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METHOD OF REDUCING FORMATION OF SiGe ABNORMAL GROWTHS ON
POLYCRYSTALLINE ELECTRODES FOR STRAINED-CHANNEL PMOS TRANSISTORS

[0001] This relates to strained-channel PMOS transistors and, more particularly, to a
method of substantially reducing the formation of SiGe abnormal growths on polycrystalline
electrodes for strained-channel PMOS transistors.

BACKGROUND

[0002] A MOS transistor is a well-known semiconductor device that includes spaced-
apart source and drain regions, which are separated by a channel, and a gate that lies over and
insulated from the channel. MOS transistors can be formed as n-channel (NMOS) devices or as
p-channel (PMOS) devices.

[0003] FIG. 1 shows a cross-sectional view that illustrates a prior-art PMOS transistor
100. As shown in FIG. 1, PMOS transistor 100 includes a semiconductor body 110.
Semiconductor body 110, in turn, includes an n-type single-crystal-silicon substrate region 112,
and spaced-apart p-type single-crystal-silicon source and drain regions 114 and 116 that touch
substrate region 112. Source region 114 and drain region 116 each include a heavily-doped (p+)
region and a lightly-doped (p-) region.

[0004] Semiconductor body 110 further includes a channel portion 120 of substrate
region 112 that lies between and touches the p-type source and drain regions 114 and 116. In
addition, semiconductor body 110 includes a shallow trench isolation (STI) region 122 that
touches substrate region 112 and the p-type source and drain regions 114 and 116.

[0005] As further shown in FIG. 1, PMOS transistor 100 also includes a gate insulation
region 130 that lies over channel portion 120, and a polycrystalline silicon (poly-Si) gate 132 that
lies on gate insulation region 130 over channel portion 120. Further, transistor 100 includes a
non-conductive side wall spacer 134 that laterally surrounds poly gate 132.

[0006] In operation, when a negative drain-to-source voltage Vpg is present, and the gate-

to-source voltage Vs is more negative than the threshold voltage, PMOS transistor 100 turns on
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and holes flow from source region 114 to drain region 116. When the gate-to-source voltage Vs
is more positive than the threshold voltage, PMOS transistor 100 turns off and no holes (other
than a very small leakage current) flow from source region 114 to drain region 116.

[0007] To enhance the mobility of the holes that flow from the source region to
the drain region, advanced devices utilize a strained-channel PMOS transistor in licu of a
conventional PMOS transistor, such as PMOS transistor 100. Strained-channel PMOS
transistors, in turn, utilize silicon germanium (SiGe) source and drain regions in licu of the
single-crystal-silicon source and drain regions utilized by conventional PMOS transistors.
[0008] FIG. 2 shows a cross-sectional view that illustrates a prior-art strained-channel
PMOS transistor 200. PMOS transistor 200 is similar to PMOS transistor 100 and, as a result,
utilizes the same reference numerals to designate the elements which are common to both of the
PMOS transistors.

[0009] As shown in FIG. 2, one significant way that PMOS transistor 200 differs from
PMOS transistor 100 is that PMOS transistor 200 replaces substantial portions of the p-type
single-crystal-silicon source and drain regions 114 and 116 with p-type SiGe source and drain
regions 210 and 212. The SiGe source and drain regions 210 and 212 introduce strain into
channel portion 120, which increases the hole mobility when PMOS transistor 200 is turned on.
[0010] One problem with strained-channel PMOS transistor 200 is that the conventional
approach to forming PMOS transistor 200 is susceptible to the formation of SiGe abnormal
growths on the poly-Si gate electrodes. The SiGe abnormal growths, which can be undesirably
formed when the SiGe source and drain regions 210 and 212 are epitaxially grown, degrade
device yield.

[0011] FIGS. 3A-3L show a series of cross-sectional views that illustrate a prior-art
method 300 of forming a strained-channel PMOS transistor. As shown in FIG. 3A, method 300
utilizes a semiconductor body 310 which has been conventionally formed to have an n-type
single-crystal-silicon substrate region 312, a gate isolation region 314 that touches substrate
region 312, and a shallow trench isolation region (ST1) 316 that touches and extends into
substrate region 312, and laterally surrounds gate isolation region 314. Gate isolation region 314

can be implemented with, for example, silicon dioxide (Si0,) or silicon oxynitride (SiON).



