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REFERENCE TO RELATED APPLICATIONS The present application is a
continuation-in-part of U.S. Patent Application No. 09/819,344  (Atty. Dkt.
No. 39153/406 (P1061)) by Okoroanyanwu, et al. entitled "Process for
Reducing the Critical 5 Dimensions of Integrated Circuit Device Features"
filed March 28, 2001; U.S. Application No. 09/819,692  (Atty. Dkt. No.
39153/404 (F0943)) by Okoroanyanwu et al., entitled "Process for Preventing
Deformation of  Patterned Photoresist Features;" and U.S. Application No.
09/819,342 (Atty. Dkt. No. 39153/403 (F0942)) by  Okoroanyanwu et al.,
entitled "Process for Forming Sub-lithographic Photoresist Features by
Modification of the  Photoresist Surface." The present application is also
related to U.S. Application No. 09/820,143 (Atty. Dkt. No. 10 39153/405
(P0945)) by Okoroanyanwu at al., entitled "Improving SEM Inspection and
Analysis of Patterned  Photoresist Features;" U.S. Application No.
09/819,343 (Atty. Dkt. No. 39153/298 (F0785)) by Gabriel et al.,  entitled
"Selective Photoresist Hardening to Facilitate Lateral Trimming;" and U.S.
Application No. 09/819,552  (Atty. Dkt. No. 39153/310 (P0797)) by Gabriel
et at., entitled "Process for Improving the Etch Stability of Ultra- Thin
Photoresist,". All of the above application were filed on March 28, 2001
and are assigned to the Assignee  15 of the present application. TECHNICAL
FIELD The present invention relates generally to integrated circuit (IC)
fabrication. More particularly,  the present invention relates to
fabrication of transistors having uniform gate widths, reduced gate widths,
and  preserved minimum extension of the gates onto the field isolation
region. 20 BACKGROUND ART The semiconductor or integrated circuit (IC)
industry aims to manufacture ICs with higher and  higher densities of
devices on a smaller chip area to achieve greater functionality and to
reduce manufacturing  costs. This desire for large scale integration
requires continued shrinking of circuit dimensions and device  features.
The ability to reduce the size of structures, such as, gate lengths and
widths in field-effect transistors or 25 the width of conductive lines, is
driven by the performance of lithographic tools (e.g., wavelength of the
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WO 02/078095 PCT/US02/05640 exposure sources), resolution enhancement
techniques (e.g., phase shifting masks, off-axis illumination, etc.),  and
photoresist materials (collectively referred to as lithographic
techniques). However, currently available lithographic techniques lack the
resolution to print sufficiently  small IC device features. Thus, various
non-lithographic techniques are also employed to shrink or reduce  feature
dimensions after lithographic printing. One such non-lithographic technique
is a resist trimming process  that reduces or "trims" features patterned on
a photoresist layer of a semiconductor wafer before such features  are
transferred to the underlying layer(s) of the semiconductor wafer. The
resist trimming process utilizes a  plasma etch to remove the desired
amount of the patterned photoresist material. As an example, a feature
patterned on a polystyrene-based photoresist material typically employed
for wafer patterning using a 248 nm  wavelength of light lithography
process can initially have a dimension on the order of 150 nm and be plasma
trimmed to a dimension of approximately 100 nm or less. In contrast, it is
difficult for features patterned on an acrylic, cycloacrilate and
cycloolephine  polymer-based photoresist material typically employed in
lithography processes using 193 nm wavelength of  light to realize a
similar amount of dimensional reduction from a resist trimming process.
