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The various described embodiments provide a transistor 
with a negative capacitance , and a method of creating the 
same . The transistor includes a gate structure having a 
ferroelectric layer . The ferroelectric layer is formed by 
forming a thick ferroelectric film , annealing the ferroelectric 
film to have a desired phase , and thinning the ferroelectric 
film to a desired thickness of the ferroelectric layer . This 
process ensures that the ferroelectric layer will have ferro 
electric properties regardless of its thickness . 
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TRANSISTOR WITH A NEGATIVE 
CAPACITANCE AND A METHOD OF 

CREATING THE SAME 

BACKGROUND 

[ 0001 ] Field effect transistors ( FET ) are used in a wide 
variety of semiconductor devices . Generally , a FET includes 
a gate structure positioned over a channel region and 
between source and drain regions . The gate structure typi 
cally includes a gate dielectric layer on the channel region , 
and a gate electrode on the gate dielectric layer . 
[ 0002 ] One type of FET that is gaining in popularity is a 
negative capacitance field effect transistor ( NCFET ) . In 
contrast to traditional FETs , the gate structure of NCFETS 
has a negative capacitance . NCFETs have various advan 
tages over other types of transistors . For example , NCFETS 
generally have lower subthreshold swings compared to other 
types of transistors , and are able to switch between conduct 
ing and non - conducting states faster than other types of 
transistors . 

BRIEF DESCRIPTION OF THE DRAWINGS 

[ 0003 ] Aspects of the present disclosure are best under 
stood from the following detailed description when read 
with the accompanying figures . It is noted that , in accor 
dance with the standard practice in the industry , various 
features are not drawn to scale . In fact , the dimensions of the 
various features may be arbitrarily increased or reduced for 
clarity of discussion . 
[ 0004 ] FIG . 1 is an angled view of a device in accordance 
with some embodiments . 
[ 0005 ] FIG . 2 is a cross - sectional view of the device along 
the axis shown in FIG . 1 in accordance with some embodi 
ments . 

[ 0006 ] FIG . 3 is a cross - sectional view of the device along 
the axis shown in FIG . 1 in accordance with some embodi 
ments . 
[ 0007 ] FIGS . 4A to 4C are cross - sectional views illustrat 
ing a method of fabricating the device of FIG . 1 in accor 
dance with some embodiments . 
[ 0008 ] FIGS . 5A to 5F are cross - sectional views illustrat 
ing a method of fabricating a gate structure of a transistor 
having a first channel width in accordance with some 
embodiments . 
[ 0009 ] FIGS . 6A to 6F are cross - sectional views illustrat 
ing a method of fabricating a gate structure of a transistor 
having a second channel width in accordance with some 
embodiments . 

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 . 
[ 0011 ] 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 . 
[ 0012 ] Electronic devices are increasingly becoming 
smaller , while including circuits with greater complexity . 
Consequently , there is a demand to scale down electrical 
components to have smaller dimensions . Unfortunately , it is 
difficult to fabricate negative capacitance field effect tran 
sistors ( NCFET ) with scaled down dimensions . As previ 
ously discussed , an NCFET includes a gate structure with a 
negative capacitance . In order for the gate structure to have 
a negative capacitance , a ferroelectric layer is included in the 
gate structure . As the size of the NCFET is scaled down , 
current methods of fabricating NCFETs are typically unable 
to form the ferroelectric layer properly . For example , current 
methods will often not properly form the crystalline struc 
ture of the ferroelectric layer when the ferroelectric layer is 
thin ( e.g. , between 2 and 3 nanometers ) . As another 
example , current methods will often not form the ferroelec 
tric layer at all when the ferroelectric layer is thin and the 
transistor has a large channel width ( e.g. , greater than or 
equal to 100 nanometers ) . Consequently , current methods 
are generally unable to fabricate NCFETs with scaled down 
dimensions . 
[ 0013 ] The present disclosure is directed to a transistor 
with a negative capacitance , and a method of creating the 
same . In accordance with various embodiments disclosed 
herein , the dimensions of the transistor may be scaled up or 
down . As such , the transistor disclosed herein is suitable for 
applications in which transistors with various sizes are 
desirable . 
[ 0014 ] FIG . 1 is an angled view of a device 8 in accor 
dance with some embodiments . FIG . 2 is a cross - sectional 
view of the device 8 along the axis shown in FIG . 1 in 
accordance with some embodiments . FIG . 3 is a cross 
sectional view of the device 8 along the axis shown in FIG . 
1 in accordance with some embodiments . It is beneficial to 
review FIGS . 1 to 3 together . 
[ 0015 ] The device 8 includes a substrate 10 , shallow 
trench isolation ( STI ) regions 11 , and transistors 12. As will 
be discussed in further detail below , portions of the device 
8 are not shown in FIG . 1 in order to show the various layers 
within the device 8 . 
[ 0016 ] The substrate 10 provides a support for the tran 
sistors 12. The substrate 10 may include a silicon substrate 
and / or other elementary semiconductors like germanium . 
Alternatively or additionally , the substrate 10 may include a 
compound semiconductor , such as silicon carbide , gallium 
arsenide , indium arsenide , and / or indium phosphide . Fur 
ther , the substrate 10 may include a silicon - on - insulator 
( SOI ) structure . The substrate 10 may also include an 
epitaxial layer and / or may be strained for performance 

