
WO 03/075342 PCT/US03/05617  1 METHODOLOGY FOR REPEATABLE POST  ETCH CD IN
A PRODUCTION TOOL  RELATED APPLICATIONS This application is based on and
claims priority from U.S. Provisional Application  Serial Number
60/361,064, filed March 1, 2002. FIELD OF THE INVENTION 5 The present
invention relates to a method and apparatus for monitoring and  controlling
processing carried out on a semiconductor substrate, and more particularly
for  controlling critical dimensions (CDs) of features formed on the
semiconductor substrate  through feedback and feed-forward of information
gathered during in-process inspection  of the features. The invention has
particular applicability for in-line inspection of 10 semiconductor wafers
during manufacture of high-density semiconductor devices with  submicron
design features. BACKGROUND ART Current demands for high density and
performance associated with ultra large scale  integration require
submicron features, increased transistor and circuit speeds and  15
improved reliability. Such demands require formation of device features
with high precision and uniformity, which in turn necessitates careful
process monitoring, including  frequent and detailed inspections of the
devices while they are still in the form of  semiconductor wafers. One
important process requiring careful inspection is photolithography, wherein
20 masks are used to transfer circuitry patterns to semiconductor wafers.
Typically, a series  of such masks are employed in a preset sequence. Each
photolithographic mask includes  an intricate set of geometric patterns
corresponding to the circuit components to be  integrated onto the wafer.
Each mask in the series is used to transfer its corresponding WO 03/075342
PCT/US03/05617  2 pattern onto a photosensitive layer (i.e., a photoresist
layer) which has been previously  



coated on a layer, such as a polysilicon or metal layer, formed on the
silicon wafer. The  transfer of the mask pattern onto the photoresist layer
is conventionally performed by an  optical exposure tool such as a scanner
or a stepper, which directs light or other radiation 5 through the mask to
expose the photoresist. The photoresist is thereafter developed to  form a
photoresist mask, and the underlying polysilicon or metal layer is
selectively  etched in accordance with the mask to form features such as
lines or gates. Fabrication of the mask follows a set of predetermined
design rules set by  processing and design limitations. These design rules
define the space tolerance between  10 devices and interconnecting lines
and the width of the lines themselves, to ensure that the devices or lines
do not overlap or interact with one another in undesirable ways. The
design rule limitation is referred to as the critical dimension ("CD"),
defined as the  smallest width of a line or the smallest space between two
lines permitted in the  fabrication of the device. The CD for most ultra
large scale integration applications is on  15 the order of a fraction of a
micron. A related process where CD is crucial is known as "resist trim". As
those skilled in  the art will appreciate, photolithography employing light
to expose sub-micron features on  a photoresist layer is very costly and
complicated. Moreover, as desired feature line  widths become smaller, the
limits of the photolithographic process are frequently 20 exceeded. For
example, 50-70 nanometer line widths are becoming commonplace, but
photolithographic processes are typically capable of producing line widths
no smaller than  100-120 nanometers. Thus, techniques have been developed
to use photolithograpy  equipment to expose features that are larger than
desired, then follow this exposure with a  process called a resist trim to
"shrink" the exposed features to their final size. Photoresist 25 trim
extends lithography capabilities by using a plasma etch step that can
physically  reduce the printed photoresist CD by up to 30 percent.
Specifically, after the oversized  features are exposed and the photoresist
developed, the wafer is brought to an etch  chamber, and a specifically
designed "resist etch step" is carried out, typically an isotropic  etch
step that shrinks the size of the developed resist feature. The actual
feature (e.g., a 30 polysilicon gate or metal line) is thereafter etched,
typically using a different etch recipe in  the same or in a different etch
chamber. 



WO 03/075342 PCT/US03/05617  3 As design rules shrink and process windows
(i.e., the margins for error in  processing) become smaller, inspection and
measurement of surface features' CD, as well  as their cross-sectional
shape ("profile") are becoming increasingly important. Deviations  of a
feature's CD and profile from design dimensions may adversely affect the 5
performance of the finished semiconductor device. Furthermore, the
measurement of a  feature's CD and profile may indicate processing
problems, such as stepper defocusing or  photoresist loss due to over-
exposure. One method for monitoring and correcting CD variations is
performed by selecting  one or more test wafers from a lot of wafers whose
photoresist has been exposed and,  10 developed to create
larger-than-desired features, and measuring a representative photoresist
feature CD from the test wafers, as with a critical dimension scanning
electron  microscope (CD-SEM). The wafers are then processed through a
photoresist etch step and  a gate etch step, and the CD of the etched
feature is measured. The results of the initial  and final CD measurements
are then used to adjust the etch recipe for the remaining 15 wafers in the
lot to drive their CDs to target values. According to conventional CD
monitoring techniques, measuring CDs of sample wafers (i.e., initially
measuring  photoresist features formed on the wafers and then measuring
gates) is done off-line at a  SEM, and the CD of a particular feature on a
wafer is not used to decide what etch recipe  is used for processing that
wafer. Furthermore, feature profile is not measured or taken 20 into
account when adjusting the etch recipe according to conventional
techniques. For  further information regarding prior art techniques, the
reader is directed to, for example,  U.S. Patent 5,926,690 to Toprac et al.
As Advanced Process Control (APC) is gaining widespread adoption with
semiconductor manufacturers, semiconductor equipment manufacturers are
coming under  25 increasing pressure to provide integrated process control
solutions. With feature sizes shrinking below 130nm, the need for very
tight process tolerances and the need for  productivity improvement from
the billion-plus dollar factories are driving the need for APC. 



