o
<
—]
e
<
(o)
=
)
~
\©
&
—
(@]
g

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
5 January 2006 (05.01.2006)

(10) International Publication Number

WO 2006/002410 A2

(51) International Patent Classification:

HOIL 21/336 (2006.01) HOIL 31/062 (2006.01)
HOIL 29/76 (2006.01) HOIL 31/113 (2006.01)
HOIL 21/8234 (2006.01)  HOIL 31/119 (2006.01)
HOIL 29/94 (2006.01)
(21) International Application Number:
PCT/US2005/022643
(22) International Filing Date: 21 June 2005 (21.06.2005)
(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:
10/875,727 24 June 2004 (24.06.2004) US

(71) Applicant (for all designated States except US): INTER-
NATIONAL BUSINESS MACHINES CORPORA-
TION [US/US]; New Orchard Road, Armonk, NY 10504
(US).

(72) Inventors; and
(75) Inventors/Applicants (for US only): CHAN, Kevin K.

(74)

(81)

[US/US]; 41 Slayton Avenue, Staten Island, NY 10314
(US). GUARINI, Kathryn W. [US/US]; 290 Alden Road,
Yorktown Heights, NY 10598 (US). IEONG, Meikel
[PT/US]; 31 Summerlin Court, Wappinger Falls, Ny
12590 (US). RIM, Kern [KR/US]; 2095 Van Cortlandt
Circle, Yorktown Heights, NY 10598 (US). YANG, Min
[CN/US]; 2970 Gomer Street, Yorktown Heights, NY
10598 (US).

Agent: GROLZ, Edward W.; Scully, Scott, Murphy &
Presser, 400 Garden City Plaza, Garden City, NY 11530
(US).

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN,
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI,
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE,
KG, KM, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA,
MD, MG, MK, MN, MW, MX, MZ, NA, NG, NI, NO, NZ,
OM, PG, PH, PL, PT, RO, RU, SC, SD, SE, SG, SK, SL,
SM, SY, T, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC,
VN, YU, ZA, ZM, ZW.

[Continued on next page]

(54) Title: COMPRESSIVE SIGE <110> GROWTH AND STRUCTURE OF MOSFET DEVICES

(57) Abstract: A structure for
conducting carriers and method for
forming is described incorporating a
single crystal substrate of Si or SiGe
having an upper surface in the <110>
and a psuedomorphic or epitaxial
layer of SiGe having a concentration
of Ge different than the substrate
whereby the psuedomorphic layer is
under strain. A method for forming
semiconductor epitaxial layers is
described incorporating the step
of forming a psuedomorphic or
epitaxial layer in a rapid thermal
chemical vapor deposition (RTCVD)
tool by increasing the temperature
in the tool to about 600°C and
introducing both a Si containing
gas and a Ge containing gas. A
method for chemically preparing
a substrate for epitaxial deposition
is described comprising the steps
of immersing a substrate in a series
of baths containing ozone, dilute
HF, deionized water, HC1 acid
and deionized water, respectively,
followed by drying the substrate
in an inert atmosphere to obtain a
substrate surface free of impurities
and with a RMS roughness of less
than 0.1 nm.



WO 2006/002410 A2

0 O 0000 00O OO

(84) Designated States (unless otherwise indicated, for every

kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Burasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB, GR, HU, IE, IS, IT, LT, LU, MC, NL, PL, PT, RO,
SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN,
GQ, GW, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant’s entitlement to apply for and be granted
a patent (Rule 4.17(ii)) for the following designations AE,
AG, AL, AM, AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ,
CA, CH, CN, CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE,
EG, ES, FI, GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS,
JP, KE, KG, KM, KF, KR, KZ, LC, LK, LR, LS, LT, LU, LV,
MA, MD, MG, MK, MN, MW, MX, MZ, NA, NG, NI, NO,
NZ, OM, PG, PH, PL, PT, RO, RU, SC, SD, SE, SG, SK, SL,

SM, SY, TJ, TM, TN, TR, TT, TZ, UA, UG, UZ, VC, VN, YU,
ZA, ZM, ZW, ARIPO patent (BW, GH, GM, KE, LS, MW,
MZ, NA, SD, SL, SZ, TZ, UG, ZM, ZW), Eurasian patent
(AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), European patent
(AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, Fl, FR, GB,
GR, HU, IE, IS, IT, LT, LU, MC, NL, PL, PT, RO, SE, SI,
SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM, GA, GN,
GO, GW, ML, MR, NE, SN, TD, TG)

— asto the applicant’s entitlement to claim the priority of the
earlier application (Rule 4.17(iii)) for all designations

Published:
—  without international search report and to be republished
upon receipt of that report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.



