SOl CHIP WITH RECESS-RESISTANT BURIED INSULATOR AND METHOD OF
MANUFACTURING THE SAME [0001] The present invention is related to commonly-assigned U.S.
Patent Application Serial No. , entitled "Method of Forming Strained Silicon on Insulator Substrate,"
filed March 5, 2003 (Attorney ‘Docket No. TSMC2002-1384), which application is incorporated herein
by reference as if repeated in its entirety. TECHNICAL FIELD [0002] The present invention relates
generally to semiconductor materials, and more particularly to semiconductor-on-insulator substrates .
with a recess-resistant layer. BACKGROUND [0003] Traditional silicon-on-insulator (SQOI) integrated
circuits are formed on SOI substrates. A cross-section of a silicon-on-insulator (SOI) substrate 100 is
illustrated in Figure la. SOI substrates typically have a thin layer of silicon 110, also known as the
silicon active layer, disposed on an insulator layer 112 such as the buried oxide (BOX) layer. The
insulator layer 112 or the buried oxide layer 112 is provided on a silicon Substrate 114. The buried
oxide 112 is compOiegHT RWISHR REUHSSSREDISYIIeT BciHB N RasThRsliRqp active
layer 110 from the silicon subgy¥ ¢ &F MANUFACTURING THE SAME

o001} " The present invqnﬁon is related to commonly-assigned U.S. Patent Application

Serial No. , entitled "Method of Forming Strained Silicoﬁ on Insulator

Substrate," filed March 5, 2003 (Attorney Docket No. TSMC2002-1384), which application is |

incorporated herein by reference as if repeated in its entirety,

TECENICAL FIELD

Fo002) The present invention relates generally to semiconductor materials, and more

particularly to semiconductor-on-insulator substrates with a recess-resistant layer,

BACKGROUND

[0003} Traditional silicon-on-insulator (SOU) integrated circuits are formed on SOI
substrates. A cross-section of a silicon-on-insulator (SOD) substrate 100 is iltustrated in Figure
1a. SOI substrates typically have a thin layer of silicon 110, also known as the silicon astive
layer, disposed on an insulator layer 112 such as the buried oxide (BOX) layer. The insulator
layer 112 or the buried oxide lgyer 112 is provided on 2 silicon substrate 114. The buried oxide

1121s comprised of an insulator such as silicon oxide. It electrically isolates the silicon active

layer 110 from the silicon substrate 114,



[OOO0.] In an SOT chip, as shown in Figure Ib, the SOT substrate 100 is processed to form a plurality
aof active regions 116 in the active layer 110. Active devices 118 such"as transistors and diodes may
be formed in the active regions 116. Active regions 116 are electrically isolated from each other by
isolation regions 120. The size and placement of the active regions 116 are defined by isolation
régions 120. Isolation regions 120 may, for examplez be formed of shallow trench isolation (STI).
Moreover, active devices 118 in the active regions 116 are isolated from the substrate 114 by the
buried oxide layer 112. [0005] Active devices formed on SOI substrates offer many advantages over
their bulk counterparts, including absence of reverse body effect, absence of latch-up, soft-error
immunity, and elimination of junction capacitance typically encountered in bulk silicon devices. SOI
technology therefore enables higher speed performance, higher packing density, and reduced power
consumption. At present, commercial products using SOI technology employ an uniform active layer
thickness and i§@flow trirathS9dkhtipres[g006] i@ fazurpd b iISGDmbsision oiplnysesssdty fhin silicon
active layer 110. In some cases, the silicon active layer 110 thickness can be as thin as athird of the
gate length. FEFRREARRSIHeFReigatd 16 thaactiyminyant! Qilidstivecinmicrsyld 8 5ach rudyatmsterpand
thickness of 1%.n or thinner. This type of SOT transistor is known as an ultra-thin body (UTB)
transistor or a %?ggfex?eaa-seu%gﬁ" éﬁf‘%@?&ﬁﬁ@ﬁl 16. Active regions 116 are electrically isolated

‘from each other by isolation regions 120. The size and élacement of the active regions 116 are
defined by isolation regions 120, Isolation regions 120 may, for example, be formed of shallow

rench isolation (STI). Moreover, active dévices 118 in the active regions 116 are isolated from

the substrate 114 by the buried oxide layer 112,

[po05] Active devices formed on SOI substrates offer many advantages over their bulk
counterparts, including absence of reverse body effect, absence of latch-up, sofi-error immunity,
and elimination of junction capacitance typically encountered in bulk silicon devices. SOI
technology therefore enables higher speed performance, higher packing density, and reduced

power consumption. At present, commercial produets using SOI technology employ an uniform

active layer thickness and shallow trench isolation,

[0006] One type of SOI transistor employs a very thin silicon active layer 110. In some
cases, the silicon active layer 110 thickness can be as thin as a third of the gate length, For
example, if theT gate length is 30 nm, the silicon active layer 110 may have a thickness of 10 nm

or thinner. This type of SOT transistor is known as an ultra-thin body (UTB) transistor or a

depleted-substrate transistor (DST).

[000T7] When the thickness of the silicon active layer 110 is as thin as 10 nm, mesa isolation
could be a more appropriate isolation scheme for the transistors as compared to shallow trench
isolation. Inmesa isolation, frenches 122 are form;:d in the active layer 110, as shown in Figure

2a. The trenches 122 extend from the surface of the active layer 110 to the buried oxide 112.



[0007] When the thickness of the silicon active layer 110 is as thin as 10 nm, mesa isolation could be
a more appropriate isolation scheme for the transistors as compared to shallow trench isolation. In
mesa isolation, trenches 122 are formed in the active layer 110, as shown in Figure 2a. The trenches
122 extend from the surface of the active layer 110 to the buried oxide 112. 3 The trenches 122 divide
the active layer 110 into silicon islands or silicon mega structures that include the active areas 116.
The mesa isolation method thus cuts electrical connection between adjacent active regions 116 by
removing portions of the active layer 110 in the SOI substrate 100. [0008] One problem of the mesa
isolation is that the exposed buried oxide layer 112 surface will be recessed in subsequent chemical
treatments such as wafer cleaning steps. This recess is illustrated in figure 2b. The recessed buried
oxide results in a number of problems. For example, it leads to an increased parasitic capacitance
between the substrate 114 and metal lines (not shown) running over the buried oxide 112. It also
leads to a conthntratehrsale|dstide fieldcinasyrfaundibesmdasfdQe BreEh G sHGRRTEsgs Which
potentially impact device reliability. 4 SUMMARY OF THE INVENTION [0008] The present invention
describes emiestirethesaot emaneasrble dlinatived isfltstmoatitgd thus cuts electrical conmection between

adjgccnt active regions 116 by removing portions of the active layer 110 in the SOI substrate
100, |

[o008] One problem of the mesa isolation is that the exposed buried oxide layer 112 surface
- will be recessed in subsequent cﬁemical treatments such as wafer cleaning steps. This recess is
Hlustrated in Figure 2b. The recessed buried oxide results in a number of problems. For
example, it leads to an increased parasitic capacitance between the substrate 114 and metal lines |
{not shown) ranning over the buried oxide 112. It also leads to 4 concentration of electric field

lines around the exposed corners of the silicon mesas which potentially impact device reliability.



strained-silicon-on-insulator substrates. In one embodiment, a recess-resistant film is used with the
buried insulator to prevent erosion of the buried insulator during subsequent processing steps. For
example, the recess-resistant film can be a silicon nitride film, which etches ten times more slowly
than silicon oxide for common wet etch processes. [0010] In one aspect, the present invention
provides a semiconductor-on-insulator substrate with a recess-resistant buried insulator. The buried
insulator has a recess-resistant layer that has negligible etch rates in commonly used wet cleaning
solutions. [0011] The present invention provides several methods of fabricating the substrate
structures disclosed herein. In certain of these methods, a thin film stack is transferred from a donor
wafer to a target wafer. One method employs the bonding of a donor wafer with an implanted layer to
a target wafer to form a wafer assembly. The thin film stack can be separated at an implanted layer to
produce the desired substrate. [0012] In another embodiment, a donor wafer is bonded to a target
wafer. The doRenyaieviREUAS i between a strained layer and a relaxed layer. The two
wafers can be . separated at the interface to produce the desire substrate. [0013] Aspects of the
present invention provide advantages over prior art devices. For example, the buried insulating layer

will not includefams ssesTHdpscteatineshigdpsitecHbisiBinBodiatanitir ﬁﬁﬂﬁﬁ%&%@ﬁﬂ&%@aﬁ%ﬁ%@snme
and metal lines running over the device. This feature

strained-silicon-on-insulator substrates. In one embodiment, a recess-resistant film is used with

the buried insulator to prevent erosion of the buried insulator during subsequent processing ste;is.

For example, the recess-resistant film can be a silicon nitride film, which etches ten times more

slowly than silicon oxide for common wet etch processes.

{0010} In ane aspect, the present invention provides a semiconductor-on-insulator substrate
with a recess-resistant buried insulator. The buried insulaior has a recess-resistant layer that has

negligible etch rates in commonly used wet cleaning solutions.

[0011] The present invention provides several methods of fabricaﬁng the substrate
structures disclosed herein. In certain of these methods, a thin film stack is transferred from a
donor wafer to a target wafer. One method employs the bonding of a donor wafer with an

implanted layer to a target wafer to form a wafer assembly. The thin film stack can be separated

at an implanted layer to produce the desired substrate.

