer 10, in course of being subjected to an implantation treatment, symbolized
by the arrows 2, for example by bombardment with ions or gaseous species.

15 This implantation involves, at the same given depth, two species, one
of which is adapted to form defects, for example H" hydrogen, and the other, for
example helium, is adapted to occupy the defects formed previously or
subsequently by that first species.

The implantation of the first species is carried out at a sufficient dose

20 for it, by itself, to enable later detachment at a first temperature (see below),
whereas the dose of the second species is lower than it.

Commencement is advantageously made by implantating the first
species, hydrogen in the example considered (even if the second species may,
as a variant, be implanted first). The second species is then implanted at a dose

25 which advantageously just allows it to fill the defects generated by the first
species and/or which creates the least possible other defects liable to be
unfavorable for obtaining splitting later.

A buried zone 3 results from this, weakened by the presence of
defects, principally generated by the first species, to the development of which

30 the second species will contribute, in particular by its capability to pressurize

those defects.
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The weakened zone 3 delimits, within the source substrate, a future
thin film 5 and a substrate remainder 6, that is to say that which remains of the
source substrate after detachment of the thin film; this remainder will be able to
serve as source substrate for an iteration of the procedure.

Figure 2 represents a step during the course of which the source
substrate, containing the buried weakened zone, is joined by its face 4 with a
target substrate 7, for example by direct molecular bonding.

In a later step, without any intermediate heat-treatment being
necessary, detachment of the thin film from the remainder of the source
substrate is carried out as represented in Figure 3, by splitting in the weakened
zone. This splitting is carried out at a lower temperature than that for which
splitting could have been obtained after implantation of solely the first species.
This second temperature for the step of Figure 3 is advantageously lower by at
least of the order of 200°C to that for which detachment could be obtained with

the implanted dose of solely the first species; thus, if the first temperature is of

.the order of 500°C the actual splitting or detachment temperature is

advantageously at most 300°C. Of course, these temperatures persist for
reasonable periods of treatment, typically between a few tens of minutes and a
few hours (for example up to 3 hours). In other words, the thermal budgets
(temperature-duration pairs) are industrially realistic.

This detachment step may comprise, in addition to a thermal effect,
the application of forces for example mechanical forces; in such case, what is
stated in relation to the first and second temperatures also applies in the same
way to the application of forces, that is to say that the first temperature would
enable detachment after implantation of solely the first species on a given
application of mechanical forces, but that detachment is obtained at the second
temperature by the same application of mechanical forces.

This detachment or splitting step is advantageously followed by a
step of thermal stabilization of the bonding between the target substrate 7 and
the thin film. This step may include some time at a temperature above 1 000°C,
preferably at about 1100°C; this treatment may be conducted at a constant

temperature, or at a varying temperature (for example oscillating between two
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values). It helps to prevent defects at the bonding interface or to prevent
disbanding of the film layer from the target substrate.

The source substrate 1 may not only be of silicon but more generally
of any appropriate known material (for example a lll-V semiconductor), single
crystal or polycrystalline or even amorphous. As for the target substrate 7, this
may be of a wide variety of materials, to be chosen according to needs, single
crystal, or polycrystalline (for example semiconductors) or even be amorphous
(for example types of glass or polymers, etc.).

Examples

According to a first embodiment of the invention, a substrate of Si
(~700um) comprising a layer of thermal SiO, on the surface (for example
200nm) may be implanted initially with hydrogen atoms under implantation
conditions of 30keV — 4.5 x 10'® H/cm? and then be implanted with helium under
the conditions of 45keV — 2 x 10'® He/cm2. This source substrate may next be
joined to a target substrate of fused silica (~1000pm) by direct bonding. The
difference that exists between the coefficients of thermal expansion of these two
materials (2.56 x10°/°C for silicon and

0.5 x 10°%/°C for fused silica, at ambient temperature) makes it necessary
to perform a heat-treatment for detachment at low temperature, typically being
around 250-300°C. A heat-treatment around 275°C next induces the growth of
the cavities localized at the peak hydrogen level, the helium atoms participating
in the pressurization and in the development of those cavities. Final splitting at
the level of the hydrogen profile leads to the transfer of the Si layer onto the
substrate of fused silica, without breakage or degradation of either of the
substrates derived from the heterostructure after splitting (the fused silica
substrate having the thin film of Si on the one hand, and the initial Si substrate
having had the superficial thin film peeled from it on the other hand).

According to another embodiment of the invention, a substrate of Si
(~300pm) comprising a layer of thermal SiO; on the surface (for example
400nm) may be implanted initially with hydrogen atoms under implantation
conditions of 95keV - 6 x 10'® Hicm? and then be implanted with helium under

the conditions of 145keV — 2 x 10'® He/cm?. This source substrate may next be
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joined to a target substrate of sapphire (~500um) by direct bonding. A layer of
oxide will optionally have been deposited on the surface of the sapphire
substrate before bonding. The difference that exists between the coefficients of
thermal expansion of these two materials (2.56 x10°/°C for silicon and 5 x 10°
8/°C for sapphire, at ambient temperature) makes it necessary, in the case of
thick substrates, to perform a heat-treatment for detachment at low
temperature, typically being Ieés than 250°C. A heat-treatment around 200°C
next induces the growth of the cavities localized at the peak hydrogen level, the
helium atoms participating in the pressurization and in the development of those
cavities. Final splitting at the hydrogen profile leads to the transfer of the Si
layer on the sapphire substrate, without breakage or degradation of either of the
substrates derived from the heterostructure after detachment (the sapphire
substrate having the thin film of Si on the one hand, and the initial Si substrate
having had the superficial thin film peeled from it on the other hand).