WO 2014/014802 PCT/US2013/050449

[0012] As further shown in FIG. 3A, method 300 begins by forming a polycrystalline
(poly) layer 320 on gate isolation region 314 and STI region 316 in a conventional manner. Poly
layer 320 can be implemented with, for example, undoped polycrystalline silicon or undoped
polycrystalline silicon germanium. After poly layer 320 has been formed, an inorganic anti-
reflective coating (IARC) layer 324 is conventionally formed on poly layer 320. Next, a
patterned photoresist layer 326 is formed on the top surface of IARC layer 324 in a conventional
fashion.

[0013] As shown in FIG. 3B, after patterned photoresist layer 326 has been formed, the
exposed region of IARC layer 324 is conventionally etched to form an IARC hard mask 330.
After IARC hard mask 330 has been formed, patterned photoresist layer 326 is removed in a
conventional manner using, for example, oxygen or fluorine ashing. Following this, the resulting
structure is cleaned to remove organics, such as with a wet etch (e.g., a Piranha etch) or a dry
etch.

[0014] As shown in FIG. 3C, following the removal of patterned photoresist layer 326,
the exposed regions of poly layer 320 and gate isolation region 314 are anisotropically etched in
a conventional fashion. The etch forms a stacked structure 331 that touches substrate region 312.
Stacked structure 331 includes IARC hard mask 330, a poly gate electrode 334 which touches
and lies below IARC hard mask 330, and a gate insulation region 336 that touches and lies
between gate electrode 334 and substrate region 312. As a result of gate insulation region 336,
poly gate electrode 334 is electrically isolated from substrate region 312.

[0015] After this, as shown in FIG. 3D, a non-conductive layer 340 is formed to
touch substrate region 312, STI region 316, IARC hard mask 330, gate electrode 334, and gate
insulation region 336. Non-conductive layer 340 can be implemented with, for example, an
oxide layer or an oxide-nitride-oxide (ONO) layer.

[0016] As shown in FIG. 3E, once non-conductive layer 340 has been formed, non-
conductive layer 340 is anisotropically etched in a conventional manner. Following the
anisotropic etch, the remaining portion of non-conductive layer 340 is isotropically etched with
an etchant, such as dilute hydrofluoric acid (dHF), to form a non-conductive side wall spacer 342

that touches the side wall of poly gate electrode 334. In some cases, as shown by the arrow A in
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FIG. 3E, the dHF etch can remove a top portion of side wall spacer 342 and expose a significant
portion of the side wall of IARC hard mask 330.

[0017] As shown in FIG. 3F, after side wall spacer 342 has been formed, a p-type dopant
is implanted into substrate region 312 and driven in using conventional procedures to form
single-crystal-silicon PLDD source and drain regions 344 and 345. Next, a protection layer 346
is formed to touch STI region 316, IARC hard mask 330, side wall spacer 342, and the PLDD
regions 344 and 345.

[0018] Protection layer 346 can be implemented with, for example, a nitride layer, and
formed in a conventional low-temperature manner using, for example, hexachlorodisilane (HCD)
or tertiary-butylamino silane (BTBAS) processes. Once protection layer 346 has been formed, a
patterned photoresist layer 348 is formed on protection layer 346. (Patterned photoresist layer
348 protects other arcas of the wafer from the subsequent etch of protection layer 346.)

[0019] Following this, as shown in FIG. 3G, protection layer 346 is anisotropically
etched in a conventional manner to form a non-conductive side wall spacer 350. In addition, the
etch exposes spaced-apart regions of the single-crystal-silicon PLDD regions 344 and 345. In
some cases, as shown by the arrow B in FIG. 3G, variations in the manufacturing process, such
as the non-uniform deposition of protection layer 346, can cause the etch to undesirably re-
expose a significant portion of the side wall of IARC hard mask 330.