[0012] In another embodiment, a donor wafer is bonded to a target wafer. The donor wafer

includes an interface between a strained layer and a relaxed layer. The two wafers can be

separated at the interface to produce the desire substrate.

[0013] Aspects of the present invention provide advantages over prior art devices. For

cxample, the buried insulating layer will not include recesses, This feature helps to minimize
parasitic capacitance between the substrate and metal lines running over the device. This feature

minimizes any concentration of electric field lines around the exposed corners of the silicon

‘mesas and therefore enhance device reliability.



minimizes any concentration of electric field lines around the exposed corners of the silicon mesas
and therefore enhance device reliability. 5 BRIEF DESCRIPTION OF THE DRAWINGS [00141 For a
more complete following descriptions taken in conjunction with the accompanying drawings, in which
understanding of the present invention, and the advantages thereof, reference is now made to the:
[0015] Figure la shows a conventional silicon-on-insylator (SOI) substrate; [0016] Figure Ib shows a
conventional SOI chip with uniform active layer thickness and active devices formed in active regions
isolated from each other by isolation regions; [0017] Figure 2a shows a cross-sectional view of a SOI
substrate with silicon islands or silicon mesas formed in the active layer; [0018] Figure 2b shows the
substrate of Figure 2a after wet-cleaning process steps cause recesses in the buried oxide surface;
[0019] Figure 3 shows a perspective view of a semiconductor island or semiconductor mesa formed
on a buried insulator stack of a first embodiment of the present invention; [0020] Figure 4 shows a

perspective vi%ﬁg@wwm@m%&gductor mesa formed on a buried insulator stack

of a second embodiment of the present invention;

[0014] For 2 more complete following descriptions taken in conjunction with the
accompanying drawings, in which understanding of the present invention, and the advantages

thereof, reference is now made to the:

[o015] Figure 1a shows a conventional silicon-on-insulator (80O1I) substrate;

[0016] Figure 1b shows a conventional SO chip with uniform active layer thickness and

active devices formed in active regions isolated from each other by isolation regions;

10017] Figure 2a shows a cross-sectional view of a SOI substrate with silicon islands or

silicon mesas formed in the active layer;

[0018) Figure 2b shows the substrate of Figure 2a after wet-cleaning process steps cause

recesses in the buried oxide surface;

fo019] Figure 3 shows a perspective view of a semiconductor island or semiconductor mesa

formed on 2 buried insulator stack of a first embodiment of the present invention;

[oo20} Figure 4 shows a perspective view of a semiconductor istand or semiconductor mesa

formed on a buried insulator stack of a second embodiment of the present invention;

[0021] Figures 5a and 5b show cross-sectional views of SOI substrates of the present

invention; Figures 6a-6f show cross-section views of an SOT substrate during sequential steps of

a first embodiment fabrication method of the present invention;

[6022) Figures 7a and 7b show various combinations of donor and target wafers that may

achieve the SOI substrate of Figure 5b;



[0021] Figures 5a and 5b show cross-sectional views of SOI substrates of the present invention;
Figures 6a-6f show cross-section views of an SOT substrate during sequential steps of a first
embodiment fabrication method of the present invention; [0022] Figures 7a and 7b show various
combinations of donor and target wafers that may achieve the SOT substrate of Figure 5b; 6 [00231
Figures 8a-8e show cross-section views of an SOI gyibstrate during sequential steps of a second
embodiment fabrication method of the present invention; and [0024] Figures 9a-9d show
cross-sectional views illustrating a method of forming a SOI chip with a recess-resistant layer in the
buried insulator stack. 7 DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS [0025] The
making and using of the presently preferred embodiments are discussed in detail below. It should be
appreciated, however, that the present invention provides many applicable inventive concepts that
can be embodied in a wide variety of specific contexts. The specific embodiments discussed are

merely iIIustraﬁ%?ﬁf speﬁgﬁé@%ﬁs@sﬂ&%&@s@%ﬁs&%wyﬁf‘&@?@ﬂﬁ%gﬂ%@ﬁ . "té(e;[z?ueexﬁca?@t%égf the

invention. [00 spects of the present invention relate generally to semicon materials, and
* of a second embodiment fabrication mefhod of the present invention; and

[0024] Figures 9a-9d show cross-sectional views illustrating a method of forming a SOI .

chip with a recess-resistant layer in the buried insulator stack.



more particularly to semiconductor-on-insulator substrates with a recess-resistant layer. Aspects of
the present invention are also related to the manufacture of metal oxide semiconductor field effect
transistors on semiconductor-on-insulator substrates with a recess-resistant layer. [0027] According to
the preferred embodiment of the present invention, a recess-resistant layer is provided in the buried
insulator stack of a semiconductor-on-insulator wafeg for the purpose of restricting the amount of
recess in the exposed insulator stack during wafer processing such as wet cleaning of wafers in dilute
hydrofluoric acid. This feature can be useful where the mesa isolation scheme is adopted in the
fabrication of an semiconductor-on-insulator integrated circuit chip. Semiconductor-on-insulator
integrated circuit chips employing the mesa isolation scheme have exposed buried insulator surfaces.
The exposed buried insulator surfaces are susceptible to chemical attack or etching during wafer
processing. In certain aspects, this invention teaches a substrate structure where a recess-resistant

layer is provided 0291 RefeRiPgI0NGD mgw@r&@m@wgéﬁm%ﬁ’iﬂs or semiconductor mesas
216 are formed from a semiconductor active layer 210 by the formation of trenches 222 between

them. The semiconductor islands or mesas 216 are thus electrically isolated from each other by mesa
8 isolation. Tt{@“%@m|cof¥3}8%‘ﬁ%l&?%ﬁ@ﬁmmgwm@wmﬁn&wﬁemﬁheﬁaetbillt may
also be any otger elefm?1 151 %emlconductor such as germanium, any alloy semiconductor
low. ould be appreciated, however, that the present invention provides many applicable
inventive concepts that can be embodicd in a wide variety of specific contexts. The specific
embodiments discussed are merely illustrative of specific ways to make and use the invention,

and do not limit the scope of the invention.

0026} Aspects of the present invention relate generally to semiconductor muaterialg, and
more particularly to semiconductor-on-insulator substrates with a recess-resistant layer. Aspects
of the present invention are also related to the menufacture of metal oxide semiconductor field

effect transistors on semiconductor-on-insulator substrates with a recess-resistant layer.

{0027} According to the preferred embodiment of the present invention, a recess-resistant
layer is provided in the buried insulator stack of a semiconductor—on-insulaior wafer for the

- purpose of restnctmg the amount of recess in the exposed msulator stack during wafer
processing such as wet cleaning of wafers in dilute hydroﬂuonc acid. This feature can be useful
where the mesa isolation scheme is adopted in the fabrication of an semiconductor-on-insulator
integrated circuit chip. Semiconductor-on-insulator integrated circuit chips emploving the mesa |
isolation scheme have exposed buried insulator stirfaces. The expose& buried insulator surfaces
are susceptible to chemical attack or etching during wafer processing. In certain aspects, this

Invention teaches a substrate structure where a recess-resistant layer is provided.

[0028] Referring now to Figure 3, semiconductor islands or semiconductor mesas 216 are

formed from a semiconductor active layer 210 by the formation of trenches 222 between them.

The semiconductor islands or mesas 216 are thus electrically isolated from each other by mesa



such as silicon-germanium, or any compound semiconductor such as gallium arsenide or indium
phosphide. [0029] The semiconductor mesas 216 are isolated from the substrate 210 by a buried
insulator stack 212, as schematically shown in Figure 3. The substrate 210 is preferably a silicon
substrate, which is typically undoped but may be lightly doped. Other materials such as germanium,
quartz, sapphire, and glass could alternatively be usgd as the substrate 214 material. [0030]
According to the preferred embodiment of the present invention, the buried insulator stack 212
comprises at least a layer of recess-resistant layer 224, which is resistant to commonly used waerr
wet cleaning solutions. That is, the etch rate of the recess-resistant layer is extremely slow in
commonly used wafer wet cleaning solutions so that the total amount etched is negligible. The
thickness of the recess-resistant layer may range from about 2 angstroms to about 1000 angstroms,
and is more preferably from about 10 angstroms to about 200 angstroms. [00311 The recess-resistant

layer 224 overligg.aditstrislanisimmyer 2aHRNeclE iR BH G ARY 32281030 ga@réa%ig'aﬁ%ﬁ, aterial
such as silicon-oxide, for example, and may have a thickness ranging from about 100 angstroms to
about 5000 angstyabes bOtheotiedetrintdyemicondhcass siliton pirtaisticon Sxynitidesmuinum
oxide, or silicon carbide, as examples, can be used as the first dielectric layer 226. [0032] To form
isolation trencheshpERBilisne- g mniyRTy N soH soatpolesh i ohdiotoiswiiute gallium arsenide or indium

phosphide.

[oo2s} The semiconductor mesas 216 are isolated from the substrate 210 by a buried
insulator stack 212, as schematically shown in Figure 3. The substrate 210 is preferably a silicon
substrate, which is typically undoped but may be lightly doped. Other materials such as

germanium, quariz, sapphire, and glass could alternatively be used as the substrate 214 material.