It may be noted that in the two aforementioned examples, the dose of
the second species is at most equal to half of the dose of the first step.

According to a further embodiment a silicium substrate comprising a
layer of thermal SiO2 (of about 200nm) may be implanted first with Helium
atoms under implant conditions of 100keV at 1.10"® at/cm? and then implanted
with Hydrogen at 52 keV — 4.10'® AT/cm* This source substrate is then joined
to a handle silicium substrate. A heat treatment around 275°C for less than 15
hours in conducted to induce growth of cavities localized at the peak of
hydrogen concentration level, the helium atoms participating in the
pressurization of the cavities by their migration. Final splitting at the same low
temperature is obtained and leads to the transfer of a silicum layer on the
handle silicium substrate.

In variant forms which are not detailed:
- the source substrate is another semiconductor of column IV, such as

germanium,

- the source substrate is a semiconductor compound, for example of IlI-V

type, for example AsGa or InP in particular.
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- the source substrate is an insulator, for example of niobate or tantalite type,
such as LiNbO; or LiTaOs, in particular,

- the target substrate is made from a crystalline material other than sapphire,

- the target substrate is made from another amorphous material such as a
glass other than fused silica or from a polymer,

- the target substrate is a simple stiffening layer, for example of oxide a few
tens of nanometers thick, deposited by any appropriate technique of deposit;
it no longer corresponds to a bulk target substrate as in the represented
cases.

- the target substrate, when present, can just be an intermediate support.
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CLAIMS
1. A method of detaching a thin fiim from a source substrate
comprising the following steps: )
 implanting ions or gaseous species in the source substrate so as to
form therein a buried zone weakened by the presence of defects;
o splitting in the weakened zone leading to the detachment of the thin
film from the source substrate
this method being characterized in that
- the implanting step comprises, on the one hand, a sub-step according to
which a first species is implanted which is adapted to form defects and, on
the other hand, substantially at the same depth, a sub-step according to
which a second species adapted to occupy defects is implanted, the
implantation of the first step being made at a sufficient dose to permit, alone,
detachment of the thin film at a first temperature, and the implantation of the
second species being made at a dose lower than the dose of the first
species, and
- the splitting is carried out at a second temperature that is less than the first
temperature.

2. A method according to claim 1, characterized in that implanting of
the first species is carried out before that of the second species. |

3. A method according to claim 1, characterized in that implanting of
the first species is carried out after that of the second species.

4. A method according to any one of claims 1 to 3, characterized in
that the source substrate is made from a material chosen from the group
consisting of semiconductors and insulators, single crystal, polycrystalline or
amorphous.

5. A method according to claim 4, characterized in that the source
substrate is made from a material chosen from the IV semiconductors.

6. A method according to claim 5 characterized in that the source
substrate is made from silicon.

7 A method according to claim 4, characterized in that the source

substrate is made from a semiconductor material of type lI-V.
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8. A method according to claim 4, characterized in that the source
substrate is made from an insulator chosen from the group consisting of LiNbO3;
and LiTaOs. )

9. A method according to any one of claims 1 to 4, characterized in
that the first species is hydrogen.

10. A method according to claim 9, characterized in that the first
species is hydrogen H™.

11. A method according to any one of claims 1 to 4, characterized in
that the first species is implanted at a dose of the order of a few 10%
atoms/cm®.

12. A method according to one of claims 1, 2 or 9, characterized in
that the second species is helium.

13. A method according to claim 12, characterized in that the helium
is implanted at a dose of the order of 1 x10"° to 5 x 10'® atoms/cm®.

14. A method according to any one of claims 1 to 4, characterized in
that the first temperature is of the order of 500°C and the second temperature is
less than of the order of 300°C.

15. A method according to any one of claims 1 to 4, characterized in
that, before splitting in the weakened zone, the source substrate is bonded by
its implanted face to a target substrate.

16. A method according to claim 15, characterized in that the target
substrate is of an amorphous material.

17. A method according to claim 16, characterized in that the target
substrate is of fused silica.

18. A method according to claim 15, characterized in that the target
substrate is of a single crystal or polycrystalline material.

19. A method according to claim 18, characterized in that the target
substrate is of sapphire.

20. A method according to any one of claims 15 to 19, characterized
in that the source substrate and the target substrate are brought into intimate

contact by direct bonding.
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21. A method according to any one of claims 15 to 20, characterized
in that, after splitting, a thermal stabilization step is applied to the bonding
interface. )

22. A method according to any one of claims 1 to 4, characterized in
that, before splitting in the weakened zone, a stiffening layer is deposited on the

implanted face of the source substrate.
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