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1 METHOD FOR REDUCING ROUGHNESS OF A THICK INSULATOR
LAYER This invention relates to a method for manufacturing substrates
intended for use in the electronics, optoelectronics and optics fields,
including a step to smooth a thick insulator layer, in other words to reduce
5 its roughness. The invention also relates to a manufacturing method
that includes the above mentioned smoothing method and bonding and
layer transfer steps. The invention is used in a particular application 10
for making composite "SOI" and "sSOI* type substrates. As a reminder,
substrates known as "SOI" (Silicon On Insulator) substrates correspond
to substrates in which an insulator layer, more precisely silicon dioxide
(Si02) is inserted between a support silicon layer and a 15 superficial
silicon layer. In "sSOI" substrates, the superficial silicon layer is strained
(strained Silicon On Insulator). The method for obtaining this type of
substrate comprises a step to bond a so-called "support” or 2 "receiving"
substrate on the insulator layer, and a layer transfer step. In this
description, "bonding" should be understood as molecular bonding in
which two perfectly plane 5 surfaces bond to each other without
application of glue, which is possible at ambient temperature. The
bonding quality obtained is characterized particularly by the bonding
energy that is defined as the bond force existing between two layers

bomden togetherz 401 TFhis quality sray-be impravedhy-applyisg@aror. LAYER

This invention relates to a method for manufacturing
substrates intended for use in the alectronics,
optoelectronics and optics fields, including a step to
smeocth a thick insulator layer, in other words to reduce
its roughness.

The invention also relates to a manufacturing method
that includes the above mentioned smoothing method and
bonding and layer transfer steps.

The inventlon 1s used 1in a particular application
for making composite “SOI” and “sS0I” type substrates.

As a reminder, substrates known as “S0I” (Silicon On
Insulator) substrates correspond to substrates in which
an insulator layer, more precisely silicon dioxide (Si0;)
is inserted between & support silicon layer and a
superficial silicon layer. In “830I” substrates, the
superficial silicon layer 1is strained (strained Silicon
On Insulator).

The method for obtaining this type of substrate

comprises a step to bond a so-called “support” or
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appropriate treatment to the surfaces to be bonded. The insulation used in
the above mentioned composite substrates are particularly oxides,
nitrides or oxinitrides. 15 The state of the art used to obtain these various
insulators includes a technique to deposit a layer of silicon dioxide known
to the man skilled in the art as "TEOS LPCVD" ("Tetraethylorthosilicate”
"Low Pressure Chemical Vapour Deposition"). 20 This technique consists
of depositing a film of silicon dioxide, using tetraethylorthosilicate as a
source material, and a low pressure vapour phase deposition technique
knows! toithe maniskilled:in the dihasitPCVE: 25 s thethddchas mang~™

@g%ggg@&ess cgbc_erning uniformity and density of the oxide layer obtained,
and in particular avoids consuming the substrate layer on which the

siliconToxidé irfusTeRAEHRS SAPportEP WA “is Hot tHé c8Se daig stoed
formation.of an exidednua thermal 3Q;exidation methed.Hewever, the ane

roughness of silicon dioxide layers de ,obsrihted usin%h

T Eh,e "TEOS LF}ECVIBII;e _
iSFh Highet 3 tiat e rolighRess 3Fterrany Bxidised =

layers. Ror guidance: the sutface raughness:efait0 nm thick TEOS

oxide ig,more.than 5 A RMS over a scan width of 1 um by 1. pm, while;the.
roughn%%% of %%e%rrﬁgl oxXidé él(%se t%b %[l)]folﬁtCI 1.50 A RMS overl’[hel

sameistarewidthb@thérdépositiorutechaitgiestaretalss kAewWhR fst as the
g@%@pt}%%é%h Qs%idse&%gi%‘e%!egrw@;&smy%@%@%h ASJBECHESOT,

Plasma Enhanced Chemical Vapour Deposition (PECVD) . Further
informéatisrEon €his subject may be improved by applying an

appropriate treatment to the surfaces to be bonded.

The insulation used in the above mentioned composite
substrates are particularly oxides, nitrides or
oxinitrides.

The state of the art used to obtain these wvarious
insulators includes a technique to deposit a layer of
silicon dioxide known to the man skilled in the art as
wWrEGS  LPCVD” (“Tetraethylorthosilicate” "Low Pressure
Chemical Vapour Deposition”).

This technique consists of depositing a film of
silicon dioxide, using tetraethylorthosilicate as a
source material, and a low pressure vapour phase
deposition technigue known to the man skilled in the art
as LPCVD.

This method has many advantages concerning
uniformity and density of the oxide layer obtained, and
in particular avoids consuming the substrate layer on
which the silicon oxide thus formed is supported, which
is not the case during formation of an oxide by a thermal
oxidation method.

However, the roughness of siliceon dioxide layers

deposited using the “TEOS LPCVD” technigue 1is much higher
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10 is given in the article by Wolf and Tauber, "Chemical Vapour
deposition of amorphous and polycrystalline films", Silicon processing for
the VLSI ERA, vol 1, pp 189-207, Process Technology. However, these
deposition techniques lead to an 15 insulator layer with the very high
roughness. Furthermore, the roughness increases with the thickness of
the deposited layer. Consequently, athick insulator layer (for example
oxide), in other words more than 20 nm thick (which is 20 frequently the
case when manufacturing SOI type products) is usually made with a
¥5BFhnEES thatiddhesmpatibfe Witk E8ASHEINtS TMPoSEd by-FeS good F°F

Shplibnmolecular honding.In thispasesk isqreferable that then reughness
should be less than 5 A RMS 1o enable bonding, 25 or even less thangz A1
FMSOvet SEARSWILIRS of 1Ak By LB, iR the tontext ot aTayar HanSfr

applicationknomen wodentheseomimerciat hamesSmart Gut(cy'. The statec

of the art %I're y.includes the. possibility of submitting a substrate to a
%ﬁ’é)s%a% 'Qrggtr%g‘%t.Qﬁ’ﬁer"p“l}al%mga%%%trsn%ﬁ' of éti Jgﬂgr'face to be bonded
is defibedsas exposwetdithis syrface tpug gasptasmalthat akearbe for

done particular, de r L atmospheric, pressure {pdor ¢e;
%ﬁﬁaﬁ%éthgé%ga%%s t%%é%%u#ggéq i?}jtr}(;acontac%. EIll'(%nls ';Sreatment is ol(or;heH g
By comFsiing YaFious B expdsLieparanidterdistch as i natite and oW

oL Juessure-of the.gas supplyingthe chamberdrside which: thesoperatien:
is done, and the power density. The effect is to modify the structure of the
is given in the article by Wolf and Tauber, "Chemical
Vapour deposition of amorphous and polycrystalline
fiims", Silicon processing for the VL3I ERA, vol 1, pp
189-207, Process Technology.

However, these deposition techniques lead to an
insulator layer with the very high roughness.

Furthermore, the roughness increases with the
thickness of the deposited layer.

Consequently, a thick insulator layer (for example
oxide), in other words more than 20 nm thick (which is
frequently the case when manufacturing SOI type products)
is usually made with a roughness that 1s incompatible
with constraints imposed by very good guality molecular
bonding. In this case, it is preferakble that the
roughness should be less than & A RMS to enable bonding,
or even less than 2 A RMS over scan widths of 1 um by 1
um, in the context of a layer transfer application known
under the commercilal name “Smart Cut®”.

The state o©f the art already includes the
possibility of submitting a substrate to a piasma
treatment.

The “plasma treatment” of a surface to be bonded is

defined as exposure of this surface to a gas plasma that
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superficial layer of the substrate thus treated. 10 A distinction is made
between two types of treatment, the first hereinafter called "activation
plasma" is supposed to improve the bonding energy between two layers
and the second hereinafter called 'smoothing plasma" that is intended to
reduce the surface roughness 15 of the layer thus treated. Plasma
application parameters, and particulgly energy, may be different in the
two cases. The article by D.M. Hansen et al. entitled "Chemical role of
oxygen plasma in water bonding using borosilicate 20 glasses" Applied
Physics Latters poluhte: 791 humber @1, 19 Novemberr260] adesetibesal ©

sthad of activatign plasmg..of a thin layer of horesilates, depesited byqeq

| PCVD. Borosilicate type giassés are boron trioxide (B203) and silicon
dioxide (Sioy talloys. 25 The experiment described in this article relates to

the treagment of an.approximately 30-Angstram thisk £3onm) herosilicates s
layer by an oxygen plasma in RIE (Reactive lon Etching) mode far five
RFGEE 2R 0.B2WARMZS Mith A'rEssi e in5iie the XhahbePBF30 Mt (T°
3 mEares 1,33 x1o_LPa). ke resylts nbtainedreveal impiavedvioinh
and show that the roughness of the treated surfa%e IS n%t affected by this

g&ﬁla?%%rﬁgér%% tréatnent’ It the gr%?:lep entitled %Sr%ac%'energy asa b5
functiofiiof selffias voltage it oxyger plasma-wafers bondingt eSengorsthe

g fckiatons 82 (500,239,244, [, SRasquariglg atal, siidled the
infltience of inetic” energy of ions of an oxygen plasma on the bonding
energy?of silicohiwafersthusitfeatéhde obetween two  types  of

treatment, the first hersinafter called Tactivation
plasma” is supposed to improve the bonding energy between
two layers and the second hereinafter called “smoothing
plasma” that is intended to reduce the surface roughness
of the layer thus itreated.

