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METHOD AND APPARATUS FOR MEASIIRING A
CHARACTEzuSTIC OF A SAMPLE FEATIIRE

BACKGROIIND OF THE INVENTION

Field ofthe Invention

The present invention is directed to probe-based instruments and, more

paúicularly, relates to a scanning probe microscope (SPM) based method and apparatus

fo¡ faciiitating high speed measurements of a characteristic of a sample feature, such as

the maximum r.vidth of a semiconductor via, a minimum width of a semiconductor line,

or ùhe roughness of a semiconductor line edge.

Description of Related A¡t

Several probe-based instruments monitor the interaction between a cantiiever-

based probe and a sample to obtain infonnation concerning one or more characteristics of

the sample. For example, scanning probe microscopes (SPMs) typically charucte.iøetfre

surface of a sample down to atomic dimensions by monitoring the interaction between

the sample and a tip on the cantilever probe. By providing relative scanníng movement

between the. tip and the sample, surface characteristic data can be acquired over a

particular region of the sample, and a corresponding map of the sample can be generated.

The atomic force microscope (AFM) is a verypopuiar type of SPM. The probe of

the typical AFM includes a very small cantilever which is fixed to a support at its base

and which has a sharp probe tip attached to the opposite, free end. The probe tþ is

brought very near to or into contact with a surface of a sample to be examined, and the

deflection of the cantilever in response to the probe tip's intelaction with the sampie is

measured wiih an extremely sensitive deflection detector, often an optical lever system

such as described in Hansma et al. U.S. Pat. No. RE 34,489, or sorne other deflection

detector such as shain gauges, capacitance sensors, etc. The probe is scanned over a

surface using a high-resolution thn'ee æcis scanner acting on the sample support and/or tire

probe, The instrument is thus capable of creating relatirre motion between the probe and

the sarnple while measuring the topography, elasticity, or sonìe other surface prope(y of

1  METHOD AND APPARATUS FOR MEASURING A
CHARACTERISTIC OF A SAMPLE FEATURE  BACKGROUND OF THE
INVENTION Field of the Invention The present invention is directed to
probe-based instruments and, more  particularly, relates to a scanning
probe microscope (SPM) based method and apparatus  for facilitating
high speed measurements of a characteristic of a sample feature, such as
the maximum width of a semiconductor via, a minimum width of a
semiconductor line,  or the roughness of a semiconductor line edge.
Description of Related Art Several probe-based instruments monitor the
interaction between a cantilever- based probe and a sample to obtain
information concerning one or more characteristics of  the sample. For
example, scanning probe microscopes (SPMs) typically characterize the
surface of a sample down to atomic dimensions by monitoring the
interaction between  the sample and a tip on the cantilever probe. By
providing relative scanning movement  between the tip and the sample,
surface characteristic data can be acquired over a  particular region of the
sample, and a corresponding map of the sample can be generated. The
atomic force microscope (AFM) is a very popular type of SPM. The probe
of  the typical AFM includes a very small cantilever which is fixed to a
support at its base  and which has a sharp probe tip attached to the
opposite, free end. The probe tip is  brought very near to or into contact
with a surface of a sample to be examined, and the  deflection of the
cantilever in response to the probe tip's interaction with the sample is
measured with an extremely sensitive deflection detector, often an optical
lever system  such as described in Hausma et al. U.S. Pat. No. RE
34,489, or some other deflection  detector such as strain gauges,
capacitance sensors, etc. The probe is scanned over a  surface using a
high-resolution three axis scanner acting on the sample support and/or the
probe. The instrument is thus capable of creating relative motion between
the probe and  the sample while measuring the topography, elasticity, or
some other surface property of 6 2  the sample as described, e.g., in
Hansma et al. U.S. Pat. No. RE 34,489; Flings et at. U.S.  
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the sample as described, e.g., in Hansma et al. u.s. pat. No. RE 34,4g9; Elings et al. u.S.

Pat, No. 5,226,80L; and Elings et al. U.S, pat. No. 5,4IZ,ggO.

AFMs may be designed to operate in a variety of modes, including contact mode

and oscíllating mode. In contact mode operation, the microscope typicalll, scans the tip

across the surface of the sample while keeping the force of the tip on the surface of the

sample generally constant. Thís effect is accomplished by moving either the sample or
the probe assernbly vertically to the surface of the sample in response to sensed deflection

of the cantilever as the probe is scanned horizontally across the surface. Li this way, ihe
data associated with this vertical motion can be stored and then used to construct an

image of the sample surface corresponding to the sample characteristic being measured.,

e.g., surface topography. Alternatively, some AFMs can at least seiectively operate in an

oscillation mode of operation such as TappingModerM (TappingMode is a trademark of

Veeco Instruments, Inc.) operation. In TappingModerM operation the tip is oscillated at

or near a resonant frequency of the cantilever of the probe. The amplitude or phase of

this osciliation is kept constant during scanning using feedback signals, which are
generated in response to tip-sample interaction. As in contactmode, these feedback

signals are then oollected, stored, and used as data to characteri ze the sample. The probe

is moved at a fixed speed over the sample to colleci a set nurnber, e.g., 512, of data points

per line, hence dividing the line into 511 equally spaced regions. Each data point

represents an aveÍage height in that region.

Another forrn of oscillating mode operation, known as Critical Dimension mode

or simple "CD" mode, distributes data acquisition along a scan profile so as to maximize

data acquisition points in areas of changing topography. The soan rate is not constant as

in TappingMode because the scanner instead adapts itself to the topography of the sample

sutface. The regions between the data points therefore are not equally spaced. but,

instead, are more heavíly distributed over areas of the changing topography. For

exarnple, of 500 data points taken along a scan profile, 300 data points may be taken over

one-fourth of the total length of that line. As a result, the actual height is determined in

critical regions of the sample as opposed to simpiy deter:rnining an,aveta¡eheight over

the entire region.

Pat. No. 5,226,801; and Elings et al. U.S. Pat. No. 5,412,980. AFMs
maybe designed to operate in a variety of modes, including contact mode
and oscillating mode. In contact mode operation, the microscope typically
scans the tip  across the surface of the sample while keeping the force of
the tip on the surface of the  sample generally constant. This effect is
accomplished by moving either the sample or  the probe assembly
vertically to the surface of the sample in response to sensed deflection  of
the cantilever as the probe is scanned horizontally across the surface. In
this way, the  data associated with this vertical motion can be stored and
then used to construct an  image of the sample surface corresponding to
the sample characteristic being measured,  e.g., surface topography.
Alternatively, some AFMs can at least selectively operate in an  oscillation
mode of operation such as TappingModeTM (TappingMode is a
trademark of  Veeco Instruments, Inc.) operation. In TappingModeTM
operation the tip is oscillated at  or near a resonant frequency of the
cantilever of the probe. The amplitude or phase of  this oscillation is kept
constant during scanning using feedback signals, which are  generated in
response to tip-sample interaction. As in contact mode, these feedback
signals are then collected, stored, and used as data to characterize the
sample. The probe  is moved at a fixed speed over the sample to collect a
set number, e.g., 512, of data points  per line, hence dividing the line into
511 equally spaced regions. Each data point  represents an average
height in that region. Another form of oscillating mode operation, known as
Critical Dimension mode  or simple "CD" mode, distributes data
acquisition along a scan profile so as to maximize  data acquisition points
in areas of changing topography. The scan rate is not constant as  in
TappingMode because the scanner instead adapts itself to the topography
of the sample  surface. The regions between the data points therefore are
not equally spaced but,  instead, are more heavily distributed over areas
of the changing topography. For  example, of 500 data points taken along
a scan profile, 300 data points may be taken over  one-fourth of the total
length of that line. As a result, the actual height is determined in  critical
regions of the sample as opposed to simply determining an average
height over  the entire region. 3  AFMs and other SPMs are being used
with increasing frequency for measuring 'characteristics of features of
semiconductor devices and other devices with high accuracy  
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AFMs and othet SPMs arebeing used with increasing frequency for measuring
'characteristics 

of features of semiconductor devices and other devices with high accuracy

and repeatability. For example, several operational characteristics of a semiconductor

wafer are dependent upon the exh'eme dimensions of features formed on or in the wafer's

surface. Semiconductor device manufacturers demand that these charucteristics be

larown with a high degree of precision. These characteristics include, but are not limited

to "extreme dimensions" such as the maximum widths of vias and trenches and the

minimum widths of lines. A line is a semiconductor structure expanding upwardly

substantiallyperpendicular to the top surface of the wafer. A trench is an elongated

depression etched into or otherwise formed in a dielectric surface of a wafer. Trenches

arc oftenfilled with trenchcapacitors. A "via" is ahole which is etched or otherwise

formed in the interlayer dielectric of awafer. It may be filted with a conducting matenal,

such as metal, to allow for the elechical connection of several lavers on the

semíconductor, typically either tungston or copper.