[0630] According to the preferred e;;bodiment of the present invention, the buried insulator
- stack 212 comprises at feast a layer of recess-resistant layer 224, which is resistant to i:'ommonly
used wafgg_ wet cleaning solutions. That is, the etch rate of the re:;:cs;resistant layer is extremely
slow in commonly used wafer wet cleaning solutions so that the total amount etched is
negligible. The thickness of the recess-resistant layer may range from about 2 angstroms to

about 1000 angstroms, and is more preferably from about 10 angstroms to about 200 angstroms.

[o031) The recess-resistant layer 224 overlies a first dielectric layer 226. The first dielectric
layer 226 can.be_a dielectric material sucﬁ as silicon oxide, for example, and may have a
thi_ckness z;anging from about 100 angstroms to about 5000 angstroms. Other dielectric layers
such as silicon nitride, silicoﬁ oxynitride, aluminum 6xide, or silicon carbide, as examples, can

be used as the first dielectric layer 226.

[06032] To form isolation trenches 222, one commonly used wet cleaning solution is dilute

hydrofluoric acid. Dilute hydrofluoric acid may, for example, be formed by a mixture of 1 part

of concentrated (49%) hydrofluoric (HF) acid and 25 parts of water H;O. This mixture is also



hydrofluoric acid. Dilute hydrofluoric acid may, for example, be formed by a mixture of | part of
cancentrated (49%) hydrofluoric (HF) acid and 25 parts of water H20. This mixture is also 9 commonly
known as 25:1 HE Another commonly used wafer cleaning solution is a mixture of concentrated
sulphuric acid and. hydrogen peroxide, commonly known as piranha solution. [0033] The
recess-resistant layer 224 of the buried insulator stack 212 preferably comprises a dielectric material
that has very slow or negligible etch rates in commonly used wet cleaning solutions such as the
above-mentioned chemicals or solutions. As shown in Figure 3, the buried insulator stack 212 surface
is exposed to common wet cleaning etchants in regions not covered by the semiconductor mesas
216. The recess-resistant layer 224 therefore minimizes the reduction in the physical thickness of the
buried insulator stack 212. This layer 224 also prevents the formation of a significant recess in the
exposed portion of the buried insulator stack 212. [0034] In the preferred embodiment, the

recess-resistantdaysinPPihisvacmpiid adiFfoflicher caifiiclon(e GhedSiAA bR elohfiskesof migighigmetric

_silicon nitride Si3N4 in 25:1 HF is about Ito 6 angstroms per minute. The etch rate of thermally grown
silicon oxide in e8en4rEied saiptamsacidendinvdo iy perorids., mhoninPRrangsisgimpaiomikie. By using
silicon nitride as a recess- resistant layer on the top surface of the buried insulator stack, as illustrated
in Figure 3, the , ' o
_ 9 [0033] The recess-resistant layer 224 of the buried insulator stack 212 preferably comprises
a dielectric material that has very slow or negligible etch rates in commonly used wet cleaning
solutions such as the above-mentioned chemicals or solutions. As shown in Figure 3, the buried
insulator stack 212 surface is exposed to common wet cleaning etchants in regions not covered
by the semiconductor mesas 216, The recess-resistant layer 224 therefore minimizes the

reduction in the physical thickness of the buried msulator stack 212. This layer 224 also

prevents the formation of a significant recess in the exposed portion of the buried insulator stack

212.

[0034) In the preferred embodiment, the recess-resistant layer 224 is comprised of silicon
nitride (e.g., Si3N4). The etch rate of stoichiometric silicon nitride Si3N4 in 25:1 HE is about I to
6 angstroms per minute. The etch rate of thermally grown silicon oxide in 25:1 HF is more than
ten times higher, e.g., about 100 angstroms per minute. By using silicon nitride as a récess—
resistant layer on the top surface of the buried insulator stack, as illustrated in Figure 3, the

recess in the buried insulator can be reduced by more than ten times.

{0035] Other recess-resistant materials can be used to form layer 224. For example, the

layer 224 could be a nitrogen containing layer other than Si;N,. For example, the recess-
resistant layer 224 could comprise of silicon nitride SixNy, silicon oxynitride SiO,N,, silicon

oxime Si0N,:H,, or any combinations thereof.

[0036] In another embodiment of the present invention, the recess-resistant layer 224 {s not

the topmost layer of the buried insulator stack 212. For example, Figure 4 illustrates an



recess in the buried insulator can be reduced by more than ten times. [0035] Other recess-resistant
materials can be used to form.layer 224. For example, the layer 224 could be a nitrogen containing
layer other than Si3N4. For example, the recess- resistant layer 224 could comprise of silicon nitride
Si"Ny, silicon oxynitride SIOXNY, silicon oxime SiONy:H2, or any combinations thereof. [0036] In
another embodiment of the present invention, the regess-resistant layer 224 is not the topmost layer
of the buried insulator stack 212. For example, Figure 4 illustrates an 10 embodiment where the
buried insulator stack 212 includes a bottom-most dielectric layer 226. The bottom-most dielectric
layer 226 is preferably silicon oxide, but maybe any other dielectric such as silicon oxynitride and
aluminum oxide. The thickness of the first dielectric layer is preferably from about 100 angstroms to
about 5000 angstroms. [0037] The recess-resistant layer 224 overlies the bottom-most dielectric layer
226. The recess-resistant layer 224 in this embodiment is preferably silicon nitride. The

recess-resistaghpsiigeis Prefetabbuabosa oot 1000 anasEuBshistantmare Riferaply from

about 10 to about 200 angstroms thick. In the preferred embodiment, the recess-resistant layer 224

has an etch rate ttibis-atol ditladidutden 16 éspedertivdn diieontekidabuoiifepsaoathelialeetiislayer
228. [0038] The second dielectric layer 228 overlies the recess-resistant layer 224. In this
such as silicon oxynitride and aluminum oxide. The thickness of the first dielectric layer is

preferably from about 100 angsiroms to about 5000 angstroms.

t0037] The recess-resistant layer 224 Giierlies the bottom-most dielectric layer 226. The
recess-resistant layer 224 in this embodiment is preferably silicon nitride. The recess-resistant
| 1ayer is preferably about 2 to about 1000 angstroms thick and more preferably from about 10 to
about 200 angstroms thick. In the preferred embodiment, the recess-resistant layer 224 has an

eich rate that is af least about ten times less than the etch rate of the second diclectric Yayer 228.

[0038] The second dielectric layer 228 overlies the recess~resis£ént layer 224. In this
embodiment, the second dielectric layer 228 is in contact with the semiconductor mesas 216 and
is preferably silicon oxide. The second dielectric layer 228 serves the purpose of providing a
‘high quality interface between the buried insulator stack 212 and the semiconductor mesas 216.
It is known that the interface between silicon oxide and silicon has a much better and lower

interface state density than the interface between silicon nitride and silicon.

[0039] A secon&'dielectric layer 228 with good interface properties and low builk trap
density can be helpful to achieve good electrical characteristics in the active devices {not shown
in Figure 4). This .interface can be especially important in active devices with ultra-thin body
thicknesses, in which case the mobile carriers flowing between the source and drain are in close
proximity to the interface between the active layer 210 and the buried insulator stack 212, For
example, trapped charges or charge centers near the top of the buried insulator stack 212 may

degrade the carrier mobility in the channel region of an ultra-thin body transistor by Coulombic



embodiment, the second dielectric layer 228 is in contact with the semiconductor mesas 216 and is
preferably silicon oxide. The second dielectric layer 228 serves the purpose of providing a high quality
interface between the buried insulator stack 212 and the semiconductor mesas 216. It is known that
the interface between silicon oxide and silicon has a much better and lower interface state density
than the interface between silicon nitride and siliconT {0039] A second dielectric layer 228 with good
interface properties and low bulk trap density can be helpful to achieve good electrical characteristics
in the active devices (not shown in Figure 4). This interface can be especially important in active
devices with ultra-thin body thicknesses, in which case the mobile carriers flowing between the source
and drain are in close proximity to the interface between the active layer 210 and the buried insulator
stack 212. For example, trapped charges or charge centers near the top of the buried insulator stack
212 may degrade the carrier mobility in the channel region of an ultra-thin body transistor by

Coulombic 11 weeétminghthecusa bigh dighvpsabbasneresidisleetis laves 2ABmitha by tiep

density and a low interface trap density ensures that mobility degradation due to Coulombi¢ scattering -

is kept to a miainvintcfG04 @by daadiditimaysirtbet theldbcpde ditincirinday ol RS BiakhRaIHIaY R very
slow etch rate in common wet cleaning solutions and may be removed by the cleaning solutions, the
thickness to 3 minimun. ‘

[6040] In addition, since the second dielectric layer 228 might not have a very slow etch rate _
in common wet cleaning 3oiutions and may be removed by the cleaning solutions, the thickness
of the second dielectric layer 228 is preferably kept very thin to limit the amount of recess in the
buried insulator stack. If the second dielectric layer is silicon oxide, the recess of the buried
insulator stack in the exposed portion will be approximately equal to the thickness of the second

diclectric layer 228, According to the preferred embodiment, the second dielectric layer 228

may have a thickness in the range of about 10 to about 200 angstroms.

[0044] -Figures 5a and 5b show the cross-sections of the SOI substrate structures according
to the p;efencd embodiment of the present invention. One feature of the preferred embodiment
is the recess-resistant layer 224. The starting SOI substrate 200 includes a semiconductor active
layer 210 overlying a buried insulator stack 2 12, where the buried in;&;ulator stack includes at |

Aleast a recess-resistant layer 224. In the embodiment of Figure 5a, the recess-resistant layer 224
is In contact with the active layer 210 and is the upper-most layer of the buried insulator stack

212, In the embodiment of Figure 5b, the recess-resistant layer 224.is sandwiched by two other

dielectric layers 226 and 228. Such substrates may be best manufactured by a wafer bonding

process.

