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RADICAL ETCHING IN GATE FORMATION 

PRIORITY DATA 

[ 0001 ] This application claims priority to U.S. Provisional 
Patent Application Ser . No. 62 / 738,429 entitled “ Radical 
Etching in Gate Formation , ” filed on Sep. 28 , 2018 , the 
entire disclosure of which is hereby incorporated herein by 
reference . 

BACKGROUND 

[ 0002 ] The semiconductor integrated circuit ( IC ) industry 
has experienced exponential growth . Technological 
advances in IC materials and design have produced genera 
tions of ICs where each generation has smaller and more 
complex circuits than the previous generation . In the course 
of IC evolution , functional density ( i.e. , the number of 
interconnected devices per chip area ) has generally 
increased while geometry size ( i.e. , the smallest component 
( or line ) that can be created using a fabrication process ) has 
decreased . This scaling down process generally provides 
benefits by increasing production efficiency and lowering 
associated costs . Such scaling down has also increased the 
complexity of processing and manufacturing ICs . 
[ 0003 ] One advancement implemented as technology 
nodes shrink , in some IC designs , has been the replacement 
of the typically polysilicon gate with a metal gate to improve 
device performance with the decreased feature sizes . One 
process of forming a metal gate is termed a replacement gate 
or " gate - last " process in which the metal gate is fabricated 
after the polysilicon gate has been removed , which allows 
for a reduced number of subsequent processes , including 
high - temperature processing , that must be performed after 
formation of the gate . However , there are challenges to 
implementing such IC fabrication processes , especially with 
scaled - down IC features in advanced process nodes . In one 
example , during the removing of the polysilicon gate , a gate 
spacer's sidewall may be damaged , resulting in a non 
straight sidewall profile . Accordingly , there exists a need for 
improvements in this area . 

tures of the provided subject matter . Specific examples of 
components and arrangements are described below to sim 
plify the present disclosure . These are , of course , merely 
examples and are not intended to be limiting . For example , 
the formation of a first feature over or on a second feature 
in the description that follows may include embodiments in 
which the first and second features are formed in direct 
contact , and may also include embodiments in which addi 
tional features may be formed between the first and second 
features , such that the first and second features may not be 
in direct contact . In addition , the present disclosure may 
repeat reference numerals and / or letters in the various 
examples . This repetition is for the purpose of simplicity and 
clarity and does not in itself dictate a relationship between 
the various embodiments and / or configurations discussed . 
[ 0009 ] Further , spatially relative terms , such as “ beneath , ” 
“ below , " " lower , ” “ above , " " upper ” and the like , may be 
used herein for ease of description to describe one element 
or feature's relationship to another element ( s ) or feature ( s ) 
as illustrated in the figures . The spatially relative terms are 
intended to encompass different orientations of the device in 
use or operation in addition to the orientation depicted in the 
figures . The apparatus may be otherwise oriented ( rotated 90 
degrees or at other orientations ) and the spatially relative 
descriptors used herein may likewise be interpreted accord 
ingly . Still further , when a number or a range of numbers is 
described with " about , " " approximate , " and the like , the 
term is intended to encompass numbers that are within 
+/- 10 % of the number described , unless otherwise specified . 
For example , the term “ about 5 nm ” encompasses the 
dimension range from 4.5 nm to 5.5 nm . 
[ 0010 ] The present disclosure is generally related to semi 
conductor devices and fabrication methods , and more par 
ticularly to transistor gate formation using a selective radical 
etch process . In a replacement gate or “ gate - last ” process , a 
gate spacer's sidewall profile after a dummy gate removal 
process defines a subsequently formed metal gate's sidewall 
profile . A non - straight gate spacer's sidewall profile may 
include bowed heading , extended footing , and / or curvature 
sidewall , which would result in a similar sidewall profile of 
the metal gate abut the gate spacer . This may negatively 
impact the uniformity of the metal gate's performance . 
Some embodiments provide a gate spacer with substantially 
straight sidewalls during the dummy gate removal process . 
While exemplary methods find particular application in the 
processing of fin field - effect transistor ( FinFET ) semicon 
ductor devices , they may also be employed in other appli 
cations , such as selective removal of various material layers 
from other workpieces , such as planar transistors , or the like . 
[ 0011 ] FIGS . 1 and 2 illustrate a flow chart of a method 
100 for forming a semiconductor device , according to vari 
ous aspects of the present disclosure . The method 100 is 
merely an example and is not intended to limit the present 
disclosure beyond what is explicitly recited in the claims . 
Additional operations can be provided before , during , and 
after the method 100 , and some operations described can be 
replaced , eliminated , or moved around for additional 
embodiments of the method . The method 100 is described 
below in conjunction with FIGS . 3-15 . FIGS . 3-8B , 10A , 
10B , and 12A - 15 illustrate various cross - sectional views of 
a semiconductor device 200 during fabrication steps accord 
ing to the method 100. FIGS . 9 and 11 illustrate various 
exemplary etching process chamber suitable for use in 
certain operations of the method 100 . 

BRIEF DESCRIPTION OF THE DRAWINGS 

[ 0004 ] The present disclosure is best understood from the 
following detailed description when read with the accom 
panying figures . It is emphasized that , in accordance with 
the standard practice in the industry , various features are not 
drawn to scale and are used for illustration purposes only . In 
fact , the dimensions of the various features may be arbi 
trarily increased or reduced for clarity of discussion . 
[ 0005 ] FIGS . 1 and 2 show a flow chart of a method for 
forming a semiconductor device , according to aspects of the 
present disclosure . 
[ 0006 ] FIGS . 3 , 4 , 5 , 6 , 7A , 7B , 8A , 8B , 10A , 10B , 12A , 
12B , 13A , 13B , 14A , 14B , and 15 illustrate cross - sectional 
views of a semiconductor device during a fabrication pro 
cess according to the method of FIGS . 1 and 2 , in accor 
dance with some embodiments . 
[ 0007 ] FIGS . 9 and 11 show exemplified process cham 
bers used in an etch process according to the method of 
FIGS . 1 and 2 , according to aspects of the present disclosure . 