Present photoresist material used for 193 mn lithography exhibits poor
trimming properties,  suffering from, among other problems, high vertical
resist erosion rate (Rv), low horizontal trim rate (Rh), a high  rate of
erosion of the ends of lines (Re). When attempting to trim resist to the
small gate dimensions required for  modern VLSI transistors, it is quite
common for the vertical erosion rate to completely consume portions of the
resist pattern before the desired in-plane dimensions have been reached,
resulting in damaged or discontinuous  transistor gates or gates exhibiting
an unacceptably high and variable series resistance. A typical resist
material used in 193 nm lithography exhibits poor trimming properties,
suffering from, among others, uncontrollable and different trim rates in
the horizontal and vertical directions. It  is not uncommon for features
patterned on 193 nm photoresist materials to become deformed and/or
consumed  in the course of the resist trimming process, thereby preventing
subsequent processes from commencing. For example, transistor gates
patterned using 193 nm lithography and a typical commercially  available
photoresist material can have critical dimensions (CDs) of 130-110 nm
before the resist trimming  process and the final critical dimensions (CDs)
of approximately 70-80 nm after the resist trimming process.  Any further
trimming would typically result in non-uniform widths along the length of
the gates, unacceptable  consumption of the minimum extension of the gates
onto the field isolation regions, (i.e. unacceptably large end  of the line
pull back) and/or excessive thinning of the gate pattern over topography
steps such that pattern 



-2 2 1 JUN 2005 transfer to the underlying layer(s) of the wafer is not
possible. Such poor trimming results can affect the  operating conditions
and/or performance of the transistors to the extent that the resist
trimming process will  become unusable without violating design rules for
given technology scaling requirements. Thus, there is a need for a process
for enhancing the resist trimmability during etch and resist  5 stability
during etch to enable the successful transfer of transistor gates patterned
on photoresist materials.  There is a further need for a process of
fabricating transistor gates having smaller critical dimensions, uniform
widths along its length, and/or preserved minimum extension of the gates
onto the field isolation regions than  is possible with conventional
photolithography and resist trimming process. 10 DISCLOSURE OF THE
INVENTION 15 20 The present invention provides according to a first aspect
an integrated circuit fabrication  process, the process comprising a step
of patterning a transistor gate pattern on a photoresist layer, the process
charaterized by steps of: curing the transistor gate pattern with an
electron beam;  trimming the cured gate pattern and transferring the
trimmed transistor gate pattern to a layer disposed below the trimmed
pattern  to form a transistor gate, wherein the transistor gate includes a
width and a length, and a variation of the width  along the length of the
transistor gate is reduced due to the curing step. The present invention
provides, according to a further aspect an integrated circuit,  comprising
an isolation region and a transistor surrounded by the isolation region the
integrated circuit  characterized by: the transistor including a gate, a
critical dimension of the gate being less than approximately  60 nm, and
the gate being defined by an E-beam eradiated gate feature on a photoresist
layer. -3 2 1 JUN 2005  WO 02/078095 PCT/1.JS02/05640 5 0 5 3 5 



BRIEF DESCRIPTION OF THE DRAWINGS The exemplary embodiments will become
more fully understood from the following detailed  description, taken in
conjunction with the accompanying drawings, wherein like reference numerals
denote like  elements, in which: FIG. 1 is a flow diagram showing a process
for enhancing the etch trimmability and etch  stability of transistor gates
patterned on a photoresist layer in accordance with an exemplary
embodiment;  FIG. 2 is a top view of a portion of a wafer including
transistors, showing a transistor gate  pattern developed on a photoresist
layer; FIG. 3 is a cross-sectional view taken along line 3-3 of the wafer
illustrated in FIG. 2;  FIG. 4 is a cross-sectional view taken along line
4-4 of the wafer illustrated in FIG. 2;  FIG. 5 is a top view of the wafer
illustrated in FIG. 2, showing a gate etch process; FIG. 6 is a
cross-sectional view taken along line 6-6 of the wafer illustrated in FIG.
5; and  FIG. 7 is a cross-sectional view taken along line 7-7 of the wafer
illustrated in FIG. 5.  MODES FOR CARRYING OUT THE INVENTION In one
embodiment of the present invention, an advantageous process for enhancing
the etch  trimmability and stability of transistor gates patterned on a
photoresist layer during an integrated circuit (IC)  fabrication is
provided. An exemplary embodiment of the present invention will be
described with respect to a  flow diagram shown in FIG. 1. The flow diagram
includes a developing step 10, an electron beam curing or E- beam radiation
exposure step 12, a resist trimming step 14, and an etching step 16. In
FIG. 2, a top planar view of a portion of a wafer 20 undergoing transistor
fabrication is  shown. In FIGs. 3-4, cross-sectional views of wafer 20
illustrated in FIG. 2, taken at lines 3-3 and 4-4,  respectively, are
shown. In FIGS. 3-4, wafer 20 includes a base layer or substrate 21, a
first transistor 22, a  second transistor 32, and isolation regions 30
(FIG. 3). First and second transistors 22, 32 are formed on  substrate 21.
