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The invention relates to a process for producing a bond 
between a first and a second Substrate (2, 4), comprising: 

a) a step of preparing Surfaces (6, 8) to be assembled, 
b) an assembly of these two surfaces, by direct molecular 

bonding, 
c) a heat treatment step involving at least maintaining the 

temperature within the range of 50° C. to 100° C. for at 
least one hour. 
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PROCESS FOR ASSEMBLING SUBSTRATES 
WITH LOW-TEMPERATURE HEAT 

TREATMENTS 

TECHNICAL FIELD AND PRIOR ART 

0001. The invention relates to techniques for assembling 
Substrates. 

0002. In general, a bond between two substrates or sur 
faces can be obtained after a preparation of the Surfaces giving 
them a hydrophilic or hydrophobic character. 
0003. The use of heat treatments to reinforce the direct 
bonding can cause, for a certain number of bonded structures, 
the appearance of defects at the bonding interface. These 
defects are due to the degassing of by-products of the molecu 
lar bonding reaction: for example, water, hydrogen or hydro 
carbon molecules. 

0004 For a certain number of bonded structures, it is 
known that these defects can be resorbed by heat treatments 
performed at very high temperatures. These temperatures are, 
for example, between 900° C. and 1300° C. and are based on 
the preparation of surfaces before bonding. Unfortunately, for 
other bonded structures, this solution cannot be used. 
0005. The limitation of the surface oxide thickness or the 
presence of various materials facilitates the appearance of 
defects at the bonding interface. 
0006. In the case of thin films (with a thickness below 
around tenum or several dozen nm), heat treatments, attem 
peratures below 1000° C., for example between 600° C. and 
800° C., cause the formation of bonding defects in the form of 
blisters or Zones without adherent film. These defects cannot 
be suppressed by higher-temperature heat treatments. For 
example, the bursting of bubbles is promoted by the fineness 
of the layers. These defects make the structures produced 
unusable. Currently, this phenomenon limits the production 
of oxide film structures, embedded at the bonding interface, 
that are fine (thickness below 50 nm) or ultra-fine or even Si 
layers directly bonded to Si plates. 
0007 Similarly, for heterostructures (for example 
P-doped Sibonded to N-doped Si), heat treatments cause the 
formation of bonding defects under certain conditions. A 
high-temperature heat treatment (1000° C.) would cause 
interdiffusion of the doping agents. 
0008 For certain heterostructures, if the damage is exces 
sive in heat treatments within the temperature range below 
800° C., this damage can no longer be repaired by a treatment 
between 1100° C. and 1300° C. 

0009. When the heat treatments at higher temperatures 
cannot be used (incompatibility with the component produc 
tion process in progress, for example), the bonding defects are 
then prohibitive. 
0010. This therefore raises the problem of reducing or 
even eliminating, in the case of (direct) molecular bonding, 
the defects due to degassing at the bonding interface. 
0011. The solutions currently used to overcome the for 
mation of defects involve primarily the removal of water at 
the bonding interface by using, in particular, ultra high 
vacuum (UHV) bonding techniques. However, these tech 
niques are not suitable for industrial use. There are also tech 
niques that consist of forming channels at the bonding inter 
face in order to evacuate the by-products of the molecular 
bonding reaction. Unfortunately, such techniques are destruc 
tive and present usage problems. 
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0012 A problem is therefore to find a treatment solution 
for reducing defects that enables industrial implementation 
while using the entire Surface. 

DESCRIPTION OF THE INVENTION 

0013. According to the invention, a process for producing 
a bond between a first and a second Substrate comprises: 
0014) a) a step of preparing surfaces to be assembled, 
00.15 b) an assembly of these two surfaces, by direct 
molecular bonding, 
0016 c) aheat treatment step involving at least maintain 
ing the temperature of the Surface or of the bonding interface 
within the range of 50° C. to 100° C. for at least one hour. 
0017 Step c) also comprises, after the step of maintaining 
the temperature within the range 50 to 100° C. for at least 
one hour, a step of maintaining the temperature within the 
range strictly above 100° C., and below 500° C. (i.e. within 
the range 100° C. to 500° C.) for at least one hour. 
0018. The term “substrate” refers to a massive substrate or 
a Substrate consisting of a stack of a plurality of layers of 
different types. 
0019. This heat treatment according to the invention 
enables good preparation of the conditions for degassing the 
Surfaces in contact by molecular adhesion. 
0020. It makes it possible to minimise the defect density at 
the bonding interface. At lower temperatures, such a heat 
treatment makes it possible to more easily eliminate the by 
products of the degassing of the interface, by diffusion at the 
bonding interface. 
0021. The standard heat treatments, at higher tempera 
tures, make it possible to increase the bonding energies of 
structures, and/or to create a fracture in a Zone implanted by 
one (or more) species, for example gaseous, prior to the 
bonding. A treatment according to the invention can therefore 
be a complement to the standard heat treatments, at higher 
temperatures, which reinforce the bonding. 
0022 Treatment steps at one or more temperature(s) 
above 100° C. can also have been performed prior to a treat 
ment according to step c) of the invention. 
0023. According to one embodiment, the invention 
involves the use of successive or cumulative heat treatments, 
by levels, for example starting at low temperatures, below 
100° C. Or 2009 C. 
0024. A level can comprise a ramp and the actual level 
temperature, the temperature at which the system is main 
tained for a certain period. All of these parameters (tempera 
ture ramp as a function of time, temperatures, duration of 
levels) may vary in relatively wide ranges. 
(0025. For example: 

0026 a ramp can be as slow as 0.1°C/min, 
0027 the successive temperatures can be spaced by 1 
C. or by several C. only, 

0028 the duration of a level can be as short as several 
tenths of a second and as long as several hours. 