[0020] As shown in FIG. 3H, after side wall spacer 350 has been formed, the
exposed portions of the single-crystal-silicon PLDD regions 344 and single-crystal-silicon
substrate region 312 are anisotropically etched to form source and drain trenches 352 and 354.
Once the source and drain trenches 352 and 354 have been formed, patterned photoresist layer
348 is removed.

[0021] Next, as shown in FIG. 31, the exposed portions of single-crystal-silicon in the
source and drain trenches 352 and 354 are wet etched to form source and drain cavities 356 and
358. As further shown in FIG. 31, a channel portion 359 of the single-crystal-silicon substrate
region 312 lies horizontally between the source and drain cavities 356 and 358. Channel portion
359, in turn, lies directly below poly gate electrode 334.

[0022] Following this, as shown in FIG. 3J, p-type silicon germanium is epitaxially

grown in a conventional manner to form p-type SiGe source and drain regions 360 and 362 in the
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source and drain cavities 356 and 358. Next, as shown in FIG. 3K, IARC hard mask 330,
protection layer 346, and side wall spacer 350 are removed in a conventional manner to form a
strained-channel PMOS transistor 370.

[0023] One of the problems with the conventional formation of strained-channel PMOS
transistors, such as PMOS transistor 370, is that, due in part to the undesirable exposure of the
side wall region of IARC hard mask 330, IARC hard mask 330 can partially chip or lift off from
gate electrode 334, thereby exposing a portion of gate electrode 334.

[0024] When this occurs, as shown in FIG. 3L, a SiGe abnormal growth 372 is
undesirably formed on the exposed region of gate electrode 334 at the same time that the SiGe
source and drain regions 360 and 362 are formed. SiGe abnormal growths 372 can lead to the
formation of defective transistors. As a result, there is a need for a method of substantially
reducing the formation of SiGe abnormal growths.

SUMMARY

[0025] A method is provided of substantially reducing the formation of SiGe abnormal
growths on polycrystalline gate electrodes. The method of the present invention forms a
polycrystalline (poly) layer on a gate isolation structure, where the gate isolation structure
touches and lies above a single-crystal silicon region. The method also performs a plasma
nitridation to convert a surface of the poly layer to silicon nitride. The method further etches a
number of layers to form a stacked structure. The number of layers includes the poly layer with
the surface converted to silicon nitride. The stacked structure includes a poly gate electrode that
is formed by etching the poly layer, and a silicon nitride cap that is formed by etching the surface
converted to silicon nitride. The poly gate electrode has a side wall. The silicon nitride cap
touches and lies above the poly gate electrode.

[0026] The method alternately forms a poly layer on a gate isolation structure, where the
gate isolation structure touches and lies above a single-crystal silicon region. The alternate
method also forms a protective layer to touch and lie above the poly layer, and an inorganic anti-
reflective coating (IARC) layer to touch and lie above the protective layer. The protective layer
and the IARC layer include different materials. In addition, the alternate method etches a
number of layers to form a stacked structure. The number of layers includes the poly layer, the

protective layer, and the IARC layer. The stacked structure includes a poly gate electrode that is
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formed by etching the poly layer, a protective cap that is formed by etching the protective layer,
and an IARC hard mask that is formed by etching the IARC layer. The poly gate electrode has a
side wall. The protective cap touches and lies above the poly gate electrode. The IARC hard
mask touches and lies above the protective cap. Further, the alternate method etches the single-
crystal silicon region to form a source cavity and a drain cavity after the stacked structure has
been formed. The source cavity lies spaced apart from the drain cavity. A channel portion of the
single-crystal silicon region lies horizontally between the source cavity and the drain cavity. The
channel portion lies directly below the poly gate electrode. Additionally, the alternate method
simultaneously grows a silicon germanium source region in the source cavity, and a silicon
germanium drain region in the drain cavity.

