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BROAD BAND REFERENCNG 
REFLECTOMETER 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a continuation of U.S. patent 
application Ser. No. 1 1/517,894 filed on Sep. 8, 2006 which is 
a continuation of U.S. patent application Ser. No. 10/909,126 
filed on Jul. 30, 2004, now U.S. Pat. No. 7,126,131, which is 
a continuation-in-part of (1) U.S. patent application Ser. No. 
10/669,030 filed on Sep. 23, 2003, now U.S. Pat. No. 7,026, 
626, which claims priority to Provisional Patent Application 
Nos. 60/440,434, 60/440,435, and 60/440,443 all filed Jan. 
16, 2003; (2) U.S. patent application Ser. No. 10/668,642 
filed on Sep. 23, 2003, now U.S. Pat. No. 7,067,818, which 
claims priority to Provisional Patent Application Nos. 
60/440,434, 60/440,435, and 60/440,443 all filed Jan. 16, 
2003; and (3) U.S. patent application Ser. No. 10/668,644 
filed on Sep. 23, 2003, now U.S. Pat. No. 7,394,551, which 
claims priority to Provisional Patent Application Nos. 
60/440,434, 60/440,435, and 60/440,443 all filed Jan. 16, 
2003; the disclosures of which are each expressly incorpo 
rated herein by reference. 

BACKGROUND OF THE INVENTION 

0002 The present invention relates to the field of optical 
metrology. More specifically it provides a means by which 
repeatable reflectance measurements may be performed over 
a broad range of wavelengths that includes the vacuum ultra 
violet (VUV) (generally wavelengths less than 190 nm) and at 
least one other spectral region. 
0003 Optical metrology techniques have long been 
employed in process control applications in the semiconduc 
tor manufacturing industry due to their non-contact, non 
destructive and generally high-throughput nature. The vast 
majority of these tools operate in Some portion of the spectral 
region spanning the deep ultraviolet and near-infrared wave 
lengths (DUV-NIR generally 200-1000 nm). The push 
towards thinner layers and the introduction of new compli 
cated materials has challenged the sensitivity of Such instru 
mentation. As a result, this has necessitated an effort to 
develop optical metrology equipment utilizing shorter wave 
lengths (below 200 nm), where greater sensitivity to subtle 
changes in material properties can be realized. One approach 
to performing optical measurements at shorter wavelengths is 
described in U.S. application Ser. No. 10/668,642, which 
discloses a system and method for a vacuum ultraviolet 
(VUV) reflectometer. 
0004 Virtually all optical metrology instruments incorpo 
rate some form of modeling algorithms to extract meaningful 
material information from the quantities they initially record. 
The performance of Such algorithms depends heavily on the 
nature of the data sets they are to reduce. Data sets covering a 
wider range of wavelengths generally provide more con 
straint to fitting algorithms thereby rendering faster conver 
gence and more accurate results. 
0005. The conventional approach to collecting reflectance 
data over a broad range of wavelengths covering at least two 
spectral regions is to employ a step and scan technique 
wherein a single element detector is used in conjunction with 
a rotating grating monochromator. Often if the range of wave 
lengths investigated is large enough, it may be necessary to 
manually change out gratings, detectors, optics and sources 
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during the acquisition of a single broad-band data set. This 
approach is often time consuming and not well Suited to 
manufacturing environments like those encountered in the 
semiconductor industry. 
0006 Interferometers are widely used in the infrared spec 

tral region to collect data over a wide range of wavelengths; 
however, these instruments are not commonly employed in 
the VUV since optical and mechanical tolerances of the 
instrument scale with wavelength and are difficult to satisfy in 
this spectral region. 
0007 Wang, in U.S. Patent Application 2003007 1996, 
discloses a measurement system with separate optimized 
beam paths. Although this system enables efficient measure 
ments to be performed over a number of spectral sub-bands, 
it provides no means of referencing the collected data. Hence, 
while signal throughput may be high, system repeatability 
may be quite poor. This is particularly relevant when operat 
ing in the VUV since such wavelengths are highly susceptible 
to atmospheric changes necessitating frequent referencing. 