There exists a need for a simple, cost-effective methodology for fast and
30 meaningful identification and correction of CD and profile variation
without significantly  reducing production throughput. or yield. There also
exists a need for a robust and WO 03/075342 PCT/US03/05617  4 efficient
apparatus and methodology for accurately carrying out resist trim and etch
operations. SUMMARY OF THE INVENTION An advantage of the present invention
is the ability to reduce CD and profile  5 variations in features formed on
semiconductor wafers without reducing production  throughput or yield, by
utilizing information gathered during in-process inspection of the  wafers.
According to the present invention, the foregoing and other advantages are
achieved in part by an apparatus for processing semiconductor wafers,
comprising a  10 measuring tool for measuring a CD and sidewall profile of
a pattern on a patterned layer formed on an underlying layer on the wafer,
such as a patterned photoresist mask formed  on a conductive layer; a
processing tool, such as an etcher, for performing a process on the  wafer
using a first set of process parameter values; and a processor, configured
to select the  first set of process parameter values (e.g., an etch recipe)
based on the measurements of  15 the CD and profile. A further aspect of
the present invention is an apparatus for processing a  semiconductor
wafer, comprising a measuring tool for measuring a CD and sidewall  profile
of a pattern on a patterned layer formed on an underlying layer on the
wafer; a  processing tool for performing a process on the wafer using a
first set of process parameter 20 values; a processor configured to select
the first set of process parameter values based on  the measurements of the
CD and profile; a transfer mechanism for transferring the wafer  between
the measuring tool and the processing tool; and a chamber for enclosing the
transfer mechanism and allowing communication between the transfer
mechanism, the  measuring tool and the processing tool in a clean
environment. 25 Additional advantages of the present invention will become
readily apparent to  



those skilled in this art from the following detailed description, wherein
only illustrative  embodiments of the present invention are shown and
described, simply by way of  illustration of the best mode contemplated for
carrying out the present invention. As will  be realized, the present
invention is capable of other and different embodiments, and its 30 several
details are capable of modifications in various 'obvious respects, all
without WO 03/075342 PCT/US03/05617  5 departing from the invention.
Accordingly, the drawings and description are to be  regarded as
illustrative in nature, and not as restrictive. BRIEF DESCRIPTION OF THE
DRAWINGS 5 Reference is made to the attached drawings, wherein elements
having the same  reference numeral designations represent like elements
throughout, and wherein:  Figure 1 is a block diagram of an apparatus
according to an embodiment of the  present invention. Figure 2 is a process
flow diagram for an embodiment of the present invention. 10 Figure 3 is a
flow chart illustrating sequential steps in a method according to an
embodiment of the present invention. - Figures 4A-4D are graphical
representations of trim process characteristics for use  with an embodiment
of the present invention. Figures 5A-5B are graphical representations of
the results of processing - wafers  15 using an embodiment of the present
invention. Figures 6A-E schematically illustrate processing modules
according to  embodiments of the present invention. Figure 7 is a flow
chart illustrating sequential steps in a method according to an  embodiment
of the present invention. 20 DETAILED DESCRIPTION The present invention
utilizes optical CD (OCD) metrology to inspect every wafer  to determine
pre-etch CD and profile, then uses the inspection results to determine
process  parameters, such as resist trim time and/or etch parameters. In
this way, the present 



25 invention enables accurate final CD and profile dimensions. The present
invention  addresses the problem of CD control by reducing CD variation by
feeding forward  information relating to photoresist mask CD and profile to
adjust the next process the  inspected wafer will undergo (e.g., the
photoresist trim process). In certain embodiments  of the present
invention, pre-etch CD and profile measurement, etching, cleaning, and 30
post-etch CD measurement are performed entirely under controlled
environmental  conditions. By providing etching, cleaning and measurement
tools on a mainframe and/or WO 03/075342 PCT/US03/05617  6 factory
interface, a wafer can be etched, cleaned and inspected before being
returned to a  cassette, thereby reducing processing time and cost. OCD
metrology techniques as employed by the present invention are APC enablers
and utilize novel technology to the CD measurement world where the current
SEM-based  5 systems are becoming inadequate. For example, normal incidence
spectroscopic OCD metrology systems provide detailed line profiles not
possible with in-line non-destructive  SEMs. The compact size and speed of
OCD technology enables the measurement system  of the present invention to
be fully integrated into a process tool, such as Applied  Materials' DPSII
etch system. When combined with APC software, this provides a  10 complete,
feed-forward solution for wafer-to-wafer closed loop control. An example of
a processing step that benefits from the complete feedforward  solution of
the present invention is etch processing that is sensitive to incoming
photoresist  (PR) dimensions. CD control is particularly critical for gate
etch, in which the device  speed is determined by the final gate CD. Here,
the variation in incoming resist mask CD 15 creates a proportional
variation in the final etched CD. Measuring the incoming resist CD  prior
to etching enables the etch process to be tuned to compensate for the
variations due  to lithography. According to the methodology of the present
invention, an underlying layer, such  as a conductive layer, is formed on a
wafer, and a patterned layer, such as a photoresist 20 mask, is formed on
the underlying layer, as by a photolithography process at a "photo cell"
(e.g., exposure at a stepper followed by photoresist development). A
pattern on the mask  