Plasma application parameters, and particularly
energy, may be different in the two cases.

The article by D.M. Hansen et al. entitled “Chemical
réle of oxygen plasma in water bonding using borosilicate
glasses” Applied Physics Letters, Volume 79, number 21,
19 November 2001, describes a method of activation plasma
of a thin layer of borosilates, deposited by LPCVD.

Rorcsilicate type glasses are boron trioxide (B:03)
and silicon dioxide (810;) alloys.

The experiment described in this article relates to
the treatment of an approximately 30 Angstrom thick (3
nm) boresilicates laver by an oxygen plasma in RIE
{Reactive Ion Etching) mode for £five minutes at 0.6
W/cmz, with a pressure inside the chamber of 30 mTorr (1

mTorr = 1.33 x 107% Pa) .
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10 Tests showed that a silicon wafer with an initial roughness of 0.9 A
RMS can have a roughness of about 0.60 A RMS for a scan width of 1
pm x 1 pm. The author also concludes that the kinetic energy of plasma
ions does not have any influence whatsoever on the 15 smoothing quality
of the substrates thus treated. Furthermore, the article by Moriceau et al.
"Interest of a short plasma treatmento achieve high quality Si-Si02-Si
bonded structures”, Abstract No. 1006, ECS 2003, showed the smoothing
effect of a plasma on 20 thermal oxides of S'02. However, this article only
concefMis=oxideswith adaitlyilondinitialmughness (28dA IRMS femal 0 Show

PALX Oﬁ%m Qﬁ%éﬂé‘éé 20:pm,scan), This, adicle does not mentionthe. . 4

possibility of orming an embrittlement zone by a Smart Out (1R type
iplahigticrrini2s thesubsirate shppefingthe oxide, and consequently

nor dogs it mention the potential bepeficial effacts gkthe smoothingas =
plasma observed during a subsequent layer transfer. Finally, document
0529064012416 8edcibésa MetiotP 30 ofreitifg the I?ﬁﬁ@ﬁﬁes%’ of&*
layer of dielectricn sateriab that Hees alasmatreatment.)6 Bowevet, this.
document, does not mention the possibjlity of a Smart Out (D type of .
tréSERERCfor “ifplEhtafion of astggncli& ESeclléehsebeiLvI{}éiaefﬁl %nscn%oo%%:ng%%es%lé:
treatmentahdibording falowed/bya |ayerstransier. The Sbenefigalkenergy

%fgecst§ Pfctcbr? r‘%\g%%@%ﬂ %H]Se @gg@gg C9_1_‘ the defects observed on the
transferred layer are absolutely not envisaged. On the contrary, the

purposBesfifie iplveritich ishat significantiyreduce fie rodghness of AtRik!
i?ﬁ@&ﬁﬁéss of 0.9 A RMS can have a roughness of about 0.60
A RMS for a scan width of 1 pm x 1 pm.

The author also concludes that the kinetic energy of
plasma ions does not have any influence whatsocever on the
smoothing guality of the substrates thus treated.

Furthermore, the article by Moriceau et al.
“Interest of a short plasma treatment to achieve high
quality $i-8i0,-5i bonded structures”, Abstract No. 1006,
ECS 2003, showed the smoothing effect of a plasma on
thermal oxides of Si0,. However, this article only
concerns oxides with a fairly low initial roughness (2.3
A RMS for 2 0.5 um x 0.5 pm to 20 um x 20 pm scan). This
article does not mention the possibility of forming an
embrittlement zone by a Smart Cut ® type implantation in
the substrate supporting the oxide, and consequently nor
does it mention the potential beneficial effects of the
smoothing plasma observed during a subsequent layer
transfer.

Finally, document US-2004/0124416 describes a method
of reducing the roughness of & layer of dielectric

material that uses a plasma treatment.
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10 layer that is not required or that cannot be formed by oxidation on its
first substrate and for which the initial roughness is high. For the
purposes of this description, a "rough” layer means a layer with a
roughness greater than or 15 equal to 3 Angstroms RMS, preferably
between 3 and 20 Angstroms RMS approximately, for a 2 um x 2pm
scan. Another purpose of the inventidn is to provide a method of
manufacturing an intermediate substrate that includes an embrittlement
zone obtained by implantation 20 of atomic species and that is covered by
a thicki 8 R¥or layer ¥6r wiiR & Fiughf8sSis hiyh: thifSRet R diatd™

Suibstrate pegsibly being used datetiin a dondipg anddayet tansfeit  for
method, so as to obtain a substrate in whi%r%dthe transferred layer
|

TBMERSTEN G 95 b 8tetts® T actiete H§ thenidittion relaes B4
methote of mantifasturdnchg stibstratesthabearebel ased intheneléetronitse
Spiasiecionics and onfics fields, ghafacterizeddn ALl comBHses.at e
g steps, performed in this order: a) deposit an

insidatos |layeravitted thiokriess greateftiareor dgust fo 205 na bR ate Ly
It;%tégg@g;issgrée@égr 7 than or equal to 3 Angstroms RMS, for a scan width
of 2 pm x 2 pm on a first so-called "donor" substrate,. b) the smoothing
treatmient bR thecPee 58idce bl thiBUASWafor MyerEing s as Piasma t°

farmedin-an5 chamber insidenwhieh the gaspressuke isimere thadi2sor
Pa, this plasma being created using a radiofrequency enerat%rg%per tir}‘a%

URYEF a Poiver ShcHhat it SAHEDHly powkt dehsity greatsr tham -

WiomZ tagaidbinsutater £irst substrate and for which the
initial roughness is high.

For the purposes of this description, a “rough”
layer means a layer with a roughness greater than or
equal to 3 Angstroms RMS, preferably between 3 and 20
Angstroms RMS approximately, for a 2 am x 2um scan.

Another purpose of the invention 1s to provide a
method of manufacturing an intermediate substrate that
includes an embrittlement zone obtained by implantation
of atomic species and that is covered by a thick
insulator layer for which the rcughness is high, this
intermediate substrate possibly being used later in a
bonding and layver transfer method, so as to obtain a
substrate in which the transferred layer contains few or
no defects.

Te achieve this, the invention relates to & method
of manufacturing a substrate that can be used in the
electronics, optoelectronics and optics fields,
characterized in that it comprises at least the following
steps, performed in this order:

a) deposit an insulator layer with a thickness

greater than or egual to 20 nm, with a& roughness greater
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layer, the duration of this smoothing treatment being at 10 least 10
seconds. c) formation of an embrittlement zone by implantation of atomic
species inside said donor substrate, to delimit a so-called "active" layer
and a remainder. 15 According to other advantageous and non-limitative
characteristics of the invention taken alone or in combination: - the
method includes the following steps ¢arried out after step c): 20 d)
molecular bonding of a second substrate called the "receiver" on said free
surface of the insulator layer, €) withdrawal of said remainder. - the

Fhéthod Cortprisestdeéndifcatibroaimddifg 255 5tep 6F e ifiddiationt 2
depositedin sten.ak this: agnealing beingdens-at atemperatyre of
between 700 and 1000C for a duration of several minﬁtes to several

hours 9h ah Gxidi&iRG oF Hetitr & 2Stiidsphere® < saitCdenSificatibir afvéaling
freatment is dener301afterthessmaething plasma steprh) afid:ibefdre the =
tomic_species implantation step c). 8 the smoothing plasma treat td
BORE 5 borr dUNALy of Bewideh 06 S0 TT WSS Ch Bas shbesuia
inside the chambemef bbtieen 0:2%ahd30 Raland a: treaamhent daratiorcy

of between 10 an e oS-t 1S ure,ingide the.chambey
ABawear 3 ] 13PE, T, g oAl 7 Pa - 15 cutaion o
thecsmeothing plasmatreatreentt 5tep 19)-i8 bétween &boif3d andsi2gtor

§@§¥¥§'the duration of this smoothing treatment being at
least 10 seconds.

c) formation of an embrittlement zone . by
implantation of atomic species inside said donor
substrate, to delimit a so-called “active” layer and a
remainder.

According to other advantageous and non-limitative
characteristics of the invention taken alone or in
combination:

- the method includes the following steps carried
out after step <):

d) molecular bonding of a second substrate called

the “receiver” on said free surface of the insulater

e) withdrawal of saild remainder.

- the method comprises a densification annealing
step for the insulation deposited in step aj, this
annealing being done at a temperature of between 700 and
1000°C for a duration of several minutes to several hours
in an oxidising or neutral atmosphere.

