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(57) ABSTRACT 

The present invention provides a double gate transistor and 
a method for forming the same that facilitates the formation 
of different transistors having different threshold voltages. 
The embodiments of the present invention form transistors 
having different body widths. By forming double gate tran 
sistors with different body widths, the preferred embodiment 
forms double gate transistors that have different threshold 
Voltages, without adding excessive proceSS complexity. The 
preferred embodiment of the present invention is imple 
mented using a fin type double gated Structure. In a fin type 
Structure, the double gates are formed on each Side of the 
body, with the body being disposed horizontally between the 
gateS. 
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VARIABLE THRESHOLD VOLTAGE DOUBLE 
GATED TRANSISTORS AND METHOD OF 

FABRICATION 

BACKGROUND OF THE INVENTION 

0001) 1. Technical Field 
0002 The present invention relates generally to the field 
of Semiconductor manufacturing and, more Specifically, to a 
method for forming double gated field effect transistors. 
0003 2. Background Art 
0004. The need to remain cost and performance competi 
tive in the production of Semiconductor devices has caused 
continually increasing device density in integrated circuits. 
To facilitate the increase in device density, new technologies 
are constantly needed to allow the feature Size of these 
Semiconductor devices to be reduced. 

0005 The push for ever increasing device densities is 
particularly Strong in CMOS technologies, Such as the in the 
design and fabrication of field effect transistors (FETs). 
FETs are used in almost all types of integrated circuit design 
(i.e., microprocessors, memory, etc.) One of the fundamental 
parameters of FET design is the threshold voltage (Vt). The 
threshold Voltage of a FET is generally defined as the gate 
voltage required to Switch the transistor on or off (depending 
upon the type of FET). FETs with different threshold volt 
ages have different operational characteristics. For example, 
transistors with lower threshold Voltage generally can oper 
ate at higher operational frequency, and have a higher 
current drive. However, transistors with lower threshold 
Voltage also have higher leakage current, and thus generally 
use more power than transistors with higher threshold Volt 
ageS. 

0006 Thus, in some applications it is generally desirable 
to have transistors with lower threshold voltages to improve 
performance, while in other applications it is generally 
desirable to have transistors with higher threshold voltage to 
reduce unwanted power consumption. Unfortunately, it is 
generally difficult to make transistors with different thresh 
old Voltage on the same device when the transistors employ 
ultra-thin bodies. 

0007. This is especially true of double gated field effect 
transistors. Double gated FETs use two gates, one on each 
side of the body, to facilitate scaling of CMOS dimensions 
while maintaining an acceptable performance. In particular, 
the use of the double gate increases the control of the gate 
on the channel potential, which allows the transistor to have 
better current control, without increasing the gate length of 
the device. As such, the double gated FET is able to have the 
current control of a larger transistor without requiring the 
device Space of the larger transistor. 
0008 Thus, there is a need for improved device struc 
tures and methods of fabrication of double gated transistors 
that provide transistors having different threshold Voltages 
on the same device without overly increasing fabrication 
complexity. 

DISCLOSURE OF INVENTION 

0009. Accordingly, the present invention provides a 
double gate transistor and a method for forming the same 
that facilitates the formation of different transistors having 
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different threshold Voltages. In a first aspect, the invention is 
a method for forming a plurality of transistors having 
different threshold Voltages, the method comprising the 
Steps of 

0010) a) providing a semiconductor substrate; 
0011 b) forming a plurality of shapes on the semi 
conductor Substrate, each of the plurality of shapes 
having a width; 

0012 c) selectively adjusting the widths of at least 
one Selected shapes, 

0013 d) patterning the semiconductor substrate 
using the plurality of shapes to form a plurality of 
transistor bodies such that the width of each the 
plurality of transistor bodies is at least partially 
determined by the width of a corresponding one of 
the plurality of shapes, 

0014) e) providing a first gate structure of a first 
work-function adjacent a first body edge of each of 
the plurality of transistor bodies, and 

0015 f) providing a second gate structure of a 
Second work-function adjacent a Second body edge 
of each of the plurality of transistor bodies. 

0016. In a second aspect, the invention is a plurality of 
transistors comprising: 

0017 a) a plurality of transistor bodies formed on a 
Substrate, the transistor bodies each having a first 
Vertical edge and a Second vertical edge defining a 
transistor body width, wherein a Selected portion of 
the plurality of transistor bodies has an adjusted 
width; 

0018 b) a plurality of first gate structures, each of 
the plurality of first gate Structures adjacent to one of 
the plurality of transistor body first vertical edges, 
the plurality of first gate Structures having a first 
work-function; and 

0019 c) a plurality of second gate structures, each of 
the plurality of Second gate Structures adjacent to one 
of the plurality of transistor body second vertical 
edges, the plurality of Second gate Structures having 
a Second work-function. 

0020. The foregoing and other advantages and features of 
the invention will be apparent from the following more 
particular description of a preferred embodiment of the 
invention, as illustrated in the accompanying drawings. 

BRIEF DESCRIPTION OF DRAWINGS 

0021. The preferred exemplary embodiment of the 
present invention will hereinafter be described in conjunc 
tion with the appended drawings, where like designations 
denote like elements, and 
0022 FIG. 1 is a flow diagram illustrating a first fabri 
cation method; 
0023 FIGS. 2-13 are cross-sectional side views of an 
exemplary double gated transistor during fabrication; 
0024 FIGS. 14-18 are perspective views of an exemplary 
double gated transistor during fabrication; 
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0.025 FIG. 19 is a flow diagram illustrating a second 
fabrication method; and 

0.026 FIGS. 20-31 are cross-sectional side views of a 
Second exemplary double gated transistor during fabrication. 

BEST MODE FOR CARRYING OUT THE 
INVENTION 

0.027 Accordingly, the present invention provides a 
double gate transistor and a method for forming the same 
that facilitates the formation of different transistors having 
different threshold voltages. The embodiments of the present 
invention form transistors having different body widths. By 
forming double gate transistors with different body widths, 
the preferred embodiment forms double gate transistors that 
have different threshold Voltages, without adding excessive 
proceSS complexity. 

