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STRIP TIME TO REDUCE POST STRIP CRITICAL DIMENSION  VARIATION IN A
TRANSISTOR GATE ELECTRODE TECHNICAL FIELD 5 This invention relates
generally to the field of semiconductor device manufacturing and, more
particularly, to a method and apparatus for using feedback control of strip
time to reduce post strip critical  dimension variation in a transistor
gate electrode. BACKGROUND ART A continuing trend in semiconductor
technology is to build integrated circuits with more and/or faster  10
semiconductor devices. The drive toward this ultra large-scale integration
(ULSI) has resulted in continued  shrinking of device and circuit
dimensions and features. In integrated circuits having field-effect
transistors, for  example, one very important process step is the formation
of the gate electrode for each of the transistors, with  particular
emphasis being placed on the dimensions of the gate electrode. In many
applications, the performance  characteristics (e.g., switching speed) and
size of the transistor are functions of the channel length of the device,
15 which corresponds approximately to the width of the transistor's gate
electrode. Thus, for example, a narrower  device with a smaller channel
length tends to produce a higher performance transistor (e.g., faster) that
is  inherently smaller in size. Typically, a gate electrode is formed by
patterning a process layer comprised of the gate electrode  material (e.g.,
polysilicon) using traditional photolithographic techniques. In accordance
with conventional  20 practices, an anti-reflective coating (ARC) is
sometimes used to minimize notches caused by reflections during
photolithographic techniques. Typically, an ARC layer is formed over a
polysilicon layer. A photoresist layer is  formed over the ARC layer. The
ARC layer reduces the reflections and allows more effective patterning of
the  photoresist layer, which ultimately results in more effective
formation of the gate electrodes from the polysilicon  layer. Exemplary ARC
layer materials are silicon oxynitride and silicon rich nitride. 25
Subsequent to the formation of the gate electrode, the ARC layer is removed
using an etch process such as  a hot hydrofluoric acid (HF) strip followed
by a hot phosphoric acid (H3PO4) strip. The first hydrofluoric acid strip
is relatively short and functions to remove a thin layer of silicon dioxide
that grows on the surface of the ARC layer  due to exposure to atmospheric
oxygen. Such a silicon dioxide also forms on the exposed surface of the
polysilicon gate electrode, but its removal is not the impetus for the
hydrofluoric acid strip. The phosphoric acid 30 strip, which is not
particularly suited for removing silicon dioxide, removes the ARC layer
covering the top surface  of the gate electrode. The phosphoric acid strip
also slowly etches the polysilicon gate electrode, thus reducing its
critical  dimension. The strip rate of the phosphoric acid bath used to
remove the ARC layer changes over its service life.  



Accordingly, the strip time used in the operating recipe of the strip tool
includes a certain amount of overetch time 35 to ensure that all of the ARC
layer is removed even when the bath is at its most degraded level. The
strip rate of  the bath degrades based on the number of wafers etched due
to the buildup of reaction products. The bath also  degrades over time due
to changes in the relative concentration of phosphoric acid oxidation
states in the bath.  Hence, wafers processed nearer the beginning of the
bath service life will be stripped at a higher rate, resulting in a
greater reduction in the critical dimension of the gate electrode. The
variations in the strip rate of the bath translate 40 to outgoing
variations in the critical dimension of the gate electrode. Variations in
the critical dimension of the -1- ~ ~~I~I~ Hl ( VIII VIII HIII VIII IIII
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02/05300 PCT/USOI/21338 gate electrode translate to variations in device
speed, leak-age, and other transistor performance parameters.  Generally,
increased variation reduces throughput, yield, and profitability. The
present invention is directed to overcoming, or at least reducing the
effects of, one or more of the  problems set forth above. 5 DISCLOSURE OF
INVENTION One aspect of the present invention is seen in a method for
decreasing variations in gate electrode widths  is provided, The method
includes providing a wafer having a gate electrode formed thereon and an
anti-reflective  coating layer formed over at least a portion of the gate
electrode. The gate electrode has a width. The width of the  gate electrode
is measured. A strip rate for a strip tool adapted to remove the
anti-reflective coating is determined. 10 The measured width of the gate
electrode is compared to a target gate electrode critical dimension to