- said densification annealing treatment is done
after the smoothing plasma step b) and before the atomic

species implantation step c¢).
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- the gas used for formation of the smoothing plasma 10 is chosen from
among oxygen (02), argon (Ar), nitrogen (N2) or a mixture of these

gases. - the gas used for formation of the smoothing plasma (SP) is
chosen such that the nature of the atoms from which it is made is the
same as at least one of the atoms 15 forming said insulator layer (2) to be
treated. - between steps c) and d), a activation plasma treatment of said
insulator layer is performed using a gas plasma formed in a chamber
inside which there is a gas pressure of about 7 Pa, this plasma being
created-20 tising smadioftequepty Risgenertorthat operatesata power

such tQat it applies a power densit ceeding 0.2 W/em2 tosaid
ifsulator ?aeylrtlagrfL ﬁ'l% tﬁgﬁgeﬁ%??ﬁisé{é?ﬁ(o%t g]ng9 ??eat/meni beingg at IgggtSSS o
secerids: - thecactivatioreplasria thedtmeeit is Badfed ®0E 25 WitFa pawer 2

g%@%i%%g%%%%%n% Wiemz.and @ Ueatment dwatign.of

etween 5 and 60 seconds. - the thickness of the insulator layer is greater
than or equdi%o 260 nff.2IReSRsutatforr i’ db?&iné&%‘?%?%mﬁﬁre?ﬁ%ﬁée% 3
vappurphase chemical depositiep ARGV PHechniguea- the insulation is an
oxide. 9 - the oxide is a silicon dioxide obtained hy a low pressure
chemical vapdr piase-d8Foshtion EEdhnigls Sttty flgé\ﬂhgsma Lreatment .
tetraethyorthesiticate {TE QS 4PC\ED). arthe Bilitosedioxide (SiO2) is

e e 0 20 B LR s o
layer comprises Stramedmsilicpnoxygen  (02), argon (Ar), nitrogen
(N-) or a mixture of these gases.

- the gas used for formation of the smoothing plasma
(3P) is chosen such that the nature of the atoms from
which it is made is the same as at least one of the atoms
forming said insulator layer (2) to be treated.

- between steps c¢) and d), a activation plasma
treatment of said insulator layer 1is performed using a
gas plasma formed in & chamber inside which there is a

.gas pressure of about 7 Pa, this plasme being created
using a radiofreguency RF generator that operates at 2
power such that it applies a power density exceeding G.2
W/cm® to said insulator layer, the duration of this
smoothing treatment being at least 5 seconds.

- the activation plasma treatment 1s carried out
with a power density of between 0.2 and 3 W/ er®, and a
treatment duration of between 5 and 6C secconds.

- the thickness of the insulator layer 1s (reater
than or egual to 2006 nm.

- the insulation 1s obtained by a low pressure
vapour phase chemical deposition LPCVD technique.

- the insulation is an oxide.
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Other characteristics and advantages of the 10 invention will become
clear after reading the description that will be given below with reference
to the appended drawings, which represent one possible embodiment as
guidance but that is in no way limitative. On these drawings: jr - figures 1A
to IF are diagrams illustrating the different successive steps of a first
embodiment of the method accordirfb to the invention; - figures 2A to 2H
are diagrams illustrating the different steps of a second embodiment of
the method 20 according to the invention; - figure 3 is a graph
representifig thigcédge raughrfess R Gt adayerorsiitorPdibride Rftef the®
plasma treatrent.according:todhe invantion assa flunctionoof the-appliegh:e
power, for different application times; 25 - figure 4 is a graph representing
ﬁ?@é&@@grm@ﬁe%‘éﬁ%?%q%@%%ﬁ&&ﬁﬁﬁ)&?de(aﬁggth PbYa%ma
treatment-ageording tedhe igventiaheas asfunction. of tireand feridifterent

lasma power ranges; - figures 5.a are graphs similar to those in 30
ﬁﬁﬁ?e%ug and4 ?ggp‘%%?f\}e%;g 67 %e%(él?re‘n%énts made at the centre of the
silicon-diaxide layer} 401ifigures7 s a graphshowing thesaomber Aeof

different types of defectshefare ang after the smoothipg plasma

treatment according to the invention; - figures 8 and 9 are graphs
representifig the & dufatiorytest &POREINARave, extessed in-§é8bnds,

as a fupetion of the.pumber NQ of bonding;waves-ia this bendingtimes he
for the insulator layers (SiO2) that were and were not affected by the |
§ﬁﬁ@ﬂﬁﬁﬁﬂﬂé§%étRﬁﬁﬁ@%tClear after reading the degcription

that will be given below with reference to the appended
drawings, which represent one possible embodiment as
guidance but that is in no way limitative.

On these drawings:

- figures 1A to 1F are diagrams illustrating the
different successive steps of a first embodiment of the
method according to the invention:

- figures 2A to 2H are diagrams illustrating the
different steps of a second embodiment of the method
according to the invention;

- figure 3 is a graph representing the edgs
roughness R of a layer of silicon dioxide after the
plasma treatment according to the invention as a function
of the applied power, for different application times;

- figure 4 is a graph representing the edge
roughness R of a layer of silicen dioxide after the
plasma treatment according to the invention as a function
of time and for different plasma power ranges;

- figures 5 and 6 are graphs similar to those in
figures 3 and 4 respectively, for measurements made at

the centre of the silicon dioxide layer;
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respectively and 10 - figure 10 is a graph representing the number of
different types of defects observed on substrates obtained either after
completion of the method according to the invention, or after a
comparative method. With reference to figure 1, the figure shows the 15
different steps of a first embodiment of the method according to the
invention. Figure 1A and 1B show aHdnor substrate 1 before and after it
is covered by the deposition of a thick insulator layer 2, respectively. The
face of the donor 20 substrate 1 opposite to that on which the insulator
layer 2 hds BE&R deposifed fs s&itPBbe OBtk fade® altH e  ffarkéd °*
as+eference 43, dbegongs substiate-k may haa singledayeeosmtthing

Iager. It is usually made from a semiconc{%ctin materia£_25 for example
EREGRTHE HObT ShbSFAEEL A S0 CBmpNS

veeg%ﬁ%m’ed material such
as strained sicoasin the latter casezthe sybsirate issguatlyamuliigyerhe
nd the strained. material |layer is then obtained % gp'%xy gg&l yer of,
gﬁrs%%fo%?t material gé‘?%é%?pﬁat‘ﬁ% ‘insulation gmay be a nitride or ‘a
dxinitiidetayer; orpreferabiyosn oxXite layer. POThahswatien layer isthis

greater.than qr.equal.to 20,am fhick ,preferably 200.nm oranore: lis:  yere
roughness Is greater than or equal to 3 Angstroms RMS, for a scan width

a2 piex 2 PRt 5 NcEordifg ththe mTeRiiGiT, the HexPseRFis atShftdtfiny

plasma-stepSor, which the methods used will be described later. This is
shown on figure 1C. The ) . .
- figure 10 1s a graph representing the number of

different types of defects observed on substrates
obtained either after completion of the method according
to the invention, or after a comparative method.

With reference to figure 1, the figure shows the
different steps of a first embodiment of the method
according to the inventicn.

Figure 1A and 1B show a doncr substrate 1 before and
after it is covered by the deposition of a thick
insulator layer 2, respectively. The face of the donor
substrate 1 opposite to that on which the insulator layer
2 has been deposited i1s said to be the “back face” and is
marked as reference 13.

The donor substrate 1 may be a single layer or multi
layer. It is usually made from a semiconducting material,
for example silicon.

The donor substrate 1 may also comprise a strained
material such as stralned silicon. In the latter case,
the substrate is usually multi layer and the strained
material layer is then obtained by epitaxy on a layer of
support materiai.

For example, the insulation 2 may be a nitride or

oxinitride layer, or preferably an oxide layer.
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reference SP corresponds to the term "smoothing plasma". Finally, an
atomic species implantation step is 10 carried out as shown in figure 1D.
This implantation provides the means of forming an embrittlement zone
10 inside the donor substrate 1, which delimits an upper thin layer 11
from the remainder 12 of the substrate. 15 The expression "thin layer"
refers to a layer of a few tens or a féw hundreds nanometers thick. Refer
to the book "Silicon on insulator Technologies"; Materials to VLSI, 2nd
Edition (Jean- Pierre Colinge) or literature concerning the "Smart Cut" 20
type (rEgisterad tiademark) avethod Sfof asfereralt BescriptionBfahes® 20
implantation methods. Agcording tothe iwvention, thertheee sigpsdbat: 1s
have just been described, namely the insulation deposit, the smoothing
FIBSATEESP Heatmértt aRtthe intPlantatiohGt 25 3 mit Speciedshwit 6™
figures 1B 1C and:1D rgspectively, are necessarily carried out in this
order. However, as will be described later, complementarg steps maysbea

insertel BetWetnthes? thri& steps At the &nd 6f the IFplantation step. a
substrate 4 30 called thedintemmediatecsubstratetds obtained thaticahl bee

used in.%%rédinga néj Iaye&tr{gtgsfeagneth dosw'[lglatg n b§iqg§g iN1c  The
é’[gcs:t%r%lcs, optoe &ctronics and optics fields. 12 These's eps are
ilhesteated on fHGuresrIE apohiis Asdlldstrated oh fiGire o the raethdde " -
can be goptinued by bonding a receiver substrate,3.0n the free sudace s
20 of the insulator layer 2 of the intermediate 5 substrate 4. The receiver
Sbstrate 395 made DR @Sermicohdaser 1o

This implantation provides the means of forming an
embrittlement zone 10 inside the donor substrate 1, which
delimits an upper thin layer 11 from the remainder 12 of
the substrate,

The expression “thin layer” refers te a layer of a
few tens or a few hundreds nanometers thick.