DETAILED DESCRIPTION 

[ 0008 ] The following disclosure provides many different 
embodiments , or examples , for implementing different fea 
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cesses 

[ 0012 ] At operation 102 , the method 100 ( FIG . 1 ) pro 
vides , or is provided with , a semiconductor device 200 
having a substrate 202 , such as shown in FIG . 3. The 
substrate 202 is a silicon substrate in the illustrated embodi 
ment . Alternatively , the substrate 202 may comprise another 
elementary semiconductor , such as germanium ; a compound 
semiconductor including silicon carbide , gallium nitride , 
gallium arsenide , gallium phosphide , indium phosphide , 
indium arsenide , and indium antimonide ; an alloy semicon 
ductor including silicon germanium , gallium arsenide phos 
phide , aluminum indium phosphide , aluminum gallium 
arsenide , gallium indium arsenide , gallium indium phos 
phide , and gallium indium arsenide phosphide ; and / or the 
like . In another embodiment , the substrate 202 includes 
indium tin oxide ( ITO ) glass . In an embodiment , the sub 
strate 202 may be a wafer , such as a silicon wafer , and may 
include one or more epitaxially grown semiconductor layers 
in its upper portion . 
[ 0013 ] At operation 104 , the method 100 ( FIG . 1 ) forms 
fins 204 projecting upwardly from the substrate 202 , as 
shown in FIG . 4. In the illustrated embodiment , the fins 204 
extend lengthwise along the X direction and are spaced from 
each other in the Y direction . Further , the fins 204 are 
generally parallel to each other . The fins 204 can be formed 
by epitaxially growing one or more semiconductor layers 
over the entire area of the substrate 202 and then patterned 
to form the individual fins 204. The fins 204 may be 
patterned by any suitable method . For example , the fins 204 
may be patterned using one or more photolithography pro 
cesses , including double - patterning or multi - patterning pro 
cesses . Generally , double - patterning or multi - patterning pro 

combine photolithography and self - aligned 
processes , allowing patterns to be created that have , for 
example , pitches smaller than what is otherwise obtainable 
using a single , direct photolithography process . For 
example , in one embodiment , a sacrificial layer is formed 
over a substrate and patterned using a photolithography 
process . Spacers are formed alongside the patterned sacri 
ficial layer using a self - aligned process . The sacrificial layer 
is then removed , and the remaining spacers , or mandrels , 
may then be used to pattern the fins 204 by etching the initial 
epitaxial semiconductor layers . The etching process can 
include dry etching , wet etching , reactive ion etching ( RIE ) , 
and / or other suitable processes . For example , a dry etching 
process may implement an oxygen - containing gas , a fluo 
rine - containing gas ( e.g. , CF4 , SF6 , CH , F2 , CHF3 , and / or 
C F. ) , a chlorine - containing gas ( e.g. , Cl2 , CHCl3 , CCI , 
and / or BC13 ) , a bromine - containing gas ( e.g. , HBr and / or 
CHBR ) , an iodine - containing gas , other suitable gases 
and / or plasmas , and / or combinations thereof . For example , 
a wet etching process may comprise etching in diluted 
hydrofluoric acid ( DHF ) ; potassium hydroxide ( KOH ) solu 
tion ; ammonia ; a solution containing hydrofluoric acid ( HF ) , 
nitric acid ( HNO3 ) , and / or acetic acid ( CH3COOH ) ; or other 
suitable wet etchants . 

[ 0014 ] In some embodiments , the fins 204 may comprise 
one or more semiconductor materials such as silicon , ger 
manium , silicon carbide , gallium arsenide , gallium phos 
phide , indium phosphide , indium arsenide , indium anti 
monide , silicon germanium , gallium arsenide phosphide , 
aluminum indium phosphide , aluminum gallium arsenide , 
gallium indium arsenide , gallium indium phosphide , and 
gallium indium arsenide phosphide . In an embodiment , the 
fins 204 may include alternately stacked layers of two 

different semiconductor materials , such as layers of silicon 
and silicon germanium alternately stacked . The fins 204 may 
additionally include dopants for improving the performance 
of the semiconductor device 200. For example , the fins 204 
may include n - type dopant ( s ) such as phosphorus or arse arsenic , 
or p - type dopant ( s ) such as boron or indium . 
[ 0015 ] At operation 106 , the method 100 ( FIG . 1 ) forms 
an isolation structure 206 surrounding the fins 204. The 
operation 106 may include a variety of processes such as 
deposition ( e.g. , FCVD ) , annealing , chemical mechanical 
planarization ( CMP ) , and etching back . The material for the 
isolation structure 206 may include undoped silicate glass 
( USG ) , fluoride - doped silicate glass ( FSG ) , phosphosilicate 
glass ( PSG ) , borophosphosilicate glass ( BPSG ) , or other 
suitable insulating material . For example , the operation 106 
may deposit a flowable dielectric material over the substrate 
202 and filling spaces between the fins 204 , such as shown 
in FIG . 5. In some embodiments , the deposition of the 
flowable dielectric material includes introducing a silicon 
containing compound and an oxygen - containing compound 
that react to form a flowable dielectric material , thereby 
filling the gaps . Subsequently , operation 106 treats the 
flowable material with some annealing processes to convert 
the flowable dielectric material into a solid dielectric mate 
rial . The annealing processes may include dry annealing or 
wet annealing with a temperature ranging from about 400 ° 
C. to about 550 ° C. Thereafter , operation 106 performs one 
or more CMP processes and / or etching back processes to 
recess the isolation structure 206. For example , operation 
106 may employ one or more wet etching , dry etching , 
reactive ion etching , or other suitable etching methods in 
various embodiments to recess the isolation structure 206 to 
expose upper portions of the fins 204 , such as shown in FIG . 
6 . 