is inspected using an integrated metrology unit, such as an optical
inspection tool, to  determine its CD and profile. The wafer is then
transferred to a conventional etch  chamber, where the measured photoresist
CD and profile are used by the processor to 25 adjust the photoresist trim
recipe (e.g., the trim time), also taking into account the implicit  etch
uniformity performance of the etcher and the nonlinearity of the trim
curve. The underlying layer is thereafter etched using the trimmed
photoresist pattern as a  mask. After etching, the wafer is optionally
cleaned, as by an ash photoresist strip  followed by a wet cleaning step,
and transferred back to the integrated metrology unit, 30 where the CD,
profile and depth of features formed by the etch process are measured and
compared to the desired dimensions. Such information can be fed back to the
processor WO 03/075342 PCT/US03/05617  7 (e.g., to compensate for etch
process drift or photo cell problems) by adjustment of the  trim recipe
when etching the next wafer. By taking into account photoresist CD and
profile variation when choosing a resist  trim recipe, the present
invention decouples post-etch CD from pre-etch CD and profile.  5 By
measuring the incoming resist CD and adjusting the trim time, the etch
process can compensate for variations in lithography on successive wafers.
With automatic  compensation of incoming resist CD from the lithography
step, a much tighter distribution  of post-etch CD is achieved by the
present invention, and the final CD uniformity becomes  a realistic etch
specification without impacting the productivity of the etch tool. 10 An
exemplary embodiment of the present invention is implemented using an
inspection tool in a processing line 300, as shown in Fig. 1, comprising a
measuring tool  310, e.g., an optical inspection tool such as the Nano OCD
9000 available from  Nanometrics of Milpitas, CA, or an optical imager as
disclosed in U.S. Patent 5,963,329.  Optical measuring tool 310 can utilize
scatterometry or retlectometry techniques. The use 15 of scatterometry for
inspection tools is disclosed in Raymond, "Angle-resolved  scatterometry
for semiconductor manufacturing", Microlithography World, Winter 2000.  The
use of reflectometry for inspection is taught in Lee, "Analysis of
Reflectometry and  Ellipsometry Data from Patterned Structures",
Characterization and Metrology for ULSI  



Technology: 1998 International Conference, The American Institute of
Physics 1998. 20 Processing line 300 further comprises a processor 320,
which performs the analysis  disclosed herein electronically, and a monitor
330 for displaying results of the analyses of  processor 320. Processor 320
can be in communication with a memory device 340, such  as a semiconductor
memory, and a computer software-implemented database system 350  known as a
"manufacturing execution system" (MES) conventionally used for storage of
25 process information. Processor 320 can also be in communication with
previously- described photo cell 360 and etcher 370. An embodiment of the
present invention will now be described in detail with  reference to Figs.
1-3. Referring now to the process flow diagram of Fig. 2, a wafer W to  be
processed by a dielectric etcher comprises a substrate 200 upon which is
formed a 30 conductive layer 210, such as polysilicon layer by deposition
processing. A patterned  photoresist layer 250 (i.e., a photoresist mask
formed at photo cell 360) having patterns P  is formed on conductive layer
210. An anti-reflective coating (ARC) layer (not shown) WO 03/075342
PCT/US03/05617  8 may be formed in a conventional manner between conductive
layer 210 and photoresist  layer 250 to aid the photolithographic process.
Alternatively, a silicon nitride layer (not  shown) can be formed on
conductive layer 210 that is to be patterned to form a "hard  mask" by
etching using photoresist layer 250. Patterns P have an initial CD referred
to as 5 CDo in Fig. 2. As shown in the flow chart of Fig. 3, wafer W is
brought from photo cell  360 to measuring tool 310 at step 3000, where the
CD and profile of pattern P are optically  measured. The CD and profile
measurements are typically taken at several locations (i.e.,  patterns P)
on wafer W. The number of measurements is ultimately limited by the etch
process throughput requirements, and influenced by the process' maturity
and past 10 performance. Generally, the less mature the process, the
greater the number of  measurements should be taken. Typically, about five
sample measurements are taken  including, e.g., top, left, bottom, right
and center of the wafer. The CDs and profiles of the  measured features can
then be averaged before being employed in subsequent steps of the  present
methodology. 