Refer to the ook “Silicon on insulater
Technologies”; Materials to VLSI, 2™ Edition (Jean-
Pierre Colinge) or literature concerning the “3Smart Cut”
Type (registered ‘trademark) method, for a general
description of these implantation methods.

According to the invention, the three steps that
have just been described, namely the insulation deposit,
the smoothing plasma SP treatment and the implantation of
atomic species shown on figures 1B, 1C  and 1D
respectively, are necessarily carried out in this order.
Howevar, as will be described later, complementary steps
may be inserted between these three steps.

At the end of the implantation step, a substrate (¢
called the “intermediate substrate” is obtained that can
be used in bonding and laver transfer methods that can be

used in electronics, optoelectronics and optics fields.
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material. The next step is detachment of the remainder 12 of the donor
substrate 1, along the embrittlement zone 10. 10 Thus the final composite
substrate 5 represented on figure IF is obtained, in which the insulator
layer 2 is inserted inside two layers of semiconducting material 3, 11.
Although it is not shown on the figures, the 15 receiver substrate 3 may
be multi layer. Figure 2 illustrates a ¥ariant embodiment of the previous
process. ldentical elements are marked with the same numeric
references. This variant embodiment is distinguished from the 20
previcUkermbedimentad thatlit it uosaivorad difigHalc steds, dnme -5 -
densification; Reattreatment.shown onigures 2D, and theethera can  be
activation plasma treatment illustrated on figure 2F. The other sterps in the
PPOCASE AR iBENMRANTS What I5 WS BRSCRBET AbobE for figlite 1 and *=°
haveibe samespumgsic references: The gensification:arnealingstep b t e
the insulation 2 that was deposited on the substrate 1 is optional but is
FECohRTENded: 30 This densification annealing step is carried out before
the atamie speciesvimplantationsstep. 13 it iswatso préferalblyrdonenalftertor

1E"Lha%smOél){Lhing plasma (SP) step. However, and although this is not shown
on [

ﬁgjfigures, it could also be done after the insulation deposit but beforec
the sibothing plasaiEsteps 5 Thesattvation plasmae(APRrdatRfent is? ©F
pptional, if-may.he dane on theiface opwhich:the smagtbing plasmaio .

Thus the final composite substrate 5 represented on
figure 1F is obtained, in which the insulator layer 2 is
inserted inside twe layers of semiconducting material 3,
11,

although it 1s not shown on the figures, the
receiver substrate 3 may be multi layer.

Figure 2 illustrates a variant embodiment of the
previous process. Identical elements are marked with the
same numeric references.

This variant embodiment is distinguished from the
previous empodiment in that it includes two additional
steps, one densification heat treatment shown on figure
20, and the other & activation plasma treatment
illustrated on figure ZF.

The other steps in the process are identical to what
was described above for figure 1 and have the same
numeric references.

The densification annealing step of the insulaticn 2
that was deposited on the substrate 1 is optional but Iis
recommended.

This densification annealing step 1is carried out

before the atomic species implantation step.
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(SP) treatment was done, in other words on face 20 as shown on figure
2F. It could also be done on the face 30 of the substrate 3 that will be
bonded onto the face 20. 10 It can also be done on the two faces 20 and
30. The reference AP stands for activation plasma that denotes a
activation plasma treatment. Finally, although it is not shown on the
figures, a pre and/or post-activationpfasma (AP) cleaning treatment 15
may be done following the methods described later, after implantation of
atomic species and before activation plasma or after activation plasma
and before bhendingof thereteiverispbstate 3. We il novedeseribse-theng
methods of.mpl tin di nt ste ntign ove,in

fuirt Se(%rm%lectzasi . M%['%;]%%s gfég}eggc%s%t’infggqt{rge %%D%étgp %yt(l-:\%:ﬁ'?%g %sﬁ%a%o? hown
layer 2 isforiedl it the déror SOBsFated B depuisitioto Partickifdirby the
vapour phase 2achemicaldepesition, and-praferably ablow BEassUERep .

known as LPCVD. Another technique can also be used, such as plasma
enhanceRFcRETRiEERVAPEUPIREZE ddposition SaolT &s “PEBR/D FEdrther’ ©
informationiem thisssubjeat isfgiven s, 3@ the:above=mesnitoned adiclelysma
Wolff and Tauber. This stepdof the method ma be carried outfl\/ith a5 as
réactor for Ehericl v%ﬁ%ur ﬁ:laeSe dle%o?lﬁoﬁ'. his' 1% %inclldes'a” =
treatment chamber inside which:thel substiate lis cdntained) THeediffersnt 30

chemical reagents are theq inpoguced fnside this chamber in the fomm of ;.
gas flows ‘at high temperature and low pressure, so as to form an 5
insulator |@jer? aftefehemival teactiorrbétieeh the differéft-gaseous

Cong“WW¥3xeference AP standsg for activation plasma that
denotes a activation plasma treatment.

Finally, although it is not shown on the figures, a
pre and/or post-activation plasma (AP) cleaning treatment
may be done following the methods described later, after
implantation of atomic species and before activation
plasma or after activation plasma and before bonding of
the receiver substrate 3.

We will now describe the methods of implementing the

different steps menticned above, in further detail.

Methods of depositing the insulator layer:

The insulator laver 2 1s <formed on the donor
substrate 1 by deposition, particularly by vapour phase
chemical deposition, and preferebly at low pressure,
known as LPCVD.

Another technique can also be used, such as plasma
enhanced chemical vapour phase deposition, known as
PECVD. Further information on this subject is given in
the above mentioned ariticle by Wolff and Tauber.

This step of the method may be carried cut with a

reactor for chemical vapour phase deposition. This
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One of the applications aimed at in the invention consists of making an
SOl type substrate. In this case, a preferred variant embodiment of 10
silicon dioxide (SiO2) consists of making a deposit known under the
above mentioned term TEOS LPCVD using tetraethylorthosilicate (TEOS)
according to the following chemical reaction: Si(OC2H5) 4(gas) - >
Si02(Solid) + 2C2H4(gaseous) + 15 2CH3CH20H(gaseous) The
pressure inside the LPCVD reactor chamber is between 300 mTorr and
1.5 Torr (namely between 40 and 200 Pa) and preferably close to 750
TSiedgrfantely ERBETE 00PN ZD THE Biickheds bF 3iliEST didXife-fea - ¢
adjuste-to he sat least 2Q nexnamely greaterthan esaguat 0 20Qnrahen
and up to a few micrometers. Densification annealing: 25 This is don*gs1 b%
afidatdrsstent at 8 ferhPéraire i betwaen 700 & fodoc foia ~+°"°
gurationrof seveeat minutes stosseveral hossssinran oxidising ormetitrah an

atmosphere. Its purpose is tg make the insulation depser and to _elimin te
b Riebus pacies: a0 ChRTigUEATOR STUNItTor carrog Bat Sroothing
tteatraentor gethvation plasmaitreatnient: 15 The treatment is carried out

with a ynit comPSIng g plasrua chabe inplde which edpressueand o,
composition of the gaseous atmosphere are controlled. Several types of
thoselatits eXistuE<The irivention maythys Bé Wpldmented with a

"reactive, ion etchingz wpit kr@wﬁzbé’ﬁ&%@@re%tﬂrhnt embodiment of
silicon dioxide (8i0:) consists of making a deposit known
under the above mentioned term TECS LPCVD using
tetraethylorthosilicate (TEOS) according to the following
chemlcal reaction:

31 (OCsHs) 2 (gas) - > 51i0,{Solid) +  2C,Hs(gasecus) +
2CH3CH,0H (gaseous)

The pressure inside the LPCVD reactor chamber 1s
between 300 mTorr and 1.5 Torr (namely between 40 and 200
Pa) and preferably close to 750 mTorr, (namely close to
100 paj.

The thickness of silicon dioxide is adjusted to be
at least 20 nm, namely greater than or equal to 200 nm

and up to a few micrometers.

Densification annealing:

This is done by & heat treatment at a temperature of
petween 700 and 1000°C for a duration of several minutes
to several hours in an oxidising or neutral atmosphere.

Tts purpose 1s to make the insulation denser and To

eliminate carbonaceous species.