Via metrology in semiconductor processing is important for the development and

production of fast, efficient integrated circuits (ICs). For instance, fhe critical dimensions

of vias are intimately related to chip speed. Chip speed is proportional to the rate at

which swítches are able to change between'bn" and "off'states. This slryitching speed

is inversely proportional to it's circuit's time constant, RC where C ís the capacitance of

the semiconductor device that is switching states and R is the resistance of the via that is

permitting the dissipation of charge stored in that capacitor and is inversely proportional

to the vias ctoss sectional area. This resistance is also intimately tied to the continuity of

the conductive material that will fili the via. When the sidewalls of the via are sloped,

voids and defects aro more likely to occur during the fill process, causing higher

resistance along the via, if not breaking conductivity all together, thus reducing

device/chip speed. Thus, in order to develop fast, efficient ICs, knowledge of top, middle

and bottom via widths is lielpful for optimizing device, circuit and chip performance.

A semiconductor via V is shown somewhat schematically in greater detail in Fig.

1A-1C. It is generally in the shape of a fruncated hemispliere, having a nraximurn depth

D*n*lteaf its center. At any given location alorrg the depth of the via V, it lviil also have a

and repeatability. For example, several operational characteristics of a
semiconductor  wafer are dependent upon the extreme dimensions of
features formed on or in the wafer's  surface. Semiconductor device
manufacturers demand that these characteristics be  known with a high
degree of precision. These characteristics include, but are not limited  to
"extreme dimensions" such as the maximum widths of vias and trenches
and the  minimum widths of lines. A line is a semiconductor structure
expanding upwardly  substantially perpendicular to the top surface of the
wafer. A trench is an elongated  depression etched into or otherwise
formed in a dielectric surface of a wafer. Trenches  are often filled with
trench capacitors. A "via" is a hole which is etched or otherwise  formed in
the interlayer dielectric of a wafer. It maybe filled with a conducting
material,  such as metal, to allow for the electrical connection of several
layers on the  semiconductor, typically either tungston or copper. Via
metrology in semiconductor processing is important for the development
and  production of fast, efficient integrated circuits (ICs). For instance, the
critical dimensions  of vias are intimately related to chip speed. Chip
speed is proportional to the rate at  which switches are able to change
between "on" and "off' states. This switching speed  is inversely
proportional to it's circuit's time constant, RC where C is the capacitance
of  the semiconductor device that is switching states and R is the
resistance of the via that is  permitting the dissipation of charge stored in
that capacitor and is inversely proportional  to the vias cross sectional
area. This resistance is also intimately tied to the continuity of  the
conductive material that will fill the via. When the sidewalls of the via are
sloped,  voids and defects are more likely to occur during the fill process,
causing higher  resistance along the via, if not breaking conductivity all
together, thus reducing  device/chip speed. Thus, in order to develop fast,
efficient ICs, knowledge of top, middle  and bottom via widths is helpful for
optimizing device, circuit and chip performance. A semiconductor via V is
shown somewhat schematically in greater detail in Fig,  IA-IC. It is
generally in the shape of a truncated hemisphere, having a maximum
depth  Dmaz near its center. At any given location along the depth of the
via V, it will also have a 4  maximum width Wmax. Three maximum widths
Wmaxtop,Wmaxmiddle, and Wmaxbouom are  illustrated in Figs. 113 and
IC by way of example in the upper, central, and lower regions  of the via.
Techniques have been proposed to measure extreme dimensions of  
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maximum width W.u*. Three maximum widths'W.u*¡op,W'*axmiddte, and Wmaxbs¡¡s¡¡ a'rÊ

illustrated. in Figs. 1B and lC by way of example in the upper, central, and lower regions

of the vía. Techniques have been proposed to measure extreme dimensions of

sendcoßductor characteristics such as a via's maximum width using an AFM. However,

these techniques have proven less than optimal.

For instance, in one approach utilized by the SXM sofhruare incorporated into

some AFMs available from Veeco lnstruments Tnc., ahigh-resolution scan is taken over

an ùreàof the semiconductor surface containing the feature of interest. As is typical with

such scans, data is obtained by moving the probe back and forth relative to the sample in

aprimary or X direction while incrementing the probe relative to the sample in the Y

direction befween passes in the X direciion. The resultant scan secures data along

profiles P or lines "L" in the X direction, with the adjacent lines being separated by a gap

ÄYwc in the Y dírection as is seen in Figure 2A. The length of each scan line, spacing

between adjacent scan lines, and number of scan lines are user-defined, The length and

height of the scan may range from considerably less than 1 micron to 4 microns or more.

The resolution of the data is dependent in part upon the length of the increments AYn¡c or

stated another way, of the density of the scan in the Y direction. High-resolution scans in

CD mode typically involve 35-60 scan lines per micron, typicaliy resulting in the

acquisition of |6-32scan lines passing through the feature of interest. After taking such a

high-resolution scan through the feature of interest, the software simply selects ttre scan

line having the gteatest or smallest length in the X direction as the maximum or

minimum lengfh of the feature of interest. Once such line is designation L¡¡¡:ç¿r,p in

Figure 2A..

The technique desoribed above is relatively time consurning because it requires a

high-resolution scan. It also leads to relatively rapid tip wear - an important

consideration where AFM tips are employed that may cost $1,000 or more. Perhaps

somewhat counterintuitively, the repeatability is also relativeiy poor even ai high-

resolution. The reasons for this characteristic can be appreciated with reference to Figure

28. That figule shows a portion of a sidewall edge of the via V of Figure 2A that

includes the point P¿cr ai which the line Lrønx ecr of greatest tnaximum length acttrally