[ 0016 ] At operation 108 , the method 100 ( FIG . 1 ) forms 
dummy ( or temporary ) gate stacks 212 engaging the fins 
204 , such as shown in FIGS . 7A and 7B . FIG . 7A shows a 
cross - sectional view of the semiconductor device 200 in the 
Y - Z plane , while FIG . 7B shows a cross - sectional view of 
the semiconductor device 200 in the X - Z plane . In the 
illustrated embodiment , the dummy gate stacks 212 extend 
lengthwise along the Y direction , which is perpendicular to 
the lengthwise direction of the fins 204. The dummy gate 
stacks 212 will be subsequently replaced by final gate stacks , 
such as high - k metal gate stacks , in a gate - last process . In 
some embodiments , each dummy gate stack 212 includes a 
dummy gate dielectric layer and a dummy gate electrode 
layer ( not shown ) . The dummy gate dielectric layer is 
formed over the exposed fins 204. The dummy gate dielec 
tric layer may be formed by thermal oxidation , CVD , 
sputtering , or any other methods known and used in the art 
for forming a dummy gate dielectric layer . In one embodi 
ment , the dummy gate dielectric layer is formed of the same 
material as the isolation structure 206. In other embodi 
ments , the dummy gate dielectric layer may be made of one 
or more suitable dielectric materials such as silicon oxide 
( e.g. , SiO2 ) , silicon nitride ( e.g. , Si N ) , silicon oxynitride 
( e.g. , SiON ) , low - k dielectrics such as carbon doped oxides , 
extremely low - k dielectrics such as porous carbon doped 
silicon dioxide , a polymer such as polyimide , the like , or a 
combination thereof . In other embodiments , the dummy gate 
dielectric layer includes dielectric materials having a high 
dielectric constant ( k value ) , for example , greater than 3.9 . 
The materials may include metal oxides such as HfO2 , 
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HfZrOx , HfSiOx , HfTiOx , HfA1Ox , TiN , the like , or a com 
bination thereof . Subsequently , the dummy gate electrode 
layer is formed over the dummy gate dielectric layer . In 
some embodiments , the dummy gate electrode layer is a 
conductive material and may be selected from a group 
comprising poly - crystalline silicon ( poly - Si ) , poly - crystal 
line silicon - germanium ( poly - SiGe ) , silicon nitride ( e.g. , 
SizN_ ) , metallic nitrides , metallic silicides , and metallic 
oxides . In an embodiment , the dummy gate electrode layer 
may be deposited by PVD , CVD , sputter deposition , or other 
techniques known and used in the art for depositing con 
ductive materials . The top surface of the dummy gate 
electrode layer usually has a non - planar top surface and may 
be planarized in one or more CMP processes after it is 
deposited . The dummy gate dielectric layer and dummy gate 
electrode layer may be patterned by photolithography and 
etching processes to form the dummy gate stacks 212 . 
[ 0017 ] At operation 110 , the method 100 ( FIG . 1 ) forms 
various features in or over the fins 204 , including gate 
spacers 260 , source / drain ( S / D ) features 262 , a contact etch 
stop layer ( CESL ) 264 , an interlayer dielectric ( ILD ) layer 
266 , such as shown in FIGS . 8A and 8B . FIG . 8A shows a 
cross - sectional view of the semiconductor device 200 in the 
Y - Z plane , while FIG . 8B shows a cross - sectional view of 
the semiconductor device 200 in the X - Z plane . Operation 
110 includes a variety of processes . 
[ 0018 ] In some embodiments , operation 110 forms the 
gate spacers 260 on sidewalls of the dummy gate stacks 212 . 
In the illustrated embodiment , the gate spacers 260 are 
formed on each side of the dummy gate stacks 212. The gate 
spacers 260 may be used to offset the subsequently formed 
S / D features 262. The gate spacers 260 may comprise a 
dielectric material , such as silicon oxide , silicon nitride , 
silicon oxynitride , silicon carbide , other dielectric material , 
or combinations thereof , and may comprise one or multiple 
layers of material . The gate spacers 260 may be formed by 
depositing a spacer material as a blanket over the isolation 
structure 206 , the fins 204 , and the dummy gate stacks 212 . 
Then the spacer material is etched by an anisotropic etching 
process . Portions of the spacer material on the sidewalls of 
the dummy gate stacks 212 remain and become the gate 

may be performed to activate the S / D features 262. Suitable 
annealing processes include rapid thermal annealing ( RTA ) 
and / or laser annealing processes . 
[ 0020 ] Thereafter , operation 110 may deposit the CESL 
264 and the ILD layer 266 over the S / D features 262. The 
CESL 264 may comprise silicon nitride , silicon oxynitride , 
silicon nitride with oxygen ( 0 ) or carbon ( C ) elements , 
and / or other materials ; and may be formed by CVD , PVD , 
ALD , or other suitable methods . The ILD layer 266 may 
comprise tetraethylorthosilicate ( TEOS ) oxide , un - doped 
silicate glass , or doped silicon oxide such as borophospho 
silicate glass ( BPSG ) , fused silica glass ( FSG ) , phosphosili 
cate glass ( PSG ) , boron doped silicon glass ( BSG ) , and / or 
other suitable dielectric materials . The ILD layer 266 may be 
formed by plasma enhanced CVD ( PECVD ) , flowable CVD 
( FCVD ) , or other suitable methods . In a particular embodi 
ment , the gate spacers 260 is nitride rich , such as mainly 
containing silicon nitride , while the ILD layer 266 is oxide 
rich , such as mainly containing silicon oxide . Subsequently , 
operation 110 may perform one or more CMP processes to 
planarize the top surface of the semiconductor device 200 . 
[ 0021 ] At operation 112 , the method 100 ( FIG . 1 ) removes 
the dummy gate stacks 212 to form gate trenches . In various 
embodiments , operation 112 uses a dry etch process . Rela 
tively speaking , the merits of implementing a dry etch 
process are due mainly to its simplicity of controlling the 
gaseous etchants and its result of producing more repeatable 
results than other processes , such as a wet etch method . 
Many process parameters , such as gas pressure , chemistry , 
and the source / biased power can be varied or modified 
during the dry etch process for fine tuning . 
[ 0022 ] The dry etching process may use anisotropic etch 
ing ( e.g. , a plasma etching ) or isotropic etching ( e.g. , radical 
etching , where radicals are generated by filtering a plasma ) . 
In one particular embodiment of operation 112 , an aniso 
tropic etching method is used to etch the dummy gate stacks 
212 , such as plasma etching ( or reactive - ion etching ( RIE ) ) . 
An exemplary process chamber 300 suitable for plasma 
etching is illustrated in FIG . 9. The process chamber 300 
includes a vacuum chamber 310 as an etch processing 
region . The vacuum chamber 310 is in fluid communication 
with a vacuum source 320 via a passage 322. The vacuum 
source 320 can include one or more vacuum pumps . The 
vacuum source 320 is operable in maintaining the interior of 
the vacuum chamber 310 at a suitable low pressure ( e.g. , 
below 100 mTorr ) . The process chamber 300 also includes 
a chuck 330 for holding the semiconductor device 200. For 
example , the chuck 330 may be a cantilevered electrostatic 
chuck , and the semiconductor device 200 is positioned on 
the chuck 330 by an electrostatic clamp , a mechanical 
clamp , or other clamping mechanisms . The chuck 330 is 
conductive and electrically coupled to a bias voltage source 
332. The gas injectors 342 provide precursor gas 343 to 
generate plasma within the vacuum chamber 310. The 
process chamber 300 further includes a dielectric top cover 
334 with a plurality of electrodes 336 mounted thereon . The 
dielectric top cover 334 and the electrodes 336 may further 
be insulated by the insulation members 340 from the side 
and bottom portions of the vacuum chamber 310. The 
electrodes 336 , such as antennas or planar coils , are powered 
by a suitable radio frequency ( RF ) power source 338 to 
transmit RF energy into the vacuum chamber 310. The RF 
energy can excite the precursor gas 343 inside the vacuum 
chamber 310 into plasma 344. Coupled with the RF energy , 