7 foo42} | An example of how a substrate of Figure 5b may be formed is to be described next

with respect to Figures 6a-6f, In the preferred embodiment, the first dielectric layer 226 and

seqoud dielectric layer 228 are silicon oxide and the recess-resistant layer 224 is silicon nitride.



* of the second dielectric layer 228 is preferably kept very thin to limit the amount of recess in the buried
~insulator stack. If the second dielectric layer is silicon oxide, the recess of the buried insulator stack in
the exposed portion will be approximately equal to the thickness of the second dielectric layer 228.
According to the preferred embodiment, the second dielectric layer 228 may have a thickness in the
range of about 10 to about 200 angstroms. [0041] Figures 5a and 5b show the cross-sections of the
SOl substrate structures according to the preferred embodiment of the present invention. One feature
of the preferred embodiment is the recess-resistant layer 224. The starting SOI substrate 200 includes
a semiconductor active layer 210 overlying a buried insulator stack 212, where the buried insulator
stack includes at least a recess-resistant layer 224. In the embodiment of Figure 5a, the
recess-resistant layer 224 is in contact with the active layer 210 and is the upper-most layer of the
buried insulator stack 212. In the embodiment of Figure 5b, the recess-resistant layer 224 is

sandwiched by{wWQ.qthebwlielfStiG lvals-£ 20 APshaaRUGH substrates may be best manufactured
by a wafer bond%]ge process. [0042] An eExampIe of how a%%%%%%&ngﬂgﬁ%déﬁ%%sy%%%ed is to

be described ngy: pithespagkiaSigiesfarifeln bR ABIGHEdiAM %@kﬁ;&%{@&&&rﬁ;ﬁ}%@fic layer

226 and second dielectric layer 228 are silicon oxide and the recess-resistant layer 224 is silicon
nitride. 12 provided on a silicon substrate 214. '
10043] The target wafer of Figure 62 may be formed by a thermal oxidation of a silic-on
substrate 214 followed by a silicon nitride deposition. The thermally grown silicon oxide layer
may have a thiclcn‘csls in the range of about 100 to about 5000 angstroms. The silicon nitride
layer may be dﬁpoéited on the silicon oxide layer by chemical vapor deposition (CVD) using gas
species such as ammonia and silane. The silicon nitride layer may be deposited to a thickness of

about 2 to about 1000 angstroms, and more preferably from about 10 to zbout 200 angstroms.

[0044) Referring now to Figure 6b, a donor wafer 205 includes & thin silicon oxide layer
228 on a silicon substrate 230. Ions 232, e.g., of hydrogen or an inert gas such as helium, argon,
neon, krypton, xenon, and combinations thereof, are implanted into the donor wafer 230 through

- the second dielectric layer 228. The second dielectric layer 228 is preferably a silicon oxide

laver,

[0045] The peak of the implanted ions is at a depth x4 below the interface ;between substrate
230 and second dielectric layer 228. The implanted ions result in an implanted layer 234 and a
silicon film 224, as shown in Figure 6b. In the preferred embodiment, the implanted jons are
hydrogen ions. The dose of the implanted ions may be approximately 10" om™ or higher. The
implantation energy depends on the desired tmplant depth, and may generally range from .about 1
keV to about 500 keV. The value of X4 defines the thickness of the active layer 224 on the
silicon-on-insulator substrate 200. The ions may be implanted by a variety of techniques,

including beam line ion implantation, plasma immersion ion implantation (PIII) or ion shower.



Figure 6a shows a handle or target wafer 200 that comprises a silicon nitride recess-resistant layer
224 overlying a first dielectric layer 226 of silicon oxide. The first dielectric layer 226 is provided on a
silicon substrate 214. [0043] The target wafer of Figure 6a may be formed by a thermal oxidation of a
silicon substrate 214 followed by a silicon nitride deposition. The thermally grown silicon oxide layer
may have a thickness in the range of about 100 to ut 5000 angstroms. The silicon nitride layer
may be deposited on the silicon oxide layer by chemical vapor deposition (CVD) using gas species
such as ammonia and silane. The silicon nitride layer may be deposited to a thickness of about 2 to
about 1000 angstroms, and more preferably from about 10 to about 200 angstroms. [00441 Referring
now to Figure 6b, a donor wafer 205 includes a thin silicon oxide layer 228 on a silicon substrate 230.
lons 232, e.g_, of hydrogen or an inert gas such as helium, argon, neon, krypton, xenon, and
combinations thereof, are implanted into the donor wafer 230 through the second dielectric layer 228.

The second di@%ﬁﬁé@ﬂmr%mf%aﬁ%ﬁgyimyml {ﬁ;@{gﬂ%@_&)@g&ﬁﬁgﬁf {Q&émplanted

ions is at a depth xa below the interface between substrate 230 and second dielectric layer 228. The
implanted ionsgeeatsd depln vitiplandelchtaailld Sdrangtng thdie@rfiim 224, as shown in Figure 6b. In the

preferred embodiment, the implanted ions are hydrogen ions. The dose of the implanted ions may be
approximately 1015 cm 2 or higher. The ) '

[0046] The next process step is the bonding of the top surface of the donor wafer 205, ie.,

the ;_;urface of the second dielectric 228, to the top surface of the handle wafer 200, ic., the

sirface of the recess-resistant layer 224. This bonding process is illustrated in Figures 6c¢ and 6d.

The bonding process may be a beta bonding process knovn and used in the art. Befa bonding is

a relatively weak bonding process that joins the donor wafer and the target wafer together, I is

believed that beta bonding arises from electrostatic or van der Waals forces.

{00471 Beta bonding produces a joint 236 between the donor wafer 205 and the target wafer
200. The target wafer 200 will act as a mechanical support for the thin film stack comprising of
the silicon film 210 and the second dielectric layer 228 when the thin film stack is separated
from the donor wafer 205. Prior to beta bonding, the surfaces of the wafers to be bonded are

preferably cleaned to remove any residual liquids or particles from the wafer surfaces,

[0048] The bonding process forms a wafer assembly, as shown in Figure 6d. The wafer
assemnbly is then separated at the position of the implanted layef 234 using a wafer separafion
process known and used in the art. For example, the wafer separation process can be initiated by
a heat treatment. When the temperature of the wafer assembly rises above a certain lcvél, e.g,
about 500 degrees Celsius, microbubbles formed in the implanted layer 234 expand and pressure
builds up. When the pressure in the microbubbles exceeds a certain value, the donor wafer 205
will split off along a cleavage plane. This is a controlled cleaving process and also known as a

SmartCut™ process, available from Silicon Genesis Corporation. It is believed that this



implantation energy depends on the desired implant depth, and may generally range from about 1
keV to about 500 keV. The value of xd defines the thickness of the active layer 224 on the
silicon-on-insulator substrate 200. The ions may be implanted by a variety of techniques, including
beam line ion implantation, plasma immersion ion implantation (PIII) or ion shower. 13 Hydrogen ions
are desirable because they easily travel through thg gubstrate material to the selected depth without
substantially damaging the material. [0046] The next process step is. the bonding of the top surface of
the donor wafer 205, i.e., the surface of the second dielectric 228, to the top surface of the handle
wafer 200, i.e., the surface of the recess-resistant layer 224. This bonding process is illustrated in
Figures 6¢ and 6d. The bonding process may be a beta bonding process known and used in the art.
Beta bonding is a relatively weak bonding process that joins the donor wafer and the target wafer
together. It is believed that beta bonding arises from electrostatic or van der Waals forces. [0047] Beta

bonding produges Aigini-236 ReMEENINEH RROFWRIREA0S ARtk DR IREIH AR GRRHERSIRIORS wafer

200 will act as @ mechanical support for the thin film s%ack comprising of the silicon film 210 and the
second dielectfig]ayRrd4Botb ahtha il usaaktis ssprafatRdFonhe doRsh WalesRPRaRFiOr to
beta bonding, the surfaces of the wafers to be bonded are preferably cleaned to remove any residual
liquids or particles from the wafer surfaces.

[0049] One of the separated wafers is a reusable silicon substrate. The other separated

wafer is a hybrid SOI substrate 200 with a silicon nitride recess-resistant layer 224, as shown in

Figure 6e.

[0050] Following the wafer separation process, final bonding between the thin film stack
224/210 and the target wafer 200 is performed to yield the desired recess-resistant SOI substrate.
This bonding uspally requires a high temperature anncél, where the annealing temperé.tme is
typically abcwﬂ; about 700 degrées Celsius. The final bonding step creates é strong bond between
the thin film stack 224/210 and the target wafer 200. If is believed that covalent bonds are form
at the joint 236 when the wafer is anneal at a sufficiently high temperature for a sufficient period
of time. During the annealing, a layer of thermal oxide 238 may be grown on the silicon thin

film 210 surface, as shown in Figure 6f. The thermal oxide layer 238 may be removed by a wet

o eich in dilute hydrofluoric acid.