semiconductor characteristics such as a via's maximum width using an
AFM. However,  these techniques have proven less than optimal. For
instance, in one approach utilized by the SXM software incorporated into
some AFMs available from Veeco Instruments Inc., a high-resolution scan
is taken over  an area of the semiconductor surface containing the feature
of interest. As is typical with  such scans, data is obtained by moving the
probe back and forth relative to the sample in  a primary or X direction
while incrementing the probe relative to the sample in the Y  direction
between passes in the X direction. The resultant scan secures data along
profiles P or lines "L" in the X direction, with the adjacent lines being
separated by a gap  AYINC in the Y direction as is seen in Figure 2A. The
length of each scan line, spacing  between adjacent scan lines, and
number of scan lines are user-defined, The length and  height of the scan
may range from considerably less than 1 micron to 4 microns or more.
The resolution of the data is dependent in part upon the length of the
increments AYINC or  stated another way, of the density of the scan in the
Y direction. High-resolution scans in  CD mode typically involve 35-60
scan lines per micron, typically resulting in the  acquisition of 16-32 scan
lines passing through the feature of interest. After taking such a
high-resolution scan through the feature of interest, the software simply
selects the scan  line having the greatest or smallest length in the X
direction as the maximum or  minimum length of the feature of interest.
Once such line is designation LMAX APP in  Figure 2A. The technique
described above is relatively time consuming because it requires a
high-resolution scan. It also leads to relatively rapid tip wear - an important
consideration where AFM tips are employed that may cost $1,000 or
more. Perhaps  somewhat counterintuitively, the repeatability is also
relatively poor even at high- resolution. The reasons for this characteristic
can be appreciated with reference to Figure  2B. That figure shows a
portion of a sidewall edge of the via V of Figure 2A that  includes the point
PACT at which the line LMAX ACT of greatest maximum length actually
passes. The line LMAx ACT lies between the line LMAx APP that is
identified by software as  the line of maximum length and the next
adjacent line, resulting in an offset AY between  LMAx ACT and LrmxAPP.
The likely magnitude of the offset AY, as reflected by reduced
repeatability, is inversely related to the resolution of the scan. Hence,
while some users  may adopt a scan density of as little as 4 scan lines
passing through the feature of interest  
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passes. The line Luexacr lies befween the line Lu¿x¿¡p that is identiñed by software as

the line of maximum lengh and the next adjacent line, resulting ín an ofßet AY between

Luaxecr and L¡¿a¡ç¡¡'p. The likely magnitude of the offset AY, as reflected by reduced

repeatability, is inversely related to the resolution of the scan. Hence, while some users

may adopt a scan density of as little as 4 scan lines passing through the feature of interest

to maximize throughput, the repeatability of the resulting rneasurement is extremely poor.

In additio4 noise in the measurement resulting from scanner hysteresis and other factors

may result in the acquisition of data on an apparent surface Sapp that deviates fiom the

actaal surface 566¡, resulting in the determination of an apparent end point P¿¡,p of the

line L¡,,rtxlpp that is ofßet from the actual point P¿cron the actual surface S¡¡p by a

factor AX. The ofßet ÄY could be reduced by increasing resolution still further (at the

cost of reduced speed and increased tip wear), but the ofßet ÀX could be the sarne or

even worse. Indeed, the increased measurement period required for high-resolution scans

reduces accuracy because temperature changes and other envùonmentalvariations that

occur over time can lead to increased measurement variations.

Another teclmique, proposed by IBM, attempts to determine the maximum width

of a via or similar sample feature by obtaining a high-resolution scan as described above

and then interpolating the measured width between scan lines to obtain the location of the

actual longest scan, line as opposed to sirnply selecting a scanned line. However, this

technique, like the technique described above, is ti¡ne consuming and subject to rapid tip

wear. It interpolates width, so it assumes that width varíation is uniform or can be

modeled by a fixed polynomial order. It also assumes that both edges of the via are of

symmetrically identical shape - an assumption that ofton is inaccurate. The interpolation

procedure utilized by this technique also varies with the scans and, accordingly, does not

have good repeatability.

Ia light of the foregoing, the need exists to measure a characteristic of a feature of

a sample, such as a maximum or minímum width, rapidiy and with high levels of

rep eatability and accuracy,

to maximize throughput, the repeatability of the resulting measurement is
extremely poor.  In addition, noise in the measurement resulting from
scanner hysteresis and other factors  may result in the acquisition of data
on an apparent surface SApP that deviates from the  actual surface
SACT, resulting in the determination of an apparent end point PAPP of the
line LMAx APP that is offset from the actual point PACT on the actual
surface SApp by a  factor AX. The offset AY could be reduced by
increasing resolution still further (at the  cost of reduced speed and
increased tip wear), but the offset AX could be the same or  even worse.
Indeed, the increased measurement period required for high-resolution
scans  reduces accuracy because temperature changes and other
environmental variations that  occur over time can lead to increased
measurement variations. Another technique, proposed by IBM, attempts
to determine the maximum width  of a via or similar sample feature by
obtaining a high-resolution scan as described above  and then
interpolating the measured width between scan lines to obtain the location
of the  actual longest scan line as opposed to simply selecting a scanned
line. However, this  technique, like the technique described above, is time
consuming and subject to rapid tip  wear. It interpolates width, so it
assumes that width variation is uniform or can be  modeled by a fixed
polynomial order. It also assumes that both edges of the via are of
symmetrically identical shape - an assumption that often is inaccurate.
The interpolation  procedure utilized by this technique also varies with the
scans and, accordingly, does not  have good repeatability. In light of the
foregoing, the need exists to measure a characteristic of a feature of  a
sample, such as a maximum or minimum width, rapidly and with high
levels of  repeatability and accuracy. 6 SUMMARY OF THE INVENTION
In accordance with a first aspect of the invention, the above-identified
need is met  by providing a measuring technique that obtains an SPM
scan of a feature of interest in  the Y and then fits a curve to a family of
feature edge points developed as a result of that  scan. A single curve can
provide valuable information regarding line roughness or a  similar
characteristic. If two curves are fit to opposed edges of the feature of
interest, the  maximum or minimum distance between those curves can be
determined to ascertain a  dimension of interest such as a maximum via
width, minimum line width, etc. The scan  
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SUIv04ARY OF THE INrI¿ENTIOI'I

In accordance with a first aspect of the invention, the above-identified need is met

by providing a measuring technique that obtains an SPM scan of a feature of interest in

the Y and then fits a curve to a family of feature edge points developed as a result of that

scan. A single curve cafl provide valuabTe information rcgardingiine roughness 01'a

similar characteristic. If two curves ate fú to opposed edges of the feature of interest, the

maximum o¡ mini¡num distance between those curyes can be determined to asoertain a

dimension of interest such as a maximum via width, minimum line widih, etc. The scan

preferably is relatively low-resolution, including as few as 4 and typically about 15-30

scan profiles ín the X direction per L um the Y direction. For a typical semíconductor

feature having a height in the 150 to 300 rnn range, the scan produces about I to 12 scan

profi.les passing tluough the feahrre. The resultant low-resolution scan can be performed

rclatively rapidly, potentially doubling the sample throughput when compared to the prior

art utilizing lrigh-resolution soans. Ii also significantly reduces tip wear when compared

to hígh-resolution scans. The resulting measûrements are also highiy accurate and

extremely repeatable. In fact, the characteristic dimension can be determined with th¡ee-

ø dynamic repeatability, i.e., of about 2nanometers or less in most instances.

The curves are preferably second order polynomial curves fitby a weighted least

squares regression technique. However, other polynomial functions and/or other cuwe

fitting techniques could be employed depending, e.g.> on designer preference and the

charactedstics of the feature being measured.

In accordance with another aspect of the invention, an AFM configured to

perform the process described above is provided.