a 

DETAILED DESCRIPTION 

a 

[ 0010 ) The following disclosure provides many different 
embodiments , or examples , for implementing different fea 
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 
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enhancement . The substrate 10 may also include various 
doping configurations , such as P - type substrate and / or 
N - type substrate , depending on the design of the transistors 
12 . 
[ 0017 ] In one embodiment , other various electrical com 
ponents are fabricated in or on the substrate 10. For example , 
transistors , resistors , capacitors , etc. , may be fabricated in or 
on the substrate 10 along with the transistors 12 . 
[ 0018 ] The STI regions 11 are formed on the substrate 10 
and between the transistors 12. The STI regions 11 isolate 
the transistors 12 from each other , and prevent current 
leakage between the transistors 12. The STI regions 11 may 
be made of silicon oxide or any other suitable dielectric 
material . In one embodiment , the STI regions 11 are made 
from a single dielectric layer . 
[ 0019 ] The STI regions 11 may be formed using various 
semiconductor processing techniques . For example , the STI 
regions 11 may be formed using chemical vapor deposition 
( CVD ) , high density plasma CVD , spin - on , sputtering , or 
other suitable approaches . In one embodiment , the STI 
regions 11 are formed after the fins 14 are formed . For 
instance , in one embodiment , the fins 14 are formed from the 
substrate 10 using , for example , an etching or patterning 
process . Subsequently , the STI regions 11 are formed on the 
substrate 10 and adjacent to the fins 14 as shown in FIG . 1 
using , for example , a combination of deposition , chemical 
mechanical planarization ( CMP ) , and etch back processes . 
[ 0020 ] The transistors 12 are formed on the substrate 10 . 
In one embodiment , each of the transistors 12 is a NCFET . 
Each of the transistors 12 includes a fin 14 , a gate structure 
16 , spacers 19 , and contact etch stop layers ( CESLs ) 36. An 
interlayer dielectric ( ILD ) 21 is formed over the transistors 
12. As will be discussed in further detail below , portions of 
the gate structure 16 , the spacers 19 , the CESLs 36 , and the 
ILD 21 are not shown in FIG . 1 in order to show the various 
layers within the device 8 . 
[ 0021 ] Although two transistors 12 are shown in FIGS . 1 
and 2 , the device 8 may include any number of transistors . 
For example , the device 8 may include an array of multiple 
transistors arranged in a plurality of rows and columns . 
[ 0022 ] The fins 14 are formed on the substrate 10 and 
extend between the STI regions 11. As best shown in FIGS . 
1 and 2 , the fins 14 extend from the substrate 10 , between the 
STI regions 11 , and past upper surfaces 17 of the STI regions 
11 such that portions of the fins 14 are above the upper 
surfaces 17 of the STI regions 11 . 
[ 0023 ] In one embodiment , the fins 14 are made of semi 
conductor material , such as silicon , germanium , silicon 
carbide , indium phosphide , gallium arsenic , indium 
arsenide , or combinations thereof . In one embodiment , the 
fins 14 are made of the same material as the substrate 10 . 
[ 0024 ] The fins 14 may be formed using various semicon 
ductor processing techniques . For example , the fins 14 may 
be formed using chemical vapor deposition ( CVD ) , high 
density plasma CVD , spin - on , sputtering , or other suitable 
approaches . As another example , the fins 14 may be formed 
from the substrate 10 by etching or patterning the substrate 
10 . 
[ 0025 ] In one embodiment , each of the fins 14 has a 
substantially uniform width . For example , as best shown in 
FIGS . 1 and 2 , each of the fins 14 has a first width wl . In 
one embodiment the first width wl is between 5 and 15 
nanometers . It is noted that the first width wl is not limited 
to the foregoing and in other embodiments may be smaller 

or greater than the example given . For example , the device 
8 may be scaled down such that the first width wl is between 
2 and 3 nanometers , or scaled up such that the first width wl 
is between 25 and 50 nanometers . In another embodiment , 
each of the fins 14 has a varying width . For example , in one 
embodiment , each of the fins 14 has a width that changes 
from a width that is smaller than the first width wl to a width 
that is larger than the first width wl . 
[ 0026 ] In one embodiment , each of the fins 14 has the 
same width . For example , as shown in FIGS . 1 and 2 , each 
of the fins 14 has the first width w1 . In another embodiment , 
the fins 14 have different widths from each other . 
[ 0027 ] In one embodiment , as best shown in FIGS . 1 and 
2 , the cross - sections of the fins 14 each have a rectangular 
shape . However , other shapes are possible . For example , the 
cross - sections of the fins 14 may have a diamond shape , 
circular shape , etc. 
[ 0028 ] Each of the fins 14 includes a source region 18 and 
a drain region 20. In one embodiment , as best shown in FIG . 
3 , the source region 18 and the drain region 20 are positioned 
on opposite sides of the gate structure 16 . 
[ 0029 ] The source region 18 and the drain region 20 are 
doped regions , and may have any type of doping profile 
depending on the design of the transistors 12. For example , 
the source region 18 and the drain region 20 may be n - type 
or p - type doped regions with any level of doping concen 
tration . It is noted that the positions of the source region 18 
and the drain region 20 may be interchanged with each other . 
[ 0030 ] The source region 18 and the drain region 20 may 
be formed using various semiconductor processing tech 
niques . For example , the fins 14 may be implanted with one 
or more dopant species , such as phosphorous , boron , etc. , to 
form the source region 18 and the drain region 20 ; or the 
source region 18 and the drain region 20 may be epitaxially 
grown . 
[ 0031 ] The gate structure 16 is formed on the STI regions 
11 and over the fins 14. The gate structure 16 surrounds one 
or more sides of the fins 14. In one embodiment , as best 
shown in FIGS . 1 and 2 , the gate structure 16 is positioned 
on three different sides of the fins 14. Namely , the gate 
structure 16 is formed on a first side surface 22 , a second 
side surface 24 opposite to the first side surface 22 , and an 
upper surface 26 of the fins 14. The gate structure 16 
includes a gate dielectric layer 28 , a ferroelectric layer 30 , 
and a gate electrode 32. As will be discussed in further detail 
below , portions of the gate structure 16 , the spacers 19 , 
CESLs 36 , and the ILD 21 are not shown in FIG . 1 in order 
to show the various layers within the device 8 . 
[ 0032 ] The gate dielectric layer 28 is formed on the STI 
regions 11 and the fins 14. The gate dielectric layer 28 
electrically isolates the gate electrode 32 from the fins 14. In 
one embodiment , the gate dielectric layer 28 has an amor 
phous structure . However , the gate dielectric layer 28 may 
also have a crystalline structure . 
[ 0033 ] In one embodiment , as best shown in FIGS . 1 and 
2 , the gate dielectric layer 28 is formed on a first side surface 
22 , a second side surface 24 opposite to the first side surface 
22 , and an upper surface 26 of the fins 14 . 
[ 0034 ] The gate dielectric layer 28 may be made of a 
variety of different dielectric materials . For example , the 
gate dielectric layer 28 may include nitride ; silicon oxide ; a 
high dielectric constant ( high - K ) dielectric material selected 
from one or more of hafnium oxide ( HfO2 ) , hafnium silicon 
oxide ( HfSiO ) , hafnium silicon oxynitride ( HfSION ) , haf 
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nium tantalum oxide ( HMO ) , hafnium titanium oxide 
( HMO ) , and / or hafnium zirconium oxide ( HfZrO ) ; combi 
nations thereof ; and / or other suitable materials . 
[ 0035 ] In one embodiment , the gate dielectric layer 28 is 
a single dielectric layer . In another embodiment , the gate 
dielectric layer 28 includes multiple dielectric layers . For 
example , the gate dielectric layer 28 may include a first 
dielectric layer made of a first material , a second dielectric 
layer made of a second material , and a third dielectric layer 
made of a third material . The materials for the first , second , 
and third dielectric layers may be selected from any of the 
dielectric materials described in the previous paragraph . 
[ 0036 ] The gate dielectric layer 28 may be formed using 
various semiconductor processing techniques . For example , 
the gate dielectric layer 28 may be formed using CVD , high 
density plasma CVD , spin - on , sputtering , or other suitable 
approaches . 
[ 0037 ] The ferroelectric layer 30 is formed on the gate 
dielectric layer 28. The ferroelectric layer 30 is a layer of 
material with ferroelectric properties , such as having a 
reversible electrical polarization . For example , the ferroelec 
tric layer 30 may be made of HfSiOx , Al2O3 , HfZrOx , doped 
HfZró , Lao , TiO2 , HfO , BaSrTiO , PbZr , Ti , o ,, combi 
nations thereof with various ratios , or any other suitable 
material . In one embodiment , the ferroelectric layer 30 has 
a crystalline structure . For example , the ferroelectric layer 
30 may have an orthorhombic crystalline structure . 
[ 0038 ] In one embodiment , as best shown in FIGS . 1 and 
2 , the ferroelectric layer 30 is formed on a first side surface 
22 , a second side surface 24 opposite to the first side surface 
22 , and an upper surface 26 of the fins 14 . 
[ 0039 ] The ferroelectric layer 30 has a thickness t1 . In one 
embodiment , the ferroelectric layer 30 is a thin film . For 
example , in one embodiment , the thickness t1 is less than or 
equal to 5 nanometers . In one embodiment , the thickness t1 
is between 2 and 3 nanometers . It is noted that the thickness 
t1 is not limited to the foregoing and in other embodiments 
may be smaller or greater than the example given . For 
example , the thickness t1 may be greater than 5 nanometers . 
[ 0040 ] The fabrication of the ferroelectric layer 30 will be 
discussed in further detail below with respect to FIGS . 4A , 
4B , and 4C . 
[ 0041 ] The gate electrode 32 is formed on the ferroelectric 
layer 30. As best shown in FIG . 3 , the gate electrode 32 
directly overlies a channel region 34 that extends between 
the source region 18 and the drain region 20 . 
[ 0042 ] The channel region 34 has a channel width w2 . In 
one embodiment , the channel region 34 has a narrow width 
( i.e. , the channel region 34 is a short - channel ) . For example , 
in one embodiment , the channel width w2 is less than or 
equal to 50 nanometers . As will be discussed in further detail 
below , the narrow width of the channel region 34 helps the 
ferroelectric layer 30 have a desired thickness and phase 
during fabrication . It is noted that the channel width w2 is 
not limited to the foregoing and in other embodiments may 
be smaller or greater than the example given . 
[ 0043 ] The channel region 34 may be made of a variety of 
materials . For example , the channel region 34 may be a Si , 
SiGe , or a Ge channel . Further , the channel region 34 may 
be strained for performance enhancement or relaxed . In one 
embodiment , the channel region 34 is a high mobility 
channel . 
[ 0044 ] In one embodiment , as best shown in FIGS . 1 and 
2 , the gate structure 16 is shared between the transistors 12 . 