15 Measuring tool 310 can directly measure CD and profile of certain
patterns on  photoresist layer 250, such as trenches and the like using
conventional optical inspection  techniques. For example, a rigorous
coupled wave analysis (RCWA) can be performed,  wherein a CD corresponding
to a given waveform is derived by calculation, such as by a  processor in
the optical inspection tool. RCWA is discussed in Chateau, "Algorithm for
20 the rigorous couple-wave analysis of grating diffraction", Journal of
the Optical Society  of America, Vol. 11, No. 4 (April 1994) and Moharam,
"Stable implementation of the  rigorous coupled-wave analysis for
surface-relief gratings: enhanced transmittance matrix  approach", Journal
of the Optical Society of America, Vol. 12, No. 3 (May 1995). The measured
CD and profile are used by processor 320 at step 3100 to determine  25 etch
process parameters (i.e., a trim recipe) for wafer W, as by an equation
that takes into  account the CD and profile angle measurements as well as
characteristics of etcher 370.  Etch process parameters that can be
adjusted by processor 320 employing such an  equation include etch power,
etch time, etch gas flow rate and pressure, magnetic field  intensity and
magnetic field profile. 30 To obtain correct final CD and profile, both
photoresist trim and underlying layer  etch recipes can be adjusted for
each wafer. For example, final CD is most affected by. the  trim recipe,
and final profile is most affected by the etch recipe. The relationships WO
03/075342 PCT/US03/05617  9 between measured pre-etch CD and profile, trim
and etch recipes, and final CD and profile  are determined empirically
prior to the start of production. A series of experiments are  conducted by
first determining pre-etch CD and profile, then performing trim and etch
processes, then mapping the results. For example, a series of experiments
changing trim 5 time and etch recipe can be conducted to obtain the best
results, and to determine how  each of the trim and etch recipes affect the
final results. The experimental results can be  expressed in algorithms or
equations which the processor uses during production to  calculate the trim
and etch parameters. In one embodiment of the present invention, the
photoresist trim time is adjusted  10 while the other parameters of the
trim recipe, as well as the etch recipe for the underlying  



layer, are kept constant. In this embodiment of the present invention,
before the integrated  OCD/etch process can be performed, a "trim curve"
for calculating the trim time must be  determined. This involves conducting
a design of experiments (DOE) wherein a series of  wafers is etched with
different trim times, keeping the rest of the trim etch recipe constant. 15
Figure 4A is an example of a trim curve. The amount trimmed (the difference
between  pre-etch and post-etch CD) is shown to be a function of both trim
time and photoresist  (PR) sidewall angle. The dependence of the amount
trimmed vs. PR sidewall angle (SWA)  is plotted in Fig. 4B. To avoid the
complication of within wafer non-uniformity due to  etcher and pre-etch
non-uniformity, the data are taken from the same die of the series of 20
wafers etched under the same conditions. It can be seen in Fig. 4B that the
amount  trimmed increases with the SWA. This behavior is intuitively
correct, since a re-entrant  profile (SWA > 90) is conducive to CD loss in
an etch process. The trim time determination for a given target post-etch
CD is illustrated with the  trim curve of Fig. 4A plotted as a function of
SWA, as shown in Fig. 4C. The dependence  25 of the trim amount on the trim
time and sidewall angle can be combined into a single mathematical formula
from the two formulas shown in Fig. 4C. If we assume that all  responses
are linear with time, as shown in Fig. 4C, then the change in CD ("ACD")
can be  expressed in the following equation of a line: 30 (1) ACD = R(A)t +
S(A) WO 03/075342 PCT/US03/05617  10 where t is the trim time and R(A) and
S(A) are given by Equations 4 and 5 below. If two  trim times for which the
trim curve has been determined are referred to as t1 and t2, where  t2 is
greater than t1, and the sidewall angle is referred to as A, then 5 (2)
OCDt2 = R(A)t2 + S(A) = p2A + q2  and (3) iCDt1= R(A)tl + S(A) = p1A + ql
where p and q are constants obtained from a well-known linear best fit
analysis (such  10 constants are shown in the equations in Fig. 4C).
Equations (2) and (3) can be solved for R(A) and S(A) as follows:  



(4) R(A) = ((P2 - P1)A + q2 - ql)/(t2 - ti) 15 (5) S(A) = ((Plt2 - P2t1)A +
git2 - g2t1)/(t2 - ti) Equations (4) and (5) can be substituted into
Equation (1) to yield a formula that  determines the trim time t necessary
to achieve the target post-etch CD for a given pre- etch CD and SWA. This
formula is used by processor 320 instep 3100. 20 In another embodiment of
the present invention, the present methodology also  takes into account the
fact that trim time versus the amount of photoresist trimmed is non-
linear, as shown in Fig. 4D. Thus, the present invention enables more
accurate photoresist  trimming. To test the CD control of the methodology
of the present invention, a series of  25 wafers was run with a target fmal
CD of 130  m m. The average pre-etch CD was  162.6nm with a full range
(maximum - minimum) of 8.36nm. Nine-point measurements  were performed on
each wafer, and the average CD and PR SWA for each wafer were fed  forward
to the etcher. The only change in the entire process sequence was the trim
time,  which was calculated automatically based on the trim curve
information stored in the 30 recipe. Figure 5A shows the results which
indicate that the fmal post-etch CD distribution  is significantly reduced
from that of the pre-etch distribution. The full range wafer WO 03/075342
PCT/US03/05617  11 averaged pre-etch CD decreased from 8.36nm to a
post-etch value of 1.61nm. The tight  control also achieves the final
post-etch CD of 130.1nm, which meets the target range of  130  Inn. To
obtain these results, it is beneficial to have a very stable etcher,
because  5 typically the entire system does not operate on closed loop
control. In other words, to be  able to use the best known method etch and
trim recipes keeping them constant, the etch  chamber must first be
characterized. For example, the trim curve, shown in Figure 4A,  was
determined two days before the wafers used in Figure 5A were run. The final
post- etch CD results indicate excellent etcher stability. In certain
embodiments of the present 10 invention discussed below, final CD and
profile results can be fed back to processor 320 to  adjust the trim curve
(and hence trim time) due to drift in the etch step. In this way, lack  



