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FOOTING REMOVAL IN CUT - METAL intermediate stages in the formation of a Fin Field - Effect 
PROCESS Transistors ( FinFET ) in accordance with some embodi 

ments . 
PRIORITY CLAIM AND CROSS - REFERENCE FIG . 15 illustrates a process flow for forming FinFETs in 

5 accordance with some embodiments . 
This application claims the benefit of the following pro 

visionally filed U.S. Patent application : Application Ser . No. DETAILED DESCRIPTION 
62 / 565,532 , filed Sep. 29 , 2017 , and entitled “ Footing 
Removal in Cut - Metal Process , " which application is hereby The following disclosure provides many different 
incorporated herein by reference . 10 embodiments , or examples , for implementing different fea 

tures of the invention . Specific examples of components and 
BACKGROUND arrangements are described below to simplify the present 

disclosure . These are , of course , merely examples and are 
Metal - Oxide - Semiconductor ( MOS ) devices are basic not intended to be limiting . For example , the formation of a 

building elements in integrated circuits . An existing MOS 15 first feature over or on a second feature in the description 
device typically has a gate electrode having polysilicon that follows may include embodiments in which the first and 
doped with p - type or n - type impurities , using doping opera second features are formed in direct contact , and may also 
tions such as ion implantation or thermal diffusion . The include embodiments in which additional features may be 
work function of the gate electrode was adjusted to the formed between the first and second features , such that the 
band - edge of the silicon . For an n - type Metal - Oxide - Semi- 20 first and second features may not be in direct contact . In 
conductor ( NMOS ) device , the work function may be addition , the present disclosure may repeat reference numer 
adjusted to close to the conduction band of silicon . For a als and / or letters in the various examples . This repetition is 
P - type Metal - Oxide - Semiconductor ( PMOS ) device , the for the purpose of simplicity and clarity and does not in itself 
work function may be adjusted to close to the valence band dictate a relationship between the various embodiments 
of silicon . Adjusting the work function of the polysilicon 25 and / or configurations discussed . 
gate electrode can be achieved by selecting appropriate Further , spatially relative terms , such as " underlying , ” 
impurities . “ below , ” “ lower , " " overlying , " " upper ” and the like , may be 
MOS devices with polysilicon gate electrodes exhibit used herein for ease of description to describe one element 

carrier depletion effect , which is also referred to as a poly or feature's relationship to another element ( s ) or feature ( s ) 
depletion effect . The poly depletion effect occurs when the 30 as illustrated in the figures . The spatially relative terms are 
applied electrical fields sweep away carriers from gate intended to encompass different orientations of the device in 
regions close to gate dielectrics , forming depletion layers . In use or operation in addition to the orientation depicted in the 
an n - doped polysilicon layer , the depletion layer includes figures . The apparatus may be otherwise oriented ( rotated 90 
ionized non - mobile donor sites , wherein in a p - doped poly degrees or at other orientations ) and the spatially relative 
silicon layer , the depletion layer includes ionized non- 35 descriptors used herein may likewise be interpreted accord 
mobile acceptor sites . The depletion effect results in an ingly . 
increase in the effective gate dielectric thickness , making it Transistors formed using cut - metal - gate process and the 
more difficult for an inversion layer to be created at the methods of forming the same are provided in accordance 
surface of the semiconductor . with various exemplary embodiments . The intermediate 
The poly depletion problem may be solved by forming 40 stages of forming the transistors are illustrated in accordance 

metal gate electrodes or metal silicide gate electrodes , with some embodiments . Some variations of some embodi 
wherein the metallic gates used in NMOS devices and ments are discussed . Throughout the various views and 
PMOS devices may also have band - edge work functions . illustrative embodiments , like reference numbers are used to 
Since the NMOS devices and PMOS devices have different designate like elements . In the illustrated exemplary 
requirements regarding the work functions , dual - gate 45 embodiments , the formation of Fin Field - Effect Transistors 
CMOS devices are used . ( FinFETs ) is used as an example to explain the concept of 

In the formation of the metal gate electrodes , a long the present disclosure . Planar transistors may also adopt the 
dummy gate is formed first , which is then etched , so that the embodiments of the present disclosure . 
portions of the long dummy gate are separated from each FIGS . 1 through 14A illustrate the cross - sectional views 
other . A dielectric material is then filled into the opening left 50 and perspective views of intermediate stages in the forma 
by the etched portion of the long dummy gate . The dielectric tion of FinFETs in accordance with some embodiments of 
material is then polished , leaving a portion of the dielectric the present disclosure . The steps shown in FIGS . 1 through 
material between the remaining portions of the dummy gate . 14A are also reflected schematically in the process flow 200 
The separated portions of the dummy gate are then replaced as shown in FIG . 15 . 
with metal gates . FIG . 1 illustrates a perspective view of an initial structure . 

The initial structure includes wafer 10 , which further 
BRIEF DESCRIPTION OF THE DRAWINGS includes substrate 20. Substrate 20 may be a semiconductor 

substrate , which may be a silicon substrate , a silicon ger 
Aspects of the present disclosure are best understood from manium substrate , or a substrate formed of other semicon 

the following detailed description when read with the 60 ductor materials . Substrate 20 may be doped with a p - type 
accompanying figures . It is noted that , in accordance with or an n - type impurity . Isolation regions 22 such as Shallow 
the standard practice in the industry , various features are not Trench Isolation ( STI ) regions may be formed to extend 
drawn to scale . In fact , the dimensions of the various from a top surface of substrate 20 into substrate 20. The 

be arbitrarily increased or reduced for clarity of portions of substrate 20 between neighboring STI regions 22 
discussion . 65 are referred to as semiconductor strips 24. The top surfaces 
FIGS . 1 through 14A , 14B , 14C , and 14D illustrate the of semiconductor strips 24 and the top surfaces of STI 

perspective view , top views , and cross - sectional views of regions 22 may be substantially level with each other in 

