PROCESS FOR ADJUSTING THE, STRAIN ON THE SURFACE OR
INSIDE A SUBSTRATE MADE OF A SEMICONDUCTOR MATERIAL
Background Art The invention relates to a process for adjusting the strain
of a strained layer on the surface or inside a substrate made of a
semiconductor material. For example, the invention relates to a process
for locally adjusting the strain in one or several layers on a substrate made
of a semiconductor material. The invention also relates to a process of
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layethe use of a strained layer on a sukstrate is particularly attractive because it can increase
the mobility of charge carriers within semiconductor structures. A person skilled in the art will
be familiar with several techniques and processes for creating a strain within a layer on a
substrate, For example, a silicon layer may be strained by epitaxy on a substrate for which the
elementary mesh parameter in the epitaxy plan is not the same as the mesh parameter for silicon.
Such a process is better known under the name of pseudomorphic epitaxy. With this process, the
surface of the strained layer is analyzed to show that there is a non-homogeneity in the strain of
the order of 1% of the maximum strain, measured between the centre and the edge of the

substrate.
With this process, the sources of this non-homogeneity of the strain in the substrate layer

may be:
- a non-homogeneity in the composition of the alloy (for example SiGe) used in the

pseudo-substrate obtained by epitaxy on the solid substrate (homogeneity of the temperature on

the pseudo-substrate during epitaxy, constaat gas flows in the reactor); or
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may be: a non-homogeneity in the composition of the alloy (for example

SiGe) used in the pseudo-substrate obtained by epitaxy on the solid

substrate (homogeneity of the temperature on the pseudo-substrate
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The chemical element implantation step is advantageously conducted with the
implantation energy adapted as a function of depth of the identified region so that the dose of
implanted chemical elements is sufficient to measurably modify the strained state of the
identified region. Also, at least one region is preferably identified by Raman spectroscopy or by
X-ray diffraction.

The surface of the substrate can be provided with a protective coating where the elements
are to be implanted to protect the surface from damage. Suitable protecting layers include an
oxide or nitride deposit having a uniform or non-uniform thickness, or that is applied selectively.

In accordance with a second aspect of the invention, there is provided an annealed
structure comprising a strained layer and a substrate, wherein the strained layer includes one or
more regions that include implanted elements so that during annealing the strain is adjusted to

reduce or cure crystalline defects. The structure is preferably included in a wafer wherein at least

the strained layer is made of a semiconductor material.



X-ray diffraction. The surface of the substrate can be provided with a
protective coating where the elements are to be implanted to protect the
surface from damage. Suitable protecting layers include an oxide or
nitride deposit having a uniform or non-uniform thickness, or that is
applied selectively. In accordance with a second aspect of the invention,
there is provided an annealed structure comprising a strained layer and a
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long time to cure crystalline defects caused by the implantation in the implanted region(s).

The process according to the invention has one or more preferred charactenistics. For
example, the strain adjustment can be local: as needed, and can be achieved whether the strained
layer is a surface layer or is buried under other layers. Thus, the identified region can be located
on the surface of the strained layer or as a buried region in the strained faver.

The natwre of the implanted elements can vary depending upon the specific results
desired. The implanted element can be identical to at least one of the chemical elements forming
the strained layer. For examp{c, for a strained silicon or strained silicon-germanium layer, the
implanted element preferably is silicon. When the silicon-germanium layer has a higher
proportion of germanium rather than silicon, the implanted element can also be germanium.

The annealing step may be performed within a temperature range between 850°C and
950°C for a duration of between two and four hours. Preferably, the annealing step is performed

under argon at a constant temperature of 900°C for a duration of three hours.



The process according to the invention has one or more preferred
characteristics. For example, the strain adjustment can be local: as
needed, and can be achieved whether the strained layer is a surface
layer or is buried under other layers. Thus, the identified region can be
located on the surface of the strained layer or as a buried region in the
strained layer. The nature of the implanted elements can vary depending
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“level in the layer concerned is an important factor in mmproving the performances of
microelectronic or optoelectronic devices.