0029 Such a multi-level treatment makes it possible to 
progressively raise the temperature from the low range of 50° 
C. to 100° C., and further promotes the elimination of inter 
face degassing by-products. 
0030 The invention also relates to a process for producing 
a bond between a first and second Substrate, comprising: 

0.031 an assembly of these two surfaces, by direct 
molecular bonding, 

0.032 aheat treatment step, by successive or cumulative 
levels. 
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0033 Such a treatment makes it possible to reduce the 
defect density at the bonding interface. 
0034. Again, a level can comprise a ramp and the actual 
level temperature, the temperature at which the system is 
maintained for a certain period. All of these parameters (tem 
perature ramp as a function of time, temperatures, duration of 
levels) may vary in relatively wide ranges. 
0035. For example: 

0036) a ramp can be as slow as 0.1° C./min, 
0037 the successive temperatures can be spaced by 1 
C. or by several C. only, 

0038 the duration of a level can be as short as several 
tenths of a second and as long as several hours. 

0039. Such a multi-level treatment makes it possible to 
progressively raise the temperature, for example from a low 
range such as the range of 50° C. to 100°C., and promotes the 
elimination of interface degassing by-products. 
0040. One of the levels is, for example, around 100° C. for 
at least 3 or at least 4 or at least 5 hours. 
0041 Regardless of the embodiment of the invention, at 
least one of the surfaces to be assembled may have previously 
been subjected to a preparation step for the purpose of assem 
bly, for example a treatment step giving it a hydrophilic or 
hydrophobic character. 
0042. In every case, the assembly can be performed by 
bonding, under a controlled atmosphere. 
0043. The heat treatments according to the invention, by 
Successive or cumulative levels, can be performed at progres 
sive temperatures. Increases or levels at increasing tempera 
tures can be performed, optionally with returns to a lower 
temperature, for example room temperature, between two 
levels. 
0044) The invention therefore relates in particular to the 
use of specific heat treatments, short or long, but Successive, 
at low temperatures, preferably below 200° C. or 100° C., as 
a complement to the standard heat treatments. 
0045. For example, specific heat treatments are carried 
out, with each level lasting around two hours. Successively at 
the following temperature levels: 50° C., then 100° C., then 
125° C., then 150° C., and finally 200° C. 
0046 According to another example, heat treatments 
according to the invention are carried out cumulatively. For 
example, a first level is performed for two hours at 100° C.; 
then, the temperature is returned to room temperature, then 
maintained at a second level, for two hours, at 150° C. It is 
then returned to room temperature, then again maintained at 
a third level, for two hours, but at 200°C. The temperature is 
then returned to room temperature. 
0047. These successive heat treatments can in particular 
be adjusted by modifying the speeds (or ramps) of increase 
(or decrease) in temperature, until the desired temperature is 
reached. 
0048 Advantageously, slow increase (or decrease) speeds 
will be used. For example, speeds below 5°C. per minute, or 
below 1° C. per minute, or below 0.1° C. per minute, will be 
chosen. 
0049. These heat treatments, successive or cumulative, 
can be used in combination with effective Surface prepara 
tions making it possible to obtain structures free of defects at 
the bonding interface of the hydrophilic or hydrophobic sur 
faces. These treatments can be a series of Surface preparations 
Such as plasmas, or rapid annealings, or bonding environ 
ments under various atmospheres and various pressures or 
temperature bondings. 
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0050 Heat treatments according to the invention can be 
followed, for example uninterruptedly, by one or more heat 
treatments, at one or more temperatures, for example, above 
the heat treatment temperatures according to the invention, in 
particular for the purpose of energy reinforcement (bonding). 
0051. The invention also relates to a process for producing 
a thin film on a first Substrate, comprising a process for 
producing a bond between the first Substrate and a second 
Substrate as described above, then a step of thinning the 
second Substrate. 
0.052 The thinning step can be performed by chemical 
and/or mechanical thinning, or by fracture of the second 
substrate. 