55 

features may 

31
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accordance with some exemplary embodiments . In accor silicon carbo - nitride , or multi - layers thereof . Dummy gate 
dance with some embodiments of the present disclosure , stacks 30 may cross over a single one or a plurality of 
semiconductor strips 24 are parts of the original substrate 20 , protruding fins 24 ' and / or STI regions 22. Dummy gate 
and hence the material of semiconductor strips 24 is the stacks 30 also have lengthwise directions perpendicular to 
same as that of substrate 20. In accordance with alternative 5 the lengthwise directions of protruding fins 24 ' . 
embodiments of the present disclosure , semiconductor strips Next , gate spacers 38 are formed on the sidewalls of 
24 are replacement strips formed by etching the portions of dummy gate stacks 30. In accordance with some embodi 
substrate 20 between STI regions 22 to form recesses , and ments of the present disclosure , gate spacers 38 are formed 
performing an epitaxy to regrow another semiconductor of a dielectric material such as silicon nitride , silicon oxide , 
material in the recesses . Accordingly , semiconductor strips 10 silicon carbo - nitride , silicon oxynitride , silicon oxy carbo 
24 are formed of a semiconductor material different from nitride , or the like , and may have a single - layer structure or 
that of substrate 20. In accordance with some exemplary a multi - layer structure including a plurality of dielectric 
embodiments , semiconductor strips 24 are formed of silicon layers . 
germanium , silicon carbon , or a III - V compound semicon In accordance with some embodiments of the present 
ductor material . 15 disclosure , an etching step ( referred to as source / drain 

STI regions 22 may include a liner oxide ( not shown ) , recessing hereinafter ) is performed to etch the portions of 
which may be a thermal oxide formed through a thermal protruding fins 24 ' that are not covered by dummy gate stack 
oxidation of a surface layer of substrate 20. The liner oxide 30 and gate spacers 38 , resulting in the structure shown in 
may also be a deposited silicon oxide layer formed using , for FIG . 4. The recessing may be anisotropic , and hence the 
example , Atomic Layer Deposition ( ALD ) , High - Density 20 portions of fins 24 ' directly underlying dummy gate stacks 
Plasma Chemical Vapor Deposition ( HDPCVD ) , or Chemi 30 and gate spacers 38 are protected , and are not etched . The 
cal Vapor Deposition ( CVD ) . STI regions 22 may also top surfaces of the recessed semiconductor strips 24 may be 
include a dielectric material over the liner oxide , wherein the lower than the top surfaces 22A of STI regions 22 in 
dielectric material may be formed using Flowable Chemical accordance with some embodiments . Recesses 40 are 
Vapor Deposition ( FCVD ) , spin - on , or the like . 25 accordingly formed between STI regions 22. Recesses 40 

Referring to FIG . 2 , STI regions 22 are recessed , so that are located on the opposite sides of dummy gate stacks 30 . 
the top portions of semiconductor strips 24 protrude higher Next , epitaxy regions ( source / drain regions ) 42 are 
than the top surfaces 22A of the remaining portions of STI formed by selectively growing a semiconductor material in 
regions 22 to form protruding fins 24 ' . The respective step is recesses 40 , resulting in the structure in FIG . 5A . The 
illustrated as step 202 in the process flow 200 as shown in 30 respective step is illustrated as step 206 in the process flow 
FIG . 15. The etching may be performed using a dry etching 200 as shown in FIG . 15. In accordance with some exem 
process , wherein HFz and NH3 are used as the etching gases . plary embodiments , epitaxy regions 42 include silicon ger 
In accordance with alternative embodiments of the present manium , silicon , or silicon carbon . Depending on whether 
disclosure , the recessing of STI regions 22 is performed the resulting FinFET is a p - type FinFET or an n - type 
using a wet etch process . The etching chemical may include 35 FinFET , a p - type or an n - type impurity may be in - situ doped 
HF solution , for example . with the proceeding of the epitaxy . For example , when the 

In above - illustrated exemplary embodiments , the fins may resulting FinFET is a p - type FinFET , silicon germanium 
be patterned by any suitable method . For example , the fins boron ( SiGeB ) , GeB , or the like may be grown . Conversely , 
may be patterned using one or more photolithography pro when the resulting FinFET is an n - type FinFET , silicon 
cesses , including double - patterning or multi - patterning pro- 40 phosphorous ( SiP ) , silicon carbon phosphorous ( SICP ) , or 
cesses . Generally , double - patterning or multi - patterning pro the like , may be grown . In accordance with alternative 

combine photolithography and self - aligned embodiments of the present disclosure , epitaxy regions 42 
processes , allowing patterns to be created that have , for are formed of a III - V compound semiconductor such as 
example , pitches smaller than what is otherwise obtainable GaAs , InP , Gan , InGaAs , InAlAs , GaSb , AISb , AlAs , AIP , 
using a single , direct photolithography process . For 45 Gap , combinations thereof , or multi - layers thereof . After 
example , in one embodiment , a sacrificial layer is formed epitaxy regions 42 fully fill recesses 40 , epitaxy regions 42 
over a substrate and patterned using a photolithography start expanding horizontally , and facets may be formed . 
process . Spacers are formed alongside the patterned sacri After the epitaxy step , epitaxy regions 42 may be further 
ficial layer using a self - aligned process . The sacrificial layer implanted with a p - type or an n - type impurity to form source 
is then removed , and the remaining spacers , or mandrels , 50 and drain regions , which are also denoted using reference 
may then be used to pattern the fins . numeral 42. In accordance with alternative embodiments of 