First and second transistors 22, 32 are electrically isolated from each
other by isolation regions 30.  First and second transistors 22, 32 are
similar to each other. Although not shown, wafer 20 can include more  than
two transistors on substrate 21. Substrate 21 can comprise a single crystal
material such as a single crystal silicon wafer.  Alternatively, substrate
21 can be a bulk substrate, an epitaxial layer, a silicon-on-insulator
(SOI) substrate, a  gallium arsenide (GaAs) material, or other
semi-conductive material. For purposes of illustration only, substrate  21
will hereinafter be discussed as an SOI substrate. -4 6 0 5 



D 0 WO 02/078095 2 1 JUN 2005  PCT/US02/05640 As shown in FIGs. 3-4,
selective regions of substrate 21 (i.e., the top silicon layer on wafer 20)
are etched and an insulator (e.g., an oxide insulator) is grown or
deposited. The insulator can be used to form  isolation or field regions
30. The oxide insulator can be a field oxide such as silicon dioxide,
tetra-ethyl-ortho- silicate (TEOS), poly-silicon encapsulated in silicon
dioxide or other insulator. Alternatively, isolation regions  30 can be
shallow trench isolation (STI) structures. Also substrate 21 includes a
first active region 24 of first  transistor 22 and a second active region
34 of second transistor 32. The distance between adjacent isolation
regions 30, as shown in FIG. 3., can be 160 nm for a typical technology
having a 100 nm design rule dimension. A polysilicon layer 40 is provided
over first and second active regions 24, 34 and isolation  regions 30. A
bottom anti-reflective coating (BARC) layer 42 is provided over polysilicon
layer 40, underneath  the photoresist. Polysilicon layer 40 can comprise
poly-silicon, amorphous silicon, metal or a stack of these  materials
typically having a thickness in the range of 200 nm or less. A dielectric
or stack of dielectric materials  serves as the gate insulator between the
poly-silicon and the substrate. Polysilicon layer 40 can be formed by a
diffusion furnace LPCVD process. ARC layer 42 can comprise stoichiometric
silicon nitride (SiN), non- stoichiometric silicon nitride SixN (e.g.,
silicon-rich nitride where x>1), silicon oxynitride SixOyN, or one of a
stack including these material and possibly over-layers or under-layers of
oxide, with a thickness typically in the  range of I Onm to 80nm. ARC layer
42 can be formed by a PECVD or LPCVD process or a sequence of these
processes when the ARC consists of a stack of different films. A
photoresist layer is provided over ARC layer 42. The photoresist layer is
exposed to a gate  pattern for each transistor being fabricated in wafer
20, in accordance with a pattern provided on a mask or  reticle and a
photolithographic system. In developing step 10, the patterned photoresist
layer is suitably  developed to define, among others, a first gate
photoresist feature 26 for first transistor 22 and a second gate
photoresist feature 36 for second transistor 32. The photoresist layer from
which first and second gate patterns or features 26, 36 are defined  can
comprise a variety of photoresist materials suitable for lithographic
applications. The material comprising  the photoresist layer can include,
among others, a matrix material or resin, a sensitizer or inhibitor, and a
solvent,  and is a chemically amplified, positive or negative tone,
organic-based photoresist. The material comprising the  photoresist layer
may be, but is not limited to, an acrylate-based polymer, an
alicyclic-based polymer, a phenolic-based polymer or polystyrene-based
polymer. For example, the photoresist layer may comprise  commercially
available acrylate or polystyrene-base photoresist material. The
photoresist layer is preferably  



spin coated over ARC layer 42. The photoresist layer is provided at a
thickness of less than 1.0 (c)m. -5 2 1 JUN 2005 5 D 5 i WO 02/078095
PCT/US02/05640 First feature 26 is defined to be disposed over the central
portion of first active region 24 with  a certain amount of length
extending into isolation regions 30. Similarly, second feature 36 is
defined to be  disposed over the central portion of second active region 34
with a certain amount of length extending into  isolation regions 30. First
feature 26 has a width 50 and a length extension 52 (e.g., an end of the
line  dimension). Second feature 36 is identical to first feature 26, and
the discussion of width 50 and length  extension 52 of first feature 26 is
also applicable to second feature 36. For example, when the photoresist
layer is an ES-cap, acetal or other styrene based polymer  exposed using
248 nm wavelength lithography, width 50 can be approximately 150 nm and
length extension 52  can be approximately 100 nm. When the photoresist
layer is an acrylate-based photoresist exposed using 193  nm lithography,
width 50 can be approximately 110-130 nm and length extension 52 can be
approximately 120 nm. Generally, length extension 52 is not set by the
resist type that is used. Length extension 52  can be set by a combination
of the circuit layout rules governed by: 1. economic competitiveness which
forces  these layout rules to shrink according to design rules, 2. The
amount of end-cap required to remain after etch to  achieve a given
transistor performance, and 3. the margin of the photo process. For
example, the "as drawn"  values of length extension 52 for 130 nm and 100
am technologies can be 210 nm and 160 tim, respectively. Generally, length
extension 52 should have approximately 80 nm remaining after etching.