0028. In a first embodiment of the present invention, the 
double gates are formed on each side of a body disposed 
horizontally between the gates. This allows the gate length 
of the device to have minimum feature size, while allowing 
the thickness of the body to be much smaller than the gate 
length. This also improves control of the threshold voltage 
of the resulting device. Additionally, this method allows 
different transistors to be formed with different threshold 
Voltages while minimizing process and device complexity. 

0029 Furthermore, the invention provides a double gate 
transistor with asymmetric gate doping, where one of the 
double gates is doped degenerately n-type and the other 
degenerately p-type. By doping one of the gates n-type, and 
the other p-type, the threshold Voltage of the resulting device 
is improved. In particular, by asymeterically doping the two 
gates, the resulting transistor can, with adequate doping of 
the body, have a threshold Voltage in a range that enables 
low-voltage CMOS operation. For example, a transistor can 
be created that has a threshold voltage between OV and 0.5V 
for nFETs and between 0 and -0.5V for pFETs. 
0030 Various electrically conducting materials have 
asSociated with them a built-in electrical potential, often 
referred to as a “work-function, ' which, along with exter 
nally applied Voltage, determines the relative affinity of the 
conductor for electrons (or holes). In a metal, the work 
function is intrinsic to the material, while in a Semiconduc 
tor, Such as Silicon, this work-function can be adjusted to 
values between the valence band and conduction band by 
introduction of impurities which Supply exceSS holes or 
electrons. In the asymmetric double gated FET of the 
preferred embodiment, the two gate electrodes are doped 
with impurities of opposite polarity, with one gate being 
doped n-type and the other gate being doped p-type. Thus, 
the two gate electrodes have different work-functions and 
hence one gate electrode (the strong gate, the n-gate for 
nFETs) has a greater affinity for the inversion carriers while 
the other electrode (the weak gate, the p-gate for nFETs) has 
a lesser affinity for the inversion carriers. As a result the 
inversion channel will form in the Semiconductor body at a 
location nearer the strong gate, and thus results both gate 
electrodes contributing to the inversion potential leading to 
a relatively low threshold voltage (e.g., between 0 and 0.5 
volts). 
0031 Turning now to FIG. 1, a method 100 for forming 
a double gated transistor in accordance with the preferred 
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embodiment is illustrated. Method 100 forms a double gated 
transistor in a way that improves the threshold Voltage of the 
transistor, while maintaining fabrication reliability and Sim 
plicity. Additionally, method 100 facilitates the formation of 
double gate transistors with different body widths and thus 
different threshold voltages. In particular, method 100 uses 
sidewall spacers to define the width of the body of the 
transistor (sometimes referred to as the “fin width”). In 
method 100, the sidewall spacers are selectively modified to 
facilitate the selective modification of threshold voltage of 
various transistors. Thus, method 100 can result in the 
formation of different transistors having different threshold 
Voltages, with minimal processing complexity. 

0032) The first step 101 of method 100 is to provide an 
appropriate Semiconductor wafer, deposit various etch Stop 
layers, and deposit a mandrel layer. In the preferred embodi 
ment, the wafer used comprises a Silicon on insulator (SOI) 
wafer. AS Such, the wafer comprises a buried oxide layer 
beneath an SOI layer. As will be come clear the SOI layer 
is used to form the body of the double gated transistor. It is 
generally preferable to use a SOI layer that has a p-type (for 
NFETs) doping density in the range of 3x10 cm to 
8x10 cm to provide proper centering and control of the 
threshold voltage of the transistor. However, in another 
embodiment to be described later, the doping of the SOI 
layer is done with an angled implant to facilitate the achieve 
ment of a uniform concentration density throughout the 
body. 

0033. However, non-SOI wafers can be used. When a 
non-SOI wafer is used, the processing remains otherwise 
identical to those of the SOI wafer case, except as noted. 
0034). With a SOI wafer provided, three etch stop layers 
are formed on the wafer, preferably comprising a Silicon 
dioxide layer, a Silicon nitride layer, and a Second Silicon 
oxide layer. These etch Stop layers will be used throughout 
the fabrication proceSS when an appropriate etch Stop is 
needed. 

0035) Next, a mandrel layer is formed. The mandrel layer 
preferably comprises a layer of oxide or other Suitable 
material. AS will be explained in greater detail later, the 
mandrel layer is as part of a Sidewall image transfer which 
is used to define the body of the double gated transistor. As 
Such, the mandrel layer is used to form a Sidewall Spacer, 
which is in turn used to define the transistor body. In the 
preferred embodiment, the mandrel layer has a thickness of 
between 10 nm and 100 nm, however, such a thickness may 
change depending on the desired body thickness. 
0036 Turning now to FIG. 2, a wafer portion 200 is 
illustrated after the formation of etch Stop layerS and a 
mandrel layer. The preferred embodiment wafer portion 200 
comprises an SOI wafer, and as such includes an SOI layer 
202 and a buried oxide layer 204. On top of the SOI layer 
is formed a oxide layer 206, a nitride layer 208, and a oxide 
layer 210. These layers serve as etch stop layers. On top of 
oxide layer 210 is formed a mandrel layer 212. 
0037 Returning to FIG. 1, the next step 102 is to pattern 
the mandrel layer and form Sidewall Spacers. The mandrel 
layer is pattered to open that area in which the one of the 
double gates is formed. The Sidewall spacer is preferably 
formed using a deposition of Silicon nitride, followed by a 
Suitable directional etch. Of course, other materials and 
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methods can be used for forming the Sidewall Spacer. AS will 
be shown later the thickness of sidewall spacer will define 
the body region of the double gated transistor using Sidewall 
image transfer. This thickneSS will be Selectively adjusted to 
allow for the formation of transistors with different threshold 
Voltages. 