The materials of protruding fins 24 ' may also be replaced the present disclosure , the implantation step is skipped when 
with materials different from that of substrate 20. For epitaxy regions 42 are in - situ doped with the p - type or 
example , protruding fins 24 ' may be formed of Si , Sip , Sic , n - type impurity during the epitaxy to form source / drain 
SiPC , SiGe , SiGB , Ge , or a III - V compound semiconductor 55 regions . Epitaxy source / drain regions 42 include lower 
such as InP , GaAs , AlAs , InAs , InAlAs , InGaAs , or the like . portions that are formed in STI regions 22 , and upper 

Referring to FIG . 3 , dummy gate stacks 30 are formed on portions that are formed over the top surfaces of STI regions 
the top surfaces and the sidewalls of ( protruding ) fins 24 ' . 22 . 
The respective step is illustrated as step 204 in the process FIG . 5B illustrates the formation of cladding source / drain 
flow 200 as shown in FIG . 15. Dummy gate stacks 30 may 60 regions 42 in accordance with alternative embodiments of 
include dummy gate dielectrics 32 and dummy gate elec the present disclosure . In accordance with these embodi 
trodes 34 over dummy gate dielectrics 32. Dummy gate ments , the protruding fins 24 ' as shown in FIG . 3 are not 
electrodes 34 may be formed , for example , using polysili recessed , and epitaxy regions 41 are grown on protruding 
con , and other materials may also be used . Each of dummy fins 24 ' . The material of epitaxy regions 41 may be similar 
gate stacks 30 may also include one ( or a plurality of ) hard 65 to the material of the epitaxy semiconductor material 42 as 
mask layer 36 over dummy gate electrode 34. Hard mask shown in FIG . 5A , depending on whether the resulting 
layers 36 may be formed of silicon nitride , silicon oxide , FinFET is a p - type or an n - type FinFET . Accordingly , 
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source / drains 42 include protruding fins 24 ' and the epitaxy left by the removed dummy gate stacks . In accordance with 
region 41. An implantation may ( or may not ) be performed some embodiments of the present disclosure , gate dielectric 
to implant an n - type impurity or a p - type impurity . layers 54 include an Interfacial Layer ( IL ) 50 ( FIG . 8C ) as 
FIG . 6A illustrates a perspective view of the structure its lower part . IL 50 is formed on the exposed surfaces of 

after the formation of Contact Etch Stop Layer ( CESL ) 46 5 protruding fins 24 ' . IL 50 may include an oxide layer such as 
and Inter - Layer Dielectric ( ILD ) 48. The respective step is a silicon oxide layer , which is formed through the thermal 
illustrated as step 208 in the process flow 200 as shown in oxidation of protruding fins 24 ' , a chemical oxidation pro 
FIG . 15. CESL 46 may be formed of silicon nitride , silicon cess , or a deposition process . Gate dielectric layer 54 may 
carbo - nitride , or the like . CESL 46 may be formed using a also include high - k dielectric layer 52 ( FIGS . 8B and 8C ) 
conformal deposition method such as ALD or CVD , for 10 formed over IL 50. High - k dielectric layer 52 includes a 
example . ILD 48 may include a dielectric material formed high - k dielectric material such as HfO2 , ZrO2 , HfZrOx , 
using , for example , FCVD , spin - on coating , CVD , or HfSiOx , HfSION , ZrSiOx , HfZrSiOx , Al2O3 , HfAlOx , 
another deposition method . ILD 48 may also be formed of HfAIN , ZrAlOx , La203 , TiO2 , Yb203 , silicon nitride , or the 
an oxygen - containing dielectric material , which may be like . The dielectric constant ( k - value ) of the high - k dielectric 
silicon - oxide based such as Tetra Ethyl Ortho Silicate 15 material is higher than 3.9 , and may be higher than about 
( TEOS ) oxide , Plasma - Enhanced CVD ( PECVD ) oxide 7.0 . High - k dielectric layer 52 is formed as a conformal 
( SiO2 ) , Phospho - Silicate Glass ( PSG ) , Boro - Silicate Glass layer , and extends on the sidewalls of protruding fins 24 ' and 
( BSG ) , Boron - Doped Phospho - Silicate Glass ( BPSG ) , or the sidewalls of gate spacers 38. In accordance with some 
the like . A planarization step such as Chemical Mechanical embodiments of the present disclosure , high - k dielectric 
Polish ( CMP ) or mechanical grinding is performed to level 20 layer 52 is formed using ALD or CVD . 
the top surfaces of ILD 48 , dummy gate stacks 30 , and gate Referring back to FIGS . 7A and 7B , gate electrodes 56 are 
spacers 38 with each other . formed on top of gate dielectric layers 54 , and fill the 
A cross - sectional view of the structure shown in FIG . 6A remaining portions of the trenches left by the removed 