0053. In the latter case, the second substrate can be pre 
implanted by one (or more) species, advantageously gaseous, 
in order to create a Zone of weakness or fracture. This species 
is preferably implanted at a dose above the minimum dose 
enabling the fracture. 
0054 For example, the species can be hydrogen. 
0055. The implantation can be ionic. 
0056. In the case of a crystalline plate, for example made 
of a semiconductor material Such as silicon, the implantation 
can be performed at a dose above the minimum dose. The 
fracture can then be induced at a temperature below the tem 
perature normally necessary to cause the fracture at the mini 
mum dose. 
0057. If the species implanted is hydrogen, the dose 
implanted will be, for example, greater than or equal to 
6x10'H'.cm2. 
0.058 Even for “standard doses (and therefore not only in 
the case of an overdose), a heat treatment according to the 
invention has a benefit, in particular for the “Smart Cut R” 
process, by limiting the number of defects. 
0059 A process according to the invention is particularly 
suitable for the assembly of two silicon substrates, or two 
silicon dioxide substrates (or substrates covered with silicon 
dioxide), or a substrate made of (or covered by) silicon diox 
ide and a silicon Substrate. 
0060 A process according to the invention makes it pos 
sible in particular to obtain a thin (thickness below 50 nm) or 
even ultra-fine oxide film, embedded at the bonding interface. 
0061 A process according to the invention also makes it 
possible to obtain verythin layers of Si (thickness below 150 
nm) or of SiO2 (thickness below 50 nm) directly bonded on Si 
or SiO plates. 
0062. In addition, the bonding surfaces can be diverse, for 
example chosen from semiconductors (Si, SiGe. Ge, III-V, 
etc.) conductors (Ni, Co., W. Ti, Ta, Pt, Pd, etc.) or insulators 
(SiO2, Si3N4. AlN, Al2O3, diamond, etc.) alone or in com 
bination. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0063. This invention can be better understood on reading 
the description of examples of embodiments provided purely 
for indicative and non-limiting purposes, in reference to the 
appended drawings, in which: 
0064 FIG. 1 shows a pair of substrates to be assembled, 
0065 FIGS. 2 to 4 and 12 show various changes in tem 
perature as a function of time for various heat treatment 
processes according to this invention, 
0066 FIGS. 5A and 5B show two acoustic microscopy 
images, one (FIG. 5A) after a standard heat treatment (400° 
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C./2h), and the other (FIG. 5B) after an additional slow-ramp 
heat treatment, and followed by the same standard heat treat 
ment 400° C./2 h, 
0067 FIG. 6 shows the change in the defect density at the 
interface, due to the degassing of the species, as a function of 
the temperature T of a bonding consolidation heat treatment, 
with a heat treatment according to the invention (squares), 
and without a heat treatment according to the invention 
(circles), 
0068 FIG. 7 shows an acoustic microscopy image of the 
interface of an Si Sibond after a heat treatment according to 
the invention and a consolidation heat treatment at 700° C. for 
2 h, without defects, 
0069 FIG. 8 is an example of defectiveness observed in 
interferometry for structures having thin films treated only by 
a 'standard” process, 
0070 FIG. 9 is an example of defectiveness observed in 
interferometry for a structure having a thin film obtained by a 
process according to the invention, 
(0071 FIG. 10 shows a thin film on a substrate, 
0072 FIGS. 11A and 11B show steps of a process for 
obtaining a structure as shown in FIG. 10. 
0073. Identical, similar or equivalent parts of the various 
figures described below use the same numeric references for 
the sake of consistency between figures. 
0074 The various parts shown in the figures are not nec 
essarily shown according to a uniform Scale, in order to make 
the figures easier to read. 

DETAILED DESCRIPTION OF SPECIFIC 
EMBODIMENTS 

0075 An example of an embodiment of the invention will 
be given in relation to FIG. 1, in which references 2 and 4 
designate two substrates to be assembled, with respective 
assembly surfaces 6 and 8. 
0076. These are, for example, silicon plates, plain or cov 
ered with fine silicon oxide, with a thickness below 50 nm. 
0077 Surfaces 6 and 8 of the pair of substrates 2 and 4 may 
have been Subjected, prior to the heat treatment according to 
the invention, to a preparation giving them a hydrophilic or 
hydrophobic character. 
0078 For example, a preparation of a surface with a 
hydrophilic character comprises a chemical treatment of the 
Sulfo-Peroxide Mixture (SPM) and/or Ammonium Peroxide 
Mixture (APM) type and/or a treatment enabling for example 
a cleaning, Such as a (water and/or hydrocarbons) degassing 
heat treatment, and/or an activation of the surfaces by UV. 
and/or OZone and/or by plasma, for example RIE or micro 
wave, or ICP, etc., under various atmospheres. 
007.9 The bonding can take place under various pressures, 
with or without thermalisation (the latter can be performed, 
for example, at between 200° C. and 300° C.). 
0080 According to another example, a preparation of a 
Surface with a hydrophobic character comprises a Surface 
deoxidation treatment; in the case of a silicon Surface, it can 
be a HF liquid chemical attack. 
0081. Substrates 1 and 2 are assembled, one on the other, 
by the assembly faces 6 and 8 prepared before. 
0082 To improve the removal of species at the bonding 
interface, it is also possible to perform the bonding under a 
controlled atmosphere (vacuum or N2 atmosphere), with or 
without thermalisation. 
0083. Once the bonding has been performed, the structure 

is subjected, according to the invention, to a heat treatment 
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involving maintaining the temperature in the range of 50° C. 
to 100° C. for at least one hour. In this range, the temperature 
can change or be constant. For example, it can be equal to 
100° C. for one hour, or change, starting at 50° C., according 
to a thermal ramp of 50° C./h, thus passing 100° C. after one 
hour (solid line 10 of FIG. 12). 
I0084. The time passed between 50° C. and 100° C. can 
also be above 1 hour, or 1.5 h, or 2 h, or 2.5 h or 3 h. 
I0085. The temperature is also maintained for at least one 
hour, at a temperature strictly above 100° C., and, for 
example, below 500° C. 
I0086. An example of a treatment according to the inven 
tion involves at least maintaining the temperature in the range 
of 50° C. to 200° C. or between 100° C. and 200° C. or 
between 200° C. and 250° C., for at least one hour or two 
hours or three hours in order to satisfy the conditions set forth 
above (temperature between 50° C. and 100° C. for at least 
one hour and, for at least one hour, temperature strictly above 
100° C., for example below 500° C.). 
I0087. The system can previously have been subjected to 
treatments at higher or lower temperatures. Consequently, it 
is also possible to have a preliminary treatment at over 100° 
C. or 150° C. or 200° C., then a return of the temperature to 
between 50° C. and 100° C., and a treatment according to the 
invention in particular while maintaining the temperature in 
this range of 50° C. to 100° C. for at least one hour or two 
hours or three hours. 
I0088 Such a treatment according to the invention can be 
followed by another treatment, for example at a higher tem 
perature, in order to reinforce the bonding or fracturing of one 
of the substrates as explained below. 
I0089. The treatment according to the invention led, aside 
from the maintenance of the temperature at between 50° C. 
and 100° C. for at least one hour, to bringing the system to 
higher temperatures, for example 200° C., and/or 300° C. 
and/or other temperatures (this is the case for treatments with 
levels as explained below) Atreatment according to the inven 
tion can also be followed by a treatment at least at a tempera 
ture below the temperature of one of the levels. 
0090. A complementary treatment, of the bonding or frac 
ture reinforcement type, does not necessarily immediately 
follow a treatment according to the invention. A step of 
another intermediate treatment may take place in the mean 
time. 
0091 FIG. 12 shows an example of a treatment compris 
ing: 