In this embodiment , the gate structure 16 overlies both of the 
fins 14. In another embodiment , each of the transistors 12 
includes its own gate structure . In this embodiment , a 
separate gate structure is formed over each of the transistors 
12 . 
[ 0045 ] The gate electrode 32 is made of a conductive 
material . For example , the gate electrode 32 may be made of 
a doped polysilicon ; metal such as Hf , Zr , Ti , Ta , TiN , TaN , 
TaC , Co , Ru , Al , Cu , and / or W ; combinations thereof ; or 
multi - layers thereof . 
[ 0046 ] The gate electrode 32 may be formed using various 
semiconductor processing techniques . For example , the gate 
electrode 32 may be formed using CVD , high density 
plasma CVD , spin - on , sputtering , or other suitable 
approaches . 
[ 0047 ] The gate structure 16 ( specifically , the gate dielec 
tric layer 28 , the ferroelectric layer 30 , and the gate electrode 
32 ) , the source region 18 , the drain region 20 , and the 
channel region 34 are configured to provide a negative 
capacitance . The negative capacitance provides various 
advantages over other types of transistors . For example , the 
negative capacitance of the gate structure 16 allows the 
transistor 12 to have a lower subthreshold swing compared 
to other types of transistors . As a result , the transistor 12 is 
able to switch between conducting and non - conducting 
states faster than other types of transistors . 
[ 0048 ] The spacers 19 are formed on the upper surface 26 
of the fins 14 , and are positioned on opposite sides of the 
gate electrode 32. As best shown in FIG . 3 , a first spacer is 
positioned lateral to a first surface 40 of the gate electrode 
32 ; and a second spacer is positioned lateral to a second 
surface 42 , opposite to the first surface 40 , of the gate 
electrode 32. The spacers 19 protect sidewalls of the gate 
electrode 32. As will be discussed in further detail below , the 
spacers 19 are used during fabrication of the gate dielectric 
layer 28 , the ferroelectric layer 30 , and the gate electrode 32 
of the gate structure 16 . 
[ 0049 ] In one embodiment , the spacers 19 are made of a 
dielectric material . For example , the spacers 19 may be 
made of nitride ; a low K dielectric material such as silicon 
oxynitride ( SiO_N_ ) , silicon nitride ( SizN_ ) , silicon monox 
ide ( SiO ) ; silicon oxynitrocarbide ( SIONC ) , and silicon 
oxycarbide ( SIOC ) ; combinations thereof , and / or other suit 
able materials . 
[ 0050 ] The CESLs 36 are formed on the upper surface 26 
of the fins 14 , and are positioned on opposite sides of the 
gate electrode 32. As best shown in FIG . 3 , a first CESL is 
positioned lateral to a first surface 40 of the gate electrode 
32 ; and a second CESL is positioned lateral to a second 
surface 42 , opposite to the first surface 40 , of the gate 
electrode 32. The CESLS 36 protect the fin 14. As will be 
discussed in further detail below , the CESL 36 are used 
during fabrication of the gate dielectric layer 28 , the ferro 
electric layer 30 , and the gate electrode 32 of the gate 
structure 16 . 
[ 0051 ] In one embodiment , the CESLs 36 are made of a 
dielectric material . For example , the CESLs 36 may be made 
of nitride ; a low K dielectric material such as silicon 
oxynitride ( SiO_N ) , silicon nitride ( SizN4 ) , silicon monox 
ide ( SiO ) ; silicon oxynitrocarbide ( SiONC ) , and silicon 
oxycarbide ( SiOC ) ; combinations thereof , and / or other suit 
able materials . 
[ 0052 ] In one embodiment , as best shown in FIG . 3 , the 
CESLs 36 extend in a first direction along the upper surface 
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26 of the fins 14 , and the spacers 19 extend in a second 
direction , transverse to the first direction , along the sidewalls 
of the gate electrode 32 . 
[ 0053 ] The ILD 21 is formed on the spacers 19 and the 
CESLS 36. In one embodiment , the ILD 21 is also formed 
over the transistors 12. Namely , the ILD 21 may be formed 
directly above the gate structure 16 . 
[ 0054 ] In one embodiment , the ILD 21 is used to form an 
interconnect layer . For example , the ILD 21 may be used to 
electrically isolate conductive vias that electrically couple 
the source region 18 , the drain region 20 , and / or the gate 
electrode 32 to other various electrical components ( e.g. , 
contact pads , transistors , capacitors , resistors , processors , 
etc. ) and / or other interconnection layers . The ILD 21 , with 
the conductive vias , is sometimes referred to as a metal 
layer . 
[ 0055 ] The ILD 21 may be made of a variety of different 
dielectric materials . For example , the ILD 21 may be made 
of nitride ; a low K dielectric material such as silicon 
oxynitride ( SiO_N_ ) , silicon nitride ( SizN4 ) , silicon monox 
ide ( SiO ) , silicon oxynitrocarbide ( SiONC ) , and silicon 
oxycarbide ( SiOC ) ; combinations thereof , and / or other suit 
able materials . 
[ 0056 ] The ILD 21 may be formed using various semi 
conductor processing techniques . For example , the ILD 21 
may be formed using CVD , high density plasma CVD , 
spin - on , sputtering , or other suitable approaches . 
[ 0057 ] It is noted that portions of the gate dielectric layer 
28 , portions of the ferroelectric layer 30 , the spacers 19 , the 
CESLs 36 , and the ILD 21 are not shown in FIG . 1 in order 
to show the various layers within the device 8. In particular , 
comparing FIGS . 1 and 3 , it can be gleaned that a side 
portion 44 of the gate dielectric layer 28 , a side portion 46 
of the ferroelectric layer 30 , the spacers 19 , CESLs 36 and 
the ILD 21 are not shown in FIG . 1. As a result , the first 
surface 40 of the gate electrode 32 is exposed in FIG . 1 . 
[ 0058 ] As previously discussed , it is generally difficult to 
fabricate NCFETs with scaled down dimensions . As the size 
of the NCFET is scaled down , current methods of fabricat 
ing NCFETs are typically unable to form the ferroelectric 
layer properly . For example , current methods will often not 
properly form the crystalline structure of the ferroelectric 
layer when the ferroelectric layer is thin ( e.g. , between 2 and 
3 nanometers ) . FIGS . 4A to 4C are cross - sectional views 
illustrating a method of fabricating the device 8 in accor 
dance with some embodiments . It is noted that FIGS . 4A to 
4C show the same cross - sectional view as shown in FIG . 3 . 
It is also noted that the steps shown in FIGS . 4A to 4C may 
be performed for each of the transistors 12 . 
[ 0059 ] The method as described with respect to FIGS . 4A 
to 4C is able to fabricate a ferroelectric layer ( e.g. , the 
ferroelectric layer 30 ) regardless of its thickness . For 
example , the method as described with respect to FIGS . 4A 
to 4C is able to fabricate a thin ferroelectric layer having a 
thickness between 2 and 3 nanometers . It is noted that the 
thickness of the ferroelectric layer 30 is not limited to the 
foregoing and in other embodiments may be smaller or 
greater than the example given . 
[ 0060 ] In FIG . 4A , the fins 14 , the source region 18 , the 
drain region 20 , the channel region 34 , the spacers 19 , the 
CESLs 36 , the ILD 21 , and the gate dielectric layer 28 are 
formed on the substrate 10 as discussed with respect to 