is illustrated in FIG . 6B . The cross - sectional view is dummy gate stacks . The sub - layers in gate electrodes 56 are 
obtained from the vertical plane containing line A - A in FIG . 25 not shown separately in FIG . 7A , while in reality , the 
6A . As shown in FIG . 6B , one of dummy gate stacks 30 is sub - layers are distinguishable from each other due to the 
illustrated . Due to process reasons such as the etching effect difference in their compositions . The deposition of at least 
in the formation of dummy gate stack 30 , the bottom lower sub - layers may be performed using conformal depo 
portions of dummy gate stack 30 are wider than the respec sition methods such as ALD or CVD , so that the thickness 
tive upper portions . In addition , it is possible that dummy 30 of the vertical portions and the thickness of the horizontal 
gate stack 30 includes an upper portion with straight and portions of gate electrodes 56 ( and each of sub - layers ) are 
vertical sidewalls , and a lower portion with slanted side substantially equal to each other 
walls . The slanted sidewalls may also be straight , or may be Gate electrodes 56 may include a plurality of layers 
substantially straight with a slight curve . The widening in including , and not limited to , a Titanium Silicon Nitride 
the bottom portion of dummy gate stack 30 is referred to as 35 ( TiSN ) layer , a tantalum nitride ( TaN ) layer , a titanium 
footing effect , and the widening portions are referred to as nitride ( Tin ) layer , a titanium aluminum ( TiAl ) layer , an 
footing regions ( or portions ) , as marked by portions 30 ' . additional TiN and / or TaN layer , and a filling metal . Some 
Footing portions 30 ' are overlapped by portions of gate of these layers define the work function of the respective 
spacers 38. In accordance with some embodiments of the FinFET . Furthermore , the metal layers of a p - type FinFET 
present disclosure , the difference between bottom width W1 40 and the metal layers of an n - type FinFET may be different 
and the width W2 of the top portion ( that has the vertical from each other so that the work functions of the metal 
edges ) of gate stack 30 is greater than about 8 nm , layers are suitable for the respective p - type or n - type Fin 
be in the range between about 8 nm and about 12 nm . Gate FETs . The filling metal may include aluminum , copper , or 
spacers 38 may follow the profile of the sidewalls of dummy cobalt . 
gate stack 30 , and hence have slanted bottom portions . FIG . 7B illustrates the cross - sectional view of an exem 
Next , dummy gate stacks 30 , which include hard mask plary metal gate stack 60. The cross - sectional view is 

layers 36 , dummy gate electrodes 34 and dummy gate obtained from the vertical plane containing A - A as shown in 
dielectrics 32 , are replaced with replacement gate stacks , FIG . 7A . Since the cross - sectional view is obtained from the 
which include metal gates and replacement gate dielectrics plane crossing STI regions 22 rather than protruding fins 24 ' , 
as shown in FIGS . 7A and 7B . In accordance with some 50 IL 50 is not present in the cross - sectional view . Rather , 
embodiments of the present disclosure , the replacement high - k dielectric layer 52 contacts the top surface of STI 
includes etching hard mask layers 36 , dummy gate elec region 22. In accordance with some exemplary embodiment , 
trodes 34 , and dummy gate dielectrics 32 as shown in FIGS . gate electrode 56 includes TSN layer 56-1 , TaN layer 56-2 , 
6A and B in one or a plurality of etching steps , resulting in TiN layer 56-3 , TiAl layer 56-4 , TiN layer 56-5 , and filling 
openings to be formed between opposite portions of gate 55 metal 56-6 . It is appreciated that this layer stack is an 
spacers 38. The respective step is illustrated as step 210 in example , and metal stacks having different structures may be 
the process flow 200 as shown in FIG . 15. The respective adopted . Gate stack 60 also includes footing portions 60 ' , 
structure may be realized from the structure shown in FIG . which are resulted due to the existence of footing regions 30 
6A by removing dummy gate stacks 30 . in dummy gate stacks 30 ( FIG . 6B ) . It is shown that footing 
Next , referring to FIGS . 7A and 7B , ( replacement ) gate 60 portions 60 ' include high - k dielectric layer 52 and possibly 

stacks 60 are formed , which include gate dielectric layers 54 some metal layers such as TSN , TaN , and / or TiN layers . 
and gate electrode 56. The respective step is illustrated as Footing portions 60 ' are directly underlying , and are over 
step 212 in the process flow 200 as shown in FIG . 15. The lapped by , portions of gate spacers 38 . 
formation of gate stacks 60 includes forming / depositing a Next , as shown in FIGS . 8A , 8B , and 8C , hard masks 62 
plurality of layers , and then performing a planarization 65 are formed . The respective step is illustrated as step 214 in 
process such as a CMP process or a mechanical grinding the process flow 200 as shown in FIG . 15. The material of 
process . Gate dielectric layers 54 extend into the trenches hard masks 62 may be the same as or different from some of 
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CESL 46 , ILD 48 , and / or gate spacers 38. In accordance extended downwardly . In accordance with some embodi 
with some embodiments of the present disclosure , the for ments of the present disclosure , the deposition of polymer 
mation of hard masks 62 includes recessing replacement layer 70 is performed using process gases including SiC14 , 
gate stacks 60 through etching to form recesses , filling a 02 , Ar , and the like . The deposition may be performed with 
dielectric material into the recesses , and performing a pla- 5 a pressure in the range between about 2 m Torr and about 15 
narization to remove the excess portions of the dielectric mTorr , an RF power in the range between about 400 Watts 
material . The remaining portions of the dielectric material and about 900 Watts , and a bias power smaller than about 
are hard masks 62. In accordance with some embodiments , 150 Watts . The resulting polymer layer 70 includes the 
hard masks 62 are formed of silicon nitride , silicon oxyni elements of silicon ( Si ) , oxygen ( O ) , and carbon ( C ) . Fur 
tride , silicon oxy - carbide , silicon oxy carbo - nitride , or the 10 thermore , polymer layer 70 includes SiO2 therein com 
like . pounded with additional elements . 
FIG . 8D illustrates a top - view of a portion of the structure Each of etching - deposition cycles results in opening 72 to 

shown in FIG . 8A . One of replacement gate stacks 60 and extend further down , until STI region 22 is exposed . Gate 
the overlying hard mask 62 are illustrated . Gate spacer 38 spacers 38 are exposed by the etching in each cycle , and are 
may form a ring fully encircling replacement gate stack 60 15 then covered by the subsequently deposited polymer layer 
and hard mask 62. Furthermore , replacement gate stack 60 70. The etching is anisotropic , and hence the sidewalls of 
crosses over the protruding fins 24 ' of FinFETS 66A and openings 72 are substantially vertical . Polymer layer 70 
66B , which share a common replacement gate stack 60 at includes top horizontal portions on top surfaces of gate 