0038 Turning to FIG. 3, the wafer portion 200 is illus 
trated after the mandrel layer 212 has been patterned and a 
Sidewall Spacer 214 has been formed. Again, the Sidewall 
spacer will be used to define the body thickness of the 
resulting transistor using Sidewall image transfer. 

0039) Returning to FIG. 1, the next step 103 is to 
Selectively adjust the width of Selected Sidewall Spacers. 
Since the width of the sidewall spacer determines the body 
width which in turn effects the threshold voltage of the 
resulting transistor, step 103 allows the threshold voltage of 
selected transistors to be easily adjusted. The width of the 
Sidewall Spacers can be adjusted in any Suitable manner. For 
example, they can be can covered with a Suitable protective 
layer, with the protective layer then being patterned to 
exposed Selected Sidewall spacers. For example, a Suitable 
photoresist layer can be deposited and patterned to expose 
only selected sidewall spacers. The width of the exposed 
Sidewall spacers can then adjusted. For example, an isotro 
pic etch of short duration can be used that results in 
narrowing of only the exposed Sidewall Spacers, with unex 
posed Sidewall Spacers remaining unchanged. Any isotropic 
etch which removes a portion of the exposed Sidewall 
Spacers while not significantly removing oxide is Suitable for 
this step. 

0040 Turning now to FIG. 4, a larger area of wafer 
portion 200 is illustrated that shows a plurality of sidewall 
Spacers 214 formed on the exposed edges of mandrel layer 
212. Each of the sidewall spacers 214 will be used to define 
a transistor body for a double gate field effect transistor. In 
accordance with method 100, a layer of photoresist 215 has 
been deposited and patterned to expose Selected Sidewall 
Spacers 214 while other Sidewall spacers remain covered by 
the photoresist 214. This allows the width of the exposed 
sidewall spacers 214 to be adjusted relative to the width of 
the unexposed Sidewall Spacers 214. For example, by per 
forming an isotropic etch that Selectively narrows only the 
exposed Sidewall Spacers 214. 

0041 Turning now to FIG. 5, the larger area of wafer 
portion 214 is illustrated after the exposed Sidewall Spacers 
214 have been narrowed using a Suitable etch. Again, as will 
become clear, the width of the Sidewall spacer ultimately 
determines the body width and hence the threshold voltage 
of the resulting transistors. Thus, transistors made using 
narrowed Sidewall Spacers will have a narrower body than 
those made with non-narrowed Sidewall Spacers. The tran 
sistors with a narrowed body will have a higher threshold 
voltage relative to the those with the non-narrowed body. 
0042 Steps 104 through 114 will now be described and 
illustrated with only one transistor body, but it will be 
understood that the same steps will be applied to both 
narrowed and non-narrowed transistors. 

0.043 Returning to FIG. 1, after removing the remaining 
photo resist, the next Step 104 is to pattern etch Stop layers 
and patterning the SOI layer using the Sidewall Spacer and 
remaining mandrel material as a mask, and to form gate 
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oxide on the exposed side of the SOI layer. This is preferably 
done using a Suitable reactive ion etch. The gate oxide is 
preferably formed by thermal oxidation, typically at 750 
800 C. Also, during this step an implantation into the body 
of the transistor can be done. This would preferably com 
prise an angled implant into the exposed Sidewall of the SOI 
layer, done before the formation of the gate oxide. This 
would Serve to properly dope the body of the transistor. AS 
will be described in greater detail below, this angled implant 
can performed in a way that achieves uniform concentration 
density to help compensate for threshold Voltage variations. 
0044) Turning now to FIG. 6, the wafer portion 200 is 
illustrated after the SOI layer 202 has been patterned and 
gate oxide 216 has been formed on the side of the SOI layer 
202. Again, an angled body implant can also be performed 
before the formation of the gate oxide. 
0045 Returning to FIG. 1, the next step 106 is to deposit 
and planerize the gate material. AS described above, in the 
preferred embodiment, the double gated transistor has one 
gate formed n+ and another gate formed p--. In the illustrated 
implementation, the n+ gate is formed first. Turning to FIG. 
7, the wafer portion 200 is illustrated after n+ polysilicon 
218 has been deposited and planarized. As will become 
clear, n+ polysilicon 218 will be used to form one of the 
gates in the preferred embodiment double gated transistor. 
0046) The next step 108 is to selectively remove the 
remaining mandrel layer. This is preferably done by per 
forming a reactive ion etch of the mandrel Selective to the 
nitride Sidewall spacer, the nitride etch Stop layer and the 
gate polysilicon. Then an intermediate oxide layer is formed 
on the polysilicon gate material, preferably by growing 
thermal oxide on the polysilicon gate. Turning now to FIG. 
8, the wafer portion 200 is illustrated after the mandrel layer 
212 has been removed, oxide etch stop layer 210 has been 
removed, and a thermal oxide layer 220 has been formed on 
the gate polysilicon 218. The nitride layer 208 that was 
beneath the remaining mandrel layer is etched Selectively to 
the oxide 220 followed by a brief HF etch which removes 
the remaining oxide layer 206 which was beneath the 
remaining mandrel layer. 
0047. The next step 110 is to etch the exposed SOI layer. 
This is preferably done by using a reactive ion etch that 
etches the SOI layer, stopping on the buried oxide layer. This 
completes the patterning of the SOI layer to defines the 
thickness of the body of the double gated transistor. Then a 
gate oxide is formed on the exposed side of the transistor 
body. 
0048 Also, during this step another implantation into the 
body of the transistor can be performed. This would again 
preferably comprise an angled implant into the exposed 
sidewall of the SOI layer, done before the formation of the 
gate oxide. 
0049 Turning to FIG. 9, the wafer portion 200 is illus 
trated after the patterning of the SOI layer 202. The remain 
ing portion of SOI layer 202 comprises the body of the 
double gated transistor (in this case, a Silicon fin). Gate oxide 
221 is formed on the exposed SOI layer 202 using a thermal 
oxidation or by depositing a dielectric film. 
0050. When a non-SOI wafer is used, after the silicon fins 
are etched by time to the desired depth (typically 100-200 
nm below the original Silicon Surface) a deposit/etch oxide 
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proceSS is used to deposit Silicon dioxide exclusively on the 
bottom horizontal Surfaces of the etched silicon of thickness 
approximately one-quarter the height of the etched fins. The 
oxide may be doped with boron in the case of nEETS or 
phosphorus in the case of pFETS and Some portion of the 
dopant out diffused into those portions of the fins immedi 
ately adjacent to the doped oxide. This serves to SuppreSS 
leakage in what will be ungated Surfaces of the fins, from 
Source to drain. 