Configuration of wunit for carrying out smoothing

treatment or activation plasma treatment:
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"RIE". The unit comprises a single RF (radiofrequency) generator
supplying, via a capacitative coupling, an electrode located inside the
chamber which supports the 110 substrate 1 covered with the insulator
layer 2 to be activated and/or smoothed. This single RF generator can
generate the plasma (i.e. excite its species). The term "power" as used in
the text, which is one 15 of the activhtion parameters, corresponds more
precisely to the power of the generator. Controlling the power of this
generator can both excite the plasma and control the kinetic energy of the
ions of the pHESRETATEN bBmbard s sGface o the 226 hsul 6P Tayer 279
t9 beactivated. Thenplasma ehaymber alse.cemprisesa sesoadeleeirodend
which is not connectedbfo the substrate 1o be activated. This gecgrg% 1led
SIRERBHe S ¥artted. In“ErufRESIAALSh I iRTAISS Possible t6 2! :
implement the dvenfionrwitlz asimilar anrit $a that which was mentioned
above, fut in wijeh e gecqnd electigde is, gonnggled fa psecond Rl o

genera or. In this case, the second RF generator (connected to the
electretie with \whicte thehinsalatortayer o be r30veatédis HOP HEESREACHN/

genesates and maipfains the plasma. This segend generaleriistheruency)

programmed to control the density of the plasma. Controlling the 16

FERRETSIhE firstGRREFdtEr call bhly FegHaRAHE Rinkti® erfcétgy bfiife 20
ians gf theyplasmas which bembard: ihe surdage-of tha layer tappdteaiecthe

5 Smoothing plasma parameters: ,The‘RF power, of the plflsma IS Eigr%. It is
fﬁﬁﬁshrate 1 covered wlth the insulator ayer o be
activated and/or smoothed.

This single RF generator can denerate the plasma
fi.e. excite its species).

The term “power” as used in the text, which is one
of the activation parameters, corresponds more precisely
to the power of the gsnerator.

Controlling the power of this generator can both
excite the plasma and control the kinetic energy of the
ions of the plasma which bombard the surface of the
insulator layer Z tco be activated.

The plasma chamber also comprises a second electrode
which is not connected to the substrate to be activated,
This second electrode is earthed.

In a further wvariation, it is also possible to
implement the invention with a similar unit to that which
was mentioned above, but in which the second electrode is
connected to a second RF generator.

In this case, the second RF generator (connected to
the electrode with which the insulator layer to be
treated is not in contact) generates and maintains the
plasma. This second generator is then programmed to

control the density of the plasma. Contrelling the
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200 W to 3000 W, for substrates with a diameter of 200 mm [millimeters],
giving a power density of at least 0.6 W/cm2, and preferably in the range
0.6 W/cm2 to 10 10 W/cm2. The Applicant has shown that the higher the
RF power for the plasma treatment, the lower the roughness of the
insulator layer. Further, the period of this plasma treatment is
advantageously at least 10 seconds}?)referably in the 15 range 10
seconds to 200 seconds, typically in the range 30 seconds to 60 seconds.
The Applicant has also shown that the longer the plasma treatment

R, the snidsthef thé surBitedrthainsmator 18)er THE§4s Used to™°

form the plasmaynay be:oxygesn 2041tragen oratgen, ordacambinativamnt
these gases (Ar + 02; Ar+ N2; 02 + N2;tA(ew;Q§d+ N2) . The smoothing
tRANPBhE AT &S0 BE caféd outin to StESS, amely, for example, 60 s

in argon plasma at high power, then 30 s in 02 plasma at a more

moderg%%ggylvlert; 25 farggggaglgr%@%@g%thing plasma treatment is done
with g T ast one of the atoms forming
the treBted ihSulator dayer iFok lexampieithe ¥8sulE@ill-be an‘oxygén fronm
plasma smogthing freatment, t9.smgeth.a siliconoxide lavesrapd a2 0o mn

nitrogen plasma to 30 smooth a silicon nitride layer. 17 It is preferable
bt fol AeRIFS Thé stochiomaty ahd tReisisre e chemistry of tfctred®d®®
materialhiring sthis type-afplasma treatmente Thepressure.\alugsn’®  to

typically used are over 2 mTorr, 5 preferably in the range, 2 mTorr to 200
#@cﬂll/ Preferably 50 ﬁﬁ%jrﬁfoafm%‘u e Y.

frort Hiore preferably tloseto
i oridiverovef ©:25 Pag preferabiy in theeranger(.25 Pebto  lower the
roughness of the insulater layer.

Further, the pericd of this plasma treatment is
advantageously at least 10 seconds, preferably in the
range 10 seconds to 200 seconds, typically in the range
30 secconds to 60 seconds. The Applicant has aiso shown
that the longer the plasma treatment period, the smoother
the surface of the insulator layer.

The gas used to form the plasma may be oxygen,
nitrogen or argon or a combinaticn of these gases
(Br '+ Oy; Ar + Nz; 0z + Ny; Ar + Oz + No). The smoothing
treatment may also be carried out in two steps, namely,
for example, 60 s in argon plasma at high power, then
30 8 in G; plasma at a more moderate pOwWer.

Praferably, the smoothing plasma treatment is done
with gas atoms of the same nature as at least one of the
atoms forming the treated insulétor layer. For example,
the result will be an oxygen plasma smoothing treatment
to smooth a silicon oxide layer, and a nitrogen plasma to

smooth a silicon nitride layer.
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30 Pa, preferably in the range 3 Pa to 13 Pa, more preferably close to 7
Pa). 10 While the smoothing plasma treatment is carried out at high
energy and for a particularly long period, which is not necessarily
compatible with obtaining strong bonding, the situation cannot be
excluded in which the initial roughness and the choice of the face to be

15 implanted could allow parameters-6f the method to be employed which
function both for smoothing and for activation, in particular if smoothing is
carried out in two steps as described above. The smoothing plasma
treatmént rhay st delityerately 20lse BRoRder dtithe Wetehédgetory and

rgspechively atihe centen.to.obtajn auniform finalreughness,whenithe: g
starting surface is rougher at the edge (or respectively the center). The
skiftéd pepsorrwilPBé Bldaré ot € 9pHrameters required to produce this

type ofgifferential 254 centeriedge)goraction inserges te vanetheplasmar
uniformity (pressure, center/edge power density giffere.ntial, diffgreptw‘lova
Rités Betiedn the detter aRAthe ehiger bic) 30 Pre Aritfior - =Tezably

post-acivation plasmacleaning:dSe Deepiieaning of thessurfacestd b€ orr
ctivated may b ried out, for.example using a chemical treat ng,

ﬁr%o'v%h a%WT?yCAS"?ggav%?d ar%}: ggr?t%ar‘n.%eﬁgtioﬁl" 3 A" tJF"‘gz;ﬂ%eentgl (':rogngsistas ir? °

tedatig the safaced iry 5 successiontwitky ¢he Tolfawinge - a firstdath ofrgre

%qlgté%r}ggggyn&yogg gﬁgoay%)"_scr' (standard clean 1), which
comprises a'mixture of ammonium hydroxide (NH4OH), hydrogen
peroxid&(HZ0 Y e dSHeHiZetwatersma treatment 1s carried out

at high energy and for a particularly long period, which
is not necessarily compatible with obtaining strong
bonding, the situation cannot be excluded in which the
initial roughness and the choice of the face to be
implanted could allow parameters of tThe method to be
employed which function both for smoothing and for
activation, in particular i1f smoothing is carried out in
two steps as described above.

The smoothing plasma tTreatment may also deliberately
be stronger at the wafer edge (or respectively at the
center) toe obtain a uniform final roughness when the
starting surface is rougher at the edge (or respectively
the center). The skilled person will be aware of the
parameters required to produce this type of differential
(center/edge) correction in order to vary the plasma
uniformity (pressure, center/edge power density
differential, different flow rates between the center and

the edge, etc).

Pre- and/or post-activaticn plasma cleaning:
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10 - a second bath of a solution known by the acronym (SC2) (standard
clean 2), which comprises a mixture of hydrochloric acid (HCI), hydrogen
peroxide (H202) and deionized water. 15 Activation plasma parameters:
This is advantageously done at lower power than the smoothing plasma,
for example with an RF power density equal to between 0.2 and 3
W/cm2, preferably about 0.6 W/cm2Zto further increase the bonding
energy with the 20 receiver substrate. Preferably, the treatment duration
used will be between 5 and 60 seconds and the gas pressure inside the
chamBirarill becabsdar PA (50 FOIF). Different Rssts Ravd Dedh dafded®
Quit 1q dgmanstrate 25 thengifectiveness.ofthemethod-acsording 40 e wn

invention: Test 1: Tests were carried out on several substrates, 30
YaryiRgne HifférERt Snfothing ia8maT 8Py treatment parameters, so as
to studyritieroughaessof theinsidater layerntbus treatedbothatdbes in
centre and on the edges. <S:)A];\?iis.roughness measurement was made by

AtSMiC Edice "l\?lﬂi‘:?osgc%epy JTT&Sts were carried out on an insulator

layer eompdsecdsaf silicon didxide cltainedoby &T&0QS bPCVDE bacronynm
depgsition, -the ligkness o the S0z sularaciyet was 145 Am.anddis o¢
initia rougshness efore the smoothing plasma treatment was of the order

ofhao A5 AIRKIS fot 3 scaliviabth of 2/ BEPR 2Tunk PIaSHREtpoWElof and

220,600 and 1000.W were used for 10 times of 10, 30 and 60 seconds
respectively. The results ,
- & second bath of a solutiocn knecwn by the acronym

(8C2) {standard clean 2), which comprises a mixture of
hydrochloric acid (HCL), hydrogen peroxide (Hp0p) and

deionized water.