of long-term etch chamber stability can be taken into account. The present
invention provides a unique solution to the gate CD control problem  that
exists today in the semiconductor fabrication industry. It solves this
problem by  15 measuring both photoresist CD and profile. The inclusion of
the PR profile in the measurement enables, for the first time, a 2nd order
correction for the contribution of the  PR sidewall angle (the "Theta
Transformation"). The importance of the Theta  Transformation is shown in
Fig. 5B, where the measured post etch CDs obtained with the  Theta
Transformation are compared with simulated data obtained with only CD
correction 20 and no SWA correction. As shown in Fig. 5B, the use of the
Theta Transformation  tightens the post-etch distribution from 2.72 nm to
0.62nm. Referring again to Fig. 3, at step 3200 photoresist layer 250 is
etched using the trim  recipe (i.e., trim time) determined by processor 320
using the experimentally determined  equation. The result is shown at the
right side of Fig. 2, wherein patterns P are trimmed to 25 dimension CD1.
Underlying layer 210 is then etched, typically at the same etch chamber,
in step 3300, resulting in structures S being formed (see bottom right of
Fig. 2). Wafer W  is thereafter optionally brought to a photoresist ash
strip chamber (see step 3400), and  brought back to measuring tool 310 at
step 3500. The CD and profile of structure S are  measured at several
locations on wafer W, such as the locations where the pre-etch  30
measurements of photoresist layer 250 were taken at step 3000. Post-etch CD
and profile information is supplied to processor 320, where  deviations
from target results can be used to adjust the trim-and/or etch recipe for
the next WO 03/075342 PCT/US03/05617  12 wafer to be etched. For example,
from the measured CD and profile and the previously  developed DOE
modelling, etcher process drift can be determined; that is, etcher process
"age" or where the etcher is on its process timeline. The etch recipe can
then be adjusted  for the next wafer, so the etch results are closer to the
target. Post-etch information can 5 also be fed back to processor 320 to
discover and correct for problems in previous  processes; for example, if
the photoresist on a batch of wafers was baked at the wrong  temperature,
its trim rate will be different. Thus, if the first etched wafer is
measured and  



this mistake is discovered, the trim time can be adjusted by processor 320
for the rest of  the wafers to compensate. Moreover, if the measured
dimensional variation is outside 10 predetermined boundaries, or if the
processing results change dramatically from one wafer  to the next, an
alarm can be generated to indicate the etcher should be taken out of
service;  e.g., for repairs or maintenance. Although the foregoing
embodiment of the present invention adjusts the  photoresist trim time
while keeping the rest of the trim -recipe and the underlying layer  15
etch recipe constant, it should be appreciated that in further embodiments
of the present invention, other trim parameters can be variable for each
wafer, and the underlying etch  recipe can be variable for each wafer. For
example, the etch and/or trim recipes can be  adjusted to compensate for
dense to isolateral CD bias changes from one wafer to the next.  Such
embodiments require an appropriate DOE to develop the proper equations for
use by  20 processor 320 to choose the trim/etch process parameter values.
It should also be appreciated that the present methodology of adjusting an
etch  recipe based on measured CD and profile is not limited to the
photoresist trim process. It  can also be employed when a photoresist trim
is not performed. Since post-etch profile is  dependent on photoresist
profile, the post-etch profile of any etched pattern can be fine 25 tuned
based on the measured photoresist profile sidewall angle using the present
- methodology. In further embodiments of the present invention, an
apparatus for processing a  semiconductor wafer is provided wherein a wafer
is removed from a wafer cassette, and a  CD and profile of a pattern on a
patterned layer formed on the wafer is measured using an 30 optical
measuring tool. A process, such as an etch process, is then performed on
the wafer  using a set of process parameter values, such as a trim or etch
recipe, selected based on the  pattern CD and profile measurements.
Post-etch processing, such as ash stripping and wet WO 03/075342
PCT/US03/05617  13 cleaning, are optionally performed by the apparatus,
then a CD and profile of a structure  formed in the underlying layer by the
etch process are measured at several locations before  the wafer is
returned to a cassette. The post-etch measurements are fed back to the
etcher  



to adjust the etch recipe for a subsequent wafer. All of the transfer and
processing steps 5 performed by the apparatus are performed in a clean
environment, thereby increasing yield  by avoiding exposing the wafer to
the atmosphere and possible contamination between  steps. These embodiments
of the present invention provide for pre-etch CD and profile  measurements
of every wafer and adjustment of the photoresist trim/etch recipe for every
10 wafer according to its CD and profile measurements to correct for
process variations in previously visited tools, such as deposition
uniformity variations at a deposition module  and/or.exposure and focus
variations at a photo cell. The present invention also provides  for etch
recipe adjustment for etcher process drift. An apparatus for processing a
semiconductor wafer according to an embodiment of  15 the present invention
will now be described with reference to Fig. 6A. The apparatus  comprises a
chamber or "mainframe" 901, such as the Centura processing system,
available from Applied Materials of Santa Clara, CA, for mounting a
plurality of  processing chambers, e.g., conventional etch processors 902,
such as DSPIITM polysilicon  etch chambers available from Applied Materials
of Santa Clara, CA, and one or more 20 transfer chambers 903, also called
"load locks". In one embodiment of the present  invention, four etch
processors 902 are mounted to mainframe 901. In one exemplary  embodiment,
three etchers 902 are used for etching, and one is optionally used for
post- etch cleaning (i.e., removing photoresist polymers and other residue
from wafers after  etching). Mainframe 901 is capable of maintaining a
vacuum environment in its interior. 25 A robot 904 is provided for
transferring wafers between processing chambers 902 and  transfer chambers
903. Transfer chambers 903 are connected to a factory interface 905, also
known as a  "mini environment"-, which maintains a controlled environment.
A measurement tool 906,  such as an optical measurement tool utilizing
scatterometry or reflectometry techniques, is 30 mounted inside factory
interface 905. An example of a tool that can be used as  measurement tool
906 is measuring tool 310 described above (see Fig. 1), which can  include
the measurement tool described in U.S. Patent 5,963,329. A processor (i.e.,
a WO 03/075342 PCT/US03/05617  