determine an  overetch time based on the strip rate. The operating recipe
of the strip tool is modified based on the overetch time.  Another aspect
of the present invention is seen in a processing line including a first
metrology tool, a strip tool, and a process controller, The first metrology
tool is adapted to measure the width of a gate electrode formed  on a
wafer. The gate electrode has an anti-reflective coating layer formed over
at least a portion of the gate  15 electrode. The strip tool is adapted to
remove the anti-reflective coating. The process controller is adapted to
determine a strip rate for the strip tool, compare the width of the gate
electrode to a target gate electrode critical  dimension to determine an
overetch time based on the strip rate, and modify the operating recipe of
the strip tool  based on the overetch time. BRIEF DESCRIPTION OF THE
DRAWINGS 20 The invention may be understood by reference to the following
description taken in conjunction with the  accompanying drawings, in which
like reference numerals identify like elements, and in which: Figure I is a
simplified block diagram of a processing line in accordance with one
illustrative embodiment  of the present invention; 



Figures 2A-213 show schematic cross-sectional views of various procedural
steps in the formation of a  25 transistor to illustrate the operation of
the process controller of Figure 1; Figures 3A-313 show schematic
cross-sectional views of various procedural steps in the formation of a
transistor to illustrate the operation of the process controller of Figure
1; and Figure 4 is a simplified flow diagram of a method for decreasing
variations in gate electrode widths in  accordance with one illustrative
embodiment of the present invention. 30 While the invention is susceptible
to various modifleations and alternative forms, specific embodiments
thereof have been shown by way of example in the drawings and are herein
described in detail. It should be  understood, however, that the
description herein of specific embodiments is not intended to limit the
invention to  the particular forms disclosed, but on the contrary, the
intention is to cover all modifications, equivalents, and  alternatives
falling within the spirit and scope of the invention as defined by the
appended claims. 35 MODE(S) FOR CARRYING OUT THE INVENTION Illustrative
embodiments of the invention are described below. In the interest of
clarity, not all features of  an actual implementation are described in
this specification, It will of course be appreciated that in the
development of any such actual embodiment, numerous
implernentation-specific decisions must be made to  achieve the developers'
specific goals, such as compliance with system-related and business-related
constraints, 40 which will vary t~om one implementation to another.
Moreover, it will be appreciated that such a development  ,2 WO 02/05300
PCT/US01/21338 effort might be complex and time-consuming, but would
nevertheless be a routine undertaking for those of  ordinary skill in the
art having the benefit of this disclosure. Referring now to Figure 1, a
simplified diagram of a portion of an illustrative processing line 100 for
processing wafers I 10 in accordance with the present invention is
provided. The processing line 100 includes a  5 pre-strip metrology tool
120, a strip tool 130, a post-strip metrology tool 140, and a process
controller 150. The strip tool 130 is adapted to remove an ARC layer, such
as silicon oxynitride, present on a transistor gate electrode  after
patterning, The strip tool 130 is illustrated as a single tool, but in an
actual implementation, the strip tool 130  may be a plurality of stripping
tools adapted to perform a plurality of stripping operations, such as a
hydrofluoric  acid strip and a phosphoric acid strip. 10 The process
controller 15D receives data from the metrology tools 120, 140 and adjusts
the operating  recipe of the strip tool 130 to reduce variations in the
critical dimensions of the outgoing transistor gate electrodes.  In the
illustrated embodiment, the metrology tools 120, 140 are scanning electron
microscopes. Although, distinct  metrology tools 120, 140 are illustrated,
a single tool may be used for the pre-strip and post-strip measurements.
Also, each metrology tool 120, 140 may comprise more than one metrology
tool. For example, the pre-strip 15 metrology tool 120 may measure the
width of the gate electrode (e.g., using a scanning electron microscope)
and  also the thickness of the ARC layer (e.g., using an Optiprobe
thickness measurement tool). 



In the illustrated embodiment, the process controller 150 is a computer
programmed with software to  implement the functions described. However, as
will be appreciated by those of ordinary skill in the art, a  hardware
controller designed to implement the particular functions may also be used.