Accordingly, during lithography extension 52 is dimensioned larger than an
80 ant end-cap during trim.  However over-sizing extension 52 can interfere
with the minimum spacing between line ends. That minimum is  set by the
design rules. Thus, with these restrictions, it is desirable to reduce the
rate at which the end-cap is  consumed during the etch process, which can
be achieved with the advantageous process disclosed herein. The various
dimensions and materials given for the discussed structures, including BARC
layer 42, polysilicon layer 40, and region 30 are not described in a
limiting fashion. As discussed above, various  design parameters and
process criteria can cause the exemplary dimensions and materials to be
changed without  departing from the scope of the invention. For example,
the process does not require a specific ARC dimension  or material or a
specific gate stack configuration or material. 



After developing step 10, but before first and second features 26, 36 are
transferred onto any of  the underlying layer(s) (layers 40 and 42 are
etched), wafer 20 containing a pattern (resist features 26, 36) is  exposed
to a precisely controlled flood electron beam exposure (E-beam radiation
step 12). The flood electron  beam impinges and penetrates the exposed
first and second features 26, 36 and chemically modifies or -6 21 JUN 2005
5 0 5 0 5 WO 02/078095 PCT/US02/05640  transforms E-beam radiation such
exposed structures to affect the etch characteristics of first and second
features  26, 36. In particular, a horizontal or trim etch rate, a vertical
or erosion etch rate, and an erosion rate of a  minimum extension onto
isolation regions 30 of each of first and second features 26, 36 are
affected to facilitate  and control etching of first and second features
26, 36 in resist trimming step 14. The electron beam is preferably emitted
from an extended area electron source (not shown)  and is a uniform
collimated beam that is flood exposed over wafer 20. An example of an
extended area electron  source suitable to generate the electron beam is
manufactured by Electron Vision Corporation of San Diego,  California. The
electron beam flood exposure conditions or parameters (e.g., dose,
accelerating voltage,  and beam current) are selected to provide optimum
desirable etch trimmability and etch stability characteristics  to first
and second features 26, 36 for resist trimming step 14. The electron beam
exposure E-beam radiation  conditions can vary depending on the type of
photoresist material, subsequent processing steps involving the E- beam
eradiated photoresist, and/or desired characteristics of the photoresist
material. An exemplary electron- beam cure recipe delivers a total electron
dose (e.g., 2000uC/cm2) in one or more steps having accelerating  voltages
from 50 to 2000V depending on the resist and application. The photoresist
material comprising first and second features 26, 36 is a 248 nm
photoresist  material (e.g., a polystyrene-based polymer) which typically
exhibits a higher ratio of vertical to horizontal resist  consumption
rates, so substantial process latitude is present without the use of an
E-beam radiation. The higher  e-beam radiation doses are required to obtain
adequate e-beam induced cross linking of the polymer in order to  realize
the desirable trim etch enhancements. The acrylate and alicyclic-based
resists have higher a-beam induced cross-linking efficiency. Thus, it is
expected to require a HIGHER dose at a given energy to achieve the  same
result in a 248 nm resist. 