0008. The collection of highly repeatable reflectance data 
in the VUV is perhaps best achieved using a system designed 
to minimize and/or altogether eliminate errors introduced by 
data altering environmental changes which may occur 
between conclusion of a calibration measurement and com 
mencement of a Subsequent sample measurement. An 
example of such a system is described in U.S. application Ser. 
No. 10/668,644. The applicant has identified that it would be 
desirable to extend this capability in order to facilitate its use 
in a reflectometer capable of acquiring data over a broad 
range of wavelengths including the VUV and at least one 
other spectral region. 
0009. The applicant has further identified that it would be 
desirable to ensure that data sets from each of the spectral 
regions comprising the entire broadband of wavelengths are 
collected from the same physical location on the sample and 
with the same spot size. Moreover, it would also be advanta 
geous if such data sets were collected using the same orien 
tation (i.e. angle of incidence and direction) relative to the 
sample in order to ensure that similar scattering conditions 
are encountered. 
0010. The applicant has also identified that it would be 
desirable if said system made use of a serial collection process 
wherein data from each of the spectral regions were collected 
sequentially to avoid stray light complications, which one 
would expect if a parallel process was employed. 

SUMMARY OF THE INVENTION 

0011. An objective of the current invention is to provide 
the semiconductor manufacturing industry with a reliable 
optical metrology tool that is capable of characterizing semi 
conductor devices incorporating thinner layers and new com 
plicated materials. Any fitting algorithms employed by a user 
of the instrument may achieve faster convergence and more 
accurate results by taking full advantage of the higher level of 
constraint afforded by a data set comprised of two or more 
spectral regions. This instrument will be non-contact and 
non-destructive and will make use of broadband reflectance 
data. 
0012. The instrument will be optimized for operation in a 

first spectral region and capable of performing well in at least 
one other spectral region. A selection of sources and detectors 
for use in separate spectral regions are incorporated within an 
optical module in the instrument that permits their selection. 
Additionally, this module contains common delivery and col 
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lection optics to enable measurements in separate spectral 
regions to be collected using similar spot properties. Further 
more, the invention employs a serial collection approach 
whereby data from separate spectral regions is collected 
sequentially to avoid stray light complications. 
0013. In one embodiment a spectroscopy system is pro 
vided which is optimized for operation in a first spectral 
region and capable of performing well in at least one other. 
The system is designed such that no moving optical elements 
(apart from shutters) are involved in the collection of data 
from the first spectral region. Additionally, the system incor 
porates an optical module which presents selectable sources 
and detectors optimized for separate spectral regions. As 
well, the optical module provides common delivery and col 
lection optics to enable measurements in separate spectral 
regions to be collected using similar spot properties. The 
module also provides a means of quickly referencing mea 
Sured data so as to ensure that highly repeatable results are 
achieved. 
0014. In another embodiment a spectroscopy system is 
provided which is optimized for operation in the VUV and 
capable of performing well in the DUV-NIR. Additionally, 
the system incorporates an optical module which presents 
selectable sources and detectors optimized for use in the VUV 
and DUV-NIR. As well, the optical module provides common 
delivery and collection optics to enable measurements in both 
spectral regions to be collected using similar spot properties. 
The module also provides a means of quickly referencing 
measured data so as to ensure that highly repeatable results 
are achieved. The module further provides a controlled envi 
ronment between the VUV source, sample chamber and VUV 
detector which acts to limitina repeatable manner the absorp 
tion of VUV photons. The use of broadband data sets which 
encompass VUV wavelengths, in addition to the DUV-NIR 
wavelengths enables a greater variety of materials to be mean 
ingfully characterized. Array based detection instrumentation 
may be exploited to permit the simultaneous collection of 
larger wavelength regions. 
0015. An objective of the current invention is to provide 
the semiconductor manufacturing industry with a reliable 
optical metrology tool that is capable of characterizing semi 
conductor devices incorporating thinner layers and Smaller 
features. This instrument will take full advantage of the 
heightened levels of sensitivity to Small changes in process 
ing conditions that are afforded through the characterization 
of materials at and below the VUV wavelength region. This 
instrument will be non-contact and non-destructive and will 
make use of referenced reflectometry data. 