Activation plasma parameters:

This is advantageously done at lower power than the
smoothing plasma, for example with an RF power density
egual to between 0.2 and 3 W/cm®, preferably about 0.6
W/cm?, to further increase the bonding energy with the
receiver substrate.

Preferably, the treatment duration used will be
between 5 and 60 seconds and the gas pressure inside the
chamber will be about 7 Pa (50 mTorr).

Different tests have been carried out to demonstrate
the effectiveness of the method according to the

invention:

Test 1:

Tests were carried out on several substrates,
varying the different smoothing plasma (5P} treatment
parameters, so as to study the roughness of the insulator

layer thus treated, both at the centre and on the edges.
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are given in the following table for an oxygen plasma, for 200 mm
diameter wafers. Table 1 Treatment Measurement 2 X 2 um2 Power used
duration location RMS [A] 10 s Centre 3.64 Edge 3.77 250 W 30 s
Centre 3.53 1 Edge 60 s Centre 3.07 Edge 3.04 10 s centre 3.64 Edge
3.66 1 600W 30 s centre 2.62 Edge 2.89 60 s Centre 2.37 Edge 2.39 10
s Centre 3.29 Edge 3.63 1000W 38% Centre 2.43 Edge 2.55 60 s
Centre 2.07 Edge 2.07 15 Roughness values are expressed in
Angstroms RMS for scan widths of 2 um by 2 um. These results are
showrTbA $he grapiseimsfigifes 8T fr6 120 “FrbsBaesulRy aretaidd ShbRRCe

i the,graphs ofx Figures 3 to 6.

Tests were carried out on an insulator layer
composed of silicon dicxide obtained by a TECS LECVD
deposition. The thickness of the $5;0; insulator layer was
145 nm and its initial roughness before the smoothing
plasma treatment was of the order of 4 to 4.3 A RMS for a
scan width of 2 um x 2 um.

Plasma powers of 250, 600 and 1000 W were used for
times of 10, 30 and 60 seconds respectively. The results
are given in the following table for an oxygen plasma,

for 200 mm diameter wafers.

Table 1
U et mans v 2 ¥ 2 oum’
Power used Treatment Measuremnent :
duration location rMs [A]
10 = Centre 3.64
Edge 3.77
250 W 30 s Centre 3,53
Edgs 3.29
60 = Centre 3.07
Edge 3.04
10 s Centre 3.64
Edge 3.66
600w 30 s i Centre 2,62
Edge 2.89
60 s Cantre 2.37
Edge 2.39
i0 s Centre 3.29
Edge 3.63
1000W 30 s Centre 2.43
Edge 2.58
60 s Centre | 2.07
! Edge | 2.07

Roughness values are expressed in Angstroms RMS for

scan widths of 2 pm by 2 um.

These results are shown on the graphs in figures 3
to 6.
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They show an initial improvement in roughness, this improvement being
reinforced by the use of a high power 5 smoothing plasma (preferably at
least 600 W or, more preferably, 1000 W) and a long period. At the end of
this plasma treatment, the Applicant also observed that the silicon dioxide
retained good uniformity. 10 The reduction in roughness was real, takes
place at low temperature and avoid%¥ subsequent chemical- mechanical
polishing step. For this reason, the treated insulator layer may be used to
produce very high quality bonding onto a receiver 15 substrate and,
subsegUermtly, lapsttansier by detheimenk Which i alsbist high Yerafity, ©F
which.avoids,anyproblems with blisters, exclusion zones ("rings"), pitting
or the formation of untransferred zones. 20 Test 2: Other complementary

tests W& tafiéth odfort ‘Stidified SHRBRGHFICUIADr 8B &Ebstrales™ s
nelidingra smosthed TEOS pxidesiaseried-beiwees adhinsteained power
silicon layer and a silicon support layer. In this.case, 25 oothin
FORRr 5EBouP 1665 foF %%%%f%%)ﬁs‘,’ fof 200" frifi Hia%%]e erﬂvT\]/a ers, "nore
eoresponding ta ajpower density lobi3\Wpem2c0dhe gas pressure used
during smopthing was 5 T.arr (about 7 Pa), sults. gbtai I

ﬁu Q %ng'o 0%&35 g}aﬁﬂiagyeggﬁégm ﬂ%% ngfﬁgant

shown’in the following e. Densification Nature 0
tréatmenblkecatioh of 23X 2 phit nicbsurement RMSJ$] Ceftrélreentrgocd

%gﬂformity.

The reduction in roughness was real, takes place at
low temperature and avoid a subseguent chemical-
mechanical polishing step.

For this reason, the treated insulator layer may be
used to produce very high guality bonding cnto a receiver
substrate and, subssguently, laver transfer by detachment
which is also of high guality, which avoids any problems
with blisters, exclusion zones (“rings”), pitting or the

formation of untransferred zones.

Test 2:

Other complementary tests were carried out on
strained Silicon On Insulator (sSCIL) substrates including
a smoothed TEOS oxide inserted between a thin strained
silicon layer and a silicon support layer. In this case,
the smoothing power is about 1000 W for about 60 s, for
200 mm diameter wafers, corresponding to a power density
of 3 W/cm®. The gas pressure used during smoothing was 50
mTorr (about 7 Pal.

The results obtained are shown in the following

table.
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Edge 5.23 NO Smoothing plasma at 1000 W Centre 2.29 for 60 seconds
Edge 2.33 implanted control Centre 5.31 Edge 6.3 YES Smoothing
plasma at 1000 W Centre 2.36 for 60 seconds followed by Edge -
implantation Furthermore, comparative tests were also carried out on the
above mentioned sSOI type substrates, after 5 transfer of the thin
strained silicon layer 11, some of thése substrates were subjected to the
above mentioned smoothing plasma treatment during their manufacture,
while other substrates were not subjected to it. The results obtained are
shown on figure 7 on which 10 N&&grasénts the number of defects and 0
:lFIU 17 %lgg\é theTabseyice and presence of the Tealment by, SMootinGim2
plasma respectively. Re]l’lerences a to f have the feHewirgeneanings: [a]
arge untransferted zone (diameternmore than 1.5 1&ming) b: small - 24
untransfgrred zone (diameter between 0.5 and|1.5 pifficc: migro—2:22
untransferred zoné‘SO(Cdthﬁeté’ﬁfég@ than0% Fin) 26 Bhsters-e:fict
h

blisters f:-pitting-{untransi8ired ZoFE5 4 edge-ef wafer)—Ehusitheiymbe

bf defects per wafer is FEHURET ot di6ut a hymdred tg.about ter o1
even less; due 10”25 STODINING PIESTHA;acEOrINg todherfveriion: 22

for 60 seconds followad by Eage
implantation

Furthermore, comparative tests were alsc carried out
on the above mentioned s30I <type substrates, after
transfer of the thin strained silicon layer 11, some of
these substrates were subjected to the above mentioned
smocthing plasma treatment during their manufacture,
while other substrates were not subjected to it.

The results obtained are shown on figure 7 on which
N represents the number of defects and 0 and 1 show the
absence and presence of the treatment by smoothing plasna
respectively.

References a to f have the following meanings:

a: large untransferred zone (diameter more than 1.5

)

p: small untransferred zone (diameter between 0.0
and 1.5 mm)

c: micro untransferred zones (diameter less than 0.5
el

d: blisters

e: micro blisters

f: pitting {untransferred zones at edge of wafer).

Thus, the number of defects per wafer is reduced
from about a hundred to about ten or even less, dus to

smoothing plasma according te the invention.
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Test 3: Other tests were carried out to study the effect of smoothing
plasma on the bonding time. 5 The measurements made consisted of
measuring the bonding time, in other words the duration of a bonding
wave between a substrate made of silicon covered by an SiO2 layer
obtained by LPCVD deposition and TEOS, and a receiver substrate also
made of silicon. 10 The tests were ca#ried out with different batches of
200 mm diameter substrates, in which the oxides had different surface
roughnesses from 3 to 6 Angstroms RMS for a scan width of 2 pm x 2
pm. These oxides had been subjected to a smoothing plasma treatment
at powegrs of 15 between 1000 W and 1500 W, namely power densities of
betweermr3:2-W/cm2 and 4.7 W/cm2 for 200 mm diameters and for
duratioPshasryirgTEem 60 12D Sechdel Thé §as (préssurddn tefect of

chamber was2Q ByEorsfabout Bhal; 2@ Figure 8 illustrates the results

obtained for oxides on which the smoothing plasma treatment was not h '
performed. IFTRPreseits He® duration t P abondity Wave 8xpHessed in- "<
sesendsy as afunction of the aumbes of beading wavesrNO With thisnding
bondln%duratlon. 25 F{%Jgg 9 |Ilustrat%s thgfresstgt‘Ts%obtalned for o>§dé%§r on,

WHich the g‘r\’neoeor%hiﬁg Slasmhrﬁggtmr%% %ccording e invention w

caified cutslt isbhisenued that wihetiilo sieoothing prasared tréfifientdsd a
dong, the aveaqe durationafthe handing 30 wave or the bonding time s

3.7 seconds with a standard deviation of 33 seconds, while after a
smoothing plasiiia, 23 The PoRBiRFtIMets Yédbicst-fol & e dnys WiftF a°t

200 mm diameter substrates, Iin which the oxides had
different surface roughnesses from 3 to 6 Angstroms RMS
for a scan width of 2 pm x 2 pm. These oxides had been
subjected te a smoothing plasma treatment at powers of
petween 1000 W and 1500 W, namely power densities of
between 3.2 W/cm® and 4.7 W/cm® for 200 mm diameters and
for durations varying from 60 to 120 seconds.