FIGS . 1 to 3. The gate dielectric layer 28 is formed on inner 
surfaces 50 of the spacers 19 , and the upper surface 26 of the 
fins 14 . 
[ 0061 ] Subsequent to the fins 14 , the source region 18 , the 
drain region 20 , the channel region 34 , the spacers 19 , the 
CESLS 36 , the ILD 21 , and the gate dielectric layer 28 being 
formed , a ferroelectric film 52 is formed on the gate dielec 
tric layer 28. The ferroelectric film 52 forms a trench 54. As 
will be discussed with respect to FIG . 4C , the ferroelectric 
film 52 is used to form the ferroelectric layer 30. In one 
embodiment , the ferroelectric film 52 is in an amorphous 
state when it is formed on the gate dielectric layer 28 in FIG . 
4A . 
[ 0062 ] The ferroelectric film 52 has a thickness t2 . In one 
embodiment , the thickness t2 is larger than the thickness t1 
of the ferroelectric layer 30. For example , in one embodi 
ment , when the thickness tl of the ferroelectric layer 30 is 
less than or equal to 5 nanometers , the thickness t2 is greater 
than 5 nanometers . In one embodiment , the thickness t2 is 
greater than 5 nanometers and less than 15 nanometers . It is 
noted that the thickness t2 is not limited to the foregoing and 
in other embodiments may be smaller or greater than the 
example given . Having a large thickness for the ferroelectric 
film 52 ensures that the ferroelectric film 52 properly covers 
the gate dielectric layer 28. In addition , as will be discussed 
with respect to FIG . 4B , having a large thickness for the 
ferroelectric film 52 ensures that the ferroelectric film 52 has 
the proper phase after annealing . 
[ 0063 ] The ferroelectric film 52 may be made of any 
suitable material to form a layer with ferroelectric proper 
ties . For example , the ferroelectric film 52 may be made of 
HfSiO , A1,03 , HfZrOx , doped HfZrO ,. LaOz , TiO2 , HfO2 , 
BaSrTiOx , PbZr_Ti , Oz , combinations thereof , or any other 
suitable material . 
[ 0064 ] The ferroelectric film 52 may be formed using 
various semiconductor processing techniques . For example , 
the ferroelectric film 52 may be formed using CVD , high 
density plasma CVD , spin - on , sputtering , atomic layer depo 
sition ( ALD ) , or other suitable approaches . 
[ 0065 ] Once the ferroelectric film 52 is formed , a protec 
tive layer 56 is formed on the ferroelectric film 52 and in the 
trench 54. The protective layer 56 prevents damage to the 
ferroelectric film 52 during the annealing process that will 
be discussed with respect to FIG . 4B . 
[ 0066 ] In one embodiment , the protective layer 56 is made 
of a conductive material , such as Hf , Zr , Ti , Ta , TiN , TAN , 
TaC , Co , Ru , Ai Cu ; and / or W ; combinations thereof ; or 
multi - lay ers thereof . 
[ 0067 ] Whether or not a layer of material has ferroelectric 
properties depends on a variety of factors , such as the 
elements included in the layer of material , the proportions of 
the elements included in the layer of material , and the phase 
of the layer of material . As previously discussed , the ferro 
electric film 52 may be made of any suitable material to form 
a layer with ferroelectric properties ( e.g. , HfSiOx . Al2O3 , 
Hf_ZrOx , LaOx , TiO2 , HfO2 , BaSrTiOx , PbZrZTi , Oz ; com 
binations thereof ; or any other suitable material ) . In addi 
tion , each of the materials used for the ferroelectric film 52 
may have varying ratios of elements . For example , the 
ferroelectric film 52 may be made of HfZrO2 or Hf_Zr1 - x 
where x may be equal to 0 to 0.5 . In FIG . 4B , an annealing 
process is performed to change the phase of the ferroelectric 
film 52 such that the ferroelectric film 52 has ferroelectric 
properties . In particular , as previously discussed , the ferro 
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electric film 52 is in an amorphous state when it is formed 
on the gate dielectric layer 28 in FIG . 4A . In FIG . 4B , the 
ferroelectric film 52 is annealed to change the phase of the 
ferroelectric film 52 from an amorphous state to a crystalline 
state . For example , the ferroelectric film 52 may be annealed 
in a gas atmosphere ( e.g. , an oxygen atmosphere ) between 
650 to 900 degrees Celsius . In one embodiment , the ferro 
electric film 52 is annealed using a spike anneal process in 
which the ferroelectric film 52 is heated between 750 and 
900 degrees Celsius for 25 to 35 seconds . Once the anneal 
ing process is performed in FIG . 4B , the ferroelectric film 52 
is in a crystalline state and has ferroelectric properties . 
[ 0068 ] It is noted that the phase of the ferroelectric film 52 
is easily changed to from an amorphous state to a crystalline 
state by the annealing process because of the large thickness 
t2 of the ferroelectric film 52. If the ferroelectric film 52 
were a thin film ( e.g. , having a thickness between 2 and 3 
nanometers ) , the phase of the ferroelectric film 52 may not 
change from an amorphous state to a crystalline state by the 
annealing process . Consequently , the ferroelectric film 52 
would not have ferroelectric properties . 
[ 0069 ] In FIG . 4C , the protective layer 56 and portions of 
the ferroelectric film 52 are removed . Portions of the ferro 
electric film 52 are removed to thin the ferroelectric film 52 
to a desired thickness and form the ferroelectric layer 30. For 
example , the thickness t2 of the ferroelectric film 52 is 
reduced to the thickness t1 , as shown in FIG . 3 , of the 
ferroelectric layer 30. The ferroelectric layer 30 forms a 
trench 58 . 
[ 0070 ] The protective layer 56 and portions of the ferro 
electric film 52 may be removed using various semiconduc 
tor processing techniques . For example , the protective layer 
56 and portions of the ferroelectric film 52 may be removed 
using masking and etching techniques . In one embodiment , 
upper surfaces of the ILD 21 , the gate dielectric layer 28 , 
and portions of the ferroelectric film 52 that are used to form 
the ferroelectric layer 30 are masked . Remaining portions of 
the ferroelectric film 52 and the protective layer 56 are left 
exposed . Subsequently , an etching process is performed to 
remove the exposed portions of the ferroelectric film 52 and 
the entire protective layer 56. In one embodiment , the 
exposed portions of the ferroelectric film 52 and the entire 
protective layer 56 are removed using a single etching 
process . In another embodiment , the entire protective layer 
56 is removed first using a first etching process , and then the 
exposed portions of the ferroelectric film 52 is removed 
using a second etching process . The ferroelectric film 52 is 
etched until a desired thickness is reached ( e.g. , until the 
ferroelectric film 52 has a thickness less than or equal to 5 
nanometers ) to form the ferroelectric layer 30 . 
[ 0071 ] As previously discussed , in one embodiment , the 
channel region 34 has a narrow width ( e.g. , the channel 
region 34 is a short - channel ) . For example , in one embodi 
ment , the channel width w2 is less than or equal to 50 
nanometers . The narrow width of the channel region 34 
ensures that the ferroelectric film 52 is not excessively 
thinned or completely removed during the thinning process 
in FIG . 4C . If the channel region 34 is too wide ( e.g. , the 
channel region 34 is a long - channel with a width , for 
example , greater than or equal to 100 nanometers ) , the 
ferroelectric film 52 will often be excessively thinned or 
completely removed during , for example , an etch - back 
process due to a loading effect . That is , the etch - back process 
may drastically accelerate due to the large size of the 