0016. The design of the instrument is simple and robust 
rendering it easy to operate at VUV wavelengths. As a result 
of its simplicity it is fast, thereby lending it to use in high 
throughput manufacturing applications. The system is 
designed Such that it is compact and requires little space. The 
instrument offers the advantage of minimizing environmental 
effects so far as to remove the need to sustain a reproducible 
controlled environment during the course of calibration, ref 
erencing and sample measurement. Additionally, it offers a 
Small measurement spot size Such that in-line measurements 
on product samples are possible and employ imaging optics 
Such that multiple measurements on a series of sites within a 
localized region can be obtained simultaneously. 
0017. In one embodiment, a spectroscopy system is pro 
vided which operates in the vacuum ultra-violet spectrum. 
More particularly, a system utilizing reflectometry tech 
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niques in the vacuum ultraviolet spectrum is provided for use 
in metrology applications. The system may further include 
the use of an array detector in combination with an imaging 
spectrometer. In this manner data for multiple wavelengths 
may be simultaneously collected. Moreover, the multiple 
wavelengths of data may be collected simultaneously for a 
two dimensional sample area. The system may further 
include the use of a fixed diffraction grating and does not 
require the use of polarizing elements. To ensure accurate and 
repeatable measurement, the environment of the optical path 
is controlled. The optical path may include a controlled envi 
ronmental chamber in which non-absorbing purge gases are 
present or in which vacuum evacuation techniques are uti 
lized. The controlled environment may further include a sepa 
rate instrument chamber and a separate sample chamber. The 
controlled environment limits in a repeatable manner the 
absorption of VUV photons. 
0018. In another embodiment, a spectroscopy system is 
provided which operates in the vacuum ultra-violet spectrum. 
More particularly, a system utilizing reflectometry tech 
niques in the vacuum ultraviolet spectrum is provided for use 
in metrology applications. To ensure accurate and repeatable 
measurement, the environment of the optical path is con 
trolled to limit absorption effects of gases that may be present 
in the optical path. To account for absorption effects that may 
still occur, the length of the optical path is minimized. To 
further account for absorption effects, the reflectance data 
may be referenced to a relative standard. Referencing is par 
ticularly advantageous in the VUV reflectometer due to the 
low available photon flux and the sensitivity of recorded data 
to the composition of the gaseous medium contained with the 
optical path. Thus, errors that may be introduced by changes 
in the controlled environment may be reduced. In one exem 
plary embodiment, the VUV reflectometer may utilize a tech 
nique in which a beam splitter is utilized to create a sample 
beam and a reference beam to form the two arms of a near 
balanced Mach Zehnder interferometer. In another exemplary 
embodiment, the reference channel may be comprised of a 
Michelson interferometer. 
0019. In still another embodiment, a spectroscopy system 

is provided which operates in the vacuum ultra-violet spec 
trum. More particularly, a system utilizing reflectometry 
techniques in the vacuum ultraviolet spectrum is provided for 
use in metrology applications. To ensure accurate and repeat 
able measurement, the environment of the optical path is 
controlled to limit absorption effects of gases that may be 
present in the optical path. The VUV reflectometer may be 
utilized to monitor a wide range of data in a semiconductor 
processing environment. For example, the techniques may be 
used for measuring thicknesses, optical properties, composi 
tion, porosity and roughness of a film or stack of films. Fur 
ther, these VUV techniques and apparatus may be used to 
characterize critical dimensions and other features of a 
device. The VUV reflectometer system may be utilized as a 
stand alone tool, or the relatively compact nature of the sys 
tem may be taken advantage of such that the system is incor 
porated into other process tools. Thus, for example, the VUV 
techniques described herein may be incorporated directly into 
tools used for deposition, etch, photolithography, etc. So that 
in-line measurements, monitoring and control may be advan 
tageously obtained. 
0020. A further understanding of the nature of the advan 
tages of the present invention may be realized following 
review of the following descriptions and associated drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0021. A more complete understanding of the present 
invention and advantages thereof may be acquired by refer 



US 2009/0002711 A1 

ring to the following description taken in conjunction with the 
accompanying drawings, in which like references numbers 
indicate like features. It is to be noted, however, that the 
accompanying drawings illustrate only exemplary embodi 
ments of the invention and are therefore not to be considered 
limiting of its scope, for the invention may admit to other 
equally effective embodiments. 
0022 FIG. 1—Comparison of optical transmission 
through 100 cm of standard atmosphere versus 100 cm of 
controlled environment containing 1 PPM of H2O and O2. 