0051 Returning to the SOI embodiment, it should be 
noted that the patterning of the SOI layer has defined the 
body of the double gated transistor. It is generally desirable 
to have the body thickness, illustrated as Ts, narrow when 
compared to the gate length. Typically, the body thickneSS 
should be less than approximately one quarter of the gate 
length to give good threshold Voltage control. Also, it is 
generally desirable that the body thickneSS Should be greater 
than approximately 2.5 nm to avoid degraded mobility due 
to quantum confinement issues. AS the gate length is gen 
erally made to minimum feature size, Sidewall image trans 
fer is used to achieve the Subminimum feature Size of the 
body. Thus, as illustrated and described above, the width of 
the Sidewall Spacer determines the body thickness. 
0.052 The next step 112 is to deposit and planerize the 
gate material for the Second gate. AS discussed above, the 
preferred embodiment uses gate material of opposite doping 
to form the two gates. Thus, the preferred embodiment uses 
p+ doped polysilicon to form the Second of the two gates. 
The planarization of the p- polysilicon gate material stops 
on the thermally grown oxide previously formed on the n+ 
polysilicon gate. After the planarization of the p- polysili 
con, a Second layer of thermally grown oxide is formed. 
Turning now to FIG. 10, the wafer portion 200 is illustrated 
after the deposition and planarization of p-- doped polysili 
con 226 to form the second gate. Thermally grown oxide 228 
is then formed on the deposited polysilicon 226. 

0053. The next step 114 is to remove the sidewall spacer, 
and fill the Sidewall Spacer opening with intrinsic polysili 
con, to maximize Silicide formation in this region later on in 
the proceSS. Optionally, the Sidewall Spacer may be left in 
place if the Separate, independent gate contacts are desirable. 
The intrinsic polysilicon is then planarized using a CMP 
process that Stops on the two layers of thermally grown 
oxide. This planarization proceSS does not require high 
Selectivity because there is very little exceSS intrinsic poly 
Silicon to remove. The exposed thermally grown oxide on 
the two gates is then removed using a Similar planarization 
process. Again, high Selectivity is not required for this 
processing Step. Turning now to FIG. 11, the wafer portion 
200 is illustrated after the remaining portion of the sidewall 
Spacer 214 has been removed, and then the Space is filled 
with intrinsic polysilicon 230. FIG. 12 then illustrates the 
wafer portion 200 after the excess polysilicon 230 and 
thermally grown oxide 220 and 228 have been removed by 
CMP process. This leaves only a small portion of the 
intrinsic polysilicon 230 in the place of the originally formed 
sidewall spacer. This portion of intrinsic polysilicon 230 will 
be used to allow the formation of a Silicide bridge connect 
ing the p+ and n+ polysilicon gates later in the process flow. 

0054. At this point in the process, the bodies of the 
transistors have been formed, and gates have been formed on 
each side of the bodies. Turning now to FIG. 13, the larger 
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area of wafer portion 200 is again illustrated. FIG. 13 shows 
multiple transistors at this step in the process. Again, those 
transistors that were defined using narrowed Sidewall Spac 
erS have a narrower body, and will thus have a higher 
threshold voltage. In particular, the transistor bodies 231 are 
narrower than transistor bodies 233. Thus, transistors 
formed with transistor bodies 231 will have a higher thresh 
old Voltage than transistors formed with transistor bodies 
233. 

0055 Returning to method 100, the next step 116 is to 
pattern the gates. This involves Selectively removing the 
portions of the gate materials that exist in adjacent the Source 
and drain regions of the transistor. This is preferably done 
using Standard lithographic techniques, i.e., depositing and 
patterning a hardmask, and then using the patterned hard 
mask as an etch block during an etching of the gate mate 
rials. The hardmask is preferably a nitride hardmask, as that 
is the same as the already formed etch Stop layer on the body. 

0056 Turning now to FIG. 14, a single transistor in the 
wafer portion 200 is illustrated in perspective form. A nitride 
hardmask 232 has been formed extending acroSS the two 
gates, which comprise n+ gate polysilicon 218 and p+ gate 
polysilicon 226. Turning now to FIG. 15, the wafer portion 
200 is illustrated after gate polysilicon 218 and gate poly 
Silicon 226 have been patterned using an etch Selective to the 
hardmask. The patterning preferably removes all the gate 
polysilicon down to the buried oxide layer 204. The pat 
terning of the gates is preferably done using a directional 
etch that is Selective to nitride. Thus, the patterning does not 
remove the portions of the SOI body 202 that are protected 
by the previously formed nitride etch stop layer 208. The 
patterning leaves a portion of n+ polysilicon 218 and p+ 
polysilicon 226, which defines the two gates of the double 
gated transistor. 

0057. In the preferred embodiment a buffered HF clean 
up is performed, followed by a thermal reoxidation designed 
to grow oxide on all the exposed Silicon Surfaces. This 
preferably forms a thin 50 angstrom film of oxide that 
provides good interface where the gate meets the body. 