These and other features and advantages of the invention will become apparent to

those skilled in the art ftom the following detailed description and the accompanying

drawings. It should be understood however, that the detailed description and specific

examples, while indicating preferred embodiments of the present invention, are given by

way of illuskation and not of limitation. Many ohanges and modifioations may be made

r.vithin the scope of the present invention withoui departing fiom the spirit thereofl and

the invention includes all such modífi.cations.

preferably is relatively low-resolution, including as few as 4 and typically
about 15-30  scan profiles in the X direction per I um the Y direction. For a
typical semiconductor  feature having a height in the 150 to 300 run range,
the scan produces about 8 to 12 scan  profiles passing through the
feature. The resultant low-resolution scan can be performed  relatively
rapidly, potentially doubling the sample throughput when compared to the
prior  art utilizing high-resolution scans. It also significantly reduces tip
wear when compared  to high-resolution scans. The resulting
measurements are also highly accurate and  extremely repeatable. In fact,
the characteristic dimension can be determined with three- a dynamic
repeatability, i.e., of about 2 nanometers or less in most instances. The
curves are preferably second order polynomial curves fit by a weighted
least  squares regression technique. However, other polynomial functions
and/or other curve  fitting techniques could be employed depending, e.g.,
on designer preference and the  characteristics of the feature being
measured. In accordance with another aspect of the invention, an AFM
configured to  perform the process described above is provided. These
and other features and advantages of the invention will become apparent
to  those skilled in the art from the following detailed description and the
accompanying  drawings. It should be understood, however, that the
detailed description and specific  examples, while indicating preferred
embodiments of the present invention, are given by  way of illustration and
not of limitation. Many changes and modifications may be made  within
the scope of the present invention without departing from the spirit thereof,
and  the invention includes all such modifications. gI 7  BRIEF
DESCRIPTION OF THE DRAWINGS A preferred exemplary embodiment
of the invention is illustrated in the  accompanying drawings in which like
reference numerals represent like parts throughout,  and in which: Figures
IA-1 C are plan, side sectional, and a cutaway perspective views,
respectively, of a semi-conductor via measurable in accordance with the
present  invention; Figures 2A and 2B schematically illustrate the
scanning of a characteristic feature  



BzuEF DES CRIPTION OF THE DRJUryT\IGS

A preferred exemplary embodiment of the invention is illustrated in the

accompanying drawings in which Tike relerence numerals represent like parts throughout,

and in which:

Figures 1A-1C are plan, side sectionaT, and a culnway perspective views,

respectiveiy, of a semi-conductor via measurable in accordance with the present

invention;

Figures 2A and 28 schematically illustrate the scanriing of a characteristic feature

of a sample in accordance with a prior art tecbniqu e, appropnately labeled "PRIOR

ART";

Figures 3A-3D schematically illushates a procedure for determining a

characteristic dimension of a sampte feature in accordanoe with a preferred embodiment

of the invention;

Figure 4 schernatically ilLustrates a technique for measuring line roughness in

accordance with a preferred ernbodiment of the present invention; and

Figure 5 schematicalLy illustrates an AFM configured to implement the procedure

of Figures 3 and4.

DETAILED DESCRIPTION OF THE PREFERRED EMBODMENTS

As discussed briefty in the Surnmary section above, a procedure performed in

accordance with the first preferred embodiment of the invention involves taking an SPM

scan of a portion of a sample surfaoe containing a feabxe of interest, determining the

location of at ieast one edge of the sample feature, and then frtiing a curve to determine

the location of that edge. The feature may be any ohange in topography or other

mechanical property of the sample surface. A single ourve can provide useful

information ooncerníng a characteristic feature, such as iine edge roughness. If two

curves are ffithrough determined locations on opposed edges of the featwe, the

maximum and/or mininrum distances (known as "extreme distances") between those

culves can be ascertained to obtain a precise tneasurernent of a cltaructeristic dimension

such as maximurn via width or minimum line width, When edge locations are

of a sample in accordance with a prior art technique, appropriately labeled
"PRIOR  ART' ; Figures 3A-3D schematically illustrates a procedure for
determining a  characteristic dimension of a sample feature in accordance
with a preferred embodiment  of the invention; Figure 4 schematically
illustrates a technique for measuring line roughness in  accordance with a
preferred embodiment of the present invention; and Figure 5
schematically illustrates an AFM configured to implement the procedure
of Figures 3 and 4. I s,  DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS As discussed briefly in the Summary section above, a
procedure performed in  accordance with the first preferred embodiment
of the invention involves taking an 5PM  scan of a portion of a sample
surface containing a feature of interest, determining the  location of at
least one edge of the sample feature, and then fitting a curve to determine
the location of that edge. The feature maybe any change in topography or
other  mechanical property of the sample surface. A single curve can
provide useful  information concerning a characteristic feature, such as
line edge roughness. If two  curves are fit through determined locations on
opposed edges of the feature, the  maximum and/or minimum distances
(known as "extreme distances") between those  curves can be
ascertained to obtain a precise measurement of a characteristic
dimension  such as maximum via width or minimum line width, When
edge locations are 8  ascertained on opposite sides of the feature, those
edges are preferably located on a  common horizontal plane of known
depth so as to ensure that the determined distance has  no vertical or Z
component and, therefore, is an accurate representation of the true
distance in the horizontal or XY plane. Referring initially to Figures 3A
and3B, a section of a semi-conductor wafer  surface S is scanned that
includes a feature of interest, in this case a via V. As is typical,  the via V
is generally circular in shape and has a maximum depth D and width W.
The  scan height may be user defined and is typically between 300 and
600 umi, but can vary  considerably on either end of that range depending
on, e.g., user preference and the  
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asceltained on opposite sides of the feature,those edges are preferably located on a

colnmon horizontal plane of known depth so as to ensure that the determined distance has

no vertical ot Z component and, thereforc, is an accurate representatíon of the true

distance in the horízontal or XY plane.

Refening initially to Figures 3A and3B, a section of a semi-conductor wafer

surface S is scarured that includes a feature of inierest, in this case a via V. As is typical,

thevia V is generally circular in shape and has a maximum depth D and width W. The

scan height may be user deftned and is typically between 300 and 600 nm, but can vary

considerably on either end of that range depending on, e.g., user preference and the

height of the feature being scanned. For instance, it may be I micron hígh or even

considerably higher. The scan density is also user defined and tends to increase with

decreased featu¡e height in order to assure tløt atleast 4, andprefetably about 8-12, scan

profiles cross the feature of interest. A scan profile generally consists of an array of

measurements of one ot more properfies of a surface in alocalized area. Usually a scan

profi.le consists of a series of measurements perfonned along a single scan line, that is,

linearly aligned across a portion of a sarnple. A scan profile can, however, have an

arbitrary shape. Such scan profiles can be arranged, for example, to intersect a iarger

number of sample features that are not necessarily on the same line.

In order to maximize tlroughput and increase accuracy, the preferred scan density

is less than, and more preferably about half that, typically ernployed by the prior art. For

a 300-600 nm scan tluough a feature having a height of, e.g., 150 - 300 nm, the scan

density is preferably about 15-30 scan profiles per micron, resulting in the desired 8-12

scan profiles passing through the feature. Prior techniques, on the other hand, typioaliy

had a scan density of about 35-60 scan profiles per micron on the same sized scan,

typically resulting 16-32 scanprofiles passing through the feature. Ttu'oughput therefore

is roughly doubled low-resolution

Data is preferably collected in the so-called "CD" mode which, as discussed

above, concentrates the data points in areas of changing topography, in this case the

opposíte sídewalls W'l and Wz of the via V. Everything else being equal, at least about

twice as many salnpies canbe measured per hour using a scan having low-resolution in

height of the feature being scanned. For instance, it may be 1 micron high
or even  considerably higher. The scan density is also user defined and
tends to increase with  decreased feature height in order to assure that at
least 4, and preferably about 8-12, scan  profiles cross the feature of
interest. A scan profile generally consists of an array of  measurements of
one or more properties of a surface in a localized area. Usually a scan
profile consists of a series of measurements performed along a single
scan line, that is,  linearly aligned across a portion of a sample. A scan
profile can, however, have an  arbitrary shape. Such scan profiles can be
arranged, for example, to intersect a larger  number of sample features
that are not necessarily on the same line. In order to maximize throughput
and increase accuracy, the preferred scan density  is less than, and more
preferably about half that, typically employed by the prior art. For  a
300-600 nm scan through a feature having a height of, e.g., 150 - 300 urn,
the scan  density is preferably about 15-30 scan profiles per micron,
resulting in the desired 8-12  scan profiles passing through the feature.
Prior techniques, on the other hand, typically  had a scan density of about
35-60 scan profiles per micron on the same sized scan,  typically resulting
16-32 scan profiles passing through the feature. Throughput therefore  is
roughly doubled low-resolution Data is preferably collected in the so-called
"CD" mode which, as discussed  above, concentrates the data points in
areas of changing topography, in this case the  opposite sidewalls Wt and
W2 of the via V. Everything else being equal, at least about  twice as
many samples can be measured per hour using a scan having
low-resolution in } 9  the Y direction, as compared with the prior art
techniques that require a high-resolution  scan. Once the data is collected,
the location of scanned points P1-P8 on two opposed  edges El and E2 of
the feature are identified in a common reference location. An "edge"  in
this regard is the X or fast scan value at a defined reference location. The
reference  location may be a reference Z plane or a specific vertical
absolute percentage offset from  the top or bottom of the sample. It also
could take the form of a slope threshold of the  feature. If a Z plane is
selected as the reference location, it is selected by selecting a
designated, even arbitrary height H at a fixed distance either below the
surface S of the  
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the Y direction, as compared with the prior art techniques that require a high-resolution

scan.