0023 FIG.2—Schematic representation of a VUV reflec 
tOmeter. 

0024 FIG. 3 Spectral output from Hamamatsu deute 
rium lamp equipped with an MgF2 window. 
0025 FIG. 4 “Solar-blind broad-band VUV filter from 
Acton Research Corporation. 
0026 FIG. 5 Top-down schematic view of VUV reflec 
tometer illustrating incorporation of reference channel. 
0027 FIG. 6 Typical off-axis parabolic mirror. 
0028 FIG. 7 Broad-band VUV-UV reflective coatings 
from Acton Research Corporation. 
0029 FIG. 8. Example of “through-pellicle” measure 
ment using shallow angle (Solid line) and large angle (dashed) 
incidence configurations. 
0030 FIG. 9 Use of imaging reflectometer to simulta 
neously record multiple spectra from different physical loca 
tions on patterned sample. 
0031 FIG. 10 Schematic view of alternate VUV reflec 
tometer with reference channel. 
0032 FIG. 11–Schematic view of alternate VUV reflec 
tometer with virtually all optics housed within instrument 
chamber. 
0033 FIG. 11a. Alternate schematic view of the system 
of FIG. 11. 
0034 FIG. 11b Schematic view of a system of FIG. 11 
integrated with a process tool. 
0035 FIG. 12 Typical measurement flow chart. 
0036 FIG. 12a–(split as FIGS. 12A-A and 12A-B)— 
Exemplary detailed measurement flow chart. 
0037 FIG. 13 Typical properties associated with VUV 
beam splitter manufactured by Acton Research Corporation. 
0038 FIG. 14 Error plots as a function of concentration 
differences and path length differences. 
0039 FIG. 15 Schematic representation of typical 
reflectance measurement. 
0040 FIG. 16—Measured and calculated reflectance 
spectra from thin Al2O3 layer deposited on silicon substrate. 
0041 FIG. 17 Optical properties (n and k values) 
obtained for Al2O3 layer through iterative fitting process. 
0042 FIG. 18 Reflected signal associated with ultra 
thin (5 A) layer of residual photo resist deposited on mask 
blank. Difference signal corresponding to a 1 nm increase in 
layer thickness. 
0043 FIG. 19 Reflectance signal from 10 A, 14 A, and 
18 A SiON layers on silicon substrates. 
0044 FIG. 20 Reflectance difference signal at 130 nm, 
157 nm and 193 nm associated with increase in film thickness 
for a 10 A SiON layer. 
0045 FIG. 21—Reflectance signal associated with matrix 
of 16 A SiON layers possessing nitrogen concentrations in 
the range of 10-15%. 
0046 FIG.22 Reflectance difference signal at 130 nm, 
157 nm and 193 nm associated with increase in nitrogen 
concentration for a 16 A SiON layer with 10% nitrogen. 
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0047 FIG. 22a Different nitrogen doping profiles for a 
20 A SiON film. In all cases the samples were exposed to the 
same dose of 1e" atoms/cm. 
0048 FIG. 22b Reflectance difference signals (relative 
to the uniformly doped sample) resulting from a variety of 
non-uniform nitrogen distributions. 
0049 FIG. 23 Interaction of incident DUV and VUV 
photons with typical semiconductor stack sample during 
reflectance measurement. 
0050 FIG. 24 Reflectance spectra from SiO/SiN/Si 
samples exhibiting different SiN thicknesses. 
0051 FIG. 25 Reflectance spectra from SiO/SiN/Si 
samples exhibiting different SiO, layer thicknesses. 
0.052 FIG. 26—Schematic representation of typical scat 
terometry measurement illustrating both reflected and dif 
fracted beams. 
0053 FIG. 27—Schematic representation of typical out 
puts obtained through scatterometry measurements. 
0054 FIG. 28 Reflected signal associated with nominal 
65 nm line array and difference signal corresponding to 1 nm 
increase in nominal 65 nm line width. 
0055 FIG. 29 Reflected signal associated with line 
arrays comprised of 63 nm, 65 nm and 67 nm lines and spaces. 
0056 FIG. 30 Reflected signal associated with line 
array comprised of 65 nm wide lines and spaces (for nominal 
line height of 1000A). Difference signal corresponding to 10 
A increase in line height of said structure. 