0.058. The next step 118 in method 100 is to form source, 
drain, and halo implants in the transistor. Preferably these 
implants are made from at least four directions, to ensure 
that a uniform implant is made into both sides of the fin. In 
particular, both the Source and drain implants are made from 
both sides of the source and drain portion of the fin. Then 
another implant is made, with a different implant energies 
and angles, to form the halo implants that improve short 
channel effects. The halo implants are performed at higher 
energies and at angles more acute with respect to the fin in 
order to assure placement of the halo dopant further under 
the gate electrodes than the Source/drain dopants. For 
nFETS, typically arsenic is used for the Source/drain 
implants in the range of 1 to 15 keV and a dose of 5x10" 
to 2x10 cm with angles between 45° and 80° with 
respect to the fins, and boron is used for the halo implants 
with energies in the range of 5 to 15 keV and a dose of 
1x10 to 8x10" cm with the halo oriented between 20° 
and 45 with respect to the fins. Similarly, for pFETs, 
typically boron is used for the Source/drain implants in the 
range of 0.5 to 3 keV and dose of 5x10' to 2x10 cm 
with angles between 45 and 80 with respect to the fins, and 
arsenic used for the halos, with energies from 20 to 45 keV 
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and dose of 1x10' to 8x10" cm with the halo oriented 
between 20 and 45 with respect to the fins. Furthermore, 
all of the above implants must be suitable angles from the 
horizontal plane of the wafer, between approximately 70 to 
83 from horizontal. 

0059) The next step 120 is to deposit dielectric of thick 
neSS greater than the height of the combined gate electrode 
and hardmask above the BOX, covering the entire gate 
electrodes and exposed fins, planerize and partially receSS 
until a portion (typically 10 to 50 nm) of the hardmask and 
gate electrode, but not any of the Source/drain fin region, is 
exposed. AS will become clear, this Step is part of the 
formation of Sidewall spacers at the edges of the transistor 
gate. The dielectric used preferably comprises oxide, which 
can be etched Selective to the nitride hardmask already 
formed. Turning now to FIG. 16, the wafer portion 200 is 
illustrated after dielectric 240 has been deposited, Surround 
ing the transistor gate electrode, planarized and then 
recessed. The dielectric is preferably recessed using a direc 
tional etch selective to the previously provided nitride 
hardmask 232. 

0060. The next step 122 is to form sidewall spacers on the 
edges of the gates, and etch the previously deposited dielec 
tric. This is preferably done using a conformal deposition of 
a dielectric material, followed by a directional etch. The 
sidewall spacers are preferably formed of nitride. The nitride 
Sidewall Spacers, together with the nitride hardmask, can 
then be used to mask a directional etch and thereby remove 
the oxide except adjacent to the gates. 
0061 Turning now to FIG. 17, the wafer portion 200 is 
illustrated after nitride sidewall spacers 242 have been 
formed, and the dielectric 240 etched away, leaving only 
Sidewall portions 244 adjacent the transistor gates. The 
hardmask 232, the sidewall spacers 242, and the sidewall 
portions 244 combine to effectively isolate the gate from the 
Source and drain contacts, which are formed next. 

0062) The next step 124 is to form source and drain 
contacts. This is preferably done by filling the previously 
removed areas with contact material. The contact material 
can be a Selective deposition of Silicon, tungsten or other 
conductive material which makes low-resistance contacts to 
n+ and/or p+ Silicon. If Silicon is used, it is doped degen 
erately n+ or p-- for nFETs or pFETs, respectively. The 
material can be deposited until it covers the wafer to a height 
above the height of the nitride hardmask and then planarized 
by RIE and/or chemical-mechanical polish until the nitride 
hardmask is completely exposed. Next, as illustrated in FIG. 
18, the wafer is patterned with a mask which is used to etch 
unwanted portions of the Source/drain contact material to 
both isolate Source from drain and to isolate a plurality of 
such FETs from each other. Finally, the hardmask may be 
Selectively removed by RIE or other etching techniques Such 
as hot phosphoric acid, and a metal Such as cobalt or 
titanium deposited and sintered at approximately 700° C. to 
form metal Silicide over the gate, and in the case of Silicon 
contacts, over the Source and drain contacts as well. 

0063 Thus, method 100 provides for the formation of 
double gated transistors and allows the gate length of the 
device to have minimum feature size, while allowing the 
thickness of the body to be much Smaller than the gate 
length. Furthermore method 100 results in double gate 
transistors with asymmetric gate doping, where one of the 
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double gates is doped degenerately n-type and the other 
degenerately p-type. By doping one of the gates n-type, and 
the other p-type, the threshold Voltage of the resulting device 
is improved. Finally, method 100 provides for the formation 
of double gate transistors having different threshold Voltages 
in one fabrication process. The embodiments of the present 
invention form transistors having different body widths. By 
forming double gate transistors with different body widths, 
the preferred embodiment forms double gate transistors that 
have different threshold Voltages, without adding excessive 
process complexity. 

0064 Turning now to FIG. 19, a alternative preferred 
embodiment method 300 is illustrated. This method has the 
advantage of resulting in minimal erosion of the Sidewall 
Spacer used to define the transistor body Since the Spacer is 
now exposed to reactive ion etching only once. Conse 
quently the silicon etch profiles achieved with this embodi 
ment are very well controlled. In step 301, the wafer is 
prepared, etch Stop layers and a mandrel layer is formed in 
as in step 101 of the method 100 described above. Then in 
Step 302, the mandrel layer is patterned and the etch Stop 
layers are directly etched. This differs from method 100 in 
that no Sidewall spacer is formed on the mandrel layer before 
the etch stop layers are patterned. Turning to FIG. 20, the 
wafer portion 200 is illustrated after the formation of the 
etch Stop layers, the mandrel layer, and the etching of the 
mandrel layer and etch Stop layers directly. 
0065. The next step 304 is to pattern the SOI layer using 
the remaining mandrel layer as a mask, and to form gate 
oxide on the exposed side of the SOI layer. This is preferably 
done using a Suitable reactive ion etch, followed by a 
thermal oxidation, typically at between 750° C. and 800 C., 
or by CVD deposition of a high-kmaterial such as aluminum 
oxide. Also, during this step, an implantation into the body 
of the transistor can be done. This would preferably com 
prise an angled implant into the exposed Sidewall of the SOI 
layer, done before the formation of the gate oxide. This 
implant Serves to properly dope the body of the transistor. AS 
will be described in greater detail below, this implant can be 
performed in a way that achieves uniform concentration 
density to help compensate for threshold Voltage variations 
that would otherwise result from variations in body thick 
CSS. 