spacers 38 , ILD 48 , and CESL 46 , and bottom horizontal 
FIG . 8B illustrates a cross - sectional view of the structure 20 portions at the bottom of opening 72. There may be three or 

shown in FIG . 8D , with the cross - sectional view obtained four ( or fewer or more ) etching - deposition cycles . After each 
from the plane containing line A - A in FIG . 8D , and the plane of the cycles or after the final cycle is performed , a post 
is also the same plane containing line A - A in FIG . 8A . FIG . etching curing may be performed , for example , using a 
8C illustrates a cross - sectional view of the structure shown mixture of gases O2 , N2 , and H2 . The pressure of the curing 
in FIG . 8D , with the cross - sectional view obtained from the 25 gases may be in the range between about 3 mTorr and about 
plane containing line B - B in FIG . 8D . 10 m Torr . An RF power may be applied in the curing , and 
A portion of hard mask 62 is then etched , and the etched the RF power may be in the range between about 500 Watts 

portion is shown as in region 69 in FIG . 8D . Referring to and about 900 Watts . The curing removes the chlorine 
FIG . 9B , the etching process includes forming a patterned containing polymers formed in the cycles . 
photo resist 68 over hard mask 62 , and etching hard mask 62 30 Since the etching is anisotropic , footing portions 60 ' are 
using photo resist 68 as an etching mask . FIGS . 9A and 9B not etched due to the shadowing of gate spacers 38 , which 
illustrate the cross - sectional views obtained from the same overlap footing portions 60 ' . Footing portions 60 ' include 
planes containing line A - A and line B - B , respectively , in portions of high - k dielectric layer 52 , and some remaining 
FIG . 8D . The respective step is illustrated as step 216 in the portions of metal gate electrode 56. The remaining portions 
process flow 200 as shown in FIG . 15. After hard mask 62 35 of metal gate electrode 56 may include TSN , TaN , and / or 
is etched , photo resist 68 may be removed . TiN , or more , depending on the widths of footing portions 
FIGS . 10A and 10B illustrate the main etching of gate 60 ' . 

stack 60. The respective step is illustrated as step 218 in the The polymer layer 70 formed in the preceding process has 
process flow 200 as shown in FIG . 15. FIGS . 10A and 10B upper portion 70A in opening 72 , and lower portion 70B 
illustrate the cross - sectional views obtained from the same 40 underlying upper portion 70A . The thickness T2 of lower 
planes containing line A - A and line B - B , respectively , in portion 70B is smaller than the thickness T1 of portion 70A . 
FIG . 8D . The main etching removes the portions of gate For example , thickness T2 may be smaller than about 50 
electrode in region 69 in FIG . 8D , and is used for cutting percent , and may be smaller than about 30 percent , thickness 
apart replacement gate stack 60 in FIG . 8D into two por T1 . Also , upper portion 70A may have a substantially 
tions , each acting as a replacement gate electrode of one of 45 uniform thickness , while the lower portion 70B may have 
FinFETS 66A and 66B , as shown in FIGS . 8D and 10B . The increasingly smaller thicknesses with the increase of depth 
respective step is thus referred to as a cut - metal ( or cut into opening 72 . 
metal - gate ) process . The etching results in opening 72 , as Next , a wet etching process , which is isotropic , is per 
shown in FIGS . 10A and 10B . In accordance with some formed to thin at least lower portions 70B , which are 
embodiments , opening 72 extends to STI region 22 , and may 50 relatively thin , of polymer layer 70 , so that footing portions 
slightly extend into STI region 22 . 60 ' are exposed . The resulting structure is shown in FIG . 11 . 

In accordance with some embodiments of the present The respective step is illustrated as step 220 in the process 
disclosure , the main etching includes a plurality of etching flow 200 as shown in FIG . 15. The thick portions of polymer 
deposition cycles , each including an etching step and a layer 70 , which thick portions include the horizontal por 
polymer - deposition step . In accordance with some embodi- 55 tions and upper portions 70A , are thinned , and may not be 
ments of the present disclosure , the etching is performed fully removed . In accordance with some embodiments of the 
using process gases selected from , and not limited to , Cl2 , present disclosure , the wet etching is performed using a 
BC13 , Ar , CH4 , CF4 , and combinations thereof . The etching chemical solution , which may be diluted HF . The etching 
may be performed with a pressure in the range between may be performed at a temperature in the range between 
about 3 m Torr and about 10 m Torr . An RF power is applied 60 about 20 ° C. and about 30 ° C. , and the etching time may be 
in the main etching , and the RF power may be in the range in the range between about 30 seconds and about 60 sec 
between about 500 Watts and about 900 Watts . A bias power onds . 
smaller than about 150 Watts may also be applied . During the wet etching , the etchant is selected so that 
The deposition results in the formation of polymer layer polymer layer 70 is etched partially , while the materials in 