[0051] - Several other combinations of donor and target wafers in the wafer bonding and
wafer separation technique as described previously will result in the formation of the same
‘substrate of Figure 5b. Two examples of these other combinations are schematically iflustrated
in Figures 72 and 7b. In Figure 7a, the farg;:t wafer 200 compris_es a second dielectric layer 228
on a recess-resistant layer 224 on a first dielectric layer 226 formed on a substrate 214, while the
donor w;?lfer 205 has 2 silicon film 210 on an implanted layer 234 on a substrate 230. Bonding

the top surfaces of the target and donor wafers 200 and 205 of Figure 72 involves the bonding of

the silicon film 210 to the second dielectric layer 228.



[0048] The bonding process forms a wafer assembly, as shown in Figure 6d. The wafer assembly is
then separated at the position of the implanted layer 234 using a wafer separation process known and
used in the art. For example, the wafer-separation process can be initiated by a heat treatment. When
the temperature of the wafer assembly rises above a certain level, e.g., about 500 degrees Celsius,
microbubbles formed in the implanted layer 234 exq%nd and pressure builds up. When the pressure in
the microbubbles exceeds a certain value, the donor wafer 205 will split off along a cleavage plane.
This is a controlled cleaving process and also known as a SmartCut process, available from Silicon
Genesis Corporation. It is believed that this 14 separation occurs because a crystalline rearrangement
and coalescence of microbubbles occurs to form macrobubbles with sufficient kinetics to separate the
thin film stack from the donor wafer, [0049] One of the separated wafers is a reusable silicon
substrate. The other separated wafer is a hybrid SOI substrate 200 with a silicon nitride

recess-resistangayer 224, g sh in Figure Ge. [00501 Following the wafer separation process,
final bonding brgtv%%ien the thin filr(zyér':tggkm%%ﬁa?ﬁr a%]% HERIRFE (A Faess 200stens dafisrAeh tonyiditkithe

desired recessgigisisiTeROL R RS HRIEon HUSRRLT sually requires a high temperature anneal,
where the annealing temperature is typically abovéi gzg’]owu%ﬂ%éed%%e‘é’aééI%ﬂ?sh@ﬁé?ﬁ?&#-ﬁ@h@htg step.

creates a strorigseodZHbetnieendp surface. Bonding the top surfaces of the target and donor wafers 200 and
205 of Figure 7b involves the bonding of the recess-resistant layer 224b in the donor wafer fo the

Tecess-resistant layer 224a in the target wafer. The cozﬁbination of the two layers 224a and 224b

will provide the recess-resistant layer 224,

[0053] It is understood, according to this invention, that the substrate of Figure 5a may
similarly being mangfacturcd by a wafer bonding and wafer separation method. In the subsirate
200 of Figure 5a, the recess-resistant layer 224 is the upper-most layer in the buried insulator
212, As an illustration, to produce such a substrate, the donor wafer may comprise a silicon film
210 on an implanted region 234 on a silicon substrate 230, and the target wafer may comprise of
a silicon nitride recess-resistant layer 224 overlying a silicon oxide first dielectric layer 226
Which n turn overlies a silicon substrate 214. This combination can be seen from Figure 7a,

where the top layer 228 of the target wafer 200 is not provided.

a0 ing ipti
[0054] The preceding deseription relates to methods of manufacturing semiconductor-ori-

insulator substrates with a recess-resistant layer using a donor wafer with an implanted layer. In
those cases, the wafer separation 1s initiated by a heat treatment. According to another method
embodiment of this invention, the donor wafer may depend on other mechanisms to inifiate the
cleavage 'process for wafer separation. | For example, the wafer separation process may be an
atomic layer cleaving process or nanocleave process, such as the one described by Michael L.

C . . e .
urrent ez al., in a paper entitled “Atomic tayer cleaving with SiGe strain layers for fabrication

of Si and Ge-rich SOI device layers,” published in PP- 11-12 of the proceedings of the 2001



the thin film stack 224/210 and the target wafer 200. It is believed that covalent bonds are form at the
jaint 236 when the wafer is anneal at a sufficiently high temperature for a sufficient period of time.
During the annealing, a layer of thermal oxide 238 may be grown on the silicon thin film 210 surface,
as shown in Figure 6f. The thermal oxide layer 238 maybe removed by a wet etch in dilute
hydrofluoric acid. (00511 Several other combinatio f donor and target wafers in the wafer bonding
and wafer separation technique as described previously will result in the formation of the same
substrate of Figure 5b. Two examples of these other combinations are schematically illustrated in
Figures 7a and 7b. In Figure 7a, the target wafer 200 comprises a second dielectric layer 228 on a
recess-resistant layer 224 on a first dielectric layer 226 formed on a substrate 214, while the - donor
wafer 205 has a silicon film 210 on an implanted layer 234 on a substrate 230. Bonding the top
surfaces of the target and donor wafers 200 and 205 of Figure 7a involves the bonding of the silicon

fim 210 to the sgeeR il sloyesAdindS URER INFIOUER R RS IRISEI AR 00 compises 2

recess-resistant layer 224a on a first dielectric layer 226 formed on a substrate 214, e donor
wafer 205 has gieeeascresisiai-dexsranbinn i top-pariace «Brpdinaihajonrddases.of the target

and donor wafers 200 and 205 of Figure 7b involves the bonding of the recess-resistant layer 224b in
the donor wafer to the . '
[0055] Figures 8a-8e will now be used to describe a method of manufacturing a strained-
silicon-on-insulator (SSOI) substrate with a recess-resistant buried insulator layer. ‘In this
embodiment, 2 handle or target wafer 200, as shown in Figure 8a, is provided. The target wafer

comprises a silicon nitride recess-resistant layer 224 overlying a first dielectric layer 226,

preferably comprising silicon oxide. The first dielectric layer 226 is provided on a silicon

substrate 214.

[0056] A donor wafer 205, as shown in Figure 8b, is provided. The donor wafer comprises

a strained-silicon layer 210" on a relaxed silicon-germanium (SiGe) layer 240. The substrate 230"
- underlying thc relaxed SiGe layer 240 may be a silicon substrate or a SiGe substrate, as

examples. In the case where the substrate 230" is SiGe, the germanium composition in the

relaxed SiGe layer 240 and that in the substrate 230" may be the same or may be different.

10057] The thickness of the strained silicon layer 210" is preferably less than about 500
angstroms and the strain may vary from about 0.01% to about 4%. The germanium atomic
concentration in the relaxed $iGe layer 240 may range from about 0% to about 100%. There is
an interface between the sﬁamed silicon layer 210" and the relaxed SiGe layer 240 and a large
strain gradient exists across this interface. The strained silicon layer 210" and relaxed SiGe layer

240 may be epitaxially grown using chemical vapor deposition.

[0858]  In another embodiment, the donor substrate 230" may comprise a material that has 2
lattice constant that s different than that of silicon. For example, if the strained silicon layer 210

is to be comprised of a tensile strain, the bulk substrate 230’ of the donor wafer 205 should have



recess-resistant layer 224a in the target wafer. The combination of the two layers 224a and 224b will
provide the recess-resistant layer 224. [0053] It is understood, according to this invention, that the
substrate of Figure 5a may similarly being manufactured by a wafer bonding and wafer separation
method. In the substrate 200 of Figure 5a, the recess-resistant layer 224 is the upper-most layer in
the buried insulator 212. As an illustration, to prod such a substrate, the donor wafer may
comprise a silicon film 210 on an implanted region 234 on a silicon substrate 230, and the target
wafer may comprise of a silicon nitride recess-resistant layer 224 overlying a silicon oxide first
dielectric layer 226 which in turn overlies a silicon substrate 214. This combination can be seen from
Figure 7a, where the top layer 228 of the target wafer 200 is not provided. [0054] The preceding
description relates to methods of manufacturing semiconductor-on- insulator substrates with a
recess-resistant layer using a donor wafer with an implanted layer. In those cases, the wafer

separation is initiaied.oy. i method embodiment of this invention,
the donor Wafgrlﬂ may dep%#t?%%gﬁ %@%gécﬁﬁ??sér%g nltll‘('if( "ihlcn%mﬂﬂnﬁr@g&‘?%a@?‘c :

separalion. ogekalRcie ey SEOAEUAR PERESEIRIIGA0: SIADIGIAYSE cleaving progecs or

nanocleave process, such as the one described by Michael L Current et In a paper entl

"Atomic layer tisavilgtieittofiiGst siisiler ayanadosfaniieation. afhahanchGeich. a0 davige layers,”
published in pp. 11-12 of the proceedings of the 2001

(8iGeC) wafer. In order for the lattice constant of SiGéC to be smaller than that of silicon, the

composition of germamum x and the composition of carbon y in the bulk Si;.,. (e, C, can be
such that > 0.1 x. Details of using a bulk substrate are provided in co-pending application

-Serial No. (TSMC2002-1384), which application is incorporated herein by

reference.

¢

{0059] Returning to ﬂ;e process flow of Figure 8, the top surface of the donor wafer 204 is
bonded_to the top surface of the target wafer 200. The wafer bonding process is illustrated in

Figute 8c. The resulting wafer assembly is schematically shown in Figure 8d.

[0060] A cut or cleave can be made at or near the interface between the strained silicon
layer 210" and the relaxed SiGe layer 240 using a process similar to the nanocleave process. The
cleave plane will be initiated near the interface between the strained Si layer 210" and the
relaxed—SaGe layer 240. Following the wafer separation process, final bonding between the
strained silicon layer 210" and the target wafer 200 is performed to yield the desired recess-
;‘esistant SOf substrate. This final bonding typically requires a high temperature anneal, where
the annealing temperature is typically above about 700 degrees Celsius. This results in the

formation of a strained-Si layer 210" on an insulator structure 212 as illustrated in Figure 8e. The

donor wafer 205 can be reclaimed and reused.