0.066 Turning now to FIG. 21, the wafer portion 200 is 
illustrated after the SOI layer 202 has been patterned and 
gate oxide 216 has been formed on the side of the SOI layer 
202. Again, an angled body implant can also be performed 
before the formation of the gate oxide. 
0067. Returning to FIG. 19, the next step 306 is to 
deposit and planerize the gate material. AS described above, 
in the preferred embodiment, the double gated transistor has 
one gate formed n+ and the other gate formed p+. In the 
illustrated embodiment, the gate n+ gate is formed first. 
Turning to FIG.22, the wafer portion 200 is illustrated after 
n+ polysilicon 218 has been deposited and planarized. AS 
will become clear, n+ polysilicon will be used to form one 
of the gates in the preferred embodiment double gated 
transistor. 

0068. The next step 308 is to remove the remaining 
mandrel material, form a Sidewall spacer along the edge of 
the remaining first gate material. AS will be clear later on, the 
width the sidewall spacer will determine the width of the 
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transistor body. Turning now to FIG. 23, the wafer portion 
200 is illustrated after the mandrel layer 212 has been 
removed, the sidewall spacer 302 formed on the sidewall of 
the first gate material. 
0069. Returning to FIG. 19, the next step 309 is to 
Selectively adjust the width of Selected Sidewall spacers. AS 
explained above, the threshold Voltage of the resulting 
transistor varies with the transistor body width. The pre 
ferred embodiments vary the width of selected sidewall 
spacers to allow different transistors with different body 
widths and thus different threshold voltages to be formed in 
one fabrication process. As with method 100, the width of 
the Sidewall spacers can be adjusted in any Suitable manner. 
For example, they can be can covered with a Suitable 
protective layer, with the protective layer then being pat 
terned to exposed Selected Sidewall spacers. For example, a 
Suitable photoresist layer can be deposited and patterned to 
expose only Selected Sidewall spacers. The width of the 
exposed Sidewall Spacers can then adjusted. For example, an 
isotropic etch of Short duration can be used that results in 
narrowing of only the exposed Sidewall Spacers, with unex 
posed Sidewall Spacers remaining unchanged. Any isotropic 
etch which removes a portion of the exposed Sidewall 
Spacers while not significantly removing the oxide is Suit 
able for this step. 
0070 Turning now to FIG. 24, a larger area of wafer 
portion 200 is illustrated that shows a plurality of sidewall 
Spacers 214 formed on the exposed edges of gate material 
218. Each of the sidewall spacers 214 will be used to define 
a transistor body for a double gate field effect transistor. In 
accordance with method 300, a layer of photoresist 215 has 
been deposited and patterned to expose Selected Sidewall 
Spacers 214 while other Sidewall spacers remain covered by 
the photoresist 214. This allows the width of the exposed 
sidewall spacers 214 to be adjusted relative to the width of 
the unexposed Sidewall Spacers 214. For example, by per 
forming an isotropic etch that Selectively narrows only the 
exposed Sidewall Spacers 214. 
0071 Turning now to FIG. 25, the larger area of wafer 
portion 200 is illustrated after the exposed sidewall spacers 
214 have been narrowed using a Suitable etch. Again, as will 
become clear, the width of the Sidewall spacer ultimately 
determines the body width and hence the threshold voltage 
of the resulting transistors. Thus, transistors made using 
narrowed Sidewall Spacers will have a narrower body than 
those made with non-narrowed Sidewall Spacers. The tran 
sistors with a narrowed body will have a higher threshold 
voltage relative to the those with the non-narrowed body. 
0.072 Returning to the method 300, the remaining steps 
310 through 326 will now be described and illustrated with 
only one transistor body, but it will be again understood that 
the Same StepS will be applied to both narrowed and non 
narrowed transistors. The next step 310 is to form an 
intermediate oxide layer on the gate material and to pattern 
the SOI layer. 
0073 Turning now to FIG. 26, the wafer portion 200 is 
illustrated after an intermediate thermal oxide layer 220 has 
been formed on the gate polysilicon 218. The nitride layer 
208 that was beneath the remaining mandrel layer is etched 
selectively to the oxide 220 followed by a brief HF etch 
which removes the remaining oxide layer 206 which was 
beneath the remaining mandrel layer. 
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0074 The SOI layer is preferably patterned using a 
reactive ion etch that etches the SOI layer, Stopping on the 
buried oxide layer. This completes the patterning of the SOI 
layer to define the thickness of the body of the double gated 
transistor. Gate oxide is then formed on the exposed side of 
the transistor body. Again, during this Step a implantation 
into the body of the transistor can be performed. This would 
again preferably comprise an angled implant into the 
exposed sidewall of the SOI layer, done before the formation 
of the gate oxide. 
0075 Turning now to FIG. 27, the wafer portion 200 is 
illustrated after the patterning of the SOI layer 202. The 
remaining portion of the SOI layer 202 comprises the body 
of the doubled gated transistor. The width of the body was 
determined by the width of the sidewall spacer 214 used to 
define it. Thus, by selectively varying the width of the 
sidewall spacer, transistors with different body widths are 
formed. Gate oxide 221, is formed on the exposed SOI layer 
202 using a thermal oxidation or by depositing a dielectric 
film. 