[0027] The method also alternatively forms a stacked structure that touches a single-
crystal silicon region. The stacked structure includes a poly gate electrode that is electrically
isolated from the single-crystal silicon region. The poly gate electrode has a side wall. The
alternative method also forms a non-conductive side wall spacer that touches the side wall of the
poly gate electrode, and a non-conductive side wall structure that touches the non-conductive
side wall spacer. In addition, the alternative method performs a plasma nitridation such that any
exposed surface of the poly gate electrode is converted to a silicon nitride layer, and etchs the
silicon nitride layer to remove the silicon nitride layer from the single-crystal silicon region.
BRIEF DESCRIPTION OF THE DRAWINGS

[0028] FIG. 1 is a cross-sectional view illustrating a prior art PMOS transistor 100.
[0029] FIG. 2 is a cross-sectional view illustrating a prior art strained-channel PMOS
transistor 200.

[0030] FIGS. 3A-3L are cross-sectional views illustrating a prior art method 300 of
forming a strained-channel PMOS transistor.

[0031] FIGS. 4A-4K are cross-sectional views illustrating an example of a method 400 of
forming a strained-channel PMOS transistor in accordance with principles of the invention.
[0032] FIGS. 5A-5F are cross-sectional views illustrating another example of a method
500 of forming a strained-channel PMOS transistor in accordance with principles of the

invention.
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[0033] FIGS. 6A-6F are cross-sectional views illustrating another example of a method

600 of forming a strained-channel PMOS transistor in accordance with principles of the

invention.
DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS
[0034] FIGS. 4A-4K illustrate an example method 400 of forming a strained-channel

PMOS transistor in accordance with principles of the invention.

[0035] As shown in FIG. 4A, method 400 utilizes a single-crystal silicon body 410 which
has been conventionally formed to have an n-type single-crystal-silicon substrate region 412, a
gate isolation region 414 that touches substrate region 412, and a shallow trench isolation region
(STI) 416 that touches and extends into substrate region 412, and laterally surrounds gate
isolation region 414. Gate isolation region 414 can be implemented with, for example, SiO, or
SiON.

[0036] As further shown in FIG. 4A, method 400 begins by forming a polycrystalline
(poly) layer 420 on gate isolation region 414 and STI region 416 in a conventional manner. Poly
layer 420 can be implemented with, for example, undoped polycrystalline silicon or undoped
polycrystalline silicon germanium. After poly layer 420 has been formed, a protection layer 422
is formed on poly layer 420.

[0037] Protection layer 422 can be implemented with, for example, a silicon nitride layer,
and formed using, for example, a low-temperature plasma nitridation process that converts a
surface of poly layer 420 to silicon nitride. For example, the plasma nitridation process can be
performed at room temperature with no intentional wafer heating at a pressure in the range of 10-
75mTorr, radio frequency (RF) power in the range of 500-1000W based on plasma excited by an
RF wave in the frequency range of 10-20KHz, and an N, flow in the range of 50-500sccm.
[0038] Alternately, the plasma nitridation process can be performed at a temperature in
the range of 300-400°C with no intentional wafer heating at a pressure in the range of 50-200mT,
microwave power in the range of 1000-1500W based on plasma excited by a microwave in the
frequency range of 2-3GHz, and an argon flow in the range of 800-1200sccm.

[0039] Both of the plasma nitridation processes form a nitride layer with a high
concentration of nitrogen (e.g., greater than 1x10'%/cm?) within 2nm from the top surface.

Following the formation of protection layer 422, a protection layer 424 is conventionally formed
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on protection layer 422. Protection layer 424 has different materials than protection layer 422,
and can be implemented with, for example, an inorganic anti-reflective coating (IARC) layer.
[0040] Next, a patterned photoresist layer 426 is formed on the top surface of protection
layer 424. Patterned photoresist layer 426 is formed in a conventional manner, which includes
depositing a layer of photoresist, projecting a light through a patterned black/clear glass plate
known as a mask to form a patterned image on the layer of photoresist, and removing the imaged
photoresist regions, which were softened by exposure to the light.

[0041] As shown in FIG. 4B, after patterned photoresist layer 426 has been formed, the
exposed region of protection layer 424 is conventionally etched to form a protection cap 430 that
functions as hard mask. After protection cap 430 has been formed, patterned photoresist layer
426 is removed in a conventional manner using, for example, oxygen or fluorine ashing.
Following this, the resulting structure is cleaned to remove organics, such as with a wet etch
(c.g., a Piranha etch) or a dry etch.