Therefore, the invention relates to an additional process used at the end of the process for
manufacturing a strained layer on a substrate and comprising a step after the region(s) of the
strained layer in which the strain is to be ad;usted has (have) been identified, to implant chemical

elements followed by a heat treatment step (also called the annealing step). To identify the
region(s) in the strained layer in which tse sirain is to be adjusted, this strain needs to be
-measured. This is done using a non-destructive metrology process, such as Raman spectroscopy
or X-ray diffraction. These metrology processes are well known to the skilled artisans so that

further discussion of such processes are no. needed herein. The measurement by Raman or X-
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other selective removal techniques. As noted, the specific purpose of this
invention is to adjust the strain in one or several strained layers in or on a
substrate. A strained layer in the scope of the invention means a layer

formed from a crystalline material for which the elementary mesh

parameter is different from the natural elementary mesh parameter of this
material. under given temperature and pressure conditions. Within the
Tsgopevofethestrienting, ThR paitpse 16 tonpake @ swatbasiustmanizef i of the
ISHRILIRER (RS MARIOLENA S 1&&9&&&@%ﬂ&d%ﬁ%,léz@egl&%éﬂmgh@vm.

precision on the strain level in the layer concerned Is an important factor

in imPRSVITRPENE frebrotifissddaevdre faratetaciie sielee g thelerar gatkor in-depth in
tidevdges a7 kierefolie Fibednventnelatosutesanadditianaldreaass ieest ataterial
rdhe MR LRIAEIRILE AN R0 32 RIS PR AR RIS, o

and comprising a step afte_rt_eﬂreglo_n(s 0 ﬁ1e stralnécﬂay in whichthie
23tibrid o ranad Bxte i phichribivey BiwA iedinfche trdingmatreribmisians 21, 22,
2lamentasfolowe by seheabiteriment sieRYapaccalind 1boA0ReaIRGepth Z of
m§t§mn@iﬁ'§@1ify the region(s) in the strained Iaye_r ir_l which tie_strain is to
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Alternatively, once you know where to implant, it is possible to provide the oxide coating
over the entire surface and then implant selectively. or the coating and implanted elements can be
provided selectively so that only those areas that are to be implanted are provided with the
coating and are exposed to the implanted elements. This can be done by use of a mask that is
tmpervious to the implanting species so tha: first the coating and then the chemical elements are
directed only upon the appropriate regions where the strain needs to be adjusted, The masking
techniques include those used in photolithography. The mask must be made of any déposited
species that is able to: (1) make a good implantation barrier; and (2) be removed easily.

Another possibility is to deposit different thicknesses of oxides on the surface, with a
relatively thicker oxide layer provided in the regions to be implanted and a refatively thinner

oxide layer provided in other surface areas. Silicon dioxide or nitride are useful for this purpose.
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(i.e., buried in the substrate), in other words located at a non-zero depth Z
from the surface of this layer 2. Figure 2 itself shows two regions 23, 24,
one of which 23 is located on the surface of the strained layer 2 and the
other 24 is located in depth in this layer 2. Figure 3 illustrates two regions
25, 26 in the strained layer 2 for which it is required to adjust the strain, in
which one region 25 is located in depth and occupies the entire
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detBRRIREHE as vo abtain a variation of the order of 1% of the mass density before implantation.
For example, for a silicon strained layer ‘n which the implantation is made with atom type
chemical elements, it will be possible to envisage doses varying from lel5 to 2el5 atoms/cm?
with an implantation energy of between 10 and 12 keV., Preferably in this case, a dose of the
order of 2e15 atoms/cm® could be envisaged with an energy of the order of 12 keV.

The above description refers to a strained layer to which the process is applied, but
obviously the process according to the invention may be applied 10 several layers arranged on the
same substrate, for example such as double SOI type multilayer structures that can be envisaged

within the scope of the invention.



type elements, or electrically charged elements, namely ion type
elements, as desired. The skilled artisan can conduct routine tests to
determine which species provide optimum results for the particular
situation. Implanted Clemens are chosen as a function of the nature of the
target region of the strained layer concerned. It is preferable to choose
element:; to be implanted that are identical to one of the chemical
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st attheimplantation i Lads yg;tgsatom type chemical elements, it will
be ?ﬁg?sible to envisage doses varying from lel5 to 2el15 atoms/cm2 with
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layer to which the process is applied, but obviously the process according

"R BRI AnagAReT bR naratISs ersaiahtees Shnseutisginealways
beginbsigateh fbe exgimpliosueh. as double SOI type multilayer structures that
can 'Pt?e %Wd?&gﬁgse‘é"@ﬂ'}ﬁ@ﬁn%‘fgpﬁlgﬁ ts gpigr\{g %iro&b_gnnealing step must each be
reversible. Reversible for the implantation step means that the geometric structures of the target
Jayer or the non- target layers through which the implanted clements pass are not modified. For
example, a crystalline state of the 1arget strained layer must not be medified into an amorphous
state of this target layer such that it would not be recoverable in the annealing step. Reversible
for the annealing step means that the temperature and the hold time of this temperature must be

determined so as to limit inter-diffusion and other phenomena accompanying this annealing step.