spacers 260 . 
[ 0019 ] Then , operation 110 forms the S / D features 262 
over the fins 204 , the CESL 264 over the S / D features 262 , 
the ILD layer 266 over the CESL 264. For example , opera 
tion 216 may etch recesses into the fins 204 adjacent to the 
gate spacer 260 , and epitaxially grow semiconductor mate 
rials in the recesses . The semiconductor materials may be 
raised above the top surface of the fins 204. Operations 110 
may form the S / D features 262 separately for NFET and 
PFET devices . For example , operations 110 may form the 
S / D features 262 with n - type doped silicon for NFET 
devices or p - type doped silicon germanium for PFET 
devices . In a particular embodiment , the S / D features 262 
are in - situ doped during the epitaxial process by introducing 
doping species including : p - type dopants , such as boron or 
BF2 ; n - type dopants , such as phosphorus or arsenic ; and / or 
other suitable dopants including combinations thereof . If the 
S / D features 262 are not in - situ doped , an implantation 
process ( i.e. , a junction implant process ) is performed to 
dope the S / D features 262. For example , the S / D features 
262 in NFET devices include Sip , while those in PFET 
devices include GeSnB ( tin may be used to tune the lattice 
constant ) and / or SiGeSnB . One or more annealing processes 
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the bias voltage source 332 creates a biased electric field 346 
towards the semiconductor device 200. Driven by the biased 
electric field 346 , charged ions in the plasma 344 bombard 
the top surface of the semiconductor device 200 similar to 
sputtering . The bombardment accelerates the etch rate par 
allel to the ion trajectories , resulting in the anisotropic 
etching . In furtherance of the embodiment , the precursor gas 
343 may contain a mixture of CF4 and Cl2 ( i.e. , CF4 / C12 
plasma ) . Alternatively , the precursor gas 343 may contain a 
mixture of HBr and O2 ( i.e. , HBr / O2 plasma ) . The etching 
process may be applied with a CF4 / C12 ( or HBr / 02 ) flow rate 
at about 500 sccm , a gas pressure at about 60 mtorr , an RF 
power less than about 1000 W , and a bias voltage less than 
about 200 V. 

[ 0023 ] The inventors of the present disclosure have 
observed that ion bombardment during an anisotropic etch 
ing process may cause damages to sidewalls of the gate 
spacer 260 , resulting in non - straight sidewalls , as shown in 
FIGS . 10A and 10B . FIG . 10A shows a cross - sectional view 
of the semiconductor device 200 in the Y - Z plane , while 
FIG . 10B shows a cross - sectional view of the semiconductor 
device 200 in the X - Z plane . As illustrated in FIGS . 10A and 
10B , the sidewall 270 of the gate spacer 260 , which faces the 
gate trench 272 , has a non - straight profile . The non - straight 
profile may be mainly caused by ions reflected from the top 
surface of the dummy gate stack during the bombardment 
which hit the sidewall 270 thereafter . 

[ 0024 ] As illustrated in FIG . 10A , the middle point M of 
the sidewall 270 is defined as a point having a vertical 
distance to a top surface of the isolation structure 206 which 
is half of the height H , of the gate spacer 260 ( H is 
measured from a topmost portion of the gate spacer 260 
vertically to the top surface of the isolation structure 206 ) . 
The middle portion of the sidewall 270 has a curvature shape 
around the middle point M bending away from the gate 
trench 272. The top portion of the sidewall 270 has a bowed 
structure extending towards the gate trench 272 for a first 
lateral distance L , measured from the middle point M along 
the Y direction to a tip of the bowed structure . The bottom 
portion of the sidewall 270 has a footing structure extending 
towards the gate trench 272 for a second lateral distance Li ' 
measured from the middle point M along the Y direction to 
a tip of the footing structure . The inventors of the present 
disclosure have observed that an anisotropic etching process 
often results in L / H , and L ' / H / ' both larger than about 8 % . 
[ 0025 ] Similarly , as shown in FIG . 10B , the middle point 
M ' is defined as a point on the sidewall 270 having a vertical 
distance to a top surface of the fin 204 which is half of the 
height H2 of the gate spacer 260 ( H , is measured from a 
topmost portion of the gate spacer 260 vertically to the top 
surface of the fin 204 ) . The middle portion of the sidewall 
270 has a curvature shape around the middle point Mi 
bending away from the gate trench 272. The top portion of 
the sidewall 270 has a bowed structure extending towards 
the gate trench 272 for a first lateral distance L2 measured 
from the middle point M ' along the X direction to a tip of the 
bowed structure . The bottom portion of the sidewall 270 has 
a footing structure extending towards the gate trench 272 for 
a second lateral distance L2 ' measured from the middle point 
M ' along the X direction to a tip of the footing structure . The 
inventors of the present disclosure have observed that an 
anisotropic etching process often results in L / H , and L / H , 
both larger than about 8 % . 