WO 2006/002410 PCT/US2005/022643

Compressive SiGe <110> Growth and Structure of MOSFET Devices

This invention relates to advance Complementary Metal Oxide

Semiconductor ( CMOS ) transistor device design and material processing particularly to

compressive strained SiGe material.

As CMOS transistor devices scale down, methods of improving circuit
performance are increasingly important. One of the approaches in doing so is to
enhance carrier mobilities in the channel region; i.e., increase in electron and hole
mobility. This can be done by several methods :

1. Different Si lattice dimensions over a silicon substrate is used to obtain strain.
Generally, strained-silicon on a relaxed SiGe buffer or strained-silicon on SOI (SSDOI)
have shown electron mobility enhancement of about 2x on a N-FET and hole mobility
enhancement of 50% on a P-FET at high Ge concentration SiGe alloy. It is largely due
to silicon under biaxial tensile strain. However, most of this tensilely strained-Si
consists of a high density of defects.

2. MOSFETs fabrication over different surface orientation silicon such as
Si<110> substrate has shown ~1.5x hole mobility enhancement in P-FET but electron
mobility from N-FET is degraded substantially. A hybrid orientation substrate was
described by Min Yang at the IEDM 2003 which combined a Si <110> substrate and Si
<100> substrate together, so that the P-FET is built on Si<110> for hole mobility

enhancement and N-FET is built on Si<100> to maintain the N-FET performance.

There is a need for a solution to obtain both hole and electron carrier enhancement

in CMOS.
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The present invention provides a semiconductor material that has enhanced carrier
mobilities that comprises a SiGe alloy layer having a <110> surface crystal orientation that is
under a biaxial compressive strain. Biaxial compressive strain describes the net stress caused by
longitudinal compressive stress and lateral compressive stress that is induced in the plane of the

SiGe alloy layer during the growth of the semiconductor material.

Biaxial compressive strain may be formed in a SiGe layer by epitaxially forming the
layer over a base layer or substrate having a smaller lattice spacing such as Si or SiGe where the

Ge concentration is less than the Ge in the compressively strained layer thereover.

Biaxial tensile strain may be formed in a Si or SiGe layer by epitaxially forming the
layer over a base layer or substrate having a larger latice spacing such as SiGe where the Ge

concentration is larger than the Ge in the tensilely strained layer thereover.

The semiconductor material of the present invention that includes a <110> surface
orientation of SiGe alloy layer with biaxial compressive strain provides mobility enhancement

for both N-MOS and P-MOS field effect transistors.

Another aspect of the present invention relates to a method of forming the semiconductor
material of the present invention which the method of the present invention includes the steps of
providing a silicon-germanium alloy <110> layer; with a biaxial compressive strain in this

silicon- germanium alloy containing <110> layer.

In one embodiment, the SiGe alloy layer having the <110> surface orientation and

biaxial compressive strain is fabricated by a method that comprises the following steps.
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Preparing a Si or SiGe <110> substrate surface using 10 ppm Ozone in DI water at
23° C, dilute hydrofluoric acid 100:1 for 1 min, DI water rinse for 5 min, hydrochloric acid in DI
water at 23° C, 1:100 in volume and finally DI water rinse for 5 min. Then warm above 30° C

in an inert atmosphere such as N,, rinse and dry.

Next, forming an epitaxial crystal compressively-strained SiGe alloy layer on Si or SiGe
<110> substrate, that was prepared with the above cleaning process, grown by Rapid Thermal
Chemical Vapor Deposition System ( RTCVD) using Silane and Germane gas, temperature in
the range from 600° C to 650° C, pressure equal to 20 Torr. In our case, compressively -
strained 22% SiGe alloy should be below 20 nm in thickness by using Silane of 100 sccm,
Germane of 40 sccm, temperature of 600° C and pressure of 7 torr for 134 second. This SiGe
layer is compressive strained or pseudomorphic on Si or SiGe <110> substrate. The surface
roughness by AFM is below 0.2 nm and the defect density is in the range of device quality (
below 5 x 107 defect/cm?2)

Further, an epitaxial crystal compressively-starined SiGe alloy layer on Si or SiGe
<110> substrate may be grown in a Rapid Thermal Chemical Vapor Depositidn system (
RTCVD ) built by Applied Material Corporation, Centura platform of HTF model. This system =
consists of 6 chambers; 2 loadlocks, 1 transfer chamber, 1 Rapid Thermal Anneal (RTP)
chamber, 2 High Temperature Polysilicon (HTP) chambers. Compressively-strained SiGe
alloy layer is grown in the HTP chamber in the range from 600° C to 650° C.