Once the data is collected, the location of scanned points P1-P8 on two opposed

ed.ges E1 and Ez of the feature are identified in a common reference location. Aft "edge"

in this regard.is the X or fast scan value at a def,rned reference location, The reference

iocation may be a reference Z plarrc or a specific vertical absolute percentage offset from

the top or bottom of the sample. It also couid take the form of a slope th¡eshold of the

feature. If aZplaneis selected as the reference location, it is selected by selecting a

designated, even arbltary height H at afixed distance either below the surface S of the

via V or above the bottom B of the via V. Both of these locations are known as a result

of the scan operation. It should be emphasized that the magnitude of the height H is

somewhat arbitrary and may be user defined. The process may be repeated at more than

one height H. hrdeed, the process could be repeated for any desired number of heights to

ascertain a range of minimum or maximum distanoes at various locations along the via V'

For instalce, the procedurc could be performed at the top, middle, and bottom portions of

the via V to provide results at three levels over the depth of the via, yet still maintain the

throughput advantages of the preferred embodiments.

Once the edge points Pi-Ps on each side of the feature of interest are selected, a

separate curve CL, C2 is fit through each of the points as illustrated in Figure 3D to report

the changes in the conesponding edges Er and Ez. The curves C1 and C2 will have a

polynomial form. In the case of a via mapped by an AFM, each curve will take the form

of a parabola rather than a circle. This is because an AFM tþ scanning a circular feature

makes an ellipse orparabola rather thanacircle due to tho manner in which the probe tip

tracks the surface during a scan operation'

It is assumed at this point that the curves C1 and CZ eachhave an axis that is

aligned to the scan direction or parallel to the X axis in the figures. This assumption

permits the curve to be fit using only Y as a variabie. If that assumption proves not to be

colrect, each curve could be fit with a fuli two-dimensional quadratic form. The resulting

prooess is more complex than the one described above, but within the capabilities of

those familiar with curve fitting teohníques.

via V or above the bottom B of the via V. Both of these locations are
known as a result  of the scan operation. It should be emphasized that the
magnitude of the height H is  somewhat arbitrary and may be user
defined, The process may be repeated at more than  one height H.
Indeed, the process could be repeated for any desired number of heights
to  ascertain a range of minimum or maximum distances at various
locations along the via V.  For instance, the procedure could be performed
at the top, middle, and bottom portions of  the via V to provide results at
three levels over the depth of the via, yet still maintain the  throughput
advantages of the preferred embodiments. Once the edge points Pi-Ps on
each side of the feature of interest are selected, a  separate curve C 1, C2
is fit through each of the points as illustrated in Figure 3D to report  the
changes in the corresponding edges Ei and E2. The curves C1 and C2
will have a polynomial form. In the case of a via mapped by an AFM, each
curve will take the form {  of a parabola rather than a circle. This is
because an AFM tip scanning a circular feature makes an ellipse or
parabola rather than a circle due to the manner in which the probe tip
tracks the surface during a scan operation. It is assumed at this point that
the curves Cl and C2 each have an axis that is  aligned to the scan
direction or parallel to the X axis in the figures. This assumption  p t
ermits the curve to be fit using only Y as a variable. If that assumption
proves not to be  correct, each curve could be fit with a full
two-dimensional quadratic form. The resulting  process is more complex
than the one described above, but within the capabilities of  those familiar
with curve fitting tecluiiques. p~p 10  Any suitable curve fitting technique
may be used to define the respective parabolic curves C I and C2. One
suitable, but by no means the only possible curving  fitting technique, is
the so-called "weighted least curves" regression technique. Weighted
least squares reflect the behavior of the random errors in the model; and it
can be used  with functions that are either linear or nonlinear in the
parameters. With this technique,  extra nonnegative constants, or weights,
associated with each data point are incorporated  into the fitting criterion.
The magnitude of the weight indicates the precision of the  information
contained in the associated observation. Optimizing the weighted fitting  
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Any suifable cuwe fitting technique may be used to define the respective

parabolic curves C1 and C2. One suitable, but by no means the only possible curving

fiiting technique, is the so-called "weighted ieast curves" regression technique. Weighted

least squares reflect the behavior of the random errors in the model; and it oan be used

with functions that are either linear or nonlinear in the parameters. With this technique,

ext¡a noruregative constants, or weights, associated with each data point are incorporated

into the fitting criterion. The magnitude of the weight indicates the precision of the

information contained in the associated observatiori. Optimizing the weighted fitting

criterion to find the parameter estimates allows the weights to determine the contribution

of each observation to the final parameter estimates. The weight for each observation is

given relative to the weights of the other observations. Different sets of absolute weights

therefore can have identical effects.

The curve fitting operation will derive two parabolic equations Cl* and C2*

having the following fonnula:

C I ( X ) : o l Y z + b y Y + c I

C 2 ( X ) = a 2 Y 2 + b L X + c L

Equation 1

Equation 2

The distance D(Ð between the two curves in any location along the Y direction

ofthe viamaybe expressed as:

D(X) = CZ(X) - CL(X) = (aZ - aL)Yz + (b2- bI)Y + (cZ - cI) Equation 3

At a maximum or minimum distance between the two cutves, the derivative of

this equation will be zero. Hence:

D'(X) - 2Y (a2 - ãI)Y + (bz - br) - s Equation 4

criterion to find the parameter estimates allows the weights to determine
the contribution  of each observation to the final parameter estimates. The
weight for each observation is  given relative to the weights of the other
observations. Different sets of absolute weights  therefore can have
identical effects. The curve fitting operation will derive two parabolic
equations Cl, and C2x  having the following formula: C1(X) = alY2+blY+c1
Equation I  C2(X) = a2 Y 2+ b l X+ c l Equation 2 The distance D(X)
between the two curves in any location along the Y direction  of the via
maybe expressed as: D(X)=C2(X)-Cl(X)=(a2-al)Y2+(b2-bl)Y+(c2-c1)
Equation 3 At a maximum or minimum distance between the two curves,
the derivative of  this equation will be zero. Hence: D'(X) =
2Y(a2-al)Y+(b2-bl) = 0 Equation 4 Hence, the maximum via width Xn, can
be reflected by: maximum Distance Xm = -(b2 - bl) /(a2 - al) Equation 5
Since al, a2, bl, and b2 are known from the curve fitting operation, X. can
be  readily determined. The basic technique described above can also be
used to measure line edge  roughness, sometimes called "sidewall
roughness." Line edge roughness is the deviation  when viewed in top
plan, of the edges of a semiconductor fine from an ideal or profile.
Referring to Figure 4, the opposed edges Ll; and L2; of the illustrated
hypothetical line L  should ideally be of a specified shape, such as a
straight tine. In the illustrated  hypothetical example, they are straight as
shown. However, the actual edges, LIACT and  L2ACT deviate from the
ideal shape. In the illustrated example, they are curved or rippled.  It is
desirable to know the magnitude of these deviations. This magnitude can
be determined by collecting data points at a particular height  along the
edge of a line, and fitting a curve to those points using the curve fitting
procedure described above or any other suitable curve fitting procedure.
That curve may  take the form of a parabola as described above or may
take the form of a higher order  polynomial. Once the curve is fit, line edge
roughness can be measured by characterizing  deviations of the. actual
line edge from the fit curve. 
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Hence, the maximum via width X* can be reflected by:

maximurn Distance X* = -(b2-bI) l(aT- aI) Equation 5

since al, a2,b1, andb? are known from the curve fítting operafion, x* can be

readily determined.