0057 FIG. 31—Schematic representation of broad-band 
reflectometer with optical module. 
0058 FIG. 32 Broad-band referencing reflectometer 
covering VUV and DUV-NIR spectral regions. 
0059 FIG. 33–Serial measurement flowchart for broad 
band referencing reflectometer covering VUV and DUV-NIR 
spectral regions. 
0060 FIG. 34 Broad-band referencing reflectometer 
covering three spectral regions. 
0061 FIG. 35 Serial measurement flowchart for broad 
band referencing reflectometer covering three spectral 
regions. 
0062 FIG. 36—Alternate embodiment of broad-band ref 
erencing reflectometer using rotating mirrors and covering 
VUV and DUV-NIR spectral regions. 
0063 FIG. 37 Alternate embodiment of broad-band ref 
erencing reflectometer covering three spectral regions. 
0064 FIG.38 Alternate embodiment of broad-band ref 
erencing reflectometer without flip-in mirrors and covering 
two spectral regions. 
0065 FIG. 39–Serial measurement flowchart for broad 
band referencing reflectometer without flip-in mirrors and 
covering two spectral regions. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

0066. To enhance the sensitivity of optical metrology 
equipment for challenging applications it is desirable to 
extend the range of wavelengths over which Such measure 
ments are performed. Specifically, it is advantageous to uti 
lize shorter wavelength (higher energy) photons extending 
into, and beyond, the region of the electromagnetic spectrum 
referred to as the vacuum ultra-violet (VUV). Historically 
there has been relatively little effort expended on the devel 
opment of optical instrumentation designed to operate at 
these wavelengths, owing to the fact that VUV (and lower) 
photons are strongly absorbed in standard atmospheric con 
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ditions. Vacuum ultra-violet (VUV) wavelengths are gener 
ally considered to be wavelengths less than deep ultra-violet 
(DUV) wavelengths. Thus VUV wavelengths are generally 
considered to be wavelengths less than about 190 nm. While 
there is no universal cutoff for the bottom end of the VUV 
range, some in the field may consider VUV to terminate and 
an extreme ultra-violet (EUV) range to begin (for example 
some may define wavelengths less than 100 nm as EUV). 
Though the principles described herein may be applicable to 
wavelengths above 100 nm, such principles are generally also 
applicable to wavelengths below 100 nm. Thus, as used 
herein it will be recognized that the term VUV is meant to 
indicate wavelengths generally less than about 190 nm how 
everVUV is not meant to exclude lower wavelengths. Thus as 
described herein VUV is generally meant to encompass 
wavelengths generally less than about 190 nm without a low 
end wavelength exclusion. Furthermore, low end VUV may 
be construed generally as wavelengths below about 140 nm. 
0067 Indeed it is generally true that virtually all forms of 
matter (Solids, liquids and gases) exhibit increasingly strong 
optical absorption characteristics at VUV wavelengths. Ironi 
cally it is this same rather fundamental property of matter 
which is itself responsible for the increased sensitivity avail 
able to VUV optical metrology techniques. This follows as 
Small changes in process conditions, producing undetectable 
changes in the optical behavior of materials at longer wave 
lengths, can induce Substantial and easily detectable changes 
in the measurable characteristics of such materials at VUV 
wavelengths. 
0068. The fact that VUV photons are strongly absorbed by 
most forms of matter precludes the simple extension of, or 
modification to, conventional longer wavelength optical 
metrology equipment in order to facilitate operation in the 
VUV. Current day tools are designed to operate under stan 
dard atmospheric conditions and typically lack, among other 
things, the controlled environment required for operation at 
these shorter wavelengths. VUV radiation is strongly 
absorbed by both O. and HO molecules and hence these 
species must be maintained at Sufficiently low levels as to 
permit transmission of VUV photons through the optical path 
of the instrument. To better illustrate this point the optical 
transmission through a 100 cm path length of both standard 
atmosphere (plot 100) and a controlled environment contain 
ing O and HO concentration levels of 1 PPM (plot 110) are 
plotted as a function of photon wavelength in FIG. 1. As is 
evident from the figure, the transmission of photons through 
standard atmosphere drops precipitously at wavelengths 
shorter than about 200 nm. 