[0061] A process of forming 2 device of the present invention has been described to include

a wafer bonding and separation process. As examples, the wafer bonding and separation process

can be a Smartcut ™ process, or a Nanocleave ™ process, both available from Silicon Genesis



16 IEEE International SOI Conference (October 2001) and incorporated herein by reference. The
nanocleave transferprocess results in a layer separation using a strain-layer cleave plane. 10055]
Figures 8a-8e will now be used to describe a method of manufacturing a strained- silicon-on-insulator
(SSOI) substrate with a recess-resistant buried insulator layer. In this embodiment, a handle or target
wafer 200, as shown in Figure 8a, is provided. The jarget wafer comprises a silicon nitride
recess-resistant layer 224 overlying a first dielectric layer 226, preferably comprising silicon oxide.
The first dielectric layer 226 is provided on a silicon substrate 214. [00561 A donor wafer 205, as
shown in Figure 8b, is provided. The donor wafer comprises a strained-silicon layer 210' on a relaxed
silicon-germanium (SiGe) layer 240. The substrate 230" underlying the relaxed SiGe layer 240 may be
a silicon substrate or a SiGe substrate, as examples. In the case where the substrate 230' is SiGe, the
germanium composition in the relaxed SiGe layer 240 and that in the substrate 230" may be the same

or maybe diffe&%MSBemg gglgm? Q{dtg%égﬁg}{aﬁgég&gng%ygr 210 ige%rgfggmtles%than about

500 angstroms and the strain may vary from about 0.01% to about 0P The germanlumerétt Hiic
concentration sisselwer, S slesse i@ mayiangadumalion 08 6 Bgll ey Jhere is an

0,
. . >, : ¢h
interface between the st rained silicon layer 210" and the relaxed SiGe layer 240 and a large
' incorporated herein by reference. :

10062} | It will be appreciated that the strained-silicon-on-insulator substrate with a recess-
resistant layer may be manufactured by the above wafer bonding and wafer separation method
using other combinations of donor and target wafers. For example, the donor wafer may have a
silicon. oxide overlying the strained silicon layer, or a silicon nitride on a silicon oxide stack

overlying the strained silicon layer, and the target wafer may have a silicon oxide layer overlying

the recess-resistant laver.

.[0963] The processes described above utilize wafer bonding and separation techniques. It is
understood, however, that the present invention could also be achieved using deposition
processes. For example, the recess-resistant layer 224 (see e.g., Figure 5a or 5b) can be
deposited over the first dielectric layer 226, for example using a chemical vapor deposifion
process. The second dielectric layer 228, if used; could then be deposited over the recess-

resistant layer 224_ followed by an epifaxial growth of the semiconductor layer 210.

[0064) The preceding description of the present invention relates to the formation of
substrates with recess-resistant layers. The present invention not only teaches the formation of
such substratesybut also devices fabricated on such substrates. A method of forming a

semiconductor-on-insulator chip with mesa isolation and a recess-resistant layeris to be

described next.

{0065) Referring now to Figures 9a-9d, cross-sections of the wafer are illustrated through
the process of forming the semiconductor-on-insulator chip with mesa isolation and recess-

resistant layer. The starting substrate, as shown in Figure 9a, is one of the substrates previously



strain gradient exists across this interface. The strained silicon layer 210" and relaxed SiGe layer 240
may be epitaxially grown using chemical vapor deposition. [00561 In another embodiment, the donor
substrate 230' may comprise a material that has a lattice constant that is different than that of silicon.
“For example, if the strained silicon layer 210" is to be comprised of a tensile strain, the bulk substrate
230' of the donor wafer 205 should have 17 a Iattlcq gonstant larger than that of silicon, e.g., a bulk
silicon-germanium (SiGe) wafer. If the strained silicon layer 210' is to be comprised of a compressive
strain, the bulk substrate should have a lattice constant smaller than that of silicon, e.g., a bulk
silicon-germanium-carbon (SiGeC) wafer. In order for the lattice constant of SiGeC to be smaller than
that of silicon, the composition of germanium x and the composition of carbon y in the bulk Si i
,.yGe.C can be such thaty > 0.1 x. Details of using a bulk substrate are provided in co-pending
application Serial No. (TSMC2002-1384), which application is incorporated herein by reference.

[0059] Returnigg denthe Rragess fow bl surface aof the donor wafer 204 is bonded to
the top surface of the target wafer 200. Tf?elzd %v%é%e%%gc‘)}ng(fﬂ 06?(5%0?668% CRGETRREA Het e BeasThe

resulting wafexmsaemblpis Sehermaticallosheu do:isue A-IRR0LA cuL o cledve can he made at
or near the interface between the strained silicon M %matma own and used 1n the )

art, such as silicon oxide, silicon nitride, silicon oXynitride or photoresist, as examples. The

mask can also be formed from a stack comprising, for example, a silicon nitride layer overlying a

silicon oxide layer.

foss] - Following active region definition using a mask, the active layer 210 is etched using
techniques known and used in the art. If the active layer 210 is comprised of silicon, a dry
plasma etch using fluorine chemistry may be used. The mask 242 is then removed to yield the

semiconductor mesas 216, the cross-sections of which are shown in Figure 9c.

[006T] The formation of the semiconductor mesas 216 exposes regions of the i;uried
insulator 212 not covered by the semiconductor mesas. In the subscquent;, process steps, the
wafer may be subjected to wet cleaning, for example, before the wafer enters a gate dielectric
deposition or growth chamber. The wet cleaning solutions potentially etch into the buried
insulator and result in a recessed buried insulator if it is not protected by the recess-resistant layer
224. The recess-resistant layer 224, as shown in Figure 9c¢, has a very low etch rate in commonly
used wet cleaning solutions such as dilute hydrochloric acid, and minimizes the amount of recess

in the exposed surface of the buried insulator. Next, active devices are formed.

fo068] A typical active device or a transistor is formed as follows. The resulting structure is
shown in Figure 9d. The gate dielectric 244 may be formed by thermal oxidation, chemical
vapor deposition, or sputtering. The gate dielectric 244 may comprise a conventional material
such as silicon dioxide or silicon oxynitride with a thickness ranging from about 3 angstroms 1o
abouﬁ 100 angstroms, preferably about 10 angstroms or less.' The gate dielectric 244 may also

comprise of high permittivity (high-k) materials such as lanthalum oxide (La;03), aluminum



layer 210" and the relaxed SiGe layer 240 using a process similar to the nanocleave process. The
cleave plane will be initiated near the interface between the strained Si layer 210" and the
relaxed-SiGe layer 240. Following the wafer separation process, final bonding between the strained
silicon layer 210" and the target wafer 200 is performed to yield the desired recess- resistant SOI
substrate. This final bonding typically requires a hl? emperature anneal, where the annealing
temperature is typically above about 700 degrees |us. This results in the formation of a
strained-Si layer 210' on an insulator structure 212 as illustrated in Figure 8e. The donor wafer 205
can be reclaimed and reused. 100611 A process of forming a device of the present invention has been
described to include a wafer bonding and separation process. As examples, the wafer bonding and
separation process can be a SmartcutTMprocess, or a NanocleaveTM process, both available from
Silicon Genesis 18 Corporation. Details of bonding and separation processes are also provided in

U.S. Patent NQ3:id® (R1DH8HeRidhb=Ed HRRORER A3 ?%ﬁidéprec?ﬁ %?% %%%bo&sraff(:h of

which is incorporated herein by reference. 10062] It wil

strained- S|I|C0ﬁvﬁﬂﬂﬂ8¢lﬁfﬂéﬁﬂ§ﬁ&ﬂlﬁmﬁkﬁo&%@ﬁ53rﬁ%%%s'?&%oﬁlﬁb@&@?,@%ﬁ@cwred by the
above wafer bonding and wafer separation method using other combinations of donor and target

wafers. For exggygle. therfopat WRlRL RO ANEAnl is then deposned The gate material may be

polycrystallme-snhcon (poly-Si}, poiy-crystallme s:hcon»gcrmamum (poly-SiGe), a refractory
metal such as molybdenum and tungsten, compounds such as titanium nifride, or other

| conducting materials. A gate mask (not shown) is defined and the underlying gate material is
etched to form the gate electrode. The gate etch stops oﬁ the gate dielectric'244, and the gate is
electrically is;olated from the transistor structure by the gate dielectric 244. In the preferred
embodiment, the gate 246 material is poly-Si and the gate dieleciric 244 is silicon oxynifride. A

plasma eich using chlorine and bromine chemistry may be used for the gate electrode efching,

" [on7o] After gate 246 definition, the gate mask can be removed. The source and drain
extensions 248 are formed next. This may be achieved by ion implantation, plasma immersion

ion implantation (PIIT), or other techniques known and used in the art.