0076. The next step 312 is to deposit and planerize the 
gate material for the Second gate. AS discussed above, the 
preferred embodiment uses gate material of opposite doping 
to form the two gates. Thus, the preferred embodiment uses 
p+ doped polysilicon to form the Second of the two gates. 
The planarization of the p- polysilicon gate material stops 
on the thermally grown oxide previously formed on the n+ 
polysilicon gate. After the planarization of the p- polysili 
con, a Second layer of thermally grown oxide is formed. 
Turning now to FIG. 28, the wafer portion 202 is illustrated 
after the deposition and planarization of p-- doped polysili 
con 226 to form the second gate. Thermally grown oxide 228 
is then formed on the deposited polysilicon 226. 

0077. The next step 314 is to remove the sidewall spacer, 
and fill the Sidewall Spacer opening with intrinsic polysili 
con, to maximize Silicide formation in this region later on in 
the proceSS. Optionally, the Sidewall spacer may be left in 
place if the Separate, independent gate contacts are desirable. 
The intrinsic polysilicon is then planarized using a CMP 
process that Stops on the two layers of thermally grown 
oxide. This planarization proceSS does not require high 
Selectivity because there is very little exceSS intrinsic poly 
Silicon to remove. The exposed thermally grown oxide on 
the two gates is then removed using a Similar planarization 
process. Again, high Selectivity is not required for this 
processing step. Turning now to FIG. 29, the wafer portion 
200 is illustrated after the remaining portion of the sidewall 
spacer 302 has been removed, and then the space is filled 
with intrinsic polysilicon 230. FIG. 30 then illustrates the 
wafer portion 200 after the excess polysilicon 230 and 
thermally grown oxide 220 and 228 have been removed by 
CMP process. This leaves only a small portion of the 
intrinsic polysilicon 230 in the place of the originally formed 
sidewall spacer. This portion of intrinsic polysilicon 230 will 
be used to allow the formation of a Silicide bridge connect 
ing the p+ and n+ polysilicon gates later in the process flow. 

0078. At this point in the process, the bodies of the 
transistors have been formed, and gates have been formed on 
each side of the bodies. Turning now to FIG. 31, the larger 
area of wafer portion 200 is again illustrated. FIG. 11 shows 
multiple transistors at this step in the process. Again, those 
transistors that were defined using narrowed Sidewall Spac 
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erS have a narrower body, and will thus have a higher 
threshold voltage. In particular, the transistor bodies 231 are 
narrower than transistor bodies 233. Thus, transistors 
formed with transistor bodies 231 will have a higher thresh 
old Voltage than transistors formed with transistor bodies 
233. 

0079 Returning to method 300, the remaining steps 316 
to 326 are identical to steps 116 to 126 described in method 
100. Method 300, like method 100, provides for the forma 
tion of double gated transistors and allows the gate length of 
the device to have minimum feature size, while allowing the 
thickness of the body to be much Smaller than the gate 
length. Furthermore method 300 results in double gate 
transistors with asymmetric gate doping, where one of the 
double gates is doped degenerately n-type and the other 
degenerately p-type. By doping one of the gates n-type, and 
the other p-type, the threshold Voltage of the resulting device 
is improved. Finally, method 300 provides for the formation 
of double gate transistors having different threshold Voltages 
in one fabrication process. Method 300 has the additional 
advantage of resulting in minimal erosion of the Sidewall 
Spacer used to define the transistor body Since the Spacer is 
now exposed to reactive ion etching only once. Conse 
quently the silicon etch profiles achieved with this embodi 
ment are very well controlled. 

0080 Thus, the present invention provides a double gated 
transistor and a method for forming the same that results in 
improved device performance and density. The preferred 
embodiment of the present invention uses provides a double 
gated transistor with asymmetric gate doping, where one of 
the double gates is doped degenerately n-type and the other 
degenerately p-type. By doping one of the gates n-type, and 
the other p-type, the threshold Voltage of the resulting device 
is improved. In particular, by asymmetrically doping the two 
gates, the resulting transistor can, with adequate doping of 
the body, have a threshold Voltage in a range that enables 
low-voltage CMOS operation. 

0081. The present invention also provides a double gate 
transistor and a method for forming the same that facilitates 
the formation of different transistors having different thresh 
old voltages. The embodiments of the present invention 
form transistors having different body widths. By forming 
double gate transistors with different body widths, the pre 
ferred embodiment forms double gate transistors that have 
different threshold Voltages, without adding excessive pro 
ceSS complexity. 

0082) While the invention has been particularly shown 
and described with reference to an exemplary embodiment 
using a fin type double gated field effect transistor, those 
skilled in the art will recognize that the preferred embodi 
ment can be applied to other types of double gated transis 
tors, and that changes in implementation details may be 
made therein without departing from the Spirit and Scope of 
the invention. For example, it will also be understood by 
those skilled in the art that the invention is applicable to 
different isolation technologies (e.g., LOCOS, recessed 
oxide (ROX), etc.), well and Substrate technologies, dopant 
types, energies and Species. It will also be understood that 
the Spirit of the invention is applicable to other Semicon 
ductor technologies (e.g., BiCMOS, bipolar, Silicon on insu 
lator (SOI), silicon germanium (SiGe). 
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1. A method for forming a plurality of transistors having 
different threshold Voltages, the method comprising the 
Steps of 

a) providing a semiconductor Substrate; 
b) forming a plurality of shapes on the Semiconductor 

Substrate, each of the plurality of shapes having a 
width; 

c) Selectively adjusting the widths of at least one Selected 
shapes, 

d) patterning the Semiconductor Substrate using the plu 
rality of shapes to form a plurality of transistor bodies 
Such that the width of each the plurality of transistor 
bodies is at least partially determined by the width of a 
corresponding one of the plurality of shapes, 

e) providing a first gate Structure of a first work-function 
adjacent a first body edge of each of the plurality of 
transistor bodies, and 

f) providing a second gate structure of a second work 
function adjacent a Second body edge of each of the 
plurality of transistor bodies. 