[ 0026 ] In an alternative embodiment of operation 112 , as 
shown in FIG . 2 , an isotropic etching method using radicals 
is applied to etch the dummy gate stacks 212 without 
applying a biased electric field towards the semiconductor 
device 200 to avoid causing charged ion bombardment . 
Therefore , this isotropic etching method is also referred to as 
a radical etching . The term “ radical ” as used herein indicates 
an atom or a molecule with at least one unpaired valence 
electron and appears electric neutral . The unpaired electron 
( s ) make radicals highly chemically reactive . The term 
“ radical etching ” as used herein indicates an etch process 
using radicals as etchants and substantially excluding 
charged ions from participating in the etching . 
[ 0027 ] An exemplary process chamber 300 ' suitable for 
radical etching is illustrated in FIG . 11. Many components of 
the process chamber 300 ' with repeated reference numerals 
are similar to the ones of the process chamber 300 illustrated 
in FIG . 9 and are not repeated below in the interest of 
conciseness . Different from the process chamber 300 , the 
process chamber 300 ' does not bias the chuck 330 to a 
voltage source . As a result , the semiconductor device 200 
positioned on the chuck 330 would not be surrounded by a 
biased electric field . Further , the vacuum chamber 310 of the 
process chamber 300 ' is divided by a selective modulation 
device 370 into a plasma region 310a and an etch processing 
region 310b . The semiconductor device 200 is positioned in 
the etch processing region 310b . The process chamber 300 ' 
may further include a gas injector 372 coupled to the etch 
processing region 310b to provide a second precursor gas 
374 other than the first precursor gas 343 into the etch 
processing region 310b . 
[ 0028 ] The selective modulation device 370 may be an 
electrically charged grating that acts as a barrier to the 
movement of charged ions from plasma while allowing 
uncharged plasma components ( e.g. , radicals ) to pass 
through the selective modulation device 370. In an embodi 
ment , the selective modulation device 370 can prevent the 
charged plasma ions ( e.g. , positively charged ions or nega 
tively formed ions ) from passing by either repelling the 
charged plasma ions or else by attracting the charged plasma 
ions . However , any suitable device that can separate radicals 
from plasma may be utilized . 
[ 0029 ] Referring to FIGS . 2 and 11 collectively , one 
embodiment of operation 112 using radical etching begins 
with step 112a in which the semiconductor substrate is 
placed in the etch processing region 310b of the process 
chamber 300 ' . In step 112b , a plasma 344 is generated in the 
plasma region 310a with the first precursor gas 343. The 
precursor gas 343 may comprise one or more first gaseous 
components . In a representative example , first precursor gas 
343 may comprise , e.g. , nitrogen trifluoride ( NF3 ) as a 
source of fluorine radical ; although other radical sources 
may be alternatively , conjunctively , or sequentially 
employed . For example , in another representative example , 
first precursor gas 450 may comprise nitrogen trifluoride 
( NF3 ) as a source of fluorine radical and molecular hydrogen 
( H ) as a source of hydrogen radical in accordance with the 
following : NFZ + H , NF * + NF , * + F * + H * + HF + N * ( * marks 
a radical component ) . The first precursor gas 343 is ener 
gized to form plasma 344 comprising positive ions 380p , 
negative ions 380n , and radicals 380r disposed in the plasma 
region 310a . For example , RF ( radio frequency ) energy 
generated by the RF power source 338 may be employed to 
form plasma 344. In some embodiments , the RF power may 
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be between about 10 Watts and about 2500 Watts , such as 
between about 500 Watts and about 1500 Watts . In a specific 
example , the RF power is about 1200 Watts . In some 
embodiments , plasma 344 may be generated in a separate 
region ( e.g. , as in the case of a remote plasma ) and subse 
quently introduced to the plasma region 310a . In step 112c , 
radicals 380r of the plasma 344 separately flow from the 
plasma region 310a to the etch processing region 310b . In 
the illustrated embodiments , the selective modulation device 
370 permits passage of radicals 380r into the etch processing 
region 310b , while substantially retaining positive ions 380p 
and negative ions 380n of plasma 344 in the plasma region 
310a . In step 112d , an unexcited gas 374 is introduced as the 
second precursor to ( and chemically combined with ) the 
radicals 380r in the etch processing region 310b . The 
unexcited gas 374 may comprise one or more gaseous 
components . Although FIG . 1B representatively illustrates 
the introduction of the radicals 380r to the etch processing 
region 310b before the introduction of the unexcited gas 
374 , other sequences of introduction are possible . For 
example , in one embodiment , the unexcited gas 374 may be 
introduced to the etch processing region 310b before the 
radicals 380r . In another embodiment , the unexcited gas 374 
may be introduced substantially simultaneously with the 
introduction of the radicals 380r . In accordance with a 
representative example employing a mixture of nitrogen 
trifluoride ( NF3 ) and molecular hydrogen ( H ) as the first 
precursor gas 343 and molecular hydrogen ( H ) as the 
unexcited gas ( the second precursor gas ) 374 , fluorine ( F ) 
and hydrogen ( H ) radicals 380r combine with molecular 
hydrogen ( H ) to form a complex of atomic hydrogen ( H ) 
and fluorine ( F ) radicals in accordance with the following : 
F * + H2 > HF + H * . Providing the unexcited gas 374 into the 
etch processing region 310b fine tunes a ratio of the number 
of fluorine atoms to the number of hydrogen atoms ( F / H ) in 
the etch processing region 310b , which will be further 
discussed below . 
[ 0030 ] In step 112e , the dummy gate stacks 212 are etched 
with products formed by chemical reaction of the radicals in 
a surface adsorption / desorption process . Hydrogen ( H ) cata 
lyzes the etching process . In one embodiment , the dummy 
gate stacks 212 includes polysilicon ( Si ) and in a surface 
adsorption process , the complex of atomic hydrogen ( H ) and 
fluorine ( F ) radical combines with polysilicon ( Si ) to form 
silicon tetrafluoride ( SiF_ ) and molecular hydrogen ( H2 ) as 
surface desorbed gaseous reaction byproducts . In accor 
dance with some embodiments described herein , the selec 
tivity of polysilicon - containing dummy gate stacks 212 etch 
rate to silicon nitride - containing gate spacers 260 etch rate 
may be larger than about 25 : 1 , such as from about 50 : 1 to 
about 100 : 1 ( for example about 60 : 1 ) . Accordingly , radical 
etching in operation 112 is regarded as a selective isotropic 
etching substantially free of ion bombardment . 
[ 0031 ] FIGS . 12A and 12B illustrate the semiconductor 
device 200 after the dummy gate stacks 212 are removed by 
radical etching of operation 112. FIG . 12A shows a cross 
sectional view of the semiconductor device 200 in the Y - Z 
plane , while FIG . 12B shows a cross - sectional view of the 
semiconductor device 200 in the X - Z plane . Compared with 
FIGS . 10A and 10B where ion bombardment is applied , the 
gate spacers 260 substantially does not suffer from sidewall 
damages due to the applying of radical etch which is free of 
ion bombardment . The middle portion of the sidewall 270 is 
substantially straight . The bowed structure in the top portion 