70 , which includes portions on the sidewalls of opening 72 65 footing portions 60 ' are substantially not etched . This may be 
to protect the sidewalls , so that the upper portions of opening achieved , for example , by adjusting the concentration of the 
72 are not laterally expanded when the opening 72 is etching solution ( such as HF ) to be low enough . In accor 
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dance with alternative embodiments , in the etching solution , is shown in FIG . 12B . In accordance with some embodi 
the weight ratio of water to HF in the diluted HF is greater ments of the present disclosure , the wet etching is performed 
than about 1,500 : 1 , and may be in the range between about using a chemical solution including ammonia fluoride 
1,500 : 1 and about 2,500 : 1 . It is appreciated that the effect of ( NH4F ) . The concentration of NH4F is adjusted to be high 
etching is related to the concentration of the diluted HF , and 5 enough so that it may etch both polymer layer 70 and footing 
a high concentration , for example , about 500 : 1 or higher gate stack portions 60 ' . For example , the concentration of 
may result in all polymer layer 70 and footing portions 60 ' NH_F may be higher than about 18 percent , and may be in 
to be removed , and spacers 38 damaged . Accordingly , the the range between about 18 percent and about 25 percent . It 
concentration of the diluted HF is selected to be low enough . is appreciated that the concentration of NH F affects the 
Next , an additional etching is performed to remove the 10 result , and a low concentration may not be able to etch some 

portions of gate electrode 56 in footing gate stack portions metal layers such as TaN . When the metal layers are not 
60 ' . The respective step is illustrated as step 222 in the etched , high - k dielectric layer 52 will also be protected by 
process flow 200 as shown in FIG . 15. The etching is the metal layer . Accordingly , to effectively remove footing 
represented as arrows 74 in FIG . 12A . High - k dielectric gate stack portions 60 ' , the concentration of NH_F is selected 
layer 52 is not etched , and remains in the final structure . As 15 depending on the materials and the composition of footing 
can be realized from FIG . 12 and FIG . 8D , the high - k portions 60 ' to ensure the effective etching . The etching may 
dielectric layer 52 of the gate stack of transistor 66A and the be performed at a temperature in the range between about 
high - k dielectric layer 52 of the gate stack of transistor 66B 20 ° C. and about 30 ° C. , and the etching time may be in the 
are physically connected by the remaining high - k dielectric range between about 10 seconds and about 30 seconds . 
layer 52 in region 69 ( FIG . 8D ) . Since high - k dielectric layer 20 In accordance with some embodiments of the present 
52 is not electrically conductive , although the remaining disclosure , after the structure as shown in FIG . 12A or 12B 
portions of high - k dielectric layer 52 physically connect the is formed , the remaining polymer layer 70 is removed , for 
gate stack of transistor 66A ( FIGS . 10B and 8D ) to the gate example , using ultra - diluted HF as an etching chemical . The 
stack of transistor 66B , there is no electrical connection . resulting structure is shown in FIGS . 13A and 13B , respec 

Referring back to FIG . 12A , etching process 74 may be a 25 tively . The respective step is illustrated as step 224 in the 
dry etching process , which is performed using NFZ as an process flow 200 as shown in FIG . 15. In accordance with 
etching gas . The pressure of NFZ may be in the range alternative embodiments of the present disclosure , the etch 
between about 1,000 and about 2,000 m Torr . The tempera ing of polymer layer 70 is skipped , and polymer layer 70 will 
ture of the respective wafer is in the range between about 50 ° be left in the final structure . Accordingly , step 224 in FIG . 
C. and about 75 ° C. The etching time may be in the range 30 200 is illustrated in a dashed box to indicate it may or may 
between about 60 seconds and about 180 seconds . By not be performed . 
etching the metal layers and leaving the high - k dielectric FIGS . 14A , 14B , 14C , and 14D illustrate the formation of 
layer 52 , high - k dielectric layer 52 may be used as a dielectric ( isolation ) region 76. The respective step is illus 
protection layer for reducing the lateral etching , especially in trated as step 226 in the process flow 200 as shown in FIG . 
the footing regions . Also , to leave high - k dielectric layer 52 35 15. FIG . 14D illustrates a top view of the resulting structure , 
not etched , the etching may be mild , and the damage to the which shows that isolation region 76 separates the gate stack 
hard mask ( 62 in FIG . 10B ) is reduced due to the mild of FinFETs 66A and 66B . FIGS . 14A and 14B are obtained 
etching from the plane containing line A - A in FIG . 14D . FIG . 14C 
The etching of TiN , TaN , and TSN in the portions of gate is obtained from the plane containing line B - B in FIG . 14D . 

electrode 56 in footing portions 60 ' may be expressed using 40 The formation of dielectric ( isolation ) region 76 may 
the following reaction formulas : include depositing a dielectric material into opening 72 

( FIGS . 13A and 13B ) , and performing a planarization such TiN + NF + F- > TiF ( gas ) + N2 as CMP or mechanical grinding to remove the excess 
portions of the dielectric material . The filling method may TaN + NF + F- > TaF ( gas ) + N2 45 include low - pressure chemical vapor deposition , spin - on 
coating , Plasma Enhanced Chemical Vapor Deposition TiSiN + NF + F- > TiF ( gas ) + SiF ( gas ) + N2 ( PECVD ) , or the like . The filling material may include 

The products of the etching are gaseous , and hence may silicon nitride , silicon oxide , silicon carbide , silicon oxyni 
be removed . tride , silicon oxy - carbide , or the like . FIG . 14A also shows 
A curing step using oxygen ( O2 ) as a process gas may also 50 polymer layers 70 using dashed lines to indicate they may be 

be performed . The curing may last for a period of time removed or may remain in the final structure . In FIG . 14A , 
between about 10 seconds and about 40 seconds . The curing high - k dielectric layers 52 remain , and are overlapped by the 
may also be skipped . Next , another etching using NF3 may overhanging portions of gate spacers 38 . 
follow the oxygen curing . The etching using NFZ may be FIG . 14B illustrates the structure after the filling dielectric 
performed using similar process conditions as the preceding 55 material is filled into opening 72 in FIG . 13B in accordance 
etching ( which is also performed using NF3 ) . The oxygen with some embodiments . Polymer layers 70 are also shown 
curing in combination with the etching using NFz can using dashed lines to indicate they may be removed or may 
effectively etch TiN , TaN , and TSN , particularly TaN , which remain in the final structure . In FIG . 14B , no high - k dielec 
is typically difficult to etch . tric layers remain , and dielectric region 76 extends into the 