2. The method of claim 1 wherein the first gate structure 
of a first work-function comprises p-type material and 
wherein the Second gate Structure of a Second work-function 
comprises n-type material. 

3. The method of claim 1 further comprising (g) forming 
Source, drain, and halo regions utilizing angled implanta 
tion. 

4. The method of claim 1 wherein the semiconductor 
Substrate comprises a Silicon-on-insulator layer, and wherein 
the Step of patterning the Semiconductor SubStrate using the 
plurality of shapes to form a plurality of transistor bodies 
comprises patterning the Silicon-on-insulator layer. 

5. The method of claim 3, wherein said Substrate has a 
horizontal plane, and wherein Source and drain regions are 
formed therein at an angle between approximately 70 and 
83 with respect to said horizontal plane. 

6. The method of claim 1 wherein the step of forming a 
plurality of Shapes and the Step of patterning the Semicon 
ductor Substrate using the plurality of shapes to form a 
plurality of transistor bodies comprises: forming a mandrel 
layer on the Semiconductor Substrate; patterning the mandrel 
layer to form an exposed Side, and forming a Sidewall Spacer 
adjacent to the exposed Side, and wherein a first edge of the 
Sidewall Spacer defines the first body edge and a Second edge 
of the Sidewall Spacer defines the Second body edge. 

7. The method of claim 1 wherein the step of forming a 
plurality of Shapes and the Step of patterning the Semicon 
ductor Substrate using the plurality of shapes to form a 
plurality of transistor bodies comprises forming a mandrel 
layer on the Semiconductor Substrate, patterning the mandrel 
layer, and using the patterned mandrel layer to define the 
first body edge, forming a Sidewall spacer adjacent to a gate 
material layer and using the Sidewall spacer to define the 
Second body edge. 

8. A method for forming a plurality of field effect tran 
Sistors having different threshold Voltages, the method com 
prising the Steps of 

a) providing a silicon-on-insulator Substrate, the Silicon 
on-insulator Substrate comprising a Silicon layer on a 
buried dielectric layer; 
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b) forming a mandrel layer on the Silicon layer; patterning 
the mandrel layer to define a plurality of mandrel layer 
edges, 

c) patterning the Silicon layer with the plurality of man 
drel layer edges, the patterning of the Silicon layer 
providing a plurality of first body edges, 

d) forming a plurality of first gate dielectrics on the 
plurality of first body edges, 

e) providing a plurality of first gate structures of a first 
work-function adjacent the first body edges on the 
plurality of first gate dielectrics, 

f) patterning the mandrel layer to expose a first edges of 
the plurality of first gate Structures, 

g) forming a plurality of Sidewall spacers adjacent the first 
edges of the plurality of first gate Structures, the Side 
wall Spacers having a Sidewall Spacer width; 

h) adjusting the width of Selected Sidewall spacers; 
i) patterning the Silicon layer with plurality of Sidewall 

Spacers, the pattering of the Silicon layer providing a 
plurality of Second body edges, where the first and 
Second body edges of the patterned Silicon layer define 
a plurality of transistor bodies, 

j) providing a plurality of Second gate dielectrics on the 
plurality of Second body edges, and 

k) providing a plurality of Second gate structures of a 
Second work-function adjacent the Second body edges 
on the plurality of Second gate dielectrics. 

9. The method of claim 8 wherein the plurality of first gate 
Structures of a first Work-function comprises p-type poly 
Silicon material and wherein the plurality of Second gate 
Structures of a Second work-function comprises n-type poly 
Silicon material. 

10. The method of claim 8 wherein the plurality of first 
gate Structures of a first work-function comprises n-type 
polysilicon material and wherein the plurality of Second gate 
Structures of a Second work-function comprises p-type poly 
Silicon material. 

11. The method of claim 8 further comprising the step of 
forming a plurality of Source/drain implants into the bodies 
of the transistors by performing an angled implant into the 
transistor bodies. 

12. A plurality of transistors comprising: 
a) a plurality of transistor bodies formed on a Substrate, 

the transistor bodies each having a first vertical edge 
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and a Second Vertical edge defining a transistor body 
width, wherein a selected portion of the plurality of 
transistor bodies has an adjusted width; 

b) a plurality of first gate structures, each of the plurality 
of first gate Structures adjacent to one of the plurality of 
transistor body first vertical edges, the plurality of first 
gate Structures having a first Work-function; and 

c) a plurality of Second gate structures, each of the 
plurality of Second gate Structures adjacent to one of the 
plurality of transistor body Second Vertical edges, the 
plurality of Second gate Structures having a Second 
work-function. 

13. The transistors of claim 12 wherein the plurality of 
first gate Structures comprise p-type material and wherein 
the plurality of Second gate Structures comprise n-type 
material. 

14. The transistors of claim 12 wherein the plurality of 
transistor bodies comprise Semiconductor fins. 

15. The transistors of claim 12 wherein the plurality of 
transistor bodies comprise a portion of a Silicon-on-insulator 
layer. 

16. The transistors of claim 12 wherein the plurality of 
first and Second gate Structures comprise polysilicon. 

17. The transistors of claim 12 further comprising a 
plurality of first gate dielectrics between the transistor body 
first edges and the first gate Structures and a plurality of 
Second gate dielectrics between the transistor body Second 
edges and the Second gate structures. 

18. The transistors of claim 12 wherein the plurality of 
transistor fins comprise Source/drain implants. 

19. The transistors of claim 12 wherein each of said first 
and Second plurality of gate Structures has a length, and 
wherein said width of each of said plurality of transistor 
bodies is less than approximately one quarter of Said length. 

20. The transistors of claim 12, wherein said width of said 
plurality of transistor bodes is greater than approximately 
2.5 nm 

21. A plurality of dual gate transistors, comprising a first 
transistor having a first body width, a first gate, a Second 
gate, and a Second transistor having a Second body width, a 
first gate, and a Second gate, wherein each of Said first gates 
have a first work-function and each of Said Second gates 
have a Second work-function. 