of the sidewall 270 and the footing structure in the bottom 
portion of the sidewall 270 are both significantly reduced in 
dimensions . In various embodiments , operation 112 with 
radical etching often results in L / H , and LYH ( referring to 
FIG . 12A ) both less than about 8 % , such as less than about 
3 % ( e.g. , about 2 % in a specific example ) , and L2 / H , and 
L2 ' / H2 ( referring to FIG . 12B ) both less than about 8 % , such 
as less than about 3 % ( e.g , about 2 % in a specific example ) . 
The inventors of the present disclosure have observed that 
when the above ratio is larger than about 8 % , the uniformity 
of gate structure performance deteriorates , while when the 
above ratios are less than about 8 % , the uniformity of gate 
structure performance is enhanced . 
[ 0032 ] In a particular embodiment , the gate spacers 260 is 
nitride rich , such as mainly containing silicon nitride , while 
the ILD layer 266 is oxide rich , such as mainly containing 
silicon oxide , and the radical etching of operation 112 uses 
fluorine ( F ) and hydrogen ( H ) radicals as etchant which has 
a higher etch rate of oxide rich material than nitride rich 
material . Accordingly , the ILD layer 266 may suffer higher 
etching loss on its top surface than the gate spacer 260 
during operation 112. As a result , between two adjacent gate 
trenches 272 , a top surface of the combined structure of gate 
spacer - ILD layer - gate spacer exhibits a recess 276 with the 
lowest point at about the center of the ILD layer 266 , as 
shown in FIG . 12B . The sidewall 270 of the gate spacer 260 
facing the gate trench 272 is also higher than the opposing 
sidewall facing the ILD layer 266. The depth of the recess 
276 is denoted as D. A ratio of the depth of the recess 276 
to the height of the gate spacer 260 ( D / H2 ) may be larger 
than about 3 % in some examples . The inventors of the 
present disclosure have observed a D / H , larger than about 
3 % provides the performance benefits of larger landing areas 
for S / D contacts that are subsequently formed . 
[ 0033 ] For the radical etching of operation 112 using 
fluorine ( F ) and hydrogen ( H ) radicals as an etchant , a ratio 
of the number of fluorine atoms to the number of hydrogen 
atoms ( F / H ) in the etch processing region 310b ( FIG . 11 ) 
controls the amount of silane generated as a byproduct . 
Abundant hydrogen ( H ) when contacting water vapors in the 
process chamber will bond with silicon ( Si ) on the substrate , 
which forms silane . By adjusting the amount of the hydro 
gen - containing second precursor gas 374 into the etch 
processing region 3106 , F / H ratio can be fine - tuned . The 
inventors of the present disclosure have observed F / H 
threshold between about 90 : 1000 to about 96 : 1000 , such as 
a threshold of about 93 : 1000 in a specific example , such that 
when an F / H ratio is larger than the F / H threshold there 
would not be enough H for silane to generate . Accordingly , 
the resulting device in FIGS . 12A and 12B is free of silane . 
On the contrary , when an F / H ratio is less than the threshold , 
such as less than about 93 : 1000 in a specific example , silane 
starts to appear as a byproduct due to the abundant H. Silane 
is generally regarded as a source of contamination during 
etching process . However , by carefully controlling the F / H 
ratio in the etch processing region 3105 to be slightly lower 
than the F / H threshold , such as about 88 : 1000 , properly 
controlled amount of silane will be formed as a thin capping 
film 278 covering sidewalls and bottom surface of the gate 
trench 272 , which may serve as a protecting layer to protect 
the semiconductor device 200 before subsequent operations , 
such as shown in FIGS . 13A and 13B . FIG . 13A shows a 
cross - sectional view of the semiconductor device 200 in the 
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Y - Z plane , while FIG . 13B shows a cross - sectional view of 
the semiconductor device 200 in the X - Z plane . 
[ 0034 ] At operation 114 , the method 100 ( FIG . 1 ) deposits 
high - k metal gate stacks 280 in the gate trench 272 , such as 
shown in FIGS . 14A and 14B . FIG . 14A shows a cross 
sectional view of the semiconductor device 200 in the Y - Z 
plane , while FIG . 14B shows a cross - sectional view of the 
semiconductor device 200 in the X - Z plane . Operation 114 
may optionally perform a wet cleaning process beforehand 
to remove the silane capping film 278 from sidewalls and the 
bottom surface of the gate trench 272 , if the capping film 278 
is formed in previous operations . The high - k metal gate 
stacks 280 include the high - k dielectric layer 282 and the 
conductive layer 284. The high - k metal gate stacks 280 may 
further include an interfacial layer ( e.g. , silicon dioxide or 
silicon oxynitride ) ( not shown ) between the high - k dielectric 
layer 282 and the fins 204. The interfacial layer may be 
formed using chemical oxidation , thermal oxidation , ALD , 
CVD , and / or other suitable methods . 
[ 0035 ] The high - k dielectric layer 282 may include one or 
more high - k dielectric materials ( or one or more layers of 
high - k dielectric materials ) , such as hafnium silicon oxide 
( HfSiO ) , hafnium oxide ( HfO2 ) , alumina ( A1,03 ) , zirco 
nium oxide ( ZrO2 ) , lanthanum oxide ( La203 ) , titanium 
oxide ( TiO2 ) , yttrium oxide ( Y203 ) , strontium titanate ( Sr 
TiO3 ) , or a combination thereof . The high - k dielectric layer 
282 may be deposited using CVD , ALD and / or other suit 
able methods . 
[ 0036 ] The conductive layer 284 includes one or more 
metal layers , such as work function metal layer ( s ) , conduc 
tive barrier layer ( s ) , and metal fill layer ( s ) . The work func 
tion metal layer may be a p - type or an n - type work function 
layer depending on the type ( PFET or NFET ) of the device . 
The p - type work function layer comprises a metal with a 
sufficiently large effective work function , selected from but 
not restricted to the group of titanium nitride ( TiN ) , tantalum 
nitride ( TaN ) , ruthenium ( Ru ) , molybdenum ( Mo ) , tungsten 
( W ) , platinum ( Pt ) , or combinations thereof . The n - type 
work function layer comprises a metal with sufficiently low 
effective work function , selected from but not restricted to 
the group of titanium ( Ti ) , aluminum ( Al ) , tantalum carbide 
( TaC ) , tantalum carbide nitride ( TaCN ) , tantalum silicon 
nitride ( TaSiN ) , titanium silicon nitride ( TiSiN ) , or combi 
nations thereof . The metal fill layer may include aluminum 
( Al ) , tungsten ( W ) , cobalt ( Co ) , and / or other suitable mate 
rials . The conductive layer 284 may be deposited using 
methods such as CVD , PVD , plating , and / or other suitable 
processes . 
[ 0037 ] At operation 116 , the method 100 ( FIG . 1 ) per 
forms further steps to complete the fabrication of the semi 
conductor device 200. For example , the method 100 may 
form metal interconnects connecting various transistors to 
form a complete IC , such as S / D contacts 288 , as shown in 
FIG . 15 , which is a cross - sectional view of the semiconduc 
tor device 200 in the X - Z plane . Operation 116 may include 
depositing a dielectric layer 286 over the semiconductor 
device 200 , etching a contact hole ( not shown ) exposing the 
S / D features 262 , and depositing one or more conductive 
materials into the contact hole to form S / D contacts 288. The 
recessed top surface of the ILD layer 266 may facilitate the 
landing of the S / D contacts 288 . 
[ 0038 ] Although not intended to be limiting , one or more 
embodiments of the present disclosure provide many ben 
efits to a semiconductor device and the formation thereof . 