In accordance with alternative embodiments of the pres- 60 footing regions . 
ent disclosure , rather than performing the steps shown in FIG . 14C illustrates a cross - sectional view obtained from 
FIGS . 11 and 12A , a wet etching is performed for thinning the plane containing line B - B in FIG . 14D . Throughout the 
polymer layer 70 ( FIG . 10A ) , and the etching solution is description , dielectric region 76 and polymer layer 70 ( if 
adjusted , so that the etching solution simultaneously attacks remaining ) are in combination referred to as isolation region 
the exposed footing portions 60 ' ( including gate electrodes 65 78 ( FIG . 14D ) , which separates the gate stacks of FinFETS 
56 and high - k dielectric layers 52 ) . In the resulting structure , 66A and 66B from each other as replacement gate stacks 
footing portions 60 ' are removed , and the resulting structure 60A and 60B . In subsequent steps , more overlying ILDs ( not 
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shown ) are formed , and gate contact plugs ( not shown ) are portion and a third portion joined by the first portion , and 
formed over and contacting gate stacks 60A and 60B . each of the second portion and the third portion is a gate 
Silicide regions and source / drain contact plugs ( not shown ) electrode of a transistor . 
are also formed over and contacting source / drain regions . In accordance with some embodiments of the present 

The embodiments of the present disclosure have some 5 disclosure , a method includes forming a gate stack compris 
advantageous features . By etching footing portions of the ing a gate dielectric , and a gate electrode over the gate replacement metal gate , the footing residue is eliminated , dielectric , wherein each of the gate dielectric and the gate and the leakage is avoided . The lateral etching is reduced , electrode comprises : a first portion over a portion of a first and the loss of hard mask is also reduced . The process semiconductor fin ; a second portion over a portion of a widow of the cut - metal process is enlarged . 

In accordance with some embodiments of the present second semiconductor fin ; and a third portion connecting the 
disclosure , method includes forming a gate stack compris first portion to the second portion ; etching the third portion 

of the gate electrode to electrically disconnect the first ing : a first portion over a portion of a first semiconductor fin ; 
a second portion over a portion of a second semiconductor portion of the gate electrode from the second portion of the 
fin ; and a third portion connecting the first portion to the 15 gate electrode , wherein the third portion of the gate dielec 
second portion ; performing an anisotropic etching on the tric comprises a remaining portion after the etching , and 
third portion of the gate stack to form an opening between wherein the first portion of the gate dielectric is physically 
the first portion and the second portion , wherein a footing connected to the second portion of the gate dielectric ; and 
portion of the third portion remains after the anisotropic filling an opening left by the third portion of the gate 
etching ; performing an isotropic etching to remove a metal 20 electrode with a dielectric material . In an embodiment , the 
gate portion of the footing portion ; and filling the opening method further includes forming a gate spacer on a sidewall 
with a dielectric material . In an embodiment , the isotropic of the gate stack , wherein the remaining portion of the third 
etching comprises a wet etching using a chemical solution portion of the gate dielectric is overlapped by the gate 
comprising NH_F . In an embodiment , the isotropic etching spacer . In an embodiment , the etching the third portion of the 
comprises a dry etching using a process gas comprising NFZ . 25 gate electrode comprises : an anisotropic etching to form the 
In an embodiment , the method further includes performing opening , wherein the anisotropic etching is performed until 
an additional isotropic etching to thin a polymer layer on a a top surface of a shallow trench isolation region underlying 
sidewall of the footing portion and to expose the footing the gate electrode is reached ; and an isotropic etching to 
portion . In an embodiment , the additional isotropic etching remove a remaining portion of the gate electrode . In an 
is performed using diluted HF , and during the additional 30 embodiment , the isotropic etching is performed using NF , as 
isotropic etching , the footing portion is substantially un an etching gas . 
etched . In an embodiment , in the isotropic etching , both a The foregoing outlines features of several embodiments 
high - k dielectric portion and a metal gate electrode portion so that those skilled in the art may better understand the 
in the footing portion of the gate stack are removed . In an aspects of the present disclosure . Those skilled in the art 
embodiment , in the isotropic etching , a metal gate electrode 35 should appreciate that they may readily use the present 
portion of the footing portion of the gate stack is removed , disclosure as a basis for designing or modifying other 
and a high - k dielectric portion of the footing portion of the processes and structures for carrying out the same purposes 
gate stack remains . In an embodiment , the dielectric material and / or achieving the same advantages of the embodiments 
contacts the high - k dielectric portion . introduced herein . Those skilled in the art should also realize 