The gas pressure in the chamber was 50 mTorr {(about
7 Pal.

Figure 8 illustrates the results obtained for oxides
onn  which the smoothing plasma treatment was not
performed. It represents the duration t of a bonding
wave, expressed in seconds, as & functiocn of the number
of bonding waves NO with this bonding duration.

Figure 9 illustrates the results obtained for oxides
on which the smecothing plasma treatment according to the
invention was carried out.

It is observed that when no smoocthing plasma
treatment is done, the average duration of the bonding
wave or the bonding time is 43.7 seconds with a standard

deviation of 33 seconds, while after a smcothing plasma,
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standard deviation of 0.5 seconds. Therefore, the smoothing plasma
treatment has the effect of reducing the bonding time and consequently 5
increasing the bonding energy making this bonding much more
homogenous and reproducible. Test 4: The tested substrates are 200 mm
diameter sSOI 10 wafers. They were made from a donor substrate
comprising a strained silicon layer With a strong surface topology on
which a silicon oxide layer of the order of 1650 Angstroms (165 nm)

(between 1600 and 1700 Angstroms, between 160 and 170 nm) thi
Was depBstEd by TEGS I:_“I5C\ﬁfCg{jbcagpoq{sﬂ“iﬁon.81 A%isﬁr?&?orh%homﬁ%%e .

Jnadeetweern ihe tapolody Ccdnceptandthe roughness concept.

Roughnessisavalualed, atie picrascopi.saple. Onthe.ather hand. s,
topology “concept’is eva uateé) at the macroscopic scale and denotes 20
differencesbetwetncthechighest peaks e loWest pedkd of $hé SUHaBE LY

{7neak-to.valley’) onan area of aheutl cmzs iThe stiong stiained.silicanen
topology of the donor has an'influence on the topology of the insulator
Tayer HEPOSItEPBA IBDS TR fifitfdl Srotighness of the silicon oxide was 4

to 6 Angstroms RMS for a 2 pm x 2 pm scan. The different treatments
described below were applied to different batches of these donor
substrgfe%?—éﬁd a silicon receiver substrate was then applied on the 30
oxide layer of each®f thems andthe straired siliconmiayeld was:detachedOl

from he danar subsits.[o,0e 24 fanstaugd onip e Iesaly abetiate
& strained silicon layer with a strong surface topology
on which a silicon oxide layer of the crder of 1630
Angstroms (16% nm) (between 1600 and 1700 Angstroms,
between 160 and 170 nm) thick was deposited by TEOS LECVD
deposition.

A distinction should be made between the topology
concept and the roughness concept. Roughness is evaluated
at the micrescopic scale. On the other hand, the topology
concept i1s evaluated at the macroscopic scale and denotes
differences between the highest peaks and lowest peaks of
the surface (“peak to valley”) on an area of abcut 1 o’

The strong strained silicon topology of the donor
has an influence on the topology of the insulator layer
deposited on 1it.

The initial roughness of the silicon oxide was 4 to
6 Angstroms RMS for a 2 um x £ um scan.

The different treatments described Dbelow were
applied to different batches of these donor substrates,
and a silicon receiver substrate was then applied on the
oxide laver of each of them, and the strained silicon

layer was detached from the donor substrate to be
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Test ATest B Test C Test D Test E Standard Mild Oxide Oxide Oxide
densification densification densification smoothing smoothing Oxide
Oxide Standard Implantation Implantation densification densification
smoothing o™ atomic of atomic species species Implantation implantation
Implantation Mild 4- Mild of atomic of atomic of atomic smoothing
smoothing species species species%&ctivation Activation Activation
Activation No activation plasma (AP) plasma (AP) plasma (AP) plasma
(AP) plasma of of the of the of the- of the receiver receiver receiver |

FeceerrBtRier ShBstidts SUStraté Substiae SubSuraR subStrag™ =he
Standarg.sypeethirg was obtained using an oxygen 5 plasma formed in a

—chamber inside-which the-gas-pressure
—H ot T LU MR * i B UM‘J r-{l A\

waa B
Lo e J

namalys

A fe L] LAY A%

mT {flulll\ﬂy 7 T
est

Tlﬂ;ﬁ

ﬁ\
O THERe E

Test A 1 . Lesr B . eEL
plasma was cr\éated using a_radiofrequency RE

generator that gy

the gas pressu

created using & radiofrequency RF generator th

withcapewer density'Bf-the order of §%vatts per|cm2 ShtFE treatment ¥%29°
dusatiorh6f60 seconds:The oxygen flow was 75 Cé%%srﬁfjl%dﬁiﬁ s;r%%ongt ing "
] SINg & O¥yJen plaspariGriaed in avchamberdpsidenwiiehacion |

%&%%&5\:0:1:%% na@@!}ét@ﬁ%t 20 P%)f' ;-Thﬁimasma WaS tomic

at operates withia power .
density of the order of 1.5 watts per.cm2.and a eatmient 15 duration of 60
SEEOIS2 THE oxygerion was R0OcerR tBehsificatich ©f the oxide b ¢
thermat anrealing was tashieved usingeheat treatarent-at about 85@€foring
2 hows: 25 Atomicsspecies were inaplanted by an implantation of
Activation Activation | Activation Activation Ne activation |
plasma (AP} plasma [AF) plasma (AP} plasma {AP) plasme of
of the of the of the of the recelver
receiver receiver recelver receliver substrate
substrate | substrate substrate substrate
tandard smoothing was obtained wusing an oxygen

plasma formed in a chamber inside which the gas pressure

was 50 mT (namely 7 Pa).

radicfrequency RE

density of the order of 3 watts per cm® and

o=

This plasma was created using a
generator that operates with a power

Treatment

duration of 60 sesconds. The oxygen flow was 75 scom.

Mild smoothing was obtained using an oxygen plasma

formed in a chamber inside which the gas pressure was 150

mT (namely about 2Z0 Pa).

radiofrequency RF generator that

This plasma was created using a

operates with a power

density of the order of 1.5 watts per cm® and a treatment

duration of 60 seconds. The oxygen flow was 200 sccm.

Densification of the oxide by thermal annealing was

achieved using a heat treatment a

hours.

t about 850

°C for 2
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ions of about 30 keV, namely a dose of the order of 6.1016 H '/cm2. The
activation plasma (AP) of the receiver substrate 5 was done at a pressure
of 50 mTorrs (about 7 Pa) at a power of 250 W, under an oxygen flow of
75 sccm (standard cubic centimetre) for about 10 seconds. The results
obtained after this layer was transferred are illustrated on figure 10. 10
This figure shows the number of defects observed by defect category for
different substrates of the same type of test. The legend of the figures is
as follows: +: uZNT (micro untransferred zones; size < 0.5 mm) 15:

gZNT (HrgeiuntiarRieed ¥6iés; i3 ots )y PZNTRrpafFation of
uniransferred zones; £65 mMav< sizgife 1,5 mMMyXsscratehesHto herder of
i%:orelcg). After seeing the first results, particularly for 20 tests Ato C, it
can'fie conclided that regardless of the applied plasma treatment

(standard ©r anitdvand segartdiessiof (ahether itis applied befaresavafterate

densification, good results can be abtained in terms ﬁf thetsrqallﬂwa%mbaecr 4

o‘faciisefec?s,eproﬁdead %g?grsn%%?hir?j 25 plasma’is'do 3%oelfore the

implantatién 2% atémicispeciesinAfter sesingtestscd and Ecitis dlsserveédrd
tlg%tb\gge% egjggﬁ{gggg}in% ggagggatu isﬂpn_.)ee%f(g%rdigqplantation of atomic

species, the results obtained are significantly less good. 30 Furthermore,
a compafison betweshestsoD ahtlE Sshows Hiat activation pladmai(AP)'as

of the, tecaiver26 -substrate cap reduce the gumber f defects observed
after
This figure shows the number of defects observed by

defect category for different substrates of the same type
of test.

The legend of the figures 1s as follows:

+: uZNT {micro untransferred zones; size < 0.5 mm)

e: gZNT {(large untransferxved zones; size > (0.5 mm)}

B: n7ZNT (small untransferred zones; 0.5 mm < size <

1.5 mm)

% scratches {to be ignored).

After seeing the first results, particularly for
tasts A to ¢, 1t can be concluded that regardless of the
applied plasma Treatment {standard or mild) and
regardless of whether it 1s applied before or after
densification, good results can be obtained in terms of
the small number of defects, provided that smoothing
plasma is done before the implantation of atomic species.