The basic technique described above can also be used to measure line edge

roughness, sometimes called "sidewall roughness." Line edge roughness is the deviation

when víewed in top plan, of the edges of a semiconductor line from an id.eal or profi.le.

Referring to Figure 4, the opposed edges L1¡ and L2¡ of the illustrated hypothetical line L

should ideally be of a specified shape, such as a straight line. In the illustrated

hypothetical example, they are straight as shown. However, the actual edges, Lrecr and

Lzncr deviate from the ideal shape. In the illustrated example, they arc curveð or rippled.

It is desirable to know the magnihrde of these deviations.

This magnitade canbe determined by collecting datapoints at aparticular height

along the edge of a líne, and fitting a curve to those points using the cuwe fitting

procedure described above or any other suitable curve ñttingprocedure. That curve may

take the form of a parabola as described above or may take the form of a higher order

polynomial. Once the curve is fit, line edge roughless can be measured by charactenzing

deviations of the actual line edge from the f,rt curve.

In addition to being relatively fast, the technique described above is relatively

insensitive to noise and, accordingly, highly repeatable because the curye fitting process

tends to act as afilter to the acquired data. In fact, the charactedstic dimension can be

determined wíth tluee-o dynamic repeatability of less than about 2 nm in most instances.

That repeatability is much less sensitive to scan density than with the SXM and IBM

methods described above. Actual repeatability frorn 3 different data sets is reflected in

Table 1:

In addition to being relatively fast, the technique described above is
relatively  insensitive to noise and, accordingly, highly repeatable because
the curve fitting process  tends to act as a filter to the acquired data. In
fact, the characteristic dimension can be  determined with three-a dynamic
repeatability of less than about 2 nm in most instances.  That repeatability
is much less sensitive to scan density than with the SXM and IBM
methods described above. Actual repeatability from 3 different data sets is
reflected in  Table 1: 12  Table 1: Repeatability (nm) Top Width Middle
Width Bottom Width  Data set 1 SXM method 2.76 0.81 0.83  IBM method
3.14 1.06 0.76  Via 1.30 0.76 0.62  Data set 2 SXM method 2.90 2.48 1.88
IBM method 1.97 2.04 1.36  Via 1.30 1.43 1.12  Data set 3 SXM method
5.13 3.55 3.57  Via 2.41 2,37 1.94  An AFM that is capable of
implementing the techniques described above is illustrated in Figure 5.
The AFM includes a probe device mounted over a sample 22.  The probe
device includes at least a probe 12 having a cantilever 14 and a tip 16
mounted  on the free end portion of the cantilever 14. The probe device is
coupled to an oscillating  actuator or drive 16 that is used to drive probe
12 to oscillate, in this case, at or near the  probe's resonant frequency,
Commonly, an electronic signal is applied from an AC  signal source 18
under control of an AFM control station 20 to the drive 16 to oscillate
probe 12, preferably at a free oscillation amplitude A0. Control station 20
typically  consists of at least one computer and associated electronics and
software that perform the  tasks of data acquisition and control of the
AFM. The control station 20 may consist of a  single integrated unit, or
may consist of a distributed array of electronics and software.  



Table 1: RepeatabilitY (nm)

Top Width Middle TVidth Bottom Width

Data set I

SXM method 2.76 0.81 0.83

IBMmethod s.t4 7.06 0.76

Via t .30 0.76 0.62

Data set 2

SXM method 2.90 2.48 1.88

IBM mefhod 1.97 2.04 1..36

Via 1.30 1.43 1.12

Data set 3

SXM method 5.13 3.55 3.57

Yia 2.41 2.37 1.94
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An AFM that is capable of ímplementing the techniques described above is

illustrated in Figure 5. The AFM includes a probe device mounted over a sample22'

The probe device inciudes at least aprobe 12 having a oantilever 14 and atíp 16 mounted

on the lree encl portion of the cantilever 14. The probe device is coupled to an oscillating

actuator or dríve 16 that is used to drive probe 12 to oscillate, in this case, at ornear the

probe's resonant frequency. Cornmonl¡ an electronic signal is applied frorn an AC

signal source 18 under control of an AFM conkol station 20 to the drive 16 to oscillate

probe 12, preferably at afree oscillation,ampiitude A. Control station 20 typically

consisis of at least one computer and assóciated electronics and soÍtware that pelfonn the

tasks of data acquisition and control of the AFM. The confuol station 20 rnay consist of a

singte iptegrated unit, or may consist of a distribut ed atay of elechonics and software.

The cotrtrol station may use atypicaldesktop computer, a laptop computer, an industrial

computer attd/or one or more embedded processors.

probe L2 canalso be actuated to rnove toward and away fi'om sanrple 22 using a

suitable actuator or scamrer 24 conttolled via feedback by control station 20. The

oscillating drive 16 nray be coupled to Ure scann er 24 andplobe 12 but rnay be forrned

The control station may use a typical desktop computer, a laptop
computer, an industrial  computer and/or one or more embedded
processors. Probe 12 can also be actuated to move toward and away
from sample 22 using a  suitable actuator or scanner 24 controlled via
feedback by control station 20. The  oscillating drive 16 may be coupled to
the scanner 24 and probe 12 but may be formed 13 integrally with the
cantilever 14 of probe 12 as part of a self-actuated cantilever/probe.
Moreover, though the actuator 24 is shown coupled to the probe, the
actuator 24 or a  portion of it maybe employed to move sample 22 in three
orthogonal directions as an X  Y Z actuator. In operation, as the probe 12
is oscillated and brought into contact with sample  22, sample
characteristics can be monitored by detecting changes in the oscillation of
probe 12. In particular, a beam. (not shown) is directed towards the
backside of probe 12  which is then reflected towards a detector 26, such
as a four quadrant photodetector. As  the beam translates across the
detector, appropriate signals are transmitted to control  station 20 which
processes the signals to determine changes in the oscillation of probe 12.
Control station 20 typically generates control signals to maintain a
constant force  between the tip 16 and the sample, typically to maintain a
setpoint characteristic of the  oscillation of probe 12. For example, control
station 20 is often used to maintain the  oscillation amplitude at a setpoint
value, As, to insure a generally constant force between  the tip 16 and the
sample. Alternatively, a setpoint phase or frequency may be used. A
workstation is also provided that receives the collected data from the
control station 20  and manipulates the data obtained during scanning to
perform the point selection, curve  fitting, and distance determining
operations described above. That workstation may be  the control station
20 itself, a separate on-board controller, a separate off-board  controller,
or any combination of the three. If the. workstation is formed from a
combination of two or more controllers, they are preferably connected to
one another,  e.g., by hardwiring or via an Ethernet connection. Although
the best mode contemplated by the inventors of carrying out the present
invention is disclosed above, practice of the present invention is not
limited thereto. It  will be manifest that various additions, modifications and
rearrangements of the features  of the present invention may be made
without deviating from the spirit and scope of the  
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integraliy with the cantilever 14 of probe 72 aspafi of a self-actuated cantileverþrobe'

Moreover, though the actuator 24 is shown coupled to the probe, the actuator 24 or a

portion of it maybe employeil to rnove sample 22irntluee orthogonal directions as an X

Y Z actuator.

ftr operation, as the plobe i2 is oscillated and brought into contact with sample

22, samplecharacteristics can be monitored by detecting changes in the oscillation of

probe 12. In particular, a beam (not shown) is directed towards the backside of probe 12

which is then reflected towards a detector 26, such as a four quadrant photodetector. As

the bearn translates across the detector, appropriate signals are transmitted to control

station 20 which processes the signals to determine changes in the oscillation of probe 12.