Further, CMOS devices may be formed on the epitaxial crystal compressively-strained

SiGe alloy region with shallow trench isolation.

Further, CMOS devices with a high-K gate dielectric such as metal oxide, metal silicate,
which has a dielectric constant higher than 3.9 may be formed on the epitaxial crystal

compressively-strained SiGe alloy region with shallow trench isolation
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Further, CMOS devices with metallic gate and metal silicate may be formed on a gate
dielectric or high-K dielectric on the epitaxial compressively-strained SiGe alloy region with

shallow trench isolation

These and other features, objects, and advantages of the present invention will become
apparent upon consideration of the following detailed description of the invention when read in

conjunction with the drawing in which:

Fig. 1 shows a TEM micrograph of a 5 nm Si cap on a RTCVD grown 22% SiGe

alloy layer on a (110 ) surface oriented silicon substrate

Fig. 2 shows an AFM image after a chemical preparation (cleaning) sequence for

a Si <110> surface.

Fig. 3 shows curves of RAMAN analysis of SiGe 22% Ge on a (110) surface
oriented silicon substrate below 20 nm in thickness which is compressively-strained or =

pseudomorphic.

Fig. 4 shows a Critical Thickness curve for SiGe alloy on a (110) surface oriented

silicon substrate.

Fig. 5 shows Thermal stability of a 22% SiGe alloy layer on a (110) surface
oriented silicon substrate by RAMAN analysis.
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Fig. 6 shows a MOSFET fabricated on a compressively-strained 22% SiGe alloy

layer on a (110) surface oriented silicon substrate.

Fig. 7 shows a graph of hole mobility vs inversion charge showing that hole
mobility on a 22% SiGe layer <110> is about 10 to 15 % higher than Si <110> reported
by Min Yang in TEDM, 2003 and about 180 % higher than a Si layer <100>, a control

layer.

Description of the Preferred Embodiments

Referring to the drawing and in particular to Fig. 1, a TEM micrograph shows a
SiGe alloy layer 12 on a (110) surface 14 of single crystal silicon substrate 16. The Ge
concentration in the SiGe alloy layer 12 is 22% which was grown by a rapid thermal
chemical vapor deposition (RTCVD) process. The thickness of layer 12 is 18 nm. A cap

layer 18 of Si having a thickness of 5 nm is grown over layer 12.

Prior to deposition of layer 12, upper surface 14 of substrate 16 was prepared chemically.
Figure 2 shows an Atomic Force Microscope (AFM) image of a portion of surface 14 after
chemical preparation. Chemical preparation comprised selecting a Si or SiGe substrate 16
having a surface roughness of less than 0.2 nm, immersing substrate 16 in a first bath of 10 PPM
ozone in deionized water at 23° C, immersing substrate 16 in a second bath of dilute HF 100:1
for at least 1 minute, immersing substrate 16 in a third bath of deionized water for at least 5
minutes, immersing substrate 16 in a fourth bath of HCI acid and deionized water at least 1:100
at about 23° C, immersing substrate 16 in a fifth bath of deionized water for at least 5 minutes,
and removing substrate 16 from the fifth bath to dry substrate 16 in an inert atmosphere

containing for example nitrogen and at a temperature of at least 30° C. The surface roughness by
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RMS was equal to 0.109 nm and the Z range was equal to 1.174 nm which is comparable to an

original Si <110> surface.

The SiGe epitaxial layer 12 may be formed comprising the steps of selecting a single
crystal substrate 16 of Si or SiGe having an upper surface in the <110>, loading single crystal
substrate 16 into a rapid thermal chemical vapor deposition tool, lowering a pressure in the tool
below 0.2 Torr., increasing a temperature in the tool to about 600° C and introducing both a Si
containing gas for example silane and a Ge containing gas for example germane whereby a
psuedomorphic layer of SiGe is formed over substrate 16 having a concentration of Ge different

than said substrate whereby psuedomorphic layer 12 is strained.