0069. Not only are conventional optical instruments 
intended to function in Standard atmospheric conditions they 
also typically employ an array of optical elements and designs 
which render them unsuitable for VUV operation. In order to 
achieve highly repeatable results with a reflectometer it is 
desirable to provide a means by which reflectance data can be 
referenced or compared to a relative standard. In this manner 
changes in the system that occur between an initial time when 
the system is first calibrated and a later time when a sample 
measurement is performed, can be properly accounted for. At 
longer wavelengths such changes are usually dominated by 
intensity variations in the spectral output of the source. When 
working at VUV wavelengths, however, changes in the envi 
ronmental conditions (i.e. changes in the concentration of 
absorbing species in the environment of the optical path) can 
play a much larger role. 
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0070 Thus, conventional longer wavelength systems fail 
to address the significant influence that the absorbing envi 
ronment has on the measurement process. To ensure that 
accurate and repeatable reflectance data is obtained, it is 
desirable to not only provide a means of controlling the envi 
ronment containing the optical path, but furthermore to 
ensure that the absorption effects which do occur are properly 
taken into account during all aspects of the calibration, mea 
Surement and reference processes. 
0071 Hence, it is desirable to provide an optical metrol 
ogy tool with a controlled environment that is designed to 
operate at and below VUV wavelengths. In addition, in order 
to ensure that accurate and repeatable results are obtained, it 
is desirable that the design incorporate a robust referencing 
methodology that acts to reduce or altogether remove errors 
introduced by changes in the controlled environment. 
0072 A schematic representation of an optical reflecto 
meter metrology tool 200 that depicts one embodiment of the 
present invention is presented in FIG. 2. As is evident, the 
source 210, beam conditioning module 220, optics (not 
shown), spectrometer 230 and detector 240 are contained 
within an environmentally controlled instrument chamber 
202. The sample 250, additional optics 260, motorized stage 
270 (which may include an optional desorber) are housed in 
a separate environmentally controlled sample chamber 204 so 
as to enable the loading and unloading of samples without 
contaminating the quality of the instrument chamber environ 
ment. The instrument and sample chambers are connected via 
a controllable coupling mechanism 206 which can permit the 
transfer of photons, and if so desired the exchange of gases to 
occur. For example, coupling mechanism 206 may be optical 
windows, may be gate valves which open when an optical 
transmission pathis desired, or may be other mechanisms that 
suitably allow an optical path to be coupled between the two 
chambers. In this manner an optical path between the instru 
ment and sample chambers is provided. Additionally a pro 
cessor 290 located outside the controlled environment may be 
used to analyze the measured data. It will be recognized that 
processor 290 may be any of a wide variety of computing 
means that may provide Suitable data processing and/or stor 
age of the data collected. 
(0073. While not explicitly shown in FIG. 2, it is noted that 
the system could also be equipped with a robot and other 
associated mechanized components to aid in the loading and 
unloading of samples in an automated fashion, thereby fur 
ther increasing measurement throughput. Further, as is 
known in the art load lock chambers may also be utilized in 
conjunction with the sample chamber to improve environ 
mental control and increase the system throughput for inter 
changing samples. 
0074. In operation light from the source 210 is modified, 
by way of beam conditioning module 220, and directed and 
focused via delivery optics through the coupling mechanism 
windows 206 and onto the sample 250 housed in the sample 
chamber 204. Light reflected from the sample travels back 
through the coupling mechanism 206, is captured by collec 
tion optics and focused onto the entrance plane of a spectrom 
eter 230. As is discussed in more detail below, the spectrom 
eter 230 may be in one embodiment an imaging spectrometer. 
This type of spectrometer is typically equipped with some 
form of multi-element detector 240 (for example an array 
detector). Such that it is capable of collecting a range of data 
points simultaneously. The entire optical path of the device is 
maintained within controlled environments which function to 
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remove absorbing species and permit transmission of VUV 
photons. The controlled environments may be created with 
purge or vacuum system 280 by introducing a non-absorbing 
purge gas like high purity nitrogen, argon, or helium into the 
instrument and sample chambers and/or through evacuation 
via vacuum, depending on the lowest operating wavelength 
desired. If a high purity purge gas is used, the coupling 
mechanism 206 could be comprised of MgF2 windows, 
whereas if the chambers are evacuated then mechanical gate 
valves could be employed. Other potentially suitable window 
materials include fused silica, fluorine-doped fused silica, 
quartz, CaF, SrF. BaF, MgF2, LaF and LiF. It will be recog 
nized that by utilizing a combination of evacuation tech 
niques and mechanical gate valves, absorption of photons 
may be further decreased. 