0092) a preliminary treatment phase at a temperature 
T3, for example to perform the bonding, 

0.093 then a treatment according to the invention (phase 
I), comprising: 

0094) a) maintaining the system for at least one hour at 
between 50° C. and 100°C. (in fact, the system is maintained 
in this temperature range for a period longer than one hour, 
since it is maintained at 100° C. also during phase I'), 
0.095 b) and, in the particular case represented, a treat 
ment step at a temperature T4, above 100°C., 

0.096 finally, a complementary treatment (phase II), for 
example to reinforce the bonding, at a temperature equal 
to, above (T6) or below (T5) one of the temperatures of 
the treatment according to the invention. 

0097. The treatment phase I according to the invention can 
comprise a ramp, shown with the dotted line in FIG. 12, 
during which the system slowly goes from 50° C. to 100° C. 
over at least one hour. The system is also maintained for at 
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least one hour, at a temperature strictly above 100° C., as 
shown in the Zone located in Zone I, but beyond I' (between 
times t3 and ta), as well as Zone II. 
0098. An example of a heat treatment according to the 
invention is in fact a treatment by levels. 
0099 Below, we will describe the levels of a heat treat 
ment according to the invention as: 

0.100 successive, when one follows another, without 
returning to room temperature or to a lower temperature 
(for example shown diagrammatically in FIGS. 2 and 3), 

0101 cumulative, when one follows another with a 
return, between two levels, to a lower temperature, for 
example room temperature (for example the treatment 
shown diagrammatically in FIG. 4). 

0102 The heat treatment according to the invention can 
consist of a combination of Successive and/or cumulative 
levels. 
0103 For example, for Si Sibondings, the low tempera 
ture of the levels of a heat treatment according to the invention 
will be below 200° C. and more advantageously below 150° 
C., for example, equal to or close to 50° C., then 100° C., then 
1250 C. or 1450 C. 
0104. The steps or levels of a heat treatment according to 
the invention are long when their durations are more than one 
hour or two hours or, advantageously, more than five hours. 
0105. The duration of a level or a step of a heat treatment 
according to the invention includes both the duration of the 
increase from room temperature, the duration of maintaining 
the temperature of the level and the duration of decreases 
from the treatment level temperature to, for example, room 
temperature. 
0106. A heat treatment according to the invention, by lev 

els, can involve, as in the treatments described above, main 
taining the temperature within the range of 50° C. to 100° C. 
for at least one hour. In this range, the temperature can 
change, or be constant. For example, it can be equal to 100° C. 
for one hour or change, starting at 50° C., according to a 
thermal ramp of 50° C./h, thus passing 100° C. after one hour 
(dotted line 10 of FIG. 12). 
0107 The time passed between 50° C. and 100° C. can 
also be above 1 hour, or 1.5 h, or 2 h, or 2.5 h or 3 h. 
0108. Another treatment according to the invention, by 
levels, involves maintaining the temperature within the range 
of 50° C. to 200° C. or between 100° C. and 200° C., or 
between 200° C. and 250° C., for at least one hour or two 
hours or three hours. We will also seek to satisfy the condi 
tions set forth above (temperature for at least one hour 
between 50° C. and 100° C. and, for at least one hour, strictly 
above 100° C., and for example below 500° C.). 
0109 According to an example, a treatment of the two 
substrates 2 and 4 of FIG.1 comprises successive temperature 
levels at low temperatures. 
0110. For example, this treatment is performed for a 
period of around 5 hours for each level, and successively at 
increasing temperatures. A first level can be T1=50° C., a 
second T2=100° C., a third T3=150°C., and a fourth T4=200° 
C. The change in temperature as a function of time is shown 
in FIG. 2. It is then possible to progress further by levels of 
100° C., until reaching a temperature, T, of a bonding rein 
forcement heat treatment. 
0111. According to an alternative, it is possible to imple 
ment a very slow temperature increase ramp making it pos 
sible to very gradually raise the temperature to the levels T1, 
then T2, then T3, then T4, for example with a slope of 1 
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C./min, or even advantageously 0.1° C./min. Advanta 
geously, the temperature is maintained at Successive heat 
levels T1, T2, T3 and T4, starting at low temperatures, for 
example at 100° C., with each level being maintained, for 
example, for 10 hours. Such a treatment is shown in FIG. 3. 
0.112. One or more heat treatments canthus be defined, all 
enabling a total heat treatment according to the invention. 
0113 Aheat treatment according to the invention, by suc 
cessive or cumulative levels, can be followed by a heat treat 
ment reinforcing the assembly of the two substrates, for 
example at a temperature above that of the heat treatment 
levels according to the invention. 
0114. Another treatment according to the invention is 
shown in FIG. 4: levels are set attemperatures T1, T2, T3 and 
T4, with returns, between each level, to a lower temperature 
TO, for example room temperature, for example at 20°C. 
0115 Thus, a cumulative heat treatment can have the fol 
lowing form, starting at room temperature (for example: 20 
C.): 

0116 a first level for a period of 2 hours at 50° C., 
followed by a return to a lower temperature (for 
example: room temperature), 

0.117 then a second level for 2 hours at 100° C., fol 
lowed by a return to a lower temperature (for example: 
room temperature), 

0118 then a third level for 2 hours at 150° C., followed 
by a return to a lower temperature (for example: room 
temperature), 

0119) then a fourth level for 2 hours at 200°C., followed 
by a return to a lower temperature (for example: room 
temperature), 

0120 then a standard bonding reinforcement heat treat 
ment at a temperature T, for example 400° C., for 2 
hours. 