14 processor corresponding to processor 320) to provide etcher 902 an etch
recipe based on  the wafer CD and profile measurements as described above
can be part of etcher 902 or  mainframe 901. One or more robots 907, or a
track robot, are also mounted inside factory  interface 905 for
transferring wafers between transfer chambers 903, measurement tool 5 906
and standard wafer cassettes 908 removably attached to factory interface
905.  Mainframe 901, transfer chambers 903, factory interface 905 and
robots 904, 907 are all  parts of a conventional processing system such as
the Applied Materials Centura, and  communicate with each other while
maintaining a clean, controlled environment. Such  conventional processing
systems further comprise a processor, such as a computer (not 10 shown) to
electronically control the operation of the system, including the transfer
of  wafers from one part of the system to another. The operation of the
apparatus according to this embodiment of the present  invention will now
be described with reference to the flow chart of Fig. 7. After a  plurality
of wafers are processed at a processing tool, such as a photo cell as
described 15 above, to form a photoresist mask on an underlying layer, they
are loaded into a cassette  908, and the cassette is transferred to factory
interface 905 at step 1010. A wafer is then  unloaded from cassette 908 and
transferred to measurement tool 906 by robot 907 (step  1020), and the CD
and profile of a pattern on the photoresist are measured at step 1030.  At
step 1040, a photoresist trim recipe for the wafer is selected based on the
CD and 20 profile measurements, as explained above. At step 1050, the wafer
is transferred from measurement tool 906 to etcher 902  using robot 907 to
move the wafer to transfer chamber 903, and using robot 904 to move  the
wafer to etcher 902. The photoresist layer is trimmed (step 1060), the
wafer is then  etched (step 1070), typically in the same etcher 902. Next,
in certain embodiments of the 25 present invention, the wafer is
transferred to a photoresist stripping chamber 902 (step  1080), such as a
conventional ash strip chamber, for removal of the photoresist (step
1090). The wafer is then transferred back to measurement tool 906 for a
post-etch CD and  profile measurement (steps 1100 and 1110) before being
loaded into cassette 908 at step  1120. The post-etch CD'and profile
measurements are sent to processor 320, and used to 



30 correct the trim curve and/or etch recipe for the next wafer to be
etched, as explained  above. WO 03/075342 PCT/US03/05617  15 In a further
embodiment of the present invention shown in Fig. 6B, factory  interface
905a has a CD measurement tool 906a mounted to it (instead of inside it as
in the  embodiment of Fig. 6A). The apparatus of Fig. 6B operates according
to the flow chart of  Fig. 7 as described above. 5 In a still further
embodiment of the present invention illustrated in Fig. 6C,  measurement
tool 906a is mounted on mainframe 901 rather than factory interface 905a.
The apparatus of Fig. 6C operates according to the flow chart of Fig. 7 as
described above. In another embodiment of the present invention illustrated
in Fig. 6D, factory  interface 905b has a measurement tool 906A and a
conventional wet clean chamber 909  10 mounted to it. Wet clean chamber 909
can be a single wafer cleaning station using ultrasonic transducers. One of
the chambers 902 on mainframe 901 is a conventional ash  strip chamber, as
discussed above. After a wafer is etched, it is transferred to ash strip
chamber 902 for photoresist removal (steps 1080 and 1090 of Fig. 7), then
it is transferred  to wet clean chamber 909 and cleaned prior to or after
being transferred to measurement  15 tool 906A in step 1100. In another
embodiment of the present invention illustrated in Fig. 6E and fully
described in U.S. Patent Application No. 09/945,454, filed August 31, 2000,
mainframe  901 is the Applied Materials' Centura' and factory interface
905C is the Link, also  available from Applied Materials. Factory interface
905C has a single robot 907A, a 20 measurement tool 906A as described
above, a conventional wet clean chamber 909 as  described above, and a
conventional ash strip chamber 910 mounted to it. Additionally,  two of the
ash strip chambers 910 are mounted on mainframe 901, along with two
conventional etchers 911. Alternatively, four etchers 911 can be mounted to
mainframe  901 instead of ash strip chambers 910. After a wafer is etched,
it is transferred to one of 25 the ash strip chambers 910 for photoresist
removal (steps 1080 and 1090 of Fig. 7), then it  is transferred to wet
clean chamber 909 and cleaned prior to or after being transferred to  