Control station 20 typical\y generates control signals to maintain a constant force

between the tip 1,6 andthe sample, typicaliy to maintain a seþoint characteristic of the

oscillation of probe L2. For example, control station 20 is often used to maintain the

oscillation amplitude at a setpoint value, 45, to ínswe a generally constant force between

the tþ 16 and. the sample. Alternatively, a setpoint phase or frequency may be used. A

workstation is also provided that receives the coliected data from the control station 20

and manipulates the data obtained during scanning to perform the point selection, curve

fitting, and distance determining operations described above. That workstation may be

the control station 20 itself, a separate onóoard controller, a separate off-board

controller, or any combination of the three. If the.workstation is formed from a

combination of two or more conhollers, they are preferably connected to one another,

e.g., by hardwiring or via an Ethernet connection.

Although the best mode contemplated by the inventors of canying out the present

invention is disclosed above, practice of the present invention is not limited thereto. It

will be manifest that vartous additions, modifications and reaffangements of the features

of the present invention may be made without deviating from the spirit and scope of the

underlying inventive concept. The scope of still other changes to the described

embodimelts that falL within the present inventiou but that ale not specifically discussed

above will become apparentfi'onr the appended claims and other attaohments.

underlying inventive concept. The scope of still other changes to the
described embodiments that fall within the present invention but that are
not specifically discussed  above will become apparent from the appended
claims and other attaclurients. 14  We claim: 1. A method of measuring a
characteristic of a sample feature, the method comprising:  (A) acquiring a
plurality of scanning probe microscope (SPM) scan profiles of at least a
portion of the sample; (B) determining the location of at least one edge of
a feature of the  sample; (C) fitting a curve through the determined
location of the edge, wherein the  determining step comprises determining
locations of first and second edges of the feature,  and the fitting step
comprises fitting first and second curves through the determined  locations
of the first and second edges; and further comprising, determining an
extreme  distance between the first and second curves. 2. The method of
claim 1, wherein the location of the first and second edges are in a
common substantially horizontal plane. 3. The method of claim 1, wherein
the sample characteristic comprises at least one of a  via, a gap, and a
line, and further comprising determining at least one of a maximum  width
of the via, a maximum width of the gap, and a minimum width of the line.
4. A method of measuring a characteristic of a sample feature, the method
comprising:  (A) acquiring a plurality of scanning probe microscope (SPM)
scan profiles of at least a  portion of the sample; (B) determining the
location of at least one edge of a feature of the  sample; (C) fitting a curve
through the determined location of the edge, wherein the  surface feature
is one of a via, a gap, a line, and a trench, and further wherein the surface
feature is a line, the location of the edge is a line edge, the fitting step
comprises fitting a  curve through the line edge, and further comprising
determining line edge roughness by  characterizing deviations of the fit
curve from an ideal line edge. 5_ The method of claim 4, wherein a curve
fitting the polynomial equation has a major  axis that is at least
substantially parallel with the scan profiles. 6. A method of measuring a
characteristic of a sample feature, the method comprising:  (A) acquiring a
plurality of scanning probe microscope (SPM) scan profiles of at least a
portion of the sample; (B) determining the location of at least one edge of
a feature of the  sample; (C) fitting a curve through the determined
location of the edge, wherein the  
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We claim:

l. A method of measuring a characteristic of a sample feature, the method comprising:
(A) acquiring a plurality of scanning probe microscope (SPM) scan prof,rles of at least a
portion of the sample; (B) determining the location of at least one edge of a feature of the
sample; (C) fitting a curve through the detennined location of the edge, wherein the
detennining step cornprìses determining locations of frrst and second edges of the feature,
and the f,rtting step comprises fitting f,rrst and second curves through the detennined
Iocations of the first and second edges; and further comprising, detennining an extreme
distance between the first and second curves.

2.Themethod of claim l, wherein the location of the f,rrst and second edges are in a
common substantially horizontal plane.

3. The rnethod of claim l, wherein the sample characteristic comprises at least one of a
via, a gap, and a [ine, and further cornprising determining at least one of a maximum
width of the via, a maximum width of the gap, and a minimum width of the line.

4. A rnethod of measuring a characteristic of a sample feature, the rnethod comprising:
(A) acquiring a plurality of scanning probe microscope (SPM) scan profiles of at least a
portion of the sample; (B) determining the location of at least one edge of a feature of the
sample; (C) fitting a curve through the determined location of the edge, wherein the
surface feature is one of a via, a gap, a line, and a trench, and further wherein the surface
feature is a line, the location of the edge is a line edge, the fitting step comprises f,rtting a
curve th¡ough the line edge, and further comprising determining line edge roughness by
charactenzing deviations of the f,rt curve fiom an ideal line edge.

5- The method of claim 4, wherein a curve htting the polynomial equation has a major
axis that is at least substantially parallel with the scan prof,tles.

6. A rnethod of measuringacharacteristic of a sample feature, the method comprising:
(A) acquiring a plurality of scanning probe microscope (SPM) scan profiles of at least a
portion of the sample; (B) determining the location of at least one edge of a feature of the
sample; (C) fitting a cutvE through the determined location of the edge, wherein the
acquiring step produces scan profrles that extend in an X direction and that are spaced in
a Y direction that is perpendicular to the X direction, and where the acquiring step has a
scan density of no more than 30 scan profiles per ¡rm in the Y direction.

?. Themethod of clairn 6, wåerein the acquiring step has a scan density of ns morethan-&
scan profiles per pm in the Y direction.

8. A method of measuring a characteristic of a sample feature, the method comprising:
(A) acquiring a plurality of scanning probe rnicroscope (SPM) scan profiles of at least a
portion of the sample; (B) determining the location of at least one edge of a feature of the
sample; (C) fitting a curve through the determined location of the edge, wherein the
acquiring step takes no more than 12 scan prof,rles extending through the feature.

acquiring step produces scan profiles that extend in an X direction and
that are spaced in  a Y direction that is perpendicular to the X direction,
and where the acquiring step has a  scan density of no more than 30 scan
profiles per m in the Y direction. 7. The method of claim 6, wherein the
acquiring step has a scandensity of nomore than-8  scan profiles per m in
the Y direction. 8. A method of measuring a characteristic of a sample
feature, the method comprising:  (A) acquiring a plurality of scanning
probe microscope (SPM) scan profiles of at least a  portion of the sample;
(B) determining the location of at least one edge of a feature of the
sample; (C) fitting a curve through the determined location of the edge,
wherein the  acquiring step takes no more than 12 scan profiles extending
through the feature. 15  9. The method of claim 1 wherein the acquiring
step is performed in a critical dimension  mode of SPM imaging. 10. A
method of measuring a characteristic of a sample feature, the method
comprising:  (A) acquiring a plurality of scanning probe microscope (SPM)
scan profiles of at least a  portion of the sample; (B) determining the
location of at least one edge of a feature of the  sample; (C) fitting a curve
through the determined location of the edge, wherein the  method
produces measurements with a three sigma repeatability of less than
about 2.0  nm. 11. The method of claim 10, wherein the method produces
measurements with a three  sigma repeatability of less than about 1.3 nm.
12. A method comprising: determining a distance between first and
second curves fit  through locations on first and second edges of a feature
of a sample, the locations being  determined by acquiring a plurality of
scanning probe microscope (SPM) scan profiles,  wherein the locations
are determined by performing a scan having a number of scan  profiles
that extend in an X direction and that have a scan density of no more than
30  scan profiles per pm in a Y direction perpendicular to the X direction.
13. The method of claim 12, wherein the scan has a scan density of no
more than 15 scan  profiles per pm in the Y direction. 14. A method
comprising: determining a distance between first and second curves fit
through locations on first and second edges of a feature of a sample, the
locations being  determined by acquiring a plurality of scanning probe
microscope (SPM) scan profiles,  
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9. The method of claim 1 wherein the acquiring step is performed in a critical dimenston
mode of SPM irnaging.