E-beam radiation step 12 imparts a chemical change, i.e., cross-linking and
decomposition, to  the functional groups and additives in the regions of
the photoresist material which are bombarded by the  electron beam. Such
regions of the photoresist material will accordingly have increased etch
resistance (i.e.,  reduced etch rate), bulk modulus, bulk toughness, and
interfacial toughness of the substrate-resist polymer bond  (i.e., the bond
between the photoresist layer and ARC layer 42). The cross-linked or e-beam
eradiated regions  can be the top portion, the top and side portions, or
the entire feature of each of first and second features 26, 36.  An
exemplary electron-beam cure recipe delivers a total electron dose (e.g.,
2000uC/cm2) in one or more steps  having accelerating voltages from 50 to
2000V depending on the resist and application. -7 21 JUN 2005 5 0 5 0 5 0
WO 02/078095 PCT/US02/05640 The extent to which first and second features
26, 36 should be a-beam eradiated (e.g., the e- beam eradiated depth,
E-beam eradiated region(s), and degree of decomposition of the functional
groups of the  photoresist material) depends on, among others, the extent
to which the E-beam eradiated first and second  features 26, 36 are trimmed
in trimming step 14. The E-beam eradiated or penetration depth and E-beam
eradiated region(s) of first and second features 26, 36 are related to the
electron beam flood exposure conditions,  processing gas(es), and/or wafer
temperature. The degree of decomposition of the functional groups of the
photoresist material is related to the total electron dose electrons per
unit area as well as to the doses and  energies of the individual steps in
the E-beam radiation recipe sequence. There may be a dependence on
substrate temperature as well. After E-beam radiation step 12, wafer 20
undergoes resist trimming step 14. Trimming step 14  is preferably a plasma
etching step. Wafer 20 is exposed to a plasma etchant to trim or reduce the
dimensions of  features patterned on the photoresist layer, such as, first
and second features 26, 36. The plasma etchant can  comprise a variety of
plasma etch chemistries, such as, 02, HBr/02, C12/02, N2/He/02, or N2/02. A
variety of  standard etching equipment, such as those manufactured by
Applied Materials of Santa Clara, California, or Lam  Research of Freemont,
California, may be utilized to provide the plasma etchant. An exemplary
trim/gate stack  etch can employ HBr/02/Ar chemistry for the resist trim,
CF4/Ar chemistry for the ARC etch, and a sequence of  steps employing one
or more of HBr, He02, CF3, and CI2 for the poly silicon etch. 



The plasma etchant etches all exposed surfaces between first and second
features 26, 36,  including the top and side surfaces, to form first and
second trimmed gate features 28, 38, respectively (shown in  dotted lines
in FIGs. 2-4). Because different regions or portions of each of first and
second features 26, 36 have  different etch rates relative to each other
following E-beam radiation step 12 (e.g., vertical etch rate vs. horizontal
etch rate), the dimensional reduction of all of the surfaces of first and
second features 26, 36 is not the  same. Moreover, each of first and second
trimmed features 28, 38 has uniformity in width along its  length, has
maintained a minimum extension onto isolation regions 30 (i.e., does not
suffer from an end cap pull  back problem), and sufficient thickness or
vertical height remains for subsequent transfer of the pattern of  features
28, 38 onto the underlying layer(s) of wafer 20. For acrylate based
photoresist material, width 50 of approximately 110-130 nm can be  trimmed
to a width 60 of approximately 20-60 nm. An extended length 62 (also
referred to as an end cap) of  first trimmed feature 28 onto isolation
regions 30 can be on the order of a few tens of a nanometer, The variation
-8 21 JUN 2005 5 0 5 0 5 WO 02/078095 PCTIUS02/05640 in width 60 along the
length of first trimmed feature 28 can be less than 1 nm. Second trimmed
feature 38 is  identical to first trimmed feature 28 and the above
discussion is similarly applicable for second trimmed feature  38. After
trimming step 14, wafer 20 undergoes etching step 16. As shown in FIGs.
5-7, polysilicon layer  40 and ARC layer 42 are etched in accordance with
first and second trimmed feature 28, 38 to define a first gate  70 of first
transistor 22 and a second gate 74 of second transistor 32, respectively.