measurement tool 906A in step 1100. The embodiments of the present
invention illustrated in Figs. 6A-E provide pre- etch CD, and profile
measurement, etching, cleaning, and post-etch CD measurement  30 entirely
under controlled environmental conditions. By providing etching, cleaning
and measurement tools on the mainframe and/or factory interface, the wafer
can be etched,  cleaned and inspected before being returned to a cassette,
thereby reducing processing WO 03/075342 PCT/US03/05617  16 16  time and
cost. Moreover, the embodiments of Figs. 6A-D provide feedback and feed
forward of measurement data in real time for every wafer, thereby enabling
etch  processing to be customized for every wafer to increase yield. Thus,
the present invention  provides increases in yield and decreases in
production costs vis-a-vis prior art systems, 5 wherein feedback from CD
measurements, if any, is on a lot-to-lot basis rather than for  every
wafer, and wafers must be exposed to the atmosphere between measuring,
etching  and cleaning steps. The present invention is applicable to the
manufacture of various types of  semiconductor devices, particularly high
density semiconductor devices having a design  10 rule of about O.18 and
under. The present invention can be practiced by employing conventional
materials,  methodology and equipment. Accordingly, the details of such
materials, equipment and  methodology are not set forth herein in detail.
In the previous descriptions, numerous  specific details are set forth,
such as specific materials, structures, chemicals, processes, 15 etc., in
order to provide a thorough understanding of the present invention.
However, it  should be recognized that the present invention can be
practiced without resorting to the  details specifically set forth. In
other instances, well known processing structures have not  been described
in detail, in order not to unnecessarily obscure the present invention.
Only a few examples of the versatility of the present invention are shown
and  20 described in the present disclosure. It is to be understood that
the present invention is  capable of use in various other combinations and
environments and is capable of changes  



or modifications within the scope of the inventive concept as expressed
herein. WO 03/075342 PCT/US03/05617  17  What is Claimed Is: 1. A method of
processing a semiconductor wafer, comprising: (a) measuring a CD and
sidewall profile of a pattern on a patterned layer formed on  an underlying
layer on the wafer; (b) selecting a first set of process parameter values
for a first process to be  5 performed on the wafer, based on the
measurements of the CD and profile; and (c) performing the first process on
the wafer at a processing tool using the first set  of process parameter
values. 2. The method of claim 1, comprising optically measuring the CD and
profile  of the pattern. 3. The method of claim 1, wherein the first
process is an etch process for  forming a structure in the underlying
layer. 4. The method of claim 1, comprising forming the patterned layer by
photolithographically forming a photoresist mask having a photoresist
pattern, wherein the  measuring step comprises measuring a CD and profile
of the photoresist pattern. 5. The method of claim 4, wherein the first
process is a photoresist trim  process, and the first set of process
parameter values includes a trim time. 6. The method of claim 5, comprising
selecting the trim time based on the  measured CD and profile of the
photoresist pattern and further based on a desired post- trim photoresist
CD. 7. The method of claim 6, comprising developing a mathematical
expression  wherein the trim time is a function of the photoresist pattern
CD, the photoresist pattern  profile, and a difference between the
photoresist pattern CD and the desired post-trim  5 photoresist CD, wherein
the photoresist pattern profile comprises a sidewall angle. WO 03/075342
PCT/US03/05617  18 8. The method of claim 6, further comprising etching the
underlying layer  



using the trimmed photoresist pattern as a mask. 9. The method of claim 8,
comprising performing the trim process and the  etch process on the wafer
at the processing tool. 10. The method of claim 8, comprising cleaning the
wafer after performing the  etch process. 11. The method of claim 8,
comprising measuring a CD of a structure formed  in the underlying layer by
the etch process, and selecting a second set of process parameter  values
for a subsequently processed wafer using the CD measurement of the
structure. 12. The method of claim 3, comprising measuring a CD of the
structure formed  in the underlying layer by the first process, and
selecting a second set of process parameter  values for a subsequently
processed wafer using the CD measurement of the structure. 13. The method
of claim 8, comprising choosing an etch recipe for the etch  process based
on the measured CD and profile of the photoresist pattern. 14. The method
of claim 6, wherein the photoresist mask comprises a plurality  of the
photoresist patterns, the method comprising: measuring the CD and profile
of the plurality of the photoresist patterns;  5 averaging the CD and
profile measurements; and using the average CD and profile measurements to
select the trim time. 15. The method of claim 7, wherein an amount of
photoresist trimmed varies  nonlinearly over time, the method comprising
selecting the trim time further based on the  trim nonlinearity. WO
03/075342 PCT/US03/05617  19 16. An apparatus for processing a
semiconductor wafer, comprising: a measuring tool for measuring a CD and
sidewall profile of a pattern on a  5 patterned layer formed on an
underlying layer on the wafer; a processing tool for performing a process
on the wafer using a first set of process  parameter values; and a
processor configured to select the first set of process parameter values
based on  the measurements of the CD and profile. 