[0042] As shown in FIG. 4C, following the removal of patterned photoresist layer 426,
the exposed regions of protection layer 422, poly layer 420, and gate isolation region 414 are
etched to form a stacked structure 431 that touches substrate region 412. Stacked structure 431
includes a protection cap 430, a protection cap 432 that touches and lies below protection cap
430, a poly gate electrode 434 that touches and lies below protection cap 432, and a gate
insulation region 436 that lies between gate electrode 434 and substrate region 412.

[0043] After this, as shown in FIG. 4D, a non-conductive layer 440 is formed to touch
substrate region 412, STI region 416, protection cap 430, protection cap 432, gate electrode 434,
and gate insulation region 436. Non-conductive layer 440 can be implemented with, for
example, an oxide layer or an oxide-nitride-oxide (ONO) layer.

[0044] As shown in FIG. 4E, once non-conductive layer 440 has been formed, non-
conductive layer 440 is anisotropically etched in a conventional manner. Following the
anisotropic etch, the remaining portion of non-conductive layer 440 is isotropically etched with
an etchant, such as dilute hydrofluoric acid (dHF), to form a non-conductive side wall spacer 442
that touches the side wall of poly gate electrode 434. In the present example, side wall spacer

442 also touches the side wall of protection cap 432. In some cases, as shown by the arrow A in
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FIG. 4E, the dHF etch can remove a top portion of side wall spacer 442 and expose a significant
portion of the side wall of protection cap 430.

[0045] As shown in FIG. 4F, after side wall spacer 442 has been formed, a p-type dopant
is implanted into substrate region 412 and driven in using conventional procedures to form
single-crystal-silicon PLDD source and drain regions 444 and 445. Next, a protection layer 446
is formed to touch STI region 416, protection cap 430, side wall spacer 442, and the PLDD
regions 444 and 445.

[0046] Protection layer 446 can be implemented with, for example, a nitride layer, and
formed in a conventional low-temperature manner using, for example, hexachlorodisilane (HCD)
or tertiary-butylamino silane (BTBAS) processes. Once protection layer 446 has been formed, a
patterned photoresist layer 448 is formed on protection layer 446. (Patterned photoresist layer
448 protects other areas of the die from the subsequent etch of protection layer 446.)

[0047] Following this, as shown in FIG. 4G, protection layer 446 is anisotropically
etched in a conventional manner to form a side wall spacer 450. The etch also exposes spaced-
apart regions of the single-crystal-silicon PLDD regions 444 and 445. In some cases, as shown
by the arrow B in FIG. 4G, variations in the manufacturing process, such as the non-uniform
deposition of protection layer 446, can cause the etch to undesirably re-expose a significant
portion of the side wall of protection cap 430.

[0048] As shown in FIG. 4H, after side wall spacer 450 has been formed, the exposed
portions of the single-crystal-silicon PLDD regions 444 and 445, and single-crystal-silicon
substrate region 412 are anisotropically etched to form source and drain trenches 452 and 454.
Once the source and drain trenches 452 and 454 have been formed, patterned photoresist layer
448 is removed in a conventional manner.

[0049] Next, as shown in FIG. 41, the exposed portions of single-crystal-silicon in the
source and drain trenches 452 and 454 are conventionally wet etched to form source and drain
cavities 456 and 458. The cavities 456 and 458 are then rinsed and cleaned in a conventional
fashion. Following this, as shown in FIG. 4J, p-type silicon germanium is epitaxially grown in
the cavities 456 and 458 in a conventional manner to form p-type SiGe source and SiGe drain

regions 460 and 462. Next, as shown in FIG. 4K, protection cap 430, protection cap 432,
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protection layer 446, and side wall spacer 450 are removed in a conventional manner to form a
strained-channel PMOS transistor 470.

[0050] One of the advantages of method 400 is that even if protection cap 430 partially
chips or lifts off, which can be due to the exposure of a significant portion of the side wall of
protection cap 430 or other factors, protection cap 432 covers and protects gate electrode 434,
thereby preventing the formation of a SiGe abnormal growth on gate electrode 434 during the
formation of the SiGe source and drain regions 460 and 462. Another advantage of method 400
is that protection layer 422, which is used to form protection cap 432, can be deposited in a low-
temperature process.