Moreover, the functions 20 performed by the process controller 150, as
described herein, may be performed by multiple controller devices
distributed throughout a system. Additionally, the process controller 150
may be a stand-alone controller, it may  be resident on the strip tool 130,
or it may be part of a system controlling operations in an integrated
circuit  manufacturing facility. Portions of the invention and
corresponding detailed description are presented in terms of  software, or
algorithms and symbolic representations of operations on data bits within a
computer memory. These 25 descriptions and representations are the ones by
which those of ordinary skill in the art effectively convey the  substance
of their work to others of ordinary skill in the art, An algorithm, as the
term is used here, and as it is  used generally, is conceived to be a
self-consistent sequence of steps leading to a desired result. The steps
are  those requiring physical manipulations of physical quantities.
Usually, though not necessarily, these quantities  take the form of
optical, electrical, or magnetic signals capable of being stored,
transferred, combined, compared, 30 and otherwise manipulated. It has
proven convenient at times, principally for reasons of common usage, to
refer to  these signals as bits, values, elements, symbols, characters,
terms, numbers, or the like. It should be borne in mind, however, that all
of these and similar terms are to be associated with the  appropriate
physical quantities and are merely convenient labels applied to these
quantities. Unless specifically  stated otherwise, or as is apparent from
the discussion, terms such as "processing" or "computing" or "calculating"
35 or "determining" or "displaying" or the like, refer to the action and
processes of a computer system, or similar  electronic computing device,
that manipulates and transforms data represented as physical, electronic
quantities  within the computer system's registers and memories into other
data similarly represented as physical quantities  within the computer
system memories or registers or other such information storage,
transmission or display  devices. 40 An exemplary software system capable
of being adapted to perform the functions of the process controller  150 as
described is the Catalyst system offered by KLA-Tencor, Inc. 'Me Catalyst
system uses Semiconductor  -3 WO 02/05300 PCT/IJSOI/21338  Equipment and
Materials International (SEMI) Computer Integrated Manufacturing (CIM)
Framework compliant  system technologies and is based the Advanced Process
Control (APC) Framework. CIN4 (SEMI E81-0699 - Provisional Specification
for CIM Framework Domain Architecture) and APC (SEMI E93-0999 - Provisional
Specification for CIM Framework Advanced Process Control Component)
specifications are publicly available  5 ftom SEMI, Figures 2A-2B and 3A-3B
show schematic cross-sectional views of various procedural steps in the
formation of a transistor. In Figure 2A, a substrate 200 having shallow
trench isolation (STI) structures 210  formed thereon is shown. A gate
insulation layer 220 is formed on the substrate 200, A gate electrode 230
is  



formed over the gate insulation layer 220. The gate insulation layer 220
isolates the gate electrode 230 from the 10 substrate 200, During the
patterning of the gate electrode 230, an anti-reflective coating (ARC)
layer 240 is  applied to minimize notches caused by reflections during
photolithographic techniques. A target critical dimension  250 for the gate
electrode is denoted by dashed lines. Note that the target critical
dimension 250 is less than the  actual width (W) of the gate electrode 230,
as indicated by dashed lines 252 The pre-strip metrology tool 120 of Figure
I measures the width of the gate electrode 230 and provides  15 the
measurement to the process controller 150. As seen in Figure 2B, the
process controller 150 adapts the recipe  of the strip tool 130 to remove
the ARC layer 240 and to continue etching the gate electrode 230 until its
width  matches the target critical dimension 250, The functions of the
process controller for adjusting the recipe of the  strip tool 130 are
described in greater detail below. In the example illustrated in Figure 3A,
the target critical dimension 250 is greater than the actual width  20 (W)
of the gate electrode 230, as denoted by dashed lines 252, Based on the
measurement of the pre-strip  metrology tool 120, the process controller
150 adapts the recipe of the strip tool 130 to remove the ARC layer 240,
but to stop etching as soon as a minimum strip time is reached to minimize
the amount of overetching of the gate  electrode 230 (see Figure 3B), The
width of the gate electrode 230 may still be slightly reduced, but the
overetch  time is minimized to prevent too great of a width reduction of
the gate electrode 230. 25 In summary, the process controller 150
determines a minimum strip time for removing the ARC layer 240  and an
overetch time for reducing the width of the gate electrode 230 to reach the
target critical dimension 250. If  the width of the gate electrode 230 is
already narrower than the target critical dimension 250 prior to the strip,
the  overetch time is set to zero. The process controller 150 selects the
greater of the minimum strip time and the  overetch time for adapting the
recipe of the' strip tool 130. 30 The process controller 150 may use one or
more models for determining the minimum strip time and the  overetch time.