[oo71) Next, a spacer 250 is formed on the sidewalls of the gate 246 by deposition and
selective etching of the spacer material. The spacer material may comprise of ﬁ dielectric

matcrial such as silicon nitride or silicon dioxide. In the preferred embodiment, the spacer 250

comprises silicon nitride,

[0072) After spacer formation, source and drain regions 252 are doped by jon implantation,
P, gas or solid source diffusion, or any other techniques known and used in the art. Any

* implant damage or amorphization can be annealed through subsequent exposure to elevated
temperatures. The resistance of the source, drain, and gate can also be reduced by sirapping the
source, drain, and gate with a conductive material (not shown). The conductive material may be

a metallic silicide such as titanium silicide, cobalt silicide, or nickel silicide. In the preferred



silicon.oxide overlying the strained silicon layer, or a silicon nitride on a silicon oxide stack overlying
the strained silicon layer, and the target wafer may have a silicon oxide layer overlying the
recess-resistant layer. [0063] The processes described above utilize wafer bonding and separation
techniques. It is understood, however, that the present invention could also be achieved using
deposition processes. For example, the recess-res'%ant layer 224 (see e.g., Figure 5a or 5b) can be
deposited over the first dielectric layer 226, for example using a chemical vapor deposition process.
The second dielectric layer 228, if used, could then be deposited over the recess- resistant. layer 224
followed by an epitaxial growth of the semiconductor layer 210. [0064] The preceding description of
the present invention relates to the formation of substrates with recess-resistant layers. The present
invention not only teaches the formation of such substrates; but also devices fabricated on such
substrates. A method of forming a: semiconductor-on-insulator chip with mesa isolation and a
recess resistapkRMTHIR WhSoRRARE LA 9965 RAIRAING AR L0 Eiouies: a0, psssgections
of the wafer are illustrated through the process of forming the semiconduc or-on-lnsleﬂa otgré?np with
mesa isolationspixtiegearsidigsisian! layer. The starting substrate, as shown in Figure 9a, is one of the
substrates previously 19

{0073] While several embodiments of the invention, together with modifications thereof,
have been described in detail herein and illustrated in the accompanying drawings, it will be
evident that various modifications are possible without departing from the scope of the present

invention. The examples given are intended to be illustrative rather than exclusive.



described. A mask 242 is used to define active regions 216 in the active layer 210 (or 210'), as shown
in Figure 9b. The mask 242 may comprise any masking material known and used in the art, such as
silicon oxide, silicon nitride, silicon oxynitride or pt%%toresist, as examples. The mask can also be
formed from a stack comprising, for example, a silicon nitride layer overlying a silicon oxide layer.
[0066] Following active region definition using a mask, the active layer 210 is etched using techniques
known and used in the art. If the active layer 210 is comprised of silicon, a dry plasma etch using
fluorine chemistry may be used. The mask 242 is then removed to yield the semiconductor mesas
216, the cromelcﬁigﬁgflﬂg rg aire shown in Figure 9c. [0067] The formation of the semiconductor
mesas 216 exposes regions of thé buried insulator 212 not covered by the semiconductor mesas. In
the subsequent process steps, the wafer may be subjected to wet cleaning, for example, before the
wafer enters a gate dielectric deposition or growth chamber. The wet cleaning solutions potentially
etch into the buried, insiaiasrandhkesill Ib @ifcaraRMRYNGAINSWALATT Lois L RIORRCiRMDY the
recess-resistant layer 224. The recess-resistant layer 224, as shown in Figure 9¢, has a very low etch
rate in comoenly used wet cleaning solutions such as dilute hydrochloric acid, and minimizes the
amount of recess in the exposed surface of the buried insulator. Next, active devices are formed.
[0066] A typical acgue dadeaiond ransisiekiadormed as follows. The resulting structure is



shown in Figure 9d. The gate dielectric 244 may be formed by thermal oxidation, chemical vapor
deposition, or sputtering. The gate dielectric 244 may comprise a conventional material such as
silicon dioxide or silicon oxynitride with a thicknes$fanging from about 3 angstroms to about 100
angstroms, preferably about 10 angstroms or less. The gate dielectric 244 may also comprise of high
permittivity (high-k) materials such as lanthalum oxide (La203), aluminum 20 oxide (A1203), hafnium
oxide HfO2, hafnium oxynitride (IMN), or zirconium oxide (ZrO2)' with an equivalent oxide thickness of

about 3 angstroms TRPXEHHE 105 AHGSHEhISRIOEYFTHDHEE MeorBde 2 AR AT ¥HEA deposited.
The gate material may be.,polycrystalline-silicon (pqly-Si), poly-crystalline silicon-germanium
(pon-SiGe),S R r‘ér%’fgtr?}%rlrli%tg){' %?Hn%?h%}w&%'é%%%gﬁé tungsten, compounds such as titanium
nitide or other copgucing material, A gate. masle (ot showr) fs defied e the |ndgrhing gate
material is etched to form the gate Siettrodt The ga?e &tdh Stops ohThe gate hidlegtri 4, and the

gate is electrically jsglated from the tansisierSySiyie Y the gate dielegtric 244, In the. preferred
iAo dailys e

embodiment, the gate 246 material Is po the gate dielectric 244 1s silicon oxynﬁn&e. A plasma

etch using hlogng ARERIOMHRE, ARETISI-RRheHSedan S Raln RlEGTRLe Giahing{0P70] Atter

gate 246 definition, the gate mask can be removed. The source and drain éxtensions 248 are formed
next. This mayhe achieved by ion implantation, plasma immersion

providing a target wafer comprising of a recess-resistant layer of silicon nitride
having an etch rate of less than 10 angstroms per minute in a wet cleaning solution, said
recess-resistant layer overlying a first dielectric layer, the first dielectric layer overlying a
substrate, the target wafer having a top surface;

beta bonding the top most recess-resistant layer of the donor wafer to the recess-
resistant top surface of the target wafer;

cleaving the semiconductor film from the donor wafer, the semiconductor film
adhering to the target wafer so as to provide a substrate device comprising a the
semiconductor film overlying a buried insulator stack, the burled insulator stack
comprising the recess-resistant layer overlying the first dielectric layer;

annealing the target wafer to strengthen the bond between semiconductor film and
the target wafer after the semiconductor film adheres to the target wafer, and after the
cleaving step forms the semiconductor film;

patterning a portion of the semiconductor film to form semiconductor mesas; and

forming active devices on the semiconductor mesas.



ion implantation (PII1), or other techniques known and used in the art. [0071] Next, a spacer 250 is
formed on the sidewalls of the gate 246 by deposition and selective etching of the spacer material.
The spacer material may comprise of a dielectric Aaterial such as silicon nitride or silicon dioxide. In
the preferred embodiment, the spacer 250 comprises silicon nitride. [0072] After spacer formation,
source and drain regions 252 are doped by ion implantation, PHI, gas or solid source diffusion, or any
other technigues knpwn and used jn the art. Any implant damage or amqrphizatjon can be annealed
through sub 'equerﬁltggi ??tgﬁfieo?éﬂ‘%ig}/ R gfg{ﬁ}%@?%ﬁ@%&ﬁg&%@rﬁ iﬁé;%ﬂlﬂc@,%rain, and gate
can also be reduced by strapping the source, drain, and gate with a conductive material (not shown).
The conductive material may be a metallic silicide such as titanium silicide, cobalt silicide, or nickel
silicide. In the pref qé%g’,ﬂ ' , nductive material isAickel silicide which may be
formed by a? 'self-al?g{nge S|?%g(@gﬁgi?e%%é%%s%e[gg%§?0WHﬁ%%elv}égrélloé%rﬁ’g%g ir%esﬁte}smoe the
invention, tegethekyith modifications thereof, have been described in detail herein and illustrated in
the accompanying drawings, it will be evident that various modifications are possible without departing
from the scope of the present invention. The examples given are intended to be illustrative rather than
exclusive.

4, The method of claim 3 wherein the strained silicon film is under tensile strain.

5. The method of claim 4 wherein the tensile strain has a magnitude of between

about 0.01% and about 4%.

6. The method of claim | wherein the semiconductor fiim contains silicon and

germanium.

7. The method of claim | wherein the donor wafer further includes the second

dielectric, the second dielectric being the topmost layer of the donor wafer.



22 WHAT IS CLAIMED IS: 1. A method of fabricating a semiconductor-on-insulator chip, comprising
the steps of: providing a donor wafer substrate; 23 _implanting ions into said donor wafer substrate to
form an implanted layer and a semiconductor film %)i/erlaying said implanted layer; forming a
recess-resistant layer of silicon nitride having an etch rate of less than 10 angstroms per minute in a
wet cleaning solution, said recess-resistant layer overlying the semiconductor film, the
recess-resi%ant Ia;@r forrﬁin{g t?e toe% ostﬁ% er of the a donor wa[ﬁeeﬁlpr%/iding a%tﬁr et wafer
comprising of a receSsPSLISthRt @HLR df SRR RS HATIRY BRI Pal 6t fodU 16 angstroms
per minute in_a wet cleanjng solution, said r -resjstant layer overlying a first dielectric layer, the
first dielectrllbé3 %ﬁ%? over r}i@%‘“ S%a%lgt?g?e%%%t%ﬁ;%?%{é%nrshaving a top surface; beta bonding the top
most recess-resistant layer of the donor wafer to the recess- resistant top surface of the target wafer;

9. The method of claim 1 wherein the target wafer further comprises a second
dielectric layer overlving the recess-resistant layer of the target wafer, the second

dielectric layer being the topmost layer of the target wafer.

10. The method of claim 9 wherein the second dielectric layer comprises silicon
oxide.
11. The method of claim 9 wherein the second dielectric layer has a thickness of

between about 10 and about 200 angstroms.