[0051] FIGS. 5A-5F illustrate another example method 500 of forming a strained-
channel PMOS transistor in accordance with principles of the invention.

[0052] Method 500 is the same as method 300 up through the anisotropic etch of
protection layer 346 shown in FIG. 3F to form side wall spacer 350 shown in FIG. 3G.

[0053] As shown in FIG. 5A, method 500 then differs from method 300 in that after side
wall spacer 350 has been formed, method 500 forms a number of protection regions 510 to touch
the PLDD regions 344 and 345. The protection regions 510 can be implemented with, for
example, a silicon nitride layer, and formed using, for example, the low-temperature plasma
nitridation process used to form protection layer 422.

[0054] As further shown in FIG. 5A, when a surface of poly gate electrode 334 is
exposed by an opening following the formation of side wall spacer 350, which is illustrated by
the arrow B in FIG. 5A, a protection region 510 touches the exposed surface of poly gate
electrode 334 in the opening illustrated by the arrow B.

[0055] Following this, as shown in FIG. 5B, the protection regions 510 are
anisotropically etched in a conventional manner. When the opening illustrated by the arrow B is
present, the etch removes the protection regions 510 from the PLDD regions 344 and 345, and
forms a protection region 512 that touches the exposed surface of poly gate electrode 334 in the
opening illustrated by the arrow B, thereby protecting the exposed surface of poly gate electrode
334. In addition, protection region 512 also touches the side wall of TARC hard mask 330 and
side wall spacer 342. On the other hand, when a surface of poly gate electrode 334 is not

exposed, the etch removes substantially all of the protection regions 510.

-10-
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[0056] As shown in FIG. 5C, after protection region 512 has been formed, the exposed
portions of the single-crystal-silicon PLDD regions 344 and single-crystal-silicon substrate
region 312 are anisotropically etched in a conventional manner to form source and drain trenches
552 and 554. Once the source and drain trenches 552 and 554 have been formed, patterned
photoresist layer 348 is removed in a conventional fashion.

[0057] Next, as shown in FIG. 5D, the exposed portions of single-crystal-silicon in the
source and drain trenches 552 and 554 are conventionally wet etched to form source and drain
cavities 556 and 558. The cavities 556 and 558 are then rinsed and cleaned in a conventional
fashion. Following this, as shown in FIG. 5E, p-type silicon germanium is epitaxially grown in a
conventional manner to form p-type SiGe source and drain regions 560 and 562 in the source and
drain cavities 556 and 558. Next, as shown in FIG. 5F, IARC hard mask 330, protection layer
346, side wall spacer 350, and protection region 512 are removed in a conventional manner to
form a strained-channel PMOS transistor 570.

[0058] One of the advantages of method 500 is that when the side wall of IARC hard
mask 330 is undesirably exposed, protection region 512 covers and protects some if not all of the
exposed portion of the side wall of IARC hard mask 330. As a result, the likelihood that IARC
hard mask 330 will partially chip or lift off and expose gate electrode 334 during the formation
of the SiGe source and drain regions 560 and 562 is substantially reduced. Another advantage of
method 500 is that protection layer 510, which is used to form protection region 512, can be
deposited in a low-temperature process.

[0059] FIGS. 6A-6F illustrate another example method 600 of forming a strained-
channel PMOS transistor in accordance with principles of the invention.

[0060] Method 600 is the same as method 400 up through the anisotropic etch of
protection layer 446 shown in FIG. 4F to form side wall spacer 450 shown in FIG. 4G.

[0061] As shown in FIG. 6A, method 600 then differs from method 400 in that after side
wall spacer 450 has been formed, method 600 forms a number of protection regions 610 to touch
the PLDD regions 444 and 445. The protection regions 610 can be implemented with, for
example, silicon nitride, and formed using, for example, the low-temperature plasma nitridation

process used to form protection layer 422.

-11-
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[0062] As further shown in FIG. 6A, when a surface of poly gate electrode 434 is
exposed by an opening following the formation of side wall spacer 450, which is illustrated by
the arrow B in FIG. 6A, a protection region 610 touches the exposed surface of poly gate
electrode 434 in the opening illustrated by the arrow B.