Example
The following describes a non-limiiative example of how the process according to this

invention can be implemented.
A process is applied to create a tensile strain in a silicon laver, and the stress is then

measured. The measurement is made using non-destructive Raman or X-ray diffraction type



Figure 4 shows a wafer made of a semiconductor material formed from a
substrate | and several strained lavers 2, 3 comprising regions 27, 28, 31,

32 for which it is required to adjust the strain. Once again, these regions

27. 28, 31. 32 are defined in an XY plane and / or depending on the depth

Z of the strained layer 2. The only important characteristic cf a layer is that

it is strained, and this strained layer may be strained in tension or in
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compris lements atures depen e reglon
SiHgRT. *vwmmthné E%@Eém&ﬁs&mén%kn%%’tr%{mqnlaOp@@a@t@rrmmferably 100
Aﬁ@iﬁm}r@j aa}aye{emﬁwhﬁataﬁjwdeQﬁallwaimQ{ebywdﬁinﬁlmsmnﬂrzJQYa dose of

the m antatlon 0 and,the dose f implanted elements. The

|mp zgon%atlon si‘%p m b(ﬁ,e n:;aﬁggmalodngl ormsué‘\:/aer %gpps fg TheLame ¢ processes
degcgibe A¥eimplantation step may also be made several times

conselwtbt@ly tiadusiibieilocallistiadndn i ¥Rl e sionE ek 88le but can be
o %\iw U%E'I;Q)g argcrégggo step IS dgnesunder a neu‘t{gl atmos heredo d

within a temperatur range etwe BEGT BRG fﬂs?)tkf for aﬁijra’%r é’c\‘/zgtsrycr‘? ne
torigshins s ARSI omeféﬁaw,wah%aﬁr@ds‘mm eosr e degiengrthatarget
stEvineN Siger benpaiatuignkRR0G faya dutation af Iee-homkSshighd WR strained
13&‘8@?9&% f@nd annealing steps may be done once or several times

consecutively, always beginning with the implantation step. The

processes used for the implaration step and for the annealing step must

each be reversible. Reversible for the implantation step means that the

geometric structures of the target layer or the non- target layers through

which the implanted elements pass are not modified. For example, a

crystalline state of the target strained layer must not be modified into an

amorphous state of this target laver such that it would not be recoverable

in the annealing step. Reversible for the annealing step means that the

temperature and the hold time of this temperature must be determined so

as to limit inter-diffusion and other phenomena accompanying this

annealing step. Example The following describes a non-limiiative

example of how the process according to this



invention can be implemented. A process is applied to create a tensile

strain in a silicon laver, and the stress is then measured. The

measurement is made using non-destructive Raman or X-ray diffraction

type 7 metrology, and results in a stress of 1600 MPa on a local area in

this layer. This value can be corrected by about a hundred MPa to give a

final value of 1500 MPa, by firstly protecting the silicon layer with a TEOS

deposit with a thickness of 50 t cﬁl:g trams (preferably 100

Angstroms), and the implantation step'i performed with silicon
Whebrslatraeddse of 2e15 atoms/cm2. an energy of 12 keV, and the
1.anneali | LIS r ses_described a%ove. % viously,

s e e & b o LS A i e

be dSRMivRIRRIRIIB Ay pRIISSSiCEITotmingditidtsvapird, te athein is to be
adjMeisls any process designed to adjust the strain in one or several strained

layers and for one or several regions in the target strained layer or in

eachH TRHBHEE SIfmGRL B0 hisasisensrof froidaifindarainnigniteestmained Jayer
in |ayerig)amnceiifdend Tkt AAMSedibiat d3laIMGR S LofiRRSRSS [Uevated
terld y%‘i@&;'%ﬁ%m in a strained layer on a substrate which comprises:
identi ying one or more regions of the strained layer where the strain is to

be adjestén thepiabtingelor entsisddatdenstinaaaf e tepifiad e8iPSime
sufiig: sy alngd Jayer gncansgﬁﬁgur&t :[sufficjen to cure or reduce defects ]

when subjected 1o elevated: temparatir & ih 8 HeRfRG THaoss i fhgestrained
layaneighiinstideyibe byflestidglaretamperature for a time sufficient to

reduce or cure crystalline defects in the one or more regions of the

strained layer which include the implanted elements.
The process of claim 1, wherein the chemical element implantation step is

conducted with the implantation energy adapted as a function of depth of the identified
region so that the dose of implanted chemical elements is sufficient to measﬁrabiy medify

the strained state of the identified region.