12. The method of claim | wherein the first dielectric layer comprises silicon oxide.

13. The method of claim 1 wherein the first dielectric layer has a thickness of

between about 100 angstroms and about 5000 angstroms.

4. The method of claim 1 wherein the target wafer substrate comprises a silicon

substrate.



cleaving the semiconductor film from the donor wafer, the semiconductor film adhering to the target
wafer so as to provide a substrate device comprising a the semiconductor film overlying a buried
insulator stack, the buried insulator stack comprisitig the recess-resistant layer overlying the first
dielectric layer; annealing the target wafer to strengthen the bond between semiconductor film and the
target wafer after the semiconductor film adheres to the target wafer, and after the cleaving step forms
the semiconductor fjim; patterning. a portion of. the semiconductor film,to form semiconductor mesas;
and forminrécfi’f:ijctiveIt é%\ﬂ%@%ogrno hgeiaélgn’}ic 1&%‘6’&6%%883@“?& o5%e ﬁ&ﬁ%@ﬁ&f&l tWherein the
semiconductlogchS@ comprises a silicon film. 3. The method of claim 2 wherein the semiconductor film
comprises a strained silicon film. 4. The method of claim 3 wherein the strained silicon film is under
tensile strain. 5. The method of claim 4 wherein the tensile strain has a magnitude of between about

0.01 % and about 4%. 6. The method of claim | wherein the semiconductor film contains silicon and

germanium.js - The method of claim 1 wherein the separating process comprises an atomic layer

cleaving process.



7. The method of claim | wherein the donor wafer further includes the second dielectric, the second
dielectric being the topmost layer of the donor wafer. 25 8. The method of claim 1 wherein the
recess-resistant layers have a thickness of betwegh about 10 angstroms and about 200 angstroms. 9.
The method of claim | wherein the target wafer further comprises a second dielectric layer overlying
the recess-resistant layer of the target wafer, the second dielectric layer being the topmost layer of the
target wafer, 10. Th megugéi of claim 9 wherein the second dielectric layer comprises silicon oxide.
11. The mettod of U&RFEUH 'r‘"é?ﬁ’ll{h{e‘g EH éf@%ﬁ@f&%‘?ﬂﬁ?a?TmBR‘ﬁ%Ss%lt?Prbetween about 10
and about 200 angstroms. 12. The method of claim 1 wherein the first dielectric layer comprises silicon
oxide. 13. The method of claim 1 wherein the first dielectric layer has a thickness of between about
100 angstrofgs and,ahauh 3009 angetomp. df: AbeMetipf abFRImhRSTaRbe et wafer
substrate comprises a silicon substrate.

19. The method of claim 1 wherein the recess-resistant layer is in contact with the

semiconductor mesas.



15. The method of claim 1 wherein the separating process is a controlled cleaving process. 16. The
method of claim 1 wherein the separating process_comprises an atomic layer cleaving process. 27
17. The method of claim 1 wherein the semicondutitor film comprises silicon. 18. The method of claim
17 wherein the semiconductor comprises strained silicon. 19. The method of claim 1 wherein the
recess-resistant layer is in contact with the semiconductor mesas. 28 20. The method of claim |

wherein the huried insulator stack further comprises a .secqnd dielectric layer overlying the
recess-resigta.\‘nt layé¥, Hie’ ‘éggﬁg*a?esle‘ﬁﬁ%eiﬁﬁ? gﬁﬁjg’ﬁ'ﬁ"%ﬁtﬁff&%@igﬁﬁﬁyggﬁw&ﬁgﬁ%ctor mesas. 21.

The method of claim 20 Wherein the seeond dielectic layer comprises silicon, oxide, 22- The method
of claim 20 Wherein the second dielectic ayerehas a hlc AESs Of between abolt 10 and about 200

angstroms. l%%g in contact with the semiconductor mesas,

21. The method of claim 20 wherein the second dielectric layer comprises silicon
oxide.
22, The method of claim 20 wherein the second dielectric layer has a thickness of

between about 10 and about 200 angstroms,



23. The method of claim 9, wherein each silicon mesa overlies a portion of the second dielectric layer,

and wherein portions of the second dielectric layer that are not underlying the silicon mesa are

removed to expose the silicon nitride layer. 24. Thé’method of claim 23 wherein forming a plurality of

silicon mesas comprising a plurality of strained silicon mesas. 25. The method of claim 23 wherein

said nitride layer comprises forming a nitride layer having a thickness of between about 10 angstroms

and about 200 angﬁroms 26. The methad of claim 23 wherein forming second oxide layer comprises
o]

forming a_sflicon ﬁéﬂ%‘}bé? ﬁg\‘i}ﬂ&“ KR S B EGARN SSA QU5 SAher 8L 200 BhER4roms. 27.

The method of, claim, 23 wherein the first oxide.layer has q.thickness of between about 100 angstroms
and about SUD5 NG & S8 PR ARG BF Dt 104 FUEUE bl B cER

Sioxy:Hx. 9. e metha oL claim 28 aherelpfoiming g serpicgnductor layer comprises forming a
silicon layer. 30. The method of claim 29 wherein forming a semiconductor layer comprises forming a
strained silicon layer. 31. The method of claim 30 wherein forming a semiconductor layer comprises

forming a silicon layer, wherein the strained silicon is under tensile strain.
24, The method of claim 23 wherein forming a plurality of silicon mesas comprising

a plurality of strained silicon mesas.

25. The method of claim 23 wherein said nitride layer comprises forming a nitride

layer having a thickness of between about 10 angstroms and about 200 angstroms.

26. The method of ciaim 23 wherein forming second oxide layer comprises forming a

silicon oxide layer having a thickness of between about 10 and about 200 angstroms.

27. The method of claim 23 wherein the first oxide layer has a thickness of between

about 100 angstroms and about 5000 angstroms.
28. The method of claim 1 the recess-resistant layer comprising SiON,:Hi,.

29. The method of claim 28 wherein forming a semiconductor layer comprises

forming a silicon layer.

30. The method of claim 29 wherein forming a semiconductor layer comprises

forming a strained silicon layer.

31. The method of claim 30 wherein forming a semiconductor layer comprises

forming a silicon layer, wherein the strained silicon is under tensile strain.



30 32. The method of claim 31 wherein the tensile strain has a magnitude of between about 0.01 %
and about 4%. 33. The method of claim 28 wherein the semiconductor layer contains silicon and
germanium. 34. The method of claim 28 wherein tA® recess-resistant layer has a thickness of
between about 10 angstroms and about 200 angstroms. 35. The method of claim 28 wherein the
recess-resistant layer is in contact with the semiconductor layer. 36. The method of claim 28 wherein
the buried insulator stack further comprises a .second dielectric layer overlying the recess-resistant
Jayer. the sacond dIIBEF PR B MRS HBCHR e G AORBIAS L. 57447 method of
claim 36 Wheﬁ)r(%?otgﬁc’ e%%na_%(gitejt(g/ctric layer comprises silicon oxide. 38. The method of claim 37
wherein the“second digfectiic i'z]‘atyer0 ‘has a thickness of between about 10 and about 200 angstroms.
39. The method of claim 28 wherein the first dielectric layer comprises silicon oxide. 40. The method

of claim 39 wherein the first dielectric layer has a thickness of

33. The method of claim 28 wherein the semiconductor layer contains silicon and
germanium.
34, The method of claim 28 wherein the recess-reststant layer has a thickness of

between about 10 angstroms and about 200 angstroms.

35. The method of claim 28 wherein the recess-resistant layer is in contact with the

semiconductor layer.

36. The method of claim 28 wherein the buried insulator stack further comprises a
second dielectric layer overlying the recess-resistant layer, the second dielectric layer

being in contact with the semiconductor layer.

37. The method of claim 36 wherein the second dielectric layer comprises silicon
oxide.
38. The method of claim 37 wherein the second dielectric layer has a thickness of

between about 10 and about 200 angstroms.

39. The method of claim 28 wherein the first dielectric layer comprises silicon oxide.

40. The method of claim 39 wherein the first dielectric layer has a thickness of

between about 100 angstroms and about 5000 angstroms.



between about 100 angstroms and about 5000 angstroms. 30a 41. The method of claim 28 wherein
the substrate comprises a silicon substrate. 42. The method of claim 1 wherein the silicon nitride layer
comprises Si3N4. 43. The method of claim 1 whetéin the silicon nitride layer comprises SIOXNy. 44.
The method of claim | wherein the silicon nitride layer comprises SiXNy. SOl CHIP WITH
RECESS-RESISTANT BURIED INSULATOR AND METHOD OF MANUFACTURING THE SAME

ABSTRACT 'lA sem ondu?to -C}nvinsuﬁtor structure incjudes a substrate.and a, buried insulator stack
. 41, Jﬁmte mﬂ;}m 0 .ciann wherem ihe.substraie co Tlg}il.‘(ifolSI SO SU strata.

overlying the substrate. The buried insulator stack’includes a'tirst dielectric ail rand a recess-
resistant layer overlying the first dielectric layer. A second dielectric layer can overlie the

recess-resistant layer. A semiconductor layer overlying the buried insulator stack. Active devices,

such as trangistors AR, ARRES SRS IATREH IR BRGSTIEORSIPL VST EIG: 8B

43. The method of claim 1 wherein the silicon nitride layer comprises SiON,,.

44. The method of claim 1 wherein the silicon nitride layer comprises SiyN,.