For example , embodiments of the present disclosure provide 
a gate formation technique that maintains a substantially 
straight sidewall profile of the gate spacer and consequently 
substantially straight sidewall profile of the gate stack . The 
gate formation technique includes radical etching free of ion 
bombardment . The uniformity of gate structure performance 
is therefore enhanced . Furthermore , radical etching in gate 
formation can be easily integrated into existing semicon 
ductor fabrication processes . 
[ 0039 ] In one exemplary aspect , the present disclosure is 
directed to a method . The method includes providing a 
structure having a substrate and a fin protruding from the 
substrate ; forming a dummy gate stack over the fin ; forming 
a gate spacer on sidewalls of the dummy gate stack ; remov 
ing the dummy gate stack using a radical etch process , 
resulting in a gate trench ; and forming a metal gate stack in 
the gate trench . In some embodiments , the radical etch 
process is isotropic . In some embodiments , the radical etch 
process includes exciting a first etching precursor into a 
plasma ; and separating radicals from the plasma prior to 
having the radicals contact the dummy gate stack . In some 
embodiments , the method further includes after the separat 
ing of the radicals from the plasma , combining the radicals 
with a second etching precursor . In some embodiments , the 
first etching precursor is free of oxygen and chlorine . In 
some embodiments , the radical etch process includes apply 
ing radicals containing fluorine and hydrogen . In some 
embodiments , the radical etch process results in a capping 
film covering the gate trench . In some embodiments , the 
capping film includes silane . In some embodiments , the 
radical etch process includes applying etching precursors 
with a ratio of number of fluorine atoms to number of 
hydrogen atoms less than about 93 : 1000 . In some embodi 
ments , the removing of the dummy gate stack is free of 
applying a biased electric field towards the structure . 
[ 0040 ] In another exemplary aspect , the present disclosure 
is directed to a method . The method includes receiving a 
structure in an etch processing region of a process chamber , 
the structure including a dummy gate stack over a substrate 
and a gate spacer on sidewalls of the dummy gate stack ; 
generating plasma with a precursor gas in a plasma region of 
the process chamber , the plasma including radicals and 
charged ions ; flowing the radicals into the etch processing 
region while substantially excluding the charged ions from 
entry into the etch processing region ; etching the dummy 
gate stack with the radicals , resulting in a gate trench ; and 
forming a metal gate stack in the gate trench . In some 
embodiments , the method further includes receiving an 
unexcited gas in the etch processing region to mix with the 
radicals . In some embodiments , the radicals and the unex 
cited gas both include hydrogen . In some embodiments , 
during the etching of the dummy gate stack , the radicals and 
the unexcited gas include fluorine and hydrogen . In some 
embodiments , a ratio of number of fluorine atoms to number 
of hydrogen atoms is larger than about 93 : 1000 . In some 
embodiments , a ratio of number of fluorine atoms to number 
of hydrogen atoms is smaller than 93 : 1000 , such that the 
etching of the dummy gate stack results in a capping film 
over sidewalls of the gate trench . In some embodiments , the 
method further includes performing a wet cleaning process 
to remove the capping film prior to the forming of the metal 
gate stack . 
[ 0041 ] In yet another exemplary aspect , the present dis 
closure is directed to a semiconductor device . The semicon 
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ductor device includes a substrate ; a fin protruding from the 
substrate , the fin extending lengthwise in a first direction ; a 
gate stack engaging the fin , the gate stack extending length 
wise in a second direction perpendicular to the first direc 
tion ; and a gate spacer on sidewalls of the gate stack , the gate 
spacer including an inner sidewall directly interfacing with 
the sidewalls of the gate stack and an outer sidewall oppos 
ing the inner sidewall , in a cross - sectional view along the 
first direction the inner sidewall having a first height and a 
bowed structure extending towards the gate stack for a first 
lateral distance measured from a middle point of the inner 
sidewall along the first direction , wherein in the cross 
sectional view along the first direction the outer sidewall has 
a second height lower than the first height of the inner 
sidewall . In some embodiments , the first lateral distance is 
less than about 8 % of the first height . In some embodiments , 
in the cross - sectional view along the first direction the inner 
sidewall has a footing structure laterally extending towards 
the gate stack for a second lateral distance measured from 
the middle point of the inner sidewall along the first direc 
tion , wherein the second lateral distance is less than about 
8 % of the first height . 
[ 0042 ] The foregoing outlines features of several embodi 
ments so that those of ordinary skill in the art may better 
understand the aspects of the present disclosure . Those of 
ordinary skill in the art should appreciate that they may 
readily use the present disclosure as a basis for designing or 
modifying other processes and structures for carrying out the 
same purposes and / or achieving the same advantages of the 
embodiments introduced herein . Those of ordinary skill in 
the art should also realize that such equivalent constructions 
do not depart from the spirit and scope of the present 
disclosure , and that they may make various changes , sub 
stitutions , and alterations herein without departing from the 
spirit and scope of the present disclosure . 
What is claimed is : 
1. A method , comprising : 
providing a structure having a substrate and a fin protrud 