channel region 34 and thin the ferroelectric film 52 beyond 
a desired thickness . It is noted that the given examples for 
the width of the channel region 34 are not limited to the 
foregoing and in other embodiments may be smaller or 
greater than the examples given . 
[ 0072 ] Once the ferroelectric film 52 is thinned to a 
desired thickness to form the ferroelectric layer 30 , the gate 
electrode 32 is formed in the trench 58. As a result , the gate 
structure 16 as shown in FIG . 3 is obtained . 
[ 0073 ] As discussed above with respect to FIGS . 1 to 3 , 
the gate electrode 32 may be formed using various semi 
conductor processing techniques . For example , the gate 
electrode 32 may be formed using CVD , high density 
plasma CVD , spin - on , sputtering , or other suitable 
approaches . 
[ 0074 ] As previously discussed , if the channel region 34 
has a large width , the ferroelectric film 52 will often be 
excessively thinned or completely removed during , for 
example , an etch - back process . Fortunately , when the chan 
nel region 34 has a large width , the ferroelectric layer 30 is 
not necessary in order for the transistor 12 to have a negative 
capacitance . Rather , the ferroelectric layer 30 may be 
replaced with a high - K dielectric layer . Thus , a different 
process than what was described with respect to FIGS . 4A 
to 4C may be used to fabricate a gate structure of a transistor 
with a channel region 34 having a large width . FIGS . 5A to 
5F and FIGS . 6A to 6F illustrate methods of fabricating a 
gate structure of a transistor having a narrow channel width , 
along with a gate structure of a transistor having a large 
channel width in accordance with some embodiments . The 
gate structure of a transistor having a large channel width 
includes a high - K dielectric layer instead of a ferroelectric 
layer . 
[ 0075 ] FIGS . 5A to 5F are enlarged cross - sectional views 
illustrating a method of fabricating a gate structure 60 of a 
transistor having a first channel width w3 in accordance with 
some embodiments . FIGS . 6A to 6F are enlarged cross 
sectional views illustrating a method of fabricating a gate 
structure 62 of a transistor having a second channel width 
w4 in accordance with some embodiments . It is noted that 
FIGS . 5A to 5F and FIGS . 6A to 6F show the same 
cross - sectional view as shown in FIG . 3. It is also noted that 
the cross - sectional views shown in FIGS . 5A to 5F and 
FIGS . 6A to 6F are enlarged and the substrate 10 is not 
shown . 
[ 0076 ] In one embodiment , the first channel width w3 is 
smaller than the second channel width w4 . For example , in 
one embodiment , the first channel width w3 is less than or 
equal to 50 nanometers , and the second channel width w4 is 
greater than or equal to 100 nanometers . It is noted that the 
first channel width w3 and the second channel width w4 are 
not limited to the foregoing and in other embodiments may 
be smaller or greater dimensions than the examples given . 
[ 0077 ] In one embodiment , the steps shown in FIGS . 5A 
to 5F and FIGS . 6A to 6F are used to fabricate two different 
transistors on the same substrate . For example , in one 
embodiment , the steps shown in FIGS . 5A to 5F are used to 
fabricate a first transistor on the substrate 10 , and the steps 
shown in FIGS . 6A to 6F are used to fabricate a second 
transistor on the substrate 10. In this embodiment , the steps 
shown in FIGS . 5A to 5F are performed concurrently with 
the steps shown in FIGS . 6A to 6F , respectively . Further , as 
will be discussed in further detail below , some of the 
fabrication steps that are performed in FIGS . 5A to 5F are 
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the same fabrication steps performed in FIGS . 6A to 6F . 
Thus , it is beneficial to review FIGS . 5A to 5F and FIGS . 6A 
to 6F together . It is noted that the steps shown in FIGS . 5A 
to 5F and FIGS . 6A to 6F may also be used to fabricate two 
different transistors on two different substrates , and the steps 
shown in FIGS . 5A to 5F may be performed separately from 
the steps shown in FIGS . 6A to 6F . 
[ 0078 ] In FIGS . 5A and 6A , similar to FIG . 4A , the fins 14 , 
the source region 18 , the drain region 20 , the channel region 
34 , the spacers 19 , the CESLs 36 , the ILD 21 , and the gate 
dielectric layer 28 are formed on the substrate 10. As noted 
above , the substrate 10 is not shown in FIGS . 5A to 5F and 
FIGS . 6A to 6F . The fabrication of the fins 14 , the source 
region 18 , the drain region 20 , the channel region 34 , the 
spacers 19 , the CESLS 36 , the ILD 21 , and the gate dielectric 
layer 28 have been previously discussed with respect to FIG . 
4A and will not be discussed again here . 
[ 0079 ] Subsequent to the fins 14 the source region 18 , the 
drain region 20 , the channel region 34 , the spacers 19 , the 
CESLs 36 , the ILD 21 , and the gate dielectric layer 28 being 
formed , a high - K dielectric layer 64 is formed on the gate 
dielectric layer 28 . 
[ 0080 ] The high - K dielectric layer 64 may be made of a 
variety of different dielectric materials having a high dielec 
tric constant , such as hafnium oxide ( HfO2 ) , zirconium 
oxide ( ZrO2 ) , hafnium silicon oxide ( HfSiO ) , hafnium sili 
con oxynitride ( HfSION ) , hafnium tantalum oxide ( HMO ) , 
hafnium titanium oxide ( HMO ) , and / or hafnium zirconium 
oxide ( HfZrO ) ; combinations thereof ; and / or other suitable 
materials . 
[ 0081 ] The high - K dielectric layer 64 may be formed 
using various semiconductor processing techniques . For 
example , the high - K dielectric layer 64 may be formed using 
CVD , high density plasma CVD , spin - on , sputtering , ALD , 
or other suitable approaches . 
[ 0082 ] In FIG . 5B , the high - K dielectric layer 64 is 
removed to expose the gate dielectric layer 28. In one 
embodiment , the high - K dielectric layer 64 is completely 
removed . 
[ 0083 ] The high - K dielectric layer 64 may be removed 
using various semiconductor processing techniques . For 
example , the high - K dielectric layer 64 may be removed 
using photolithography , masking and etching techniques , 
etc. 
[ 0084 ] In FIG . 6B , the high - K dielectric layer 64 is not 
removed . The gate structure 62 remains the same in FIG . 6B . 
[ 0085 ] In FIG . 5C , subsequent to the high - K dielectric 
layer 64 being removed in FIG . 5B , the ferroelectric film 52 
is formed on the gate dielectric layer 28. In addition , the 
protective layer 56 is formed on the ferroelectric film 52 . 
The fabrication of the ferroelectric film 52 and the protective 
layer 56 has been previously discussed with respect to FIG . 
4A and will not be discussed again here . In one embodiment , 
the ferroelectric film 52 is in an amorphous state when it is 
formed on the gate dielectric layer 28 in FIG . 5C . 
[ 0086 ] In FIG . 6C , as the high - K dielectric layer 64 was 
not removed in FIG . 6B , the ferroelectric film 52 is formed 
on the high - K dielectric layer 64. The protective layer 56 is 
then formed on the ferroelectric film 52. The fabrication of 
the ferroelectric film 52 and the protective layer 56 has been 
previously discussed with respect to FIG . 4A and will not be 
discussed again here . In one embodiment , the ferroelectric 
film 52 is in an amorphous state when it is formed on the 
high - K dielectric layer 64 in FIG . 6C . 