I0121 Another example of a heat treatment according to 
the invention is a rampbringing the temperature of the system 
progressively from room temperature to a final temperature, 
which ramp is such that a period of at least one hour is passed 
in the range of 50° C. to 100°C. The duration passed between 
these two temperatures can also be above 1 h, or 1.5h, or 2 h, 
or 2.5 h or 3 h. The treatment is then completed by the 
treatment steps according to the invention (maintaining the 
temperature in the range strictly above 100° C. and below or 
equal to 500° C. for at least one hour). 
0.122 Heat treatments according to the invention have 
been carried out with a wet chemical hydrophilic surface 
preparation (SPM and APM). 
I0123. The effects of the various heat treatments according 
to the invention can be compared in terms of defect density. 
0.124. 1) in the first case (table 1), the following were 
compared: 

0.125 aheat treatment according to the invention, of the 
type of FIG.3, with a slow ramp of 1°C/min, starting at 
room temperature, with levels each lasting 10 h, at 100° 
C., then at 200° C., then at 300° C., and finally at 400°C., 

0.126 and a bonding reinforcement heat treatment, 
referred to as the “standard’ treatment, which is quasi 
isothermal at 400° C. 

I0127 Table I shows a defect density at the bonding inter 
face that is clearly lower than in the case of the treatment 
according to the invention. 
I0128. The images shown in FIGS.5A and 5B are images 
of the bonding interface obtained by acoustic microscopy. In 
FIG. 5A, it is an image after the “standard’ heat treatment 
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alone. In FIG. 5B, it is an image after the heat treatment 
according to the invention and after the same standard heat 
treatment as that of FIG. 5A. FIG. 5B shows, with respect to 
FIG.5A, an improvement, with the treatment according to the 
invention, of the defectiveness, by a factor greater than 8 
(FIGS.5A and 5B relate to the results of table I). 
0129. The repair of bonding defects, at high temperature 
(for example above 1100° C.) is therefore largely facilitated 
in a preliminary application of a treatment according to the 
invention. 
0130. When such a high-temperature repair treatment is 
not possible, for example due to the presence of components 
in one of the Substrates, the treatment according to the inven 
tion makes it possible to considerably limit the defect density 
in the final assembly. 

TABLE I 

Defect density at 
the bonding 
interface 

Standard heat treatment alone 88% 
(400° C./2 h). 
Additional heat treatment with 10.60% 
slow ramp before the standard 
treatment at 400°C. 

0131) 2) in the second case, the following were compared: 
I0132) a heat treatment according to the invention, con 

sisting of long successive levels lasting 5 hours at 50° 
C./min, followed by 5 hours at 100° C., followed by 5 
hours at 150° C., followed by a heat treatment at tem 
perature T (bonding reinforcement temperature), 

0.133 and a standard quasi-isothermal heat treatment at 
temperature T=200° C. (or 300° C. or 400° C.) for 
around 2 hours, for reinforcement of the interface. 

0134. An improvement in the defectiveness by at least a 
factor of 4 is noted owing to the heat treatment according to 
the invention, and for each standard interface reinforcement 
heat treatment temperature (at 200° C. or 300° C. or 400° C.). 
0135 FIG. 6 shows the change in defect density as a func 
tion of the annealing temperature, with a treatment according 
to the invention (squares) and without a treatment according 
to the invention (circles). The example is that of an Si Si 
bond, with a wet chemical preparation (SPM, APM). 
0136. Other application examples can be given. 

Example 1 

0.137 By optimising the preliminary surface preparations, 
for example by preparing Surfaces 6 and 8 by microwave 
plasma in an oxygen atmosphere and producing a bond 
between the two surfaces under vacuum with heating to 300° 
C. during the bonding, it was possible to obtain an Si-Si 
bond, without defects at the bonding interface (as shown in 
FIG. 7) under the following conditions: 

0.138 aheat treatment according to the invention is first 
performed, which treatment comprises a slow ramp of 1° 
C./min, starting at room temperature, then having levels 
of a duration of 10 hours each at 100°C., then at 200°C., 
then at 300° C., and so on by levels of 100° C. until 
reaching the final temperature of 700° C. 

0.139 a “standard’ bonding reinforcement heat treat 
ment, in the range of 600 to 700° C. 
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0140 FIG. 7 shows an acoustic microscopy image of this 
Si-Si bonding interface, after heat treatment by levels 
according to the invention, followed by a consolidation treat 
ment at 700° C. for 2 hours. This interface is free of defects. 