After seeing tests D and E, i1t is observed that when
the smoothing treatment is done after Implantation of
atomic species, the results obtained are significantly
less good.

Furthermore, a comparison between tests D and E

shows' that activation plasma (AP} o

Py

the receilver
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detachment. It is deduced that the activation resulting indirectly from
smoothing done before implantation of 5 strained Si type donor
substrates is reduced or even eliminated due to the different successive
treatments carried out after the smoothing plasma treatment. The
different tests carried out showed the advantages of the invention. 10 The
effect of the smoothing plasma (SP) treatment is to reduce the roughness
of the thick insulation, and the fact that it is followed by a Smart Cut(r)

type implantation can elimipate the chemical cttivatign egfbec% Qgtg
c nper . T ter
S%&%Tdf 8§1erwgflsne ﬁ%\%él %%Tﬁgefnglu gﬁc?n. JIQ, hdsem%t od gccgrd}]tr}g to the
dventioans also particularly suitable for substrates with a strong topology

with high "peak to,valley valugs, since it has been showp thatthe;: « ing

roughness of such substrates can also be reduced by this method. 20
iEdithernéie, Withithissype T substrte sstrong tBpolodipzénésafen  ©f

susuallyJocated %ﬁh@ edges.and these - are the lecatiens.atwhiehr defeets
a

appear during the layer transfer, if the substrate was activated. ‘
cFRBYEtGeS Chaifig HPstepatin the mEtHIU acER iRy - 38 the Invatioh- S
Ahat prevents agtivation isesquite-suitable. 27 CkAIMSda tethod of

reducing the roughness of a thick insulator layer (22Ej dﬁeposi ed gn,a
T d n
substraté (1) ‘?Htgﬁaganftor useinthe elcé%trrgrl]%g, op oe ectr%%%éeor opt?cse

sftetds, teharactefizedsn thatsib cammprises the following steps consisting in:

depogﬁgg’%@%%%%a%¥'%ﬁg(éké%mﬁﬁégm5@§§%a (SP) treatment is
to reduce the roughness of the thick insulation, and the
fact that it is followed by & Smart Cut® type
implantation can eliminate the chemical activation effect
that it would otherwise have on the insulation.

The method according to the invention is also
particularly suitable for substrates with a strong
topology with high “peak to valley” wvalues, since it has
been shown that the roughness of such substrates can also
be reduced by this method.

Furthermore, with this type of substrate, strong
topology zones are usually located on the edges and these
are the locations at which defects appear during the
layer transier, if the substrate  was activated.
Therefore, chaining of steps in the method according to

the invention that prevents activaticn is gquite suitable.



greater than or equal to 20 nm, with a roughness greater than or equal to
3 Angstroms RMS, for a scan width of 2 pm x 2 pun, on a first so-called
"donor" substrate (1); carrying out a smoothing treatment (SP) on the free
surface (20) of said insulator layer, using a gas plasma formed in a
chamber inside which a gas presstite of more than 0.25 Pa and less than
30 Pa is established, said plasma being created using a radiofrequency
generator R™ which functions at a power such that it can apply a power
density comprised between 0.6W/cm2 and 10 W/cm2 to said insulator
layer (2), the duration of this snﬂg&ﬁiﬂé treatment being in the range of 10
seconds to 200 seconds. 2. Method according to claim 1, characterized in
1.that am.embrittlement zened10) is fermed insidesaickdorar substrata 1)
1n9,4eling a;sgscalledyjactiyes layer (1) and a reminder(12) fhergin. 3yzq
_ Method according to claim 2, characterized in that the embrittlement zone
*°f1 048 FormBd b}?gtor%}cegﬁ&?’r‘&cﬁﬁpla%?att%%lgﬁd i it the Smoothing
fisladfa FBatMERESPYS chbridd 6l beforé SairafsHiic speciést+owing
s timplantations 41 Method according to claim 2 or 3, characterized in that it
- furthggcomprises: =the honding of a secend so-called treceivers substrate
o{3).0mo said free surfage (20) of the insulgor ieve ~; da)y 98 Method, o .

N according toﬁclacl)r"n f%ﬁ%ractgrized in that If LI’urtber comprises: " .
cfdtathment of the -remHiRdEr B2 ot doRbr ubSSFhte  t1): At tHe © ™
x émigrittiement Zone ftostransieresaidaetivs” layep 1 1R and the/insulator

- layer-G2) 49 1he regeives smoothing treatment (SP) on the free
surface (20) of said insulator laver, using a gas plasma
formed in & chamber inside which a gas pressure of more
than 0.25 Pa and less than 30 Pa 18 established, said
plasma being created using a radicfreguency generator RF
which functicns at a power such that it can apply & power
density comprised between 0.6W/cm® and 10 W/cw® to said
insulator laver (2}, the duration of this smoothing

treatment being in the range of 10 seccnds to Z00 seconds.

2. Mathod according to claim 1, characterized in that an
embrittlement zone ({10} 1s formed inside said denor
substrate (1) to define a so-called "active" layer (11)

and a reminder {(12) therein.

3. Method according to claim 2, characterized in that
the embrittlement zone {10} i1s formed by atomic species

implantation and in that the smoothing plasma
treatment (SP) is carried out before said atomlc species
implantation.

4, Method according tc claim 2 or 3, characterized in
that it further comprises:

- the bonding of & second so-called "recelver” substra
(3] onto said free surface (20} of the insulator lave
(2.



substrate (3). 6. Method according to claim 5, characterized in that it
further comprises: - the cleaning of the free surface (20) of the insulator
layer (2), an activation plasma treatment (AP) of said free surface (20) of
the insulator layer 30 (2). 7. Method according to claim 6, characterized in
that the activation plasma treatmend (AP) of said insulator layer (2) is
carried out using a gas plasma formed in a chamber inside which a gas
pressure of about 7 Pa is established, and in that the cleaning of the free
5. surface: {26y of the insidator dayera(2y comprisessa chemieal cleatting. 8.t
suMethod aceordingto any one of the previous claims, characterized in that
- the ipsulajorlayer (2) s nitrde, an oxymitride.or an oxde. 9. Method, .
accord’lngf%o any one of the previous claims, cﬁaragterlzeg in fhat t e
Hihsulator fayfer E2¥5drT bRt HeFo¥ited bya I6WA51E58tre ThemicH vaper
laphase (dépositich technique (LRCVD). 10 Methad adcording torelamm 9s.x
sueharagterized in that the insulator layer (2) is a silicon dioxide (SiO2)
obtained by a low pressure chemical vapor phase deposition technique,
. startin fr&m tetraethyprthosilica;%Z%I'BE S LP--VD), and deposited at a,
‘press e O%ealca%%% of'%o Pa a. T *vthod atcordifig 10 any
TUGHE OF thePrévioas claims, characterized in that the smoothing treatment
- (SP)wfdhe 2% fiee suface £2@rektheunsalator(ayer ¢2) istcariiedudator
12With a,gas pressure inside the chamber in the range

- an actlvation plasma Treatment (AP) of said free

surface (20) of the insulator laysr 30 {(2).

7. Methcd according to claim 6, characterized in that
the activation plasma treatment (AP) of sald insulator
layer ({2} 1is carried ocut using a gas plasma Zformed in a
chamber inside which a gas pressurse of about 7 Pa 1s

established, and in that the cleaning of the free surface

(2C) o©f the insulator layer (Z) comprises a chemical
cleaning.

8. Method according tTo any one o©of the previous claims,
characterized in that the insulator lavyver (2) is =&
nitride, an oxynitride or an oxide.

8. Method according to any one of the previous claims,

characterized 1n that the insulatcr layer (2} 1s an oxide
deposited by a low pressure chemical vapor  phase
deposition technigue (LPCVD) .

10. Methed acccording to claim 9, characterized in that
the insuliator layer (2) i1s a silicon dioxide ({510;]
obtained by a low pressure chemical vapcr phase depcsition
technigue, starting from tetraethylorthosilicarte (TEOS
LPCVD), and deposited at a pressure in the range of 40 Fa
to 200 Pa.

11, Methed according to any one of the previous claims,

characterized in that the smoothing treatment (3P} of the



of 3 Pa to 13 Pa and in that the gas used to form the plasma is selected
from oxygen (02), argon (Ar), nitrogen (N2) and a mixture of said gases,
the duration of said smoothing treatment being in the range of 30
seconds to 120 seconds. 12. Method according to any one of the
previous claims, characterized in that it comprises a densification anneal
of the insulator (2) at a temperature of between 700C and 1000C, for a
duration of several minutes to several hours, in an oxidising or neutral
franosphetes (20) of the insulator layer (2) is carried
out with a gas pressure inside the chamber in the range
of 3 Pa to 13 Pa and in that the gas used to form the
lasma 1is selected from oxygen (0), argon {Ar), nitrogen
(N2) and a mixture of sald gases, the duration of said
smoothing treatment being in the range of 30 seconds to
120 seconds.

1z, Method according to any one of the previous claims,
characterized in that it comprises a densification annesal
of the insulator (2) at a temperature of between 700°C and
1000°C, for a duration of several mninutes Lo several

hours, in an oxidising or neutral atmoesphere.