In accordance with some embodiments of the present 40 that such equivalent constructions do not depart from the 
disclosure , a method includes forming a gate stack between spirit and scope of the present disclosure , and that they may 
a first gate spacer and a second gate spacer , the gate stack make various changes , substitutions , and alterations herein 
comprising : a gate dielectric ; and a metal electrode over the without departing from the spirit and scope of the present 
gate dielectric ; etching a first portion of the gate stack to disclosure . 
expose sidewalls of the first gate spacer and the second gate 45 
spacer ; depositing a polymer layer on the sidewalls of the What is claimed is : 
first gate spacer and a second gate spacer ; thinning the 1. A method comprising : 
polymer layer to expose a footing portion of the gate stack , forming a gate stack comprising : 
wherein the footing portion is overlapped by a portion of the a first portion over a portion of a first semiconductor 
first gate spacer ; and etching a remaining portion of the 50 fin ; 
metal electrode in the footing portion . In an embodiment , a second portion over a portion of a second semicon 
after the etching the remaining portion of the metal elec ductor fin ; and 
trode , a portion of the gate dielectric in the footing portion a third portion connecting the first portion to the second 
remains . In an embodiment , the thinning the polymer layer portion ; 
is performed using diluted HF solution as an etchant . In an 55 forming a gate spacer on a sidewall of the gate stack ; 
embodiment , in the thinning the polymer layer , the footing performing an anisotropic etching on the third portion of 
portion is substantially un - etched . In an embodiment , the the gate stack to form an opening between the first 
etching the remaining portion of the metal electrode com portion and the second portion , wherein a footing 
prises a first etching step using NFZ as an etching gas . In an portion of the third portion remains after the anisotropic 
embodiment , the method further includes , after the first 60 etching ; and the footing portion of the third portion is 
etching step : performing a curing step using oxygen as a overlapped by a portion of the gate spacer ; 
process gas , wherein a remaining portion of the gate stack is performing an isotropic etching to remove a metal gate 
exposed to the oxygen ; and performing a second etching portion of the footing portion ; 
step using NFZ as an etching gas . In an embodiment , the performing an additional isotropic etching to thin a poly 
method further includes filling a dielectric material into an 65 mer layer on a sidewall of the footing portion and to 
opening left by the etched first portion of the gate stack . In expose the footing portion ; and 
an embodiment , the gate stack further comprises a second filling the opening with a dielectric material . 
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2. The method of claim 1 , wherein the isotropic etching performing a curing step using oxygen as a process gas , 
comprises a wet etching using a chemical solution compris wherein a remaining portion of the gate stack is 
ing ammonia fluoride ( NH4F ) . exposed to the oxygen ; and 

3. The method of claim 1 , wherein the isotropic etching performing a second etching step using NF , as an etching 
comprises a dry etching using a process gas comprising NFZ gas . 

15. The method of claim 9 further comprising filling a 4. The method of claim 1 , wherein the additional isotropic dielectric material into an opening left by the etched first etching is performed using diluted HF , and during the portion of the gate stack . additional isotropic etching , the footing portion is substan 16. The method of claim 9 , wherein the gate stack further tially un - etched . comprises a second portion and a third portion joined by the 
5. The method of claim 1 , wherein in the isotropic etching , first portion , and each of the second portion and the third 

both a high - k dielectric portion and a metal gate electrode portion is a gate electrode of a transistor . 
portion in the footing portion of the gate stack are removed . 17. A method comprising : 

6. The method of claim 1 , wherein in the isotropic etching , forming a gate stack over a semiconductor substrate , 
a metal gate electrode portion of the footing portion of the wherein the gate stack comprises a gate dielectric , and 
gate stack is removed , and a high - k dielectric portion of the a gate electrode over the gate dielectric , wherein each 
footing portion of the gate stack remains . of the gate dielectric and the gate electrode comprises : 

7. The method of claim 6 , wherein the dielectric material a first portion over a portion of a first semiconductor 
fin ; contacts the high - k dielectric portion . 

8. The method of claim 1 , wherein the gate stack is formed a second portion over a portion of a second semicon 
over a semiconductor substrate comprising a major bottom ductor fin ; and 
surface , and the footing portion of the third portion is a third portion connecting the first portion to the second 
viewable in a vertical plane that is between , andparallel to portion ; 
lengthwise directions of , the first semiconductor fin and the etching the third portion of the gate electrode and the third 
second semiconductor fin , and the vertical plane is perpen- 25 portion of the gate dielectric to electrically disconnect 
dicular to the major bottom surface . the first portion of the gate electrode from the second 

9. A method comprising : portion of the gate electrode , wherein in a vertical plane 
forming a gate stack between a first gate spacer and a between , and parallel to lengthwise directions of , the 

second gate spacer , the gate stack comprising : first semiconductor fin and the second semiconductor 
a gate dielectric ; and fin , the third portion of the gate dielectric comprises a 
a metal electrode over the gate dielectric ; remaining portion after the etching , and wherein the 

etching a first portion of the gate stack to expose sidewalls first portion of the gate dielectric is physically con 
of the first gate spacer and the second gate spacer ; nected to the second portion of the gate dielectric 

depositing a polymer layer on the sidewalls of the first through the remaining portion , and wherein the vertical 
gate spacer and a second gate spacer ; plane is perpendicular to a major bottom surface of the 

semiconductor substrate ; and thinning the polymer layer to expose a footing portion of 
the gate stack , wherein the footing portion is over filling an opening left by the third portion of the gate 

electrode with a dielectric material . lapped by a portion of the first gate spacer ; and 
etching a remaining portion of the metal electrode in the 18. The method of claim 17 further comprising forming a 

footing portion . gate spacer on a sidewall of the gate stack , wherein the 
10. The method of claim 9 , wherein after the etching the remaining portion of the third portion of the gate dielectric 

remaining portion of the metal electrode , a portion of the is overlapped by the gate spacer . 
gate dielectric in the footing portion remains . 19. The method of claim 17 , wherein the etching the third 

11. The method of claim 9 , wherein the thinning the portion of the gate electrode comprises : 
polymer layer is performed using diluted HF solution as an an anisotropic etching to form the opening , wherein the 
etchant . anisotropic etching is performed until a top surface of 

12. The method of claim 9 , wherein in the thinning the a shallow trench isolation region underlying the gate 
polymer layer , the footing portion is substantially un - etched . electrode is reached ; and 

13. The method of claim 9 , wherein the etching the an isotropic etching to remove a remaining portion of the 
remaining portion of the metal electrode comprises a first gate electrode . 

20. The method of claim 19 , wherein the isotropic etching etching step using NF3 as an etching gas . 
14. The method of claim 13 further comprising , after the is performed using NF , as an etching gas . 

first etching step : 
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