[ 0087 ] As previously discussed , in one embodiment , the 
steps shown in FIGS . 5A to 5F are performed concurrently 
with the steps shown in FIGS . 6A to 6F , respectively . In this 
embodiment , the forming of the ferroelectric film 52 in FIG . 
5C and the forming of the ferroelectric film 52 in FIG . 6C 
may be performed in a single step . For example , a single 
deposition process may be used to form the ferroelectric film 
52 in FIG . 5C and form the ferroelectric film 52 in FIG . 6C . 
The forming of the protective layer 56 in FIG . 5C and the 
forming of the protective layer 56 in FIG . 6C may also be 
similarly performed in a single step . 
[ 0088 ] In FIGS . 5D and 6D , an annealing process is 
performed to change the phase of the ferroelectric films 52 
from an amorphous state to a crystalline state such that the 
ferroelectric films 52 have ferroelectric properties . Once the 
annealing process is performed in FIGS . 5D and 6D , the 
ferroelectric films 52 have ferroelectric properties . The 
annealing process has been previously discussed with 
respect to FIG . 4B and will not be discussed again here . 
[ 0089 ] As previously discussed , in one embodiment , the 
steps shown in FIGS . 5A to 5F are performed concurrently 
with the steps shown in FIGS . 6A to 6F , respectively . In this 
embodiment , the annealing process in FIG . 5D and the 
annealing process in FIG . 6D may be a single annealing 
process . For example , the ferroelectric film 52 of the gate 
structure 60 in FIG . 5D and the ferroelectric film 52 of the 
gate structure 62 in FIG . 6D may be heated at the same time . 
[ 0090 ] In FIG . 5E , the protective layer 56 and portions of 
the ferroelectric film 52 are removed . Portions of the ferro 
electric film 52 are removed to thin the ferroelectric film 52 
to a desired thickness and form the ferroelectric layer 30. For 
example , the thickness t2 of the ferroelectric film 52 is 
reduced to the thickness t1 of the ferroelectric layer 30. The 
removing of the protective layer 56 and the thinning of the 
ferroelectric film 52 has been previously discussed with 
respect to FIG . 4C and will not be discussed again here . 
[ 009 ] In FIG . 6E , the protective layer 56 and the ferro 
electric film 52 are removed to expose the high - K dielectric 
layer 64. In one embodiment , the protective layer 56 and the 
ferroelectric film 52 are completely removed . The protective 
layer 56 and the ferroelectric film 52 may be removed using 
various semiconductor processing techniques . For example , 
the protective layer 56 and the ferroelectric film 52 may be 
removed using photolithography , masking and etching tech 
niques , etc. In one embodiment , upper surfaces of the ILD 
21 , the gate dielectric layer 28 , and the high - K dielectric 
layer 64 are masked ; and the ferroelectric film 52 and the 
protective layer 56 are left exposed . Subsequently , an etch 
ing process is performed to remove the protective layer 56 
and the ferroelectric film 52 and expose the high - K dielectric 
layer 64. In one embodiment , the protective layer 56 and the 
ferroelectric film 52 are removed using a single etching 
process . In another embodiment , the protective layer 56 is 
removed first using a first etching process , and then the 
ferroelectric film 52 is removed using a second etching 
process . 
[ 0092 ] As previously discussed , in one embodiment , the 
steps shown in FIGS . 5A to 5F are performed concurrently 
with the steps shown in FIGS . 6A to 6F , respectively . In this 
embodiment , the removing of the protective layer 56 and 
portions of the ferroelectric film 52 in FIG . 5E and the 
removing of the protective layer 56 and the ferroelectric film 
52 in FIG . 6E may be performed in a single step . For 
example , a single etching process may be used to remove the 
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protective layer 56 and portions of the ferroelectric film 52 
in FIG . 5E and remove the protective layer 56 and the 
ferroelectric film 52 in FIG . 6E . 
[ 0093 ] In FIG . 5F , once the ferroelectric film 52 is thinned 
to a desired thickness to form the ferroelectric layer 30 , the 
gate electrode 32 is formed on the ferroelectric layer 30. As 
a result , the gate structure 60 as shown in FIG . 5F is 
substantially similar to the gate structure 16 as shown in 
FIG . 3. The fabrication of the gate electrode 32 has been 
discussed above and will not be discussed again here . 
[ 0094 ] In FIG . 6F , once the protective layer 56 and the 
ferroelectric film 52 are removed , the gate electrode 32 is 
formed on the high - K dielectric layer 64. The gate structure 
62 is similar to the gate structure 60 except that the ferro 
electric layer 30 in the gate structure 60 is replaced with the 
high - K dielectric layer 64 . 
[ 0095 ] As previously discussed , in one embodiment , the 
steps shown in FIGS . 5A to 5F are performed concurrently 
with the steps shown in FIGS . 6A to 6F , respectively . In this 
embodiment , the forming of the gate electrode 32 in FIG . 5F 
and the forming of the gate electrode 32 in FIG . 6F may be 
performed in a single step . For example , a single deposition 
process may be used to form the gate electrode 32 in FIG . 
5F and form the gate electrode 32 in FIG . 6F . 
[ 0096 ] The various described embodiments provide tran 
sistors with negative capacitances , and methods of creating 
the same . In one or more embodiments , a transistor includes 
a ferroelectric layer that is formed by forming a thick 
ferroelectric film , annealing the ferroelectric film to have a 
desired phase , and thinning the ferroelectric film to a desired 
thickness of the ferroelectric layer . This process ensures that 
the ferroelectric layer will have ferroelectric properties 
regardless of its thickness . In one or more embodiments , the 
ferroelectric layer is replaced with a high - k dielectric layer . 
The high - K dielectric layer ensures that the transistor has a 
negative capacitance even when the transistor has a large 
channel width . Thus , the dimensions of the transistors may 
be scaled up or down as desired , while still having negative 
capacitances . Accordingly , the transistors and methods dis 
closed herein are suitable for applications in which transis 
tors with various sizes are desirable . 
[ 0097 ] According to one embodiment disclosed herein , a 
transistor includes a substrate ; a dielectric layer on the 
substrate ; a fin extending from the substrate , through the 
dielectric layer , and past a surface of the dielectric layer ; first 
and second spacers on the fin ; a gate dielectric layer on the 
surface of the dielectric layer and on at least three sides of 
the fin ; a ferroelectric layer on the gate dielectric layer and 
on at least three sides of the fin ; and a gate electrode on the 
ferroelectric layer . The ferroelectric layer is spaced from the 
fin and the first and second spacers by the gate dielectric 
layer . 
[ 0098 ] According to one embodiment disclosed herein , a 
method includes forming a dielectric layer on a substrate ; 
forming a fin that extends from the substrate , through the 
dielectric layer , and past a surface of the dielectric layer ; 
forming first and second spacers on the fin ; forming a gate 
dielectric layer on the surface of the dielectric layer and on 
at least three sides of the fin ; forming a ferroelectric layer on 
the gate dielectric layer and on at least three sides of the fin ; 
and forming a gate electrode on the ferroelectric layer . The 
ferroelectric layer is spaced from the fin and the first and 
second spacers by the gate dielectric layer . 