3. The process of claims 1 or 2, wherein the at least one region is identified by

Raman spectroscopy or by X-ray diffraction.

4, The process of any one of the preceding claims, wherein the strain adjustment is
local.
5. The process of any one of the preceding claims, wherein the strained layer is a

surface layer.

6. The process of claims 1 to 4, wherein the strained layer is buried in the substrate,

7. The process of any one of the preceding claims, wherein the identified region is

located on the surface of the strained layer.



2. The process of claim 1, wherein the chemical element implantation step

is conducted with the. implantation energy adapted as a function of depth

of the identified region so that the dose of implanted chemical elements is

sufficient to measurably modify the strained state of the identified region.

3. The process of claims 1 or 2, wherein the at least one region is

identified by Raman spectroscopy or by X-ray diffraction. 4. The process

ofa regeding.clai herein.the in adjustment is, Jocal. .
E G T i e e N IR g oried
e pidhs siifRRElaYgEr. 6. The process of claims 1 to 4, wherein the

strained layer is buried in the substrate, 7. The process of any one of the

ing claims, wherein the identified region is located on the surface

precedin : ‘ (
% of thggéﬁraﬁ?éasﬁaﬁér%Ys?%@fpﬁéfcﬁ%fimaimigrm@ 6vherrinein dhest one of the
imislentétieel sagion i lutaiedinahuded &88ioR NG SHARCHIANEE: Sl the

rocess of any one of the preceding claims, wherein at least one of the
straine; a,tyea. .. . .
iImplanted elements is identical to at least one of the chemical elements

forming the strained layer. 10. The process of any one of the preceding
different elements

clai ein the strained layer is composed of tw | _
loéndngﬁfgi g?gﬁ?e%iﬁgﬁwgﬁ?soge ?h%r%%#%f)%é: 0% RO B heeapg dryer is
comppiaAtet] weeelfowiy. ddmFiie prochssaphmy-dndanidhe precrdifghe as those
ngaggﬁﬂy@%gigrgﬁng%@%@é%gpﬁ performed within a temperature
and 950C. 12.°T

range between 850 he process of any one of the
preceding claims, wherein the annealing step is performed at a constant

11temoaiiRof 3OMBLAR QR”&PJiB?&Q&Hﬁe@lﬁﬂéoﬁﬁ‘géﬁuﬁleh%%img step is

performed within a temperature range between 850°C and 950°C.

12. The process of any one of the preceding claims, wherein the annealing step is
performed at a constant temperature for a duration comprised between two and four

hours,

13. © The process of one of the preceding claims, wherein the annealing step is

performed under argon at a constant temperature of 900°C for a duration of three hours.
14, The process of any one of the preceding claims, wherein the implantation step
followed by the annealing step are performed several times consecutively to treat several

regions in the strained layer,

15. The process of any one of the preceding claims, which further comprises

protecting the strained layer by depositing a protecting layer.

16.  The process of claim 15, wherein the protecting layer is an oxide or nitride

deposit having a thickness of 50 to 150 Angstroms.

10



13. The process of one of the preceding claims, wherein the annealing
step is performed under argon at a constant temperature of 900C for a
duration of three hours. 14. The process of any one of the preceding
claims, wherein the implantation step followed by the annealing step are
performed several times consecutively to treat several regions in the
strained layer. 15. The process of any one of the preceding claims, which
furth ISes- protecting the strained layer by depositing a protecting .
ayer Lo he b S G T SR O BB RGP el
Oréﬂ?ﬁiﬁqééﬂé%@sthmmg-a thickness of 50 to 150 Angstroms. 10 17. The
process of claims 15 or 16, wherein the protecting layer is applied
selectively or of a non-uniform thickness. 18. An annealed structure

18 omprisiigeslet srsrs mmibias e seriacs lherend thabstrainediayér the

strififtd RS QN ALIRO8Ie YO RHIRA ek P RIAnIad %%EIL%%& %?emgﬁts so that
d durlr%%ga%pealé?ﬁg the strain is adjusted to reduce or cure crystalline
TR B ARG SR SR IOISTSE 1R ecdrereatsyTstrarstallinsT defeais1s,

wherein at least the strained layer is made of a semiconductor material.

19.11

strained layer is made of a semiconductor material.

A wafer comprising the annealed structure of claim 18, wherein at least the

11