0075. In one embodiment of the invention the VUV source 
210 is a long nose projecting type deuterium (D) lamp. Such 
as Model #L7293 manufactured by Hamamatsu of Japan. 
Such a source is a broad band VUV source and combines 
mature arc lamp technology with a magnesium fluoride 
(MgF2) window to provide continuous emission down to 
about 115 nm (see plot 300 of FIG. 3). The window may 
however be comprised of a variety of VUV materials includ 
ing fused silica, fluorine-doped fused silica, quartz, CaF, SrF. 
BaF. MgF, LaF and LiF. The projecting design of the lamp 
provides superior directivity thereby enabling efficient cou 
pling of VUV photons into the reflectometer optical system. 
D, arc lamps are characterized by high stability, high bright 
ness and long-life rendering them well-suited to demanding 
semiconductor metrology applications. Alternate embodi 
ments of the invention may incorporate a variety of other 
VUV sources including, but not limited to, narrow band 
Sources and windowless discharge sources which could emit 
photons at wavelengths down to and below 115 nm. For 
example, the windowless source may be a differentially 
pumped discharge source. Thus, the systems and techniques 
provided herein are particularly useful for low end VUV (or 
lower) applications. 
0076 Referring again to FIG. 2, the beam conditioner 
module 220 allows for the introduction of spatial and/or spec 
tral filtering elements to modify the properties of the source 
beam. While this functionality may not generally be required, 
there may arise specific applications where it is deemed 
advantageous. Examples could include modifying the spatial 
or temporal coherence of the Source beam through use of an 
aperture, or introduction of a “solar blind filter to prevent 
longer wavelength light from generating spurious VUV sig 
nals through scattering mechanisms that may occur at the 
various optical Surfaces in the optical beam path. In a particu 
lar embodiment of the device the “solar blind filter is a VUV 
filter from Acton Research Corporation, typical reflective 
properties of which are presented in FIG. 4 as shown by plot 
400 for the Acton Research part number 120-VBB filter and 
plot 410 for an Acton Research part number 170-VBB filter. 
0077. A more detailed diagram of one embodiment of an 
optical reflectometer metrology tool 500 is provided in FIG. 
5, wherein the optics comprising the measurement and refer 
ence channels of the device are illustrated in more detail. 
Though not shown, it will be recognized that the optical 
reflectometer metrology tool may include the components 
shown in FIG. 2 such as the purge or vacuum system 280, 
processor 290, stage 270, etc. As shown in FIG. 5, a source 
510, spectrometer 530, and array detector 540 may be pro 
vided in an instrumentation chamber 502. A sample chamber 
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504 is coupled to the instrumentation chamber 502 through 
coupling mechanisms (not shown). 
0078 Referring again to FIG. 5 the optical path for a 
sample measurement will be described. It is seen that light 
from the source 510 is collimated and directed by Mirror 1 
towards Beam Splitter 1, where the source beam is split into 
sample and reference beam components (generally indicated 
by beams 508 and 506 respectively). The sample beam 508 is 
reflected from the beam splitter 1 towards plane Mirror 5. 
where it is redirected towards Mirror 2. Here the light is 
focused down (into the plane of the figure) onto the sample 
550. The reflected light (out of the plane of the figure) from 
the sample 550 is captured by the collimating optic (Mirror 3) 
where it is directed through Beam Splitter 2 towards the 
focusing optic, Mirror 4. Here the light is then focused onto 
the entrance plane of the spectrometer 530. During measure 
ment of the sample Shutters 1 and 2 are open while Shutter 3 
remains closed. 

0079. In one embodiment, the mirror 1, mirror 2, mirror 3 
and mirror 4 are off-axis parabolic reflectors; an example of 
such is depicted as off-axis mirror 600 in FIG. 6. These 
mirrors are preferably polished using conventional tech 
niques following their manufacture and then covered with 
some form of broadband reflective coating 610 like A1/MgF. 