These models may include relatively simple equation based models (e.g.,
linear, exponential,  weighted average, etc,) or more complex models, such
as a neural network model, principal component analysis  (PCA) model, or a
projection to latent structures (PLS) model. The specific implementation of
the model may vary  depending on the modeling technique selected, and such
specific implementation is well known to those of 35 ordinary skill in the
art. Thus, for clarity and case of illustration, such specific details are
not described in greater  detail herein. The process controller 150 may
operate in a feedback control mode or a feedforward control mode. In a
feedback mode, the process controller receives the pre-strip and post-strip
width measurements for the gate  electrode 230 to determine a strip rate.
For subsequently processed wafers 110, the strip rate is used in
conjunction 40 with the incoming data as to the width of gate electrode 230
and a target gate electrode critical dimension to  determine the overetch
time for the subsequent wafer 110. An exponential weighted average may be
used to  -4 WO 02/05300 PCT/US01/21338  



account for the general decreasing strip rate trend evident in the strip
tool 130 due to bath degradation. The process  controller 150 may also
receive an incoming ARC layer 240 thickness from the pre-strip metrology
tool 120. The  ARC layer thickness 240 may be used to determine the minimum
strip time. Alternatively, a fixed minimum strip  time may be used, and the
overetch time would be incorporated into the recipe of the strip tool 130
by the process 5 controller 150 only if greater than the minimum strip
time. The process controller 150 may adjust the operating recipe of the
strip tool 130 to change the strip time for  either or both of the
hydrofluoric acid bath and the phosphoric acid bath. Typically, the strip
time of the  hydrofluoric acid bath is significantly less than the strip
time of the phosphoric acid bath, so the process controller  150 may be
adapted to only modify the strip time for the phosphoric acid bath. 10 The
process controller 150 may adjust the operating recipe of the strip tool
130 on a lot-by-lot basis based  on measurements from a sample of wafers in
the lot. Alternatively, the process controller 150 may receive
measurements for each wafer and adjust the operating recipe of the strip
tool 130 on a wafer-by-wafer basis. 'Me  specific frequency selected
depends on the amount of variation present in the incoming gate electrode
widths and  the desired degree of accuracy. 15 Operating in a feedforward
mode, the process controller 150 may implement a predictive modeling
technique to predict the strip rate of the strip tool 130. The predicted
strip rate may be used in conjunction with the  incoming gate electrode 230
width and target gate electrode critical dimension to determine the
overetch time,  Again, the incoming thickness of the ARC layer 240 may also
be incorporated to determine the minimum strip  time. Feedback from the
post-strip metrology tool 140 may be used to periodically update the model.