17. The apparatus of claim 16, wherein the measurement tool comprises an
optical measuring tool. 18. The apparatus of claim 17, wherein the optical
measuring tool is for  employing scatterometry or reflectometry. 19. The
apparatus of claim 16, wherein the processing tool is an etcher. 20. The
apparatus of claim 19, wherein the patterned layer is a photoresist  mask
having a photoresist pattern, and the measuring tool is for measuring a CD
and  profile of the photoresist pattern. 21. The apparatus of claim 20,
wherein the etcher is for performing a  photoresist trim process on the
photoresist mask, and one of the first set of process  parameters selected
by the processor is a photoresist trim time. 22. The apparatus of claim 21,
wherein the processor is configured to select the  trim time based on the
measured CD and profile of the photoresist pattern and further  based on a
desired post-trim photoresist CD. 23. The apparatus of claim 22, wherein
the processor is configured to select the  trim time using a mathematical
expression wherein the trim time is a function of the  photoresist pattern
CD, the photoresist pattern profile, and a difference between the WO
03/075342 PCT/US03/05617  20 5 photoresist pattern CD and the desired
post-trim photoresist CD, wherein photoresist  pattern profile comprises a
sidewall angle. 24. The apparatus of claim 22, wherein the etcher is for
etching the underlying  layer using the trimmed photoresist pattern as a
mask. 25. The apparatus of claim 24, further comprising a stripping tool
for removing  residue from the wafer after etching the underlying layer.
26. The apparatus of claim 24, wherein the measuring tool is for measuring
a  CD of a structure formed in the underlying layer by the etch process,
and the processor is  configured to select a second set of process
parameter values for a subsequently processed  5 wafer using the CD
measurement of the structure. 27. The apparatus of claim 19, wherein the
etcher is for performing the first  



process to form a structure in the underlying layer, wherein the measuring
tool is for  measuring a CD of the structure formed in the underlying
layer, and the processor is 5 configured to select a second set of process
parameter values for a subsequently processed  wafer using the CD
measurement of the structure. 28. The apparatus of claim 24, wherein the
processor is configured to choose  an etch recipe for the etch process
based on the measured CD and profile of the photoresist  pattern. 29. The
apparatus of claim 22, wherein the photoresist mask comprises a  plurality
of the photoresist patterns, wherein the measuring tool is for measuring
the CD  and profile of the plurality of the photoresist patterns, and the
processor is configured to: 5 average the CD and profile measurements; and
use the average CD and profile measurements to select the trim time. WO
03/075342 PCT/US03/05617  21 30. The method of claim 23, wherein an amount
of photoresist trimmed varies  nonlinearly over time, and the processor is
configured to select the trim time further based  on the trim nonlinearity.
31. An apparatus for processing a semiconductor wafer, comprising: a
measuring tool for measuring a CD and sidewall profile of a pattern on a
patterned layer formed on an underlying layer on the wafer; 5 a processing
tool for performing a process on the wafer using a first set of process
parameter values; a processor configured to select the first set of process
parameter values based on  the measurements of the CD and profile; a
transfer mechanism for transferring the wafer between the measuring tool
and the  10 processing tool; and a chamber for enclosing the transfer
mechanism and allowing communication  between the transfer mechanism, the
measuring tool and the processing tool in a clean  environment. 32. The
apparatus of claim 31, wherein the measurement tool is an optical  



measurement tool. 33. The apparatus of claim 32, wherein the measurement
tool employs  scatterometry or reflectometry. WO 03/075342 PCT/US03/05617
22 34. The apparatus of claim 31, wherein the chamber comprises: a
mainframe for mounting a plurality of processing tools, including the first
processing tool; 5 a factory interface for mounting a wafer cassette; and a
transfer chamber between and in communication with the mainframe and the
factory interface; wherein the transfer mechanism comprises a first robot
for transferring the wafer  between the measurement tool, the transfer
chamber and the wafer cassette, and a second  10 robot for transferring the
wafer between the transfer chamber and the processing tool; wherein the
measurement tool is mounted on the factory interface or the  mainframe. 35.
The apparatus of claim 31, wherein the process tool comprises an etcher.
15 36. The apparatus of claim 35, wherein the processor is configured to:
control the transfer mechanism to transfer the wafer from the etcher to the
measuring tool after the process is performed on the wafer; and control the
measuring tool to measure the CD of a structure formed in the  20
underlying layer at the etcher. 37. The apparatus of claim 34, wherein the
process tool comprises an etcher,  the process is a photoresist trim
process, the first process parameter values comprise a  photoresist trim
recipe, and the processor is configured to control the etcher to perform an
25 etch process on the wafer after the photoresist trim process is
performed on the wafer. 38. The apparatus of claim 37, wherein the
processor is configured to: control the transfer mechanism to transfer the
wafer from the etcher to the  measuring tool after the etch process is
performed on the wafer; and 



30 control the measuring tool to measure the CD of a structure formed in
the  underlying layer during the etch process. WO 03/075342 PCT/US03/05617
23 39. The apparatus of claim 37, further comprising an ashing strip
processing  unit mounted to the mainframe or the factory interface for
removing residue from the  wafer, wherein the processor is configured to
control the transfer mechanism to transfer  the wafer to the ashing strip
processing unit after the etch process is performed on the  wafer. 40. The
apparatus of claim 39, further comprising a cleaning chamber mounted  to
the factory interface for cleaning the wafer, wherein the processor is
configured to  control the transfer mechanism to transfer the wafer to the
cleaning chamber after the  ashing strip process is performed on the wafer
at the ashing strip processing unit. 