Preferably, first and second gates 70, 74 have gate widths comparable to
width 60. First gate  70 includes a minimum extension 72 onto isolation
regions 30 and second gate 74 includes a minimum extension  76 onto
isolation regions 30. Each of minimum extensions 72, 76 has a length
comparable to extended length  62. The width along the length of each of
first and second gates 70, 74 has a variation of less than 1 nm, as
opposed to a gate formed from photoresist that was not e-beam eradiated
which has a gate width variation along  its length of approximately 5 nm.
In one embodiment, the local gate width variation is between 4 to 6 rum
over a  3 nm gate length (3 sigma). Preferably this variation can be
further reduced as technology permits. 



In this manner, transistors having narrow and uniform gate widths can be
consistently  fabricated. Because there is less consumption of the minimum
extension of each gate onto the field isolation  region (i.e., reduced rate
of end-cap pull back during the resist trimming process), an increased
number of  transistors can be provided per unit area and the number of
defective transistors is decreased. E-beam radiation  the gate feature
patterned on the wafer with an electron beam after development but before
the resist trimming  process imparts desirable etch characteristics to such
patterned features and even to photoresist materials that  have inherently
poor trim properties. Accordingly, after the E-beam eradiated gate features
have been trimmed,  the trimmed gate features enjoy several advantages,
including higher uniformity in the gate widths or critical  dimensions
between gates, higher uniformity in the gate width or critical dimension
along the length of a given  gate, a narrower gate width, a reduction in
consumption of the minimum extension of a given gate onto the field
isolation region, and improved control and predictability during the
trimming process, than is otherwise possible. It is understood that
although the detailed drawings, specific examples, and described the
exemplary embodiments of the present invention, they are for purposes of
illustration only. The exemplary  embodiments of the present invention are
not limited to the precise details and descriptions described herein.  For
example, although particular materials or chemistries are described, other
materials or chemistries can be  utilized. Various modifications may be
made in the details disclosed without departing from the spirit of the
invention as defined in the following claims. -9 21 JUN 2005 CLAIMS 5 10
WHAT IS CLAIMED IS: 1. An integrated circuit fabrication process, the
process comprising a step of patterning a  transistor gate pattern (26, 36)
on a photoresist layer, the process characterized by steps of: curing the
transistor gate pattern (26, 36) with an electron beam;  trimming the cured
transistor gate pattern (26, 36); and transferring the trimmed transistor
gate pattern to a layer (40, 42) disposed below the  trimmed pattern to
form a transistor gate, wherein the transistor gate includes a width and a
length, and a  variation of the width along the length of the transistor
gate is reduced due to the curing step. 2. The process of claim 1, further
characterized in that the photoresist layer is comprised of a  photoresist
material typically used for at least one of 248 nm lithography, 193 nm
lithography, and extreme  ultraviolet light (EUV) lithography. 15 3. The
process of claim 2, further characterized in that the photoresist layer is
comprised of a  



photoresist material of a type typically used for 193 nm and 248 nm
lithography and is commercially  available. 4. The process of claim 1, 2,
or 3, further characterized in that the final gate transistor width is in
20 the range of approximately 20-60 nm. 25 5. The process of claim 1, 2, or
3, further characterized in that the curing step includes exposing  the
transistor gate pattern to the electron beam having a dose in the range of
approximately 100-100000  lCcm2. 6. The process of claim 1, 2, or 3,
further characterized in that the curing step includes exposing  the
transistor gate pattern to the electron beam having an accelerating voltage
in the range of approximately  0.5-20 Kv. 30 7. The process of claim 1, 2,
or 3, further characterized in that the curing step includes changing  at
least one of a vertical etch rate, a horizontal etch rate, and a minimum
extension erosion rate associated  with the transistor gate pattern. 8. An
integrated circuit, comprising an isolation region and a transistor (22,
32), surrounded  35 by the isolation region (30), the integrated circuit
characterized by: -10 21 JUN 2005 the transistor including a gate, a
critical dimension of the gate being less than approximately 60 nm,  and
the gate (70, 74) being defined by an E-beam eradiated gate feature on a
photoresist layer. 9. The integrated circuit of claim 8, further
characterized in that the E-beam eradiated gate  $ feature on the
photoresist layer is formed by an electron beam exposure. 10. The
integrated circuit of claim 8 or 9, further characterized in that a
uniformity of the  critical dimension along a length of the gate is 4 to 6
nm over a 3mm segment. 