The 20 feedback measurements may be performed less frequently than the
measurements of the incoming wafers I 10.  Inputs to the predictive model
may include the chronological age of the bath used in the strip tool 130
(i.e., to  account for time based degradation) and the number of wafers
processed in the strip tool 130 Qe., to account for  degradation caused by
reaction product buildup). Turning now to Figure 4, a simplified flow
diagram of a method for decreasing variations in gate  25 electrode widths
in accordance with one illustrative embodiment of the present invention is
provided. In block  400, a wafer having a gate electrode formed thereon and
an anti-reflective coating layer formed over at least a  portion of the
gate electrode is provided, In block 410, the width of the gate electrode
is measured. A strip rate for  a strip tool adapted to remove the
anti-reflective coating is determined in block 420. The strip rate may be
determined using a predictive performance model, or alternatively, the
strip rate may be based on pre-strip and 30 post-strip gate electrode width
measurements of previously processed wafers. In block 430, the width of the
gate  electrode is compared to a target gate electrode critical dimension
to determine an overetch time based on the strip  rate, In block 440, the
operating recipe of the strip tool is modified based on the overetch time,
Controlling the operation of the strip tool 130 as described above reduces
the variation in the critical  dimensions of the gate electrodes 230
post-strip, while at the same time providing a minimum strip time necessary
35 for removing the ARC layer 240. By using real-time control models to
effect the variation reduction, the 



throughput of the processing Eno 100 and the quality of the end product may
be increased. Increased throughput  and reduced variation lead directly to
increased profitability. The particular embodiments disclosed above are
illustrative only, as the invention may be modified and  practiced in
different but equivalent manners apparent to those skilled in the art
having the benefit of the teachings  40 herein. Furthermore, no limitations
are intended to the details of construction or design herein shown, other
than as described in the claims below. It is therefore evident that the
particular embodiments disclosed above may be  -5 WO 02/05300
PCT[US01/21338  altered or modified and all such variations are considered
within the scope and spirit of the invention.  Accordingly, the protection
sought herein is as set forth in the claims below. -6 WO 02/05300
PCT/US01/21338  CLAIMS I A method for decreasing variations in gate
electrode widths, comprising: providing a wafer (110) having a gate
electrode (230) formed thereon and an anti-reflective coating layer  (240)
formed over at least a portion of the gate electrode (230), the gate
electrode (230) having a  5 width; measuring the width of the gate
electrode (230); determining a strip rate for a strip tool (130) adapted to
remove the anti-reflective coating (240);  comparing the measured width of
the gate electrode (230) to a target gate electrode critical dimension to
determine an overetch time based on the strip rate; 10 modifying the
operating recipe of the strip tool (130) based on the overetch time, 2. The
method of claim 1, wherein determining the strip rate for the strip tool
(130) comprises:  modeling the performance of the strip tool (130); and
predicting the strip rate based on a characteristic of the strip tool (130)
and the performance model.  15 3. Tbc method of claim 1, wherein
determining the strip rate for the strip tool (130) comprises  determining
the strip rate based on a pre-strip thickness and a post-strip thickness of
a previously processed wafer.  4. The method of claim 1, further
comprising: 20 measuring a thickness of the anti-reflective coating layer
(240); determining a minimum strip time based on the thickness of the
anti-reflective coating layer (240); and  modifying the operating recipe of
the strip tool (130) based on the greater of the overetch time and the
minimum strip time. 25 5. The method of claim 2, further comprising:
processing the wafer in the strip tool (130); 



measuring the width of the gate electrode after processing the wafer; and
updating the performance model based on the width of the gate electrode
(230) measured after processing  the wafer, 30 6. A processing line (100),
comprising: a first metrology tool (120) adapted to measure the width of a
gate electrode (230) formed on a wafer, the  gate electrode (230) having an
anti-reflective coating layer (240) formed over at least a portion of  35
the gate electrode (230); a strip tool (130) adapted to remove the
anti-reflective coating (240); and a process controller (150) adapted to
determine a strip rate for the strip tool (130), compare the width of  the
gate electrode (230) to a target gate electrode critical dimension to
determine an overetch  time based on the strip rate, and modify the
operating recipe of the strip tool (130) based on the  40 overetch time. -7
WO 02/05300 PCT/US01/21338 7. The processing line (100) of claim 6, wherein
the process controller (150) is adapted to store a  performance model of
the strip tool (130) and predict the strip rate based on a characteristic
of the strip tool (130)  and the performance model. 5 8. The processing
line (100) of claim 6, the process controller (150) is adapted to determine
the  strip rate for the strip tool (130) based on a pre-strip thickness and
a post-strip thickness of a previously processed  wafer. 9. The processing
line (100) of claim 6, further comprising a second metrology tool (120)
adapted  10 to measure a thickness of the anti-reflective coating layer
(240), wherein the process controller (150) is adapted to  determine a
minimum strip time based on the thickness of the anti-reflective coating
layer (240) and modify the  operating recipe of the strip tool (130) based
on the greater of the overetch time and the minimum strip time. 10. The
processing line (100) of claim 7, further comprising a second metrology
tool (140) adapted  15 to measure the width of the gate electrode (230)
after processing of the wafer in the strip tool (130), wherein the  process
controller (150) is adapted to update the performance model based on the
width of the gate electrode (230)  measured after processing of the wafer. 