Example 2 
0.141. By chemically preparing the surfaces, for example 
with an attack by HF in solution, so that they become hydro 
phobic, it was possible, with a heat treatment according to the 
invention, to obtain defect-free bonding interfaces at up to 
500° C. and more. The heat treatment according to the inven 
tion is a slow ramp, of 0.15° C./min, starting at room tem 
perature, combined with levels, each lasting 10 hours, at 100° 
C., then at 200°C., then at 300° C., and so on by levels of 100° 
C. until reaching the final temperature of 500° C. 
0.142 Various other applications of a process according to 
the invention can be mentioned. 
0143. The use of additional heat treatments according to 
the invention makes it possible to produce stacked structures 
by molecular bonding with minimal or even no bonding 
defects. Among the various applications, it is then possible to 
produce thin films (for example below 100 um or 1 um or 0.1 
um) is possible. 
0144. For example, the initial structure is obtained by 
bonding two thick plates 2 and 4 (FIG. 1), followed by a heat 
treatment by levels according to the invention, and optionally 
a reinforcing heat treatment. It is then possible to use 
mechanical thinning technology (lapping, grinding, etc.) and/ 
or a chemical thinning technique (chemical attack, lift off, 
etc.) and/or other techniques alone or in combination. The 
structure of FIG. 10 is then obtained with a substrate 2 and a 
thin film 40. 
0145 According to another example, at least one of the 
two thick plates 2, 4 has a crystalline Surface structure, 
implanted with a species such as a gaseous species, for 
example by ion implantation, in order to generate a weakness 
Zone 21 (FIG. 11A). Then a heat treatment by levels accord 
ing to the invention is carried out, and optionally a reinforcing 
heat treatment. 
0146 It is then possible to use the technology known as 
“Smart Cut' (registered trademark): after the bonding of the 
two thick plates (FIG. 11B), a separation is caused, for 
example in a heat treatment, at the level of the weakness Zone 
21, and the thin film 40, which remains adhered to the plate 2, 
is detached (FIG. 10). 
0147 The process according to the invention can also 
advantageously be used in the following fields of application: 
0148 1. Productions of stacked structures by molecular 
adhesion, including thin or ultra-thin layers, with a thickness 
for example below 2 um or even 0.1 um, for example; the 
production of silicon-on-insulator (SOI) structures with films 
of silicon and fine buried oxides (BOX). In particular, the 
thickness of the oxide at the bonding interface is typically 
below 50 nm. Since the oxide does not have the ability to 
absorb the degassing products of the bonding, the heat treat 
ments according to the invention enable these products to 
disappear without damaging the bonding interface. 
0149 2. The production of certain heterostructures, 
obtained by direct bonding, which poorly withstand, or do not 
withstand, high-temperature repair heat treatments, for 
example: 

0.150 two substrates 2, 4 made of materials with exces 
sively different expansion coefficients, for example with 
a ratio above 2 and of which the bonding cannot with 
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stand heat treatments at high temperatures; this is the 
case, for example, of silicon on Sapphire, of which the 
heat expansion coefficients are respectively 2.5x10 
K' and 7x10 K, 

0151 two substrates or plates 2, 4 made of materials 
presenting a risk of diffusion of an element through the 
bonding interface; this is, for example, the case of two 
plates 2, 4 made of differently doped semiconductor 
materials (example: silicon); according to an example, 
one is doped with boron and the other is doped with 
phosphorus, 

0152 two substrates or plates 2, 4 to be stacked, capable 
of being degraded by a high-temperature heat treatment; 
for example, one of the plates is already partially pro 
cessed, or already has components, and cannot therefore 
be exposed to a temperature above 450° C. (the case of a 
metal layer of a component on silicon). 

0153. The process according to the invention can also 
advantageously be used in the following application. 
0154 According to the usual processes described as “stan 
dard, the production of thin-layer films can be complex 
when the thickness of the films becomes very low, on the 
order of several nanometres, or between 1 nm and 10 um. 
Indeed, production defects appear on or in the films produced 
(holes, folds, bubbles/blisters, etc.) in the production of films 
or in annealings that make it possible to stabilise the new 
structures produced. FIG. 8 is an example of defectiveness 
observed with a “Magic Mirror” apparatus of Hologenix, for 
structures of thin films treated by the "standard” process. 
Several hundred defects make the structure industrially 
“unusable'. 
0155 This problem concerns in particular the production 
of SOI (silicon-on-insulator: structure Si/SiO2/Si) materials; 
it also concerns the production of SIS (semiconductor-insu 
lator-support) materials comprising a thin semiconductor 
layer (from several nanometres, for example 5 nm, to several 
um, for example 5um or 10um, in thickness), which conducts 
the electric current according to certain electrical conditions 
(voltage/current, for example), on an insulator. The latter 
makes it possible to insulate the thin layer semiconductor 
from the underlying support (SiO2, Si3N4, diamond, etc.). 
The Support makes it possible to maintain the preceding two 
thin layers stacked in order to create the final industrialised 
Structure. 