[ 0099 ] According to one embodiment disclosed herein , a 
method includes forming a dielectric layer on a substrate ; 
forming a first fin that extends from the substrate , through 
the dielectric layer , and past a surface of the dielectric layer ; 
forming a second fin that extends from the substrate , through 
the dielectric layer , and past the surface of the dielectric 
layer ; forming first and second spacers on the first fin ; 
forming third and fourth spacers on the second fin ; forming 
a gate dielectric layer on the surface of the dielectric layer , 
on at least three sides of the first fin , and on at least three 
sides of the second fin ; forming a ferroelectric layer on the 
gate dielectric layer and on at least three sides of the first fin ; 
and forming a high - K dielectric layer on the gate dielectric 
layer and on at least three sides of the second fin ; and 
forming a gate electrode on the ferroelectric layer and on the 
high - K dielectric layer . The first fin includes a channel 
region having a first width . The second fin includes a 
channel region having a second width . The ferroelectric 
layer is spaced from the first fin and the first and second 
spacers by the gate dielectric layer . The ferroelectric layer is 
spaced from the second fin and the third and fourth spacers 
by the gate dielectric layer . 
[ 0100 ] The various embodiments described above can be 
combined to provide further embodiments . These and other 
changes can be made to the embodiments in light of the 
above - detailed description . In general , in the following 
claims , the terms used should not be construed to limit the 
claims to the specific embodiments disclosed in the speci 
fication and the claims , but should be construed to include 
all possible embodiments along with the full scope of 
equivalents to which such claims are entitled . Accordingly , 
the claims are not limited by the disclosure . 
[ 0101 ] The foregoing outlines features of several embodi 
ments so that those skilled in the art may better understand 
the aspects of the present disclosure . Those skilled 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 skilled 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 , substitutions , and alterations herein 
without departing from the spirit and scope of the present 
disclosure . 
What is claimed is : 
1. A method , comprising : 
forming a first fin on a substrate , the first fin including a 