Figure 3 shows a RAMAN analysis of layer 12 as a function of thickness. In Fig. 3 the
ordinate represents percentage of relaxation and the abscissa represents thickness in nm. Curve
30 has curve portion 34 where layer 12 is pseudomorphic and at point 35 of curve 30 begins the
relaxation of layer 12. Curve portion 36 shows that the relaxation is rapid with thickness of
layer 12. As long as layer 12 is below 20 nm, layer 12 remains pseudomorphic. Pseudomorphic
refers to epitaxial or to the lattice matching and/or coherence to the substrate lattice. Thus the
lattice spacing of SiGe at 22% is normally greater than Si and by being pseudomorphic is
compressively strained. The lattice spacing in Si for 110 is 5.4 Angstroms in the x and y
direction. The lattice spacing of Ge is 5.6 Angstroms in the x and y direction, about a 4%
increase over Si. Alloys of SiGe have a lattice spacing as a linear function of the concentration
of Si and Ge. Thus a 22% Ge concentration in SiGe results in a compressive strain of about 1%
when layer 12 is psuedomorphic over <110> Si. The compression would be the same over

<100> Si. Curve 32 shows relaxation of a SiGe layer <100> as a function of thickness.

Figure 4, curve 40, shows the critical thickness of SiGe alloy on <110> surface oriented

Si substrate. In Figure 4, the ordinate represents critical thickness in nm and the abscissa
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represents percentage of Ge in the SiGe alloy. In Fig. 4, layer 12 of SiGe having a thickness

below curve 40 are psuedomorphic.

Figure 5, curves 50-53, show the thermal stability of SiGe alloy layer 12 by RAMAN
analysis during fabrication of a MOSFET. In Fig. 5, the ordinate represents intensity in a.b.u.
and the abscissa represents wave number in 1/cm. Lambda was equal to 325 nm. Curve 50
shows the wavenumber 520 1/cm of Si 110. Curve 51-53 shows the wave number of about 514
1/cm after thermal cycling by rapid thermal annealing (RTA) at 1000 degrees C up to 400 sec.
In Fig. 5, curves 51-53 show that layer 12 remained pseudomorphic during RTA at 1000 degees

C. No relaxation of layer 12 was observed during or after RTA.

Figure 6 is a scanning microscope image of a MOSFET device fabricated upon
compressively strained 22 % SiGe alloy layer 12 on <110> surfacel4 of Si substrate 16. Upper
surface 14 of substrate 16 was first chemically prepared. Layer 12 was then fabricated on
substrate 16. Next, a shallow trench isolation (STI) region 60 was formed in substrate 16 to
provide electrical isolation of a MOSFET tb be formed. Next a gate dielectric layer 62 was
grown on layer 12. The gate dielectric layer 62 was N20 oxide about 2.5 nm thick. Gate
dielectric layer 62 touches down to the SiGe alloy layer 12. There is less than 0.5nm of cap layer-
18 of Si left on SiGe alloy layer 12 underneath gate dielectric layer 62, meaning N20 oxide
touches SiGe alloy layer 12. Next a polysilicon layer 64 was formed over the gate dielectric
layer 62. Next, layer 64 and gate dielectric layer 62 was lithographically patterned by forming a
mask and reactive ion etching (RIE) to form the gate dielectric 63 and gate electrode 65 of
MOSFET 66. Next, the source 68 and drain 69 were formed by ion implantation using the gate
for self alignment of the source and drain. Next, a sidewall spacer 70 was formed adjacent

polysilicon gate 65.

Figure 7 is a graph of the effective hole mobility versus inversion carrier density. In

Figure 7, the ordinate represents effective hole mobility in cm2/Vsec and the abscissa represents
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inversion carrier density in 1/cm2. Curve 74 is a plot of the hole mobility in layer 12, the
channel of MOSFET 66 shown in Fig. 6. The hole mobility measured and then plotted to form
curve 74 is approximately 10 percent higher than the hole mobility of Si <110> shown in curve
75. The hole mobility in curve 75 is about 180 % higher than the hole mobility of Si <100>

plotted in curve 76.