0156 According to the invention, the defect problems 
inherent to the so-called “standard” process are solved. 
0157. In the case of a heat treatment inducing a fracture, 
the temperature at which the plates are put in the detachment 
oven is carefully chosen: advantageously, the plates will be 
introduced at a temperature above room temperature, for 
example 50° C. or 80° C. or 100° C., or between 50° C. and 
80° C. or between 80° C. and 100° C., for example at the 
temperature of the first temperature level in a heat treatment 
by levels, for example at 50° C. or 80° C. or 100° C. The use 
of a relatively long time, on the order of at least 3 hours or at 
least 4 hours or at least 5 hours, at one or more relatively low 
temperature(s), for example on the order of 50° C. or 80°C. or 
100° C. or 150° C., or for example between 50° C. and 80° C. 
or between 80° C. and 100° C. or between 100° C. and 150° 
C. makes it possible to reduce the number of defects for plates 
Subjected to plasma activation before bonding. 
0158. The substrate fracture can be obtained using the 
Smart Cut TM or substrate fracture technology, described, for 
example, in “Silicon Wafer Bonding Technology', edited by 
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SS Iyer and AJ Auberton-Hervé, INSPEC, Institute of Elec 
trical Engineers, London, 2002, Chapter 3, p. 35 and follow 
ing, by B. Aspar and A. J. Auberton-Hervé, in the following 
way: 
0159. It is possible first to implanta dose much higher than 
that generally required—at least 20% higher (for example a 
dose of 8x10"H"-cm for the hydrogen implanted in the 
silicon oxide, whereas the usual process uses only 5x10'H' 
'cm). It is then possible to use the annealing previously 
described, with a placement in a low-temperature oven (be 
low 100° C.). Slow and long temperature increase ramps 
(0.25° C./min for example) enable the thin film structure of 
the “Smart Cut' type to be released at a lower temperature 
than the usual process (for example in the case of hydrogen in 
silicon at a temperature below 400°C., for example 300°C., 
whereas the fracture normally occurs at 500° C.). 
0160 This process (overdose of the species implanted at 
depth for transfer to a lower temperature for slow and long 
annealing) makes it possible to produce a structure several 
nanometres in thickness with a minimum number of defects. 
0.161 The fracture is therefore obtained at a lower tem 
perature than for the standard process. It is therefore possible 
to produce, for example attemperatures below, or on the order 
of 400°C., for example 300° C., a fracture in structures that 
are not compatible with the usual fracture temperatures 
(around 500°C.). This is the case in particular for a processed 
structure (i.e. comprising, in or on the thin film to be trans 
ferred or the receiving Substrate, all or some electronic com 
ponents (CMOS, for example) or others (MEMS, MOEMS, 
etc.) or comprising metal interconnections, etc.). 
0162 Thus, in FIG.9, it is noted that a thin layer obtained 
by a process according to the invention contains fewer than 10 
defects, whereas more than one thousand defects are 
observed in the “standard” process (FIG. 8). 
0163 Consequently, according to an embodiment of the 
invention, favourable ion implantation conditions are 
selected: overdosed implanted species, for example at a dose 
above the minimum dose enabling a fracture (above 6x10' 
H"-cm or 7x10"H"-cm, for example, for hydrogen). These 
conditions make it possible, at low temperature, to produce 
structures having very low film thicknesses (of several 
nanometres) with a considerably reduced defect density, from 
several hundred or several thousand to just several units, or 
even without defects. 
0164. It is thus possible to produce thin film structures 
(semiconductor, for example) on a thin film (insulator or not), 
all on a Support. 
0.165 An example of the use of an annealing process is as 
follows. As explained above, it is sought to overdose anion or 
atom implantation in order to produce a fracture at a lower 
temperature than in the known processes. 
0166 According to this example, a silicon oxide plate is 
implanted with H" ions at a dose of 8x10" H"-cm° and an 
energy of 50 keV. 
0167. It is bonded to another Si plate, by an oxide layer, 
and a Si/SiO/Si structure is thus obtained, for example with 
an oxide thickness of 12 nm. 
0.168. Then, the following annealing cycle is carried out: 
(0169 the temperature is initially 100° C., then the iso 
therm 100° C. is maintained for 10 hours, 

0170 a ramp at 0.25° C./min is then produced, until 
reaching the isotherm 200°C., maintained for 10 hours, 

0171 a ramp at 0.25° C./min is then produced, until 
reaching the isotherm 300° C., maintained for 10 hours, 
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0172 again a ramp at 0.25°C/min is produced until 
reaching the isotherm at 400° C., maintained for 10 
hours; the fracturing of the Substrate is produced during 
this step, 

0173 again a ramp at 0.25°C/min is produced, and an 
output temperature of 200°C. is reached. 

0174 According to an alternative, an implantation is per 
formed with a dose of 8x10" H"-cm at 76 keV, which will 
enable the transfer of 700 nanometres of Si. 
0.175. The annealing cycle is as follows: 
(0176) the temperature is initially at 100° C., then the 

isotherm is maintained at 100° C. for 10 hours. 
0177 a ramp at 0.25° C./min is then produced, until 
reaching the isotherm 200°C., maintained for 10 hours, 

0.178 a ramp at 0.25° C./min is then produced, until 
reaching the isotherm 300° C., maintained for 15 hours; 
the fracturing of the substrate is performed before this 
Step, 

0179 again a ramp at 0.25°C/min is produced, and an 
output temperature of 200°C. is reached. 

0180 According to yet another example, an implantation 
is produced at a dose of 6x10"H" ions at 210 keV through a 
thermal oxide, which will enable the transfer of 1.56 um of Si. 
0181 Two plates or substrates 2 and 4 of silicon are 
selected, of which one is oxidised at the surface, for example 
over a thickness of 0.4 um. This oxidised plate is then 
implanted with H" ions, with the dose and energy indicated 
above, then it is deoxidised. The implanted Zone forms a 
fracture Zone such as Zone 21 of FIG. 11A, which will Sub 
sequently enable a thin layer to be separated from the remain 
der of the substrate. 
0182. The two plates are then cleaned by RCA chemistry 
and their surface is activated by plasma. 
0183) The plates are then placed under vacuum (10 
mbar) with a temperature increase to 300° C. (heat ramp of 
20°C/min). They are maintained at this temperature for 10 
minutes. 
0184 The bonding is then induced at this temperature for 
a period of two hours, then the system is returned to room 
temperature. 
0185. A treatment according to the invention is then 
applied, with a temperature ramp of 1° C./min, starting at 
room temperature, up to 100° C. The following is then per 
formed: 

0186 the temperature is maintained at 100° C. for 10 
hours, 

0187 then a level at 200° C. for 10 hours, 
0188 then a level at 300° C. for 10 hours, 
(0189 then a level at 400° C. for 10 hours. 