[0063] Following this, as shown in FIG. 6B, the protection regions 610 are
anisotropically etched in a conventional manner. When the opening illustrated by the arrow B is
present, the etch removes the protection regions 610 from the PLDD regions 444 and 445, and
forms a protection region 612 that touches the exposed surface of poly gate electrode 434 in the
opening illustrated by the arrow B, thereby protecting the exposed surface of poly gate electrode
434. In addition, protection region 612 also touches the side wall of protection cap 432 and side
wall spacer 442. On the other hand, when a surface of poly gate electrode 434 is not exposed,
the etch removes substantially all of the protection regions 610.

[0064] As shown in FIG. 6C, after protection region 612 has been formed, the exposed
portions of the single-crystal-silicon PLDD regions 444 and 445, and single-crystal-silicon
substrate region 412 are anisotropically etched in a conventional manner to form source and
drain trenches 652 and 654. Once the source and drain trenches 652 and 654 have been formed,
patterned photoresist layer 448 is removed in a conventional fashion.

[0065] Next, as shown in FIG. 6D, the exposed portions of single-crystal-silicon in the
source and drain trenches 652 and 654 are conventionally wet etched to form source and drain
cavities 656 and 658. The cavities 656 and 658 are then rinsed and cleaned in a conventional
fashion. Following this, as shown in FIG. 6E, p-type silicon germanium is epitaxially grown in a
conventional manner to form SiGe source and drain regions 660 and 662 in the source and drain
cavities 656 and 658. Next, as shown in FIG. 6F, protection cap 430, protection cap 432,
protection layer 446, side wall spacer 450, and protection region 612 are removed in a
conventional manner to form a strained-channel PMOS transistor 670.

[0066] One of the advantages of method 600 is that in the event that a significant portion
of the side wall of protection cap 432 is exposed in addition to the side wall of protection cap
430, thereby increasing the likelihood that protection cap 430 and protection cap 432 will both
partially chip or lift off, protection region 612 covers and protects the exposed portions of the

side walls.
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[0067] As a result, protection region 612 significantly reduces the likelihood that
protection cap 430 and protection cap 432 will both partially chip or lift off and expose gate
electrode 434 during the formation of the SiGe source and drain regions 660 and 662. Another
advantage of method 600 is that protection layer 422, which is used to form protection cap 432,
and protection layer 610, which is used to form protection region 612, can be deposited in a low-
temperature process.

[0068] Those skilled in the art will appreciate that modifications may be made to the
described embodiments, and also that many other embodiments are possible, within the scope of

the claimed invention.
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CLAIMS

What is claimed is:

1. A method of forming a semiconductor structure, comprising:

forming a polycrystalline (poly) layer on a gate isolation structure, the gate isolation
structure touching and lying above a single-crystal silicon region;

performing a plasma nitridation to convert a surface of the poly layer to silicon nitride;
and

etching a number of layers to form a stacked structure, the number of layers including the
poly layer with the surface converted to silicon nitride, the stacked structure including a poly
gate electrode formed by etching the poly layer, and a silicon nitride cap formed by etching the
surface converted to silicon nitride, the poly gate electrode having a side wall, the silicon nitride

cap touching and lying above the poly gate electrode.

2. The method of claim 1, further comprising forming an inorganic anti-reflective
coating (IARC) layer that touches and lies over the surface converted to silicon nitride before the

number of layers is etched.

3. The method of claim 2, further comprising etching the IARC layer to form an
TARC hard mask.
4. The method of claim 1, further comprising forming a non-conductive side wall

spacer that touches the side wall of the poly gate electrode.

5. The method of claim 4, wherein the non-conductive side wall spacer touches the
nitride cap.
6. The method of claim 4, further comprising forming a nitride side wall spacer that

touches the non-conductive side wall spacer.
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7. The method of claim 6, further comprising:

etching the single-crystal silicon region to form a source cavity and a drain cavity after
the nitride side wall spacer has been formed, the source cavity lying spaced apart from the drain
cavity, a channel portion of the single-crystal silicon region lying horizontally between the
source cavity and the drain cavity, the channel portion lying directly below the poly gate
clectrode; and

simultaneously growing a silicon germanium source region in the source cavity, and a

silicon germanium drain region in the drain cavity.