channel region having a first width ; 
forming a second fin on the substrate , the second fin 

including a channel region having a second width 
larger than the first width ; 

forming first and second spacers on the first fin ; 
forming third and fourth spacers on the second fin ; 
forming a gate dielectric layer on at least three sides of the 

first fin and on at least three sides of the second fin ; 
forming a ferroelectric layer having a first thickness on 

the gate dielectric layer ; 
annealing the ferroelectric layer ; 
thinning a portion of the ferroelectric layer that is on the 

first fin to a second thickness smaller than the first 
thickness ; and 

removing a portion of the ferroelectric layer that is on the 
second fin . 
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2. The method of claim 1 , further comprising : 
forming a first gate electrode on the portion of the 

ferroelectric layer that is on the first fin ; and 
forming a second gate electrode on the second fin . 
3. The method of claim 1 , further comprising : 
forming a dielectric layer on the gate dielectric layer ; and 
removing a portion of the dielectric layer that is on the 

first fin , wherein 
the forming of the ferroelectric layer including forming 

the ferroelectric layer on a portion of the dielectric 
layer on the second fin . 

4. The method of claim 3 wherein the dielectric layer is a 
high - K dielectric layer . 

5. The method of claim 1 wherein the first width is less 
than or equal to 50 nanometers , and the second width is 
greater than or equal to 100 nanometers . 

6. The method of claim 1 wherein the first thickness is 
greater than 5 nanometers , and the second thickness is less 
than or equal to 5 nanometers . 

7. The method of claim 1 , further comprising : 
forming an interlayer dielectric on the first second , third , 

and fourth spacers . 
8. The method of claim 1 , further comprising : 
forming first source and drain regions in the first fin , the 

first source and drain regions being aligned with the 
first and second spacers , respectively ; and 

forming second source and drain regions in the second fin , 
the second source and drain regions being aligned with 
the third and fourth spacers , respectively . 

9. A method , comprising : 
forming a fin on a substrate ; 
forming a dielectric layer on the substrate , the fin extend 

ing through the dielectric layer ; 
forming first and second spacers on the fin ; 
forming a gate dielectric layer on the dielectric layer and 

on at least three sides of the fin ; 
forming a ferroelectric layer having a first thickness on 

the gate dielectric layer ; 
annealing the ferroelectric layer ; 
thinning the ferroelectric layer to a second thickness that 

is smaller than the first thickness ; and 
forming a gate electrode on the ferroelectric layer . 
10. The method of claim 9 wherein the first thickness is 

greater than 5 nanometers , and the second thickness is less 
than or equal to 5 nanometers . 

11. The method of claim 9 , further comprising : 
forming source and drain regions in the fin , the source and 

drain regions being aligned with the first and second 
spacers , respectively . 

12. The method of claim 11 wherein a channel width 
between the source and drain regions is less than or equal to 
50 nanometers . 

13. The method of claim 9 wherein a portion of the gate 
dielectric layer , a portion of the ferroelectric layer , and a 
portion of the gate electrode are positioned between the first 
and second spacers . 

14. The method of claim 9 wherein the ferroelectric layer 
is spaced from the fin and the first and second spacers by the 
gate dielectric layer . 

15. The method of claim 9 wherein the fin is positioned 
between the substrate and the first and second spacers . 

16. A method , comprising : 
forming a fin on a substrate ; 
forming source and drain regions in the fin ; 
forming a dielectric layer on the substrate , the fin extend 

ing through the dielectric layer ; 
forming first and second spacers on the fin , the source and 

drain regions being aligned with the first and second 
spacers , respectively ; 

forming a gate dielectric layer on the dielectric layer and 
on at least three sides of the fin ; 

forming a second dielectric layer on the gate dielectric 
layer ; 

forming a ferroelectric layer having a first thickness on 
the second dielectric layer ; and 

forming a gate electrode on the second dielectric layer . 
17. The method of claim 16 wherein a portion of the gate 

dielectric layer , a portion of the ferroelectric layer , and a 
portion of the gate electrode are positioned between the first 
and second spacers . 

18. The method of claim 16 wherein the ferroelectric layer 
is spaced from the fin and the first and second spacers by the 
gate dielectric layer . 

19. The method of claim 16 wherein the fin is positioned 
between the substrate and the first and second spacers . 

20. The method of claim 16 wherein a channel width 
between the source and drain regions is greater than or equal 
to 100 nanometers . 