10. A method of measuring a characteristic of a sample feature, the method comprising:
(A) acquiring a plurality of scanning probe microscope (SPM) scan profiles of at least a
portion of the sample; (B) detennining the location of at least one edge of a feature of the
sample; (C) fitting a curve through the determined location of the edge, wherein the
method produces measurements with a three sigma repeatability of less than about 2.0
nm.

11. The method of claim 10, wherein the method produces measurements with a three
sigma repeatability of less than about 1.3 nm.

12. A method cornprising: determining a distance between first and second curves fit
through locations on first and second edges of a feature of a sample, the locations being
determined by acquiring a plurality of scanning probe microscope (SPM) scan profiles,
wherein the locations are determined by performing a scan having a number of scan
profiles that extend in an X direction and that have a scan density of no more than 30
scan profiles per pm in a Y direction perpendicular to the X direction.

13. The method of claim 12, wherein the scan has a scan density of no more than l5 scan
profiles per pm in the Y direction.

14. A method comprising: determining a distance between first and second curves fit
through locations on first and second edges of a feature of a sample, the locations being
determined by acquiring a plurality of scanning probe microscope (SPM) scan prof,rles,
wherein the locations are determined by performing a scan having no more than 12 scan
profiles passing through the feature of interest.

15. A method comprising: determining a distance between first and second curves fit
through locations on first and second edges of a feature of a sample, the locations being
determined by acquiring a plurality of scanning probe microscope (SPM) scan profiles,
wherein the method produces measurements with a three sigma repeatability of less than
about 2.0 nm.

16. A method of measuring a characteristic dimension of a feature of a semiconductor
measured by scanning probe microscopy, the feature comprising one of a via, a line, and
a trench, the method comprising: (A) acquiring a plurality of scanning probe microscope
(SPM) scan profiles of a portion of a surface of the semiconductor containing the features
of interest, wherein no more than 12 scan profiles pass through the feature; (B)
determining locations of first and second edges of the feature; (C) f,rtting f,irst and second
curves through the determined locations of the first and second edges by fitting data from
the acquired scan profiles to a poll'nomial equation; and (D) measuring the characteristic
dirnension by determining an extreme distance between the first and second curves by
determining locations on the curves at which a derivative of each of the polynomial

wherein the locations are determined by performing a scan having no
more than 12 scan  profiles passing through the feature of interest. 15. A
method comprising: determining a distance between first and second
curves fit  through locations on first and second edges of a feature of a
sample, the locations being  determined by acquiring a plurality of
scanning probe microscope (SPM) scan profiles,  wherein the method
produces measurements with a three sigma repeatability of less than
about 2.0 nm. 16. A method of measuring a characteristic dimension of a
feature of a semiconductor  measured by scanning probe microscopy, the
feature comprising one of a via, a line, and  a trench, the method
comprising: (A) acquiring a plurality of scanning probe microscope  (SPM)
scan profiles of a portion of a surface of the semiconductor containing the
features  of interest, wherein no more than 12 scan profiles pass through
the feature; (B) determining locations of first and second edges of the
feature; (C) fitting first and second  curves through the determined
locations of the first and second edges by fitting data from  the acquired
scan profiles to a polynomial equation; and (D) measuring the
characteristic  dimension by determining an extreme distance between the
first and second curves by  determining locations on the curves at which a
derivative of each of the polynomial 16  equations is substantially zero. 17.
A scanning probe microscope (SPM), comprising: (A) a probe that is
scanned relative  to a sample; (B) an SPM control station that receives
data from the probe and that; i.  acquires a plurality of SPM scan profiles
of the sample; ii. determines the location of at  least one edge of a feature
of the sample, and iii. fits a curve through the determined  location of the
edge, wherein the control station determines locations of first and second
edges of the feature, fits first and second curves through the determined
locations of the  first and second edges, and determines an extreme
distance between the first and second  curves. 18. The SPM of claim 17
wherein the SPM is an automatic force microscope (AFM).  19. The SPM
of claim 17 wherein the control station fits data from the acquired scan
profiles to a polynomial equation. 20. The SPM of claim 19, wherein the
polynomial equation has the following form:  C1(X)=alY2+blY+cl. 
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equations is substantially zero.

17. A scanning probe microscope (SPM), comprising: (A) a probe that is scanned relative
to a sample; (B) an SPM control station that receives data frorn the probe and that; i.
acquires a plurality of SPM scan profiles of the sample; ii. determines the location of at
least one edge of a feature of the sample, and iii. fits a curve through the determined
location of the edge, wherein the control station determines locations of f,rrst and second
edges of the feature, fits first and second curves through the determined locations of the
first and second edges, and determines an extreme distance between the frrst and second
curves.

18. The SPM of claim 17 wherein the SPM is an automatic force microscope (AFM).

19. The SPM of claim l7 wherein the control station f,rts data from the acquired scan
profiles to a polynomial equation.

20. The SPM of claim 19, wherein the pollnomial equation has the following form:
C1(X):¿1Y2+blY+c1.

21. A scanning probe microscope (SPM), comprising: (A) a probe that is scanned relative
to a sample; (B) an SPM control station that receives data from the probe and that;
i. acquires a plurality of SPM scan prof,rles of the sample;
ii. determines the location of at least one edge of a feature of the sample, and
iv. fits a curve through the determined location of the edge, wherein the SPM acquires
data at a scan density of no more than 30 scan prof,rles in an X direction per pm in a Y
direction that is perpendicular to the X direction.

22. The SPM of claim 17 wherein the SPM acquires data in critical dimension mode.

23.The method of claim 12 further comprising measuring an extreme dimension of a
sample surface feature.

24.The method of claim 23, wherein the extreme dimension comprises at least one of
wherein the sample includes at least one of a maximum width of a via, a maximum width
of a gap, and a minimum width of a line.

25.The method of claim 23, further comprising at least one of storing and displaying
information concernins the extreme dimension.

26.The SPM of claim 17 wherein the SPM control station at least one of stores and
displaying information concerning a charactenstic of the sample feature.

21. A scanning probe microscope (SPM), comprising: (A) a probe that is
scanned relative  to a sample; (B) an SPM control station that receives
data from the probe and that; i. acquires a plurality of SPM scan profiles of
the sample; ii. determines the location of at least one edge of a feature of
the sample, and iv. fits a curve through the determined location of the
edge, wherein the SPM acquires  data at a scan density of no more than
30 scan profiles in an X direction per gm in a Y  direction that is
perpendicular to the X direction. 22. The SPM of claim 17 wherein the
SPM acquires data in critical dimension mode.  23. The method of claim
12 further comprising measuring an extreme dimension of a  sample
surface feature. 24. The method of claim 23, wherein the extreme
dimension comprises at least one of  wherein the sample includes at least
one of a maximum width of a via, a maximum width  of a gap, and a
minimum width of a line. 25. The method of claim 23, further comprising at
least one of storing and displaying  information concerning the extreme
dimension. 26. The SPM of claim 17 wherein the SPM control station at
least one of stores and  displaying information concerning a characteristic
of the sample feature. fi 