8. The method of claim 6, further comprising:

forming a nitride cover layer to touch the nitride side wall spacer and the single-crystal
silicon region; and

etching the nitride cover layer to remove the nitride cover layer from the single-crystal

silicon region.

9. The method of claim 8, further comprising:

etching the single-crystal silicon region to form a source cavity and a drain cavity after
the nitride cover layer has been etched, the source cavity lying spaced apart from the drain
cavity, a channel portion of the single-crystal silicon region lying horizontally between the
source cavity and the drain cavity, the channel portion lying directly below the poly gate
clectrode; and

simultaneously growing a silicon germanium source region in the source cavity, and a

silicon germanium drain region in the drain cavity.

10. A method of forming a semiconductor structure, comprising:

forming a polycrystalline (poly) layer on a gate isolation structure, the gate isolation
structure touching and lying above a single-crystal silicon region;

forming a protective layer to touch and lie above the poly layer;

forming an inorganic anti-reflective coating (IARC) layer to touch and lie above the

protective layer, the protective layer and the IARC layer including different materials;
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etching a number of layers to form a stacked structure, the number of layers including the
poly layer, the protective layer, and the IARC layer, the stacked structure including a poly gate
electrode formed by etching the poly layer, a protective cap formed by etching the protective
layer, and an IARC hard mask formed by etching the IARC layer, the poly gate electrode having
a side wall, the protective cap touching and lying above the poly gate electrode, the IARC hard
mask touching and lying above the protective cap;

etching the single-crystal silicon region to form a source cavity and a drain cavity after
the stacked structure has been formed, the source cavity lying spaced apart from the drain cavity,
a channel portion of the single-crystal silicon region lying horizontally between the source cavity
and the drain cavity, the channel portion lying directly below the poly gate electrode; and

simultaneously growing a silicon germanium source region in the source cavity, and a

silicon germanium drain region in the drain cavity.

11.  The method of claim 10, wherein the protective layer includes silicon nitride.

12.  The method of claim 10, further comprising forming a non-conductive side wall

spacer that touches the side wall of the poly gate electrode.

13.  The method of claim 12, the non-conductive side wall spacer touches the

protective cap.

14.  The method of claim 12, further comprising forming a non-conductive side wall

structure that touches the non-conductive side wall spacer.
15.  The method of claim 14, wherein the single-crystal silicon region is etched to
form a source cavity and a drain cavity after the non-conductive side wall structure has been

formed.

16. The method of claim 15, wherein the non-conductive side wall structure includes

silicon nitride.
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17. The method of claim 14, further comprising:

forming a protective cover layer to touch the non-conductive side wall structure and the
single-crystal silicon region; and

etching the protective cover layer to remove the protective cover layer from the single-

crystal silicon region.

18.  The method of claim 17, wherein the single-crystal silicon region is etched to

form a source cavity and a drain cavity after the protective cover layer has been etched.

19. A method of forming a semiconductor structure, comprising:

forming a stacked structure that touches a single-crystal silicon region, the stacked
structure including a polycrystalline (poly) gate electrode that is electrically isolated from the
single-crystal silicon region, the poly gate electrode having a side wall;

forming a non-conductive side wall spacer that touches the side wall of the poly gate
electrode;

forming a non-conductive side wall structure that touches the non-conductive side wall
spacer;

performing a plasma nitridation such that any exposed surface of the poly gate electrode
is converted to a silicon nitride layer; and

etching the silicon nitride layer to remove the silicon nitride layer from the single-crystal

silicon region.

20.  The method of claim 19, further comprising etching the single-crystal silicon
region to form a source cavity and a drain cavity after the silicon nitride layer has been etched,
the source cavity lying spaced apart from the drain cavity, a channel portion of the single-crystal
silicon region lying horizontally between the source cavity and the drain cavity, the channel

portion lying directly below the poly gate electrode.
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