0190. The fracture treatment is then induced during the 
final level at 400°C., resulting in a transfer of a silicon film of 
1.56 um. 
0191 In this example, the system is subjected, before the 
heat treatment according to the invention, to a treatment at a 
temperature above 100° C. 
0192 The invention also relates to the case of “standard” 
implantation doses (and therefore not only overdose cases as 
in the examples already provided); a heat treatment according 
to the invention then has an interest in the implementation of 
the “Smart Cut R” process, by limiting the number of defects. 
An example will be provided, which shows the detachment 
annealing of bonded plates, for a transfer according to the 
“Smart Cut R” process: 
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0193 the silicon donor plate has an oxide layer on the 
order of 50 nm of thickness, 

0194 it is activated by an O2 plasma treatment at 535W 
for 45 s, 

0.195 it is implanted with hydrogen at a dose on the 
order of 10' H" ions/cm and an energy on the order of 
30 keV, 

0.196 the detachment annealing is performed by expos 
ing the plates to a temperature of around 100° C., for at 
least 5 hours, then an increase in temperature by 0.5° 
C./min to 200° C., then maintaining the temperature at 
200°C. for 2 hours, and, finally, increasing the tempera 
ture by 0.5°C/min to 500° C. 

0197) The transfer of the layer to the receiving plate is thus 
performed with fewer than 5 pinhole-type defects. 
0.198. In all of the experiments and examples described, no 
additional mechanical force is applied to create the fracture of 
the implanted substrate. 

1-30. (canceled) 
31. Process for producing a bond between a first and a 

second Substrate, comprising: 
a) a step of preparing Surfaces to be assembled, 
b) an assembly of these two surfaces, by direct molecular 

bonding, 
c) a heat treatment step involving at least maintaining the 

temperature within the range of 50° C. to 100° C. for at 
least one hour, then maintaining the temperature in the 
range strictly above 100° C. and below or equal to 500 
C. for at least one hour. 

32. Process according to claim 31, said step c) comprising 
a passage through Successive and/or cumulative temperature 
levels. 

33. Process according to claim 32, said temperature levels 
being Successive, without a return to room temperature. 

34. Process according to claim 32, said temperature levels 
being cumulative, with, between two Successive temperature 
levels, a return to a temperature below the temperatures of two 
levels. 

35. Process according to claim 34, the lower temperatures 
between two successive levels being all identical. 

36. Process according to claim 35, the lower temperatures 
between two successive levels being all equal to room tem 
perature. 

37. Process according to claim 32, the temperature levels 
being produced attemperatures increasing over time. 

38. Process according to claim 32, at least one of the 
temperature levels comprising a rate oftemperature increase 
below 5°C. per minute. 

39. Process according to claim 31, said step of preparing 
the surfaces being a hydrophilic or hydrophobic treatment 
step. 

40. Process according to claim 31, said assembly being 
produced by bonding, under a controlled atmosphere. 

41. Process according to claim 31, at least one of the two 
Substrates being a semiconductor material. 

42. Process according to claim 31, at least one of the two 
Substrates being made of silicon. 

43. Process according to claim 31, the two substrates being 
made of silicon. 

44. Process according to claim 31, the two substrates at 
least having a silicon dioxide Surface. 

45. Process according to claim 31, one of the two substrates 
having at least a surface of silicon dioxide and the other is 
silicon. 
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46. Process according to claim 31, the two substrates being 
made of materials with different heat expansion coefficients. 

47. Process according to claim 31, at least one of the two 
Substrates comprising at least one component. 

48. Process according to claim 31, the bonding being per 
formed under a controlled atmosphere, under controlled pres 
sure, with or without thermalisation. 

49. Process according to claim 31, the temperature at the 
end of step c) being a heat treatment temperature for reinforc 
ing molecular bonding and/or inducing a fracture in a Sub 
Strate. 

50. Process according to claim 31, also comprising a step: 
d) of reinforcing the bonding by molecular adhesion and/or 

inducing a fracture in a Substrate. 
51. Process according to claim 50, step d) being performed 

by a heat treatmentata temperature above the temperatures of 
step c). 

52. Process according to claim 50, wherein, during step c), 
the system is brought, for example by one or more tempera 
ture levels, to a temperature above 100° C., with step d) being 
performed at least at a temperature above, or equal, or below 
this temperature above 100° C. 

53. Process for producing a thin film on a first substrate, 
comprising a process for producing a bond between the first 

Jun. 25, 2009 

Substrate and a second Substrate according to claim 31, then a 
step of thinning the second Substrate. 

54. Process according to claim 53, the thinning step being 
performed by chemical and/or mechanical thinning. 

55. Process according to claim 54, the thinning step being 
performed by fracturing the second Substrate. 

56. Process according to claim 54, the second substrate 
being pre-implanted by one or more atomic or ionic species in 
order to create in it a weakness Zone. 

57. Process according to claim 56, the atomic or ionic 
species being implanted at a dose above the minimum dose 
enabling the fracture, which is performed at a temperature 
below or equal to the temperature normally associated with 
the minimum dose. 

58. Process according to claim 57, the fracture being per 
formed at one or more temperature(s) between 50° C. and 
150° C., for at least 3 hours. 

59. Process according to claim 57, the ionic species, H, 
being implanted in silicon at a dose above 6x10" H"-cm'. 

60. Process according to claim 53, the thin film obtained 
having a thickness below 1 um or 100 nm or 50 nm. 

c c c c c 