While there has been described and illustrated

1. aMOSFET device containing a pseudomorphic SiGe channel layer on a Si <110>
substrate,

2. amethod of forming a pseudomorphic SiGe layer by RTCVD and a method of
chemically preparing a silicon surface prior to RTCVD, it will be apparent to those skilled in the
art that modifications

3. and variations are possible without deviating from the broad scope of the invention

which shall be limited solely by the scope of the claims appended hereto.
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CLAIMS

Having thus described our invention, what we claim as new and desire to secure by

Letters Patent is:

1. A structure for conducting carriers comprising:

a single crystal substrate of Si or SiGe having an upper surface in the <110>, and

a psuedomorphic layer of SiGe formed over said substrate having a higher concentration of Ge

than said substrate whereby said psuedomorphic layer is compressively strained.

2. The structure of claim 1 further comprising a gate dielectric over said psuedomorphic

layer.

3. The structure of claim 2 further comprising gate electrode over said gate dielectric.

4. The structure of claim 3 further comprising a source and drain region formed in said

pseudomorphic layer on either side of said gate dielectric to form a channel therebetween.

5. The structure of claim 2 further comprising a polysilicon gate electrode over said gate

dielectric to form a MOSFET.

6. The structure of claim 2 further comprising a polysilicon germanium gate electrode

over said gate dielectric.
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7. The structure of claim 2 further comprising one of a metal and metal silicide gate

electrode over said gate dielectric.

8. The structure of claim 2 wherein said gate dielectric has a dielectric constant greater

than 3.9.

9. The structure of claim 1 wherein said substrate surface has an RMS of about 0.1 nm.

10. The structure of claim 1 wherein said psuedomorphic layer of SiGe has a thickness

less than 20 nm.

11. A method for forming a structure for conducting carriers comprising the steps of:

selecting a single crystal substrate of Si or SiGe having an upper surface in the <110>, and

forming a psuedomorphic layer of SiGe formed over said substrate having a higher
concentration of Ge than said substrate whereby said psuedomorphic layer is compressively

strained.

12. The method of claim 11 further comprising the step of forming a gate dielectric over

said psuedomorphic layer.

13. The method of claim 12 further comprising the step of forming a gate electrode over

said gate dielectric.

14. The method of claim 13 further comprising the step of forming a source and drain
region in said pseudomorphic layer on either side of said gate dielectric to form a channel

therebetween.

10
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15. The method of claim 12 further comprising the step of forming a polysilicon gate

electrode over said gate dielectric to form a MOSFET.

16. The method of claim 12 further comprising the step of forming a polysilicon

germanium gate electrode over said gate dielectric.

17. The method of claim 12 further comprising the step of forming one of a metal and

metal silicide gate electrode over said gate dielectric.

18. The method of claim 12 further comprising the step of selecting said gate dielectric

with a dielectric constant greater than 3.9.

19. The method of claim 11 further comprising the step of chemically preparing said

substrate surface below an RMS of about 0.1 nm.

20. The method of claim 11 further comprising the step of forming said psuedomorphic
layer of SiGe with a thickness less than 20 nm.

21. A method for forming semiconductor epitaxial layers comprising the steps of:

selecting a single crystal substrate of Si or SiGe having an upper surface in the <110>,

loading said single crystal substrate into a rapid thermal chemical vapor deposition tool,

lowering a pressure in said tool below 0.2 Torr.,

increasing a temperature in said tool to about 600° C and .

11
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introducing both a Si containing gas and a Ge containing gas whereby a psuedomorphic
layer of SiGe is formed over said substrate having a concentration of Ge different than said

substrate whereby said psuedomorphic layer is strained.

22. The method of claim 21 further comprising the step of chemically preparing said

substrate surface below an RMS roughness of about 0.1 nm.

23. The method of claim 21 further comprising the step of after a time period of

Jowering the temperature in said tool below 400° C whereby epitaxial growth is terminated.

24. A method for chemically preparing a substrate for epitaxial deposition comprising

the steps of:
selecting a Si or SiGe substrate having a surface roughness of less than 0.2 nm.,
immersing said substrate in a first bath of 10 PPM ozone in deionized water at 23° C,
immersing said substrate in a second bath of dilute HF 100:1 for at least 1 minute,
immersing said substrate in a third bath of deionized water for at least 5 minutes,

immersing said substrate in a fourth bath of HCI acid and deionized water at least 1:100

at about 23° C,

immersing said substrate in a fifth bath of deionized water for at least 5 minutes, and

12
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removing said substrate from said fifth bath to dry said substrate in an atmosphere

containing nitrogen and at a temperature of at least 30° C.

13
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