ing from the substrate ; 
forming a dummy ga stack over the fin ; 
forming a gate spacer on sidewalls of the dummy gate 

stack ; 
removing the dummy gate stack using a radical etch 

process , resulting in a gate trench ; and 
forming a metal gate stack in the gate trench . 
2. The method of claim 1 , wherein the radical etch process 

is isotropic 
3. The method of claim 1 , wherein the radical etch process 

includes : 
exciting a first etching precursor into a plasma ; and 
separating radicals from the plasma prior to having the 

radicals contact the dummy gate stack . 
4. The method of claim 3 , further comprising : 
after the separating of the radicals from the plasma , 

combining the radicals with a second etching precursor . 
5. The method of claim 3 , wherein the first etching 

precursor is free of oxygen and chlorine . 
6. The method of claim 1 , wherein the radical etch process 

includes applying radicals containing fluorine and hydrogen . 
7. The method of claim 1 , wherein the radical etch process 

results in a capping film covering the gate trench . 
8. The method of claim 7 , wherein the capping film 

includes silane . 

9. The method of claim 7 , wherein the radical etch process 
includes applying etching precursors with a ratio of number 
of fluorine atoms to number of hydrogen atoms less than 
about 93 : 1000 . 

10. The method of claim 6 , wherein the removing of the 
dummy gate stack is free of applying a biased electric field 
towards the structure . 

11. A method , comprising : 
receiving a structure in an etch processing region of a 

process chamber , the structure including a dummy gate 
stack over a substrate and a gate spacer on sidewalls of 
the dummy gate stack ; 

generating plasma with a precursor gas in a plasma region 
of the process chamber , the plasma including radicals 
and charged ions ; 

flowing the radicals into the etch processing region while 
substantially excluding the charged ions from entry into 
the etch processing region ; 

etching the dummy gate stack with the radicals , resulting 
in a gate trench ; and 

forming a metal gate stack in the gate trench . 
12. The method of claim 11 , further comprising : 
receiving an unexcited gas in the etch processing region 

to mix with the radicals . 
13. The method of claim 12 , wherein the radicals and the 

unexcited gas both include hydrogen . 
14. The method of claim 12 , wherein during the etching 

of the dummy gate stack , the radicals and the unexcited gas 
include fluorine and hydrogen . 

15. The method of claim 14 , wherein a ratio of number of 
fluorine atoms to number of hydrogen atoms is larger than 
about 93 : 1000 . 

16. The method of claim 14 , wherein a ratio of number of 
fluorine atoms to number of hydrogen atoms is smaller than 
93 : 1000 , such that the etching of the dummy gate stack 
results in a capping film over sidewalls of the gate trench . 

17. The method of claim 16 , further comprising : 
performing a wet cleaning process to remove the capping 

film prior to the forming of the metal gate stack . 
18. A semiconductor device , comprising : 
a substrate ; 
a fin protruding from the substrate , the fin extending 

lengthwise in a first direction ; 
a gate stack engaging the fin , the gate stack extending 

lengthwise in a second direction perpendicular to the 
first direction ; and 

a gate spacer on sidewalls of the gate stack , the gate 
spacer including an inner sidewall directly interfacing 
with the sidewalls of the gate stack and an outer 
sidewall opposing the inner sidewall , in a cross - sec 
tional view along the first direction the inner sidewall 
having a first height and a bowed structure extending 
towards the gate stack for a first lateral distance mea 
sured from a middle point of the inner sidewall along 
the first direction , wherein in the cross - sectional view 
along the first direction the outer sidewall has a second 
height lower than the first height of the inner sidewall . 

19. The semiconductor device of claim 18 , wherein the 
first lateral distance is less than about 8 % of the first height . 

20. The semiconductor device of claim 18 , wherein in the 
cross - sectional view along the first direction the inner side 
wall has a footing structure laterally extending towards the 
gate stack for a second lateral distance measured from the 
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middle point of the inner sidewall along the first direction , 
wherein the second lateral distance is less than about 8 % of 
the first height . 