(some manufacturers may implement aluminum and MgF 
layers directly on each other on the mirror or alternatively thin 
layers of other materials may be located under or over the 
aluminum layer). Post polishing improves the imaging prop 
erties of the mirrors by minimizing issues arising from dia 
mond turning artifacts. The broadband coating 610 is tailored 
to enhance the reflective properties of the mirrors in the VUV. 
Examples of particularly well-suited coatings for coating 610 
are produced by Acton Research Company. FIG. 7 illustrates 
reflectance plots for coating #1000, #1200, and #1600 pro 
duced by Acton Research Corporation (plots 700, 710 and 
720 respectively). For operation at shorter wavelengths other 
coatings like elemental iridium may be better Suited. 
0080 While other types of mirrors could also be incorpo 
rated into the system, the use of off-axis parabolic reflectors 
enables reflectance data to be obtained using near-normal 
incidence illumination/collection yielding numerous ben 
efits. These advantages include simplifying the Subsequent 
analysis of measured data since polarization effects can be 
neglected, yielding symmetric illumination of measurement 
regions on the sample, minimizing scattering effects at the 
sample Surface encountered using larger angles of incidence 
and facilitating compact system design, an important consid 
eration for integrated and/or in-line metrology applications. 
Additionally, certain optical measurements may themselves 
benefit from use of a near-normal configuration. Typical 
examples include, but are not limited to, dimensional charac 
terization of high aspect ratio features using scatterometry 
methods and through-pellicle measurements of photo masks. 
For example as shown in FIG. 8 and known in the art, a 
semiconductor photolithography mask substrate 800 may 
have a film (or films) 810 that is (are) protected by a pellicle 
820. Measurements of the through pellicle measurements of 
the film (films) 810 may benefit from the use of a near normal 
configuration. 
I0081. Off-axis parabolic mirrors are regularly produced 
by a variety of optics manufactures; they are as Such, readily 
available and relatively inexpensive. They offer greater 
degrees of freedom, with respect to integration and align 
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ment, and do not suffer from astigmatism to the same extent 
as toroidal mirrors when used in similar applications. 
0082 In a particularly useful embodiment of the invention 
one or more of the off-axis parabolic mirrors is designed Such 
that the off-axis angle (denoted as 0 in FIG. 6) is equal to 90°. 
Such an arrangement provides considerable flexibility and 
reduced Susceptibility to scattering at shorter wavelengths (a 
consequence of the Smaller incident angles involved). Flex 
ibility follows from the fact that rotation of one such optic 
about an axis parallel to the central ray axis of the optic maps 
out a two dimensional pattern (i.e. circle) as opposed to a 
three dimensional pattern (i.e. cone) for optics possessing 
other off-axis angles. This specific geometrical configuration 
offers a number of system enhancement possibilities and 
advantages. 
0083. An example of one such enhancement would be to 
enable simple incorporation of multiple sources into the sys 
tem. Other sources could be placed at appropriate locations 
around an axis perpendicular to the central ray axis of the 
optic. To select another source it would then only be neces 
sary to rotate the optic around the axis. Another advantage of 
Such an arrangement would be realized during the initial 
alignment phase of the instrument. Using a normal incidence 
configuration would enable simple determination of proper 
alignment on both the illumination and collection arms of the 
tool since they would be working on-axis, in the sense that 
they would be focusing onto a surface perpendicular to cen 
tral focusing. This results in better spot definition and hence, 
better overall imaging performance. 
0084. Referring again to FIG. 5, once the light enters the 
spectrometer 530 it is reflected by a plane mirror 531, colli 
mated by a focusing mirror 532 and incident upon a diffrac 
tion grating 533. Some portion of the light diffracted by the 
grating is collected by the second focusing mirror 534 and 
focused onto the surface of the VUV sensitive array detector 
540. As is known in the art, the light that is reflected from the 
diffraction grating becomes spatially separated by wave 
length across the width of the detector. It is noted that in this 
particular embodiment all of the optics inside the spectrom 
eter have also been coated with broadband reflective coatings 
like Al/MgF to increase their efficiencies. Ideally, the spec 
trometer is an imaging spectrometer that is designed in Such 
a manner as to provide Stigmatic imaging in a large area flat 
field as is the case with the 250 is/sm manufactured by 
Chromex Instruments (see also U.S. Pat. No. 4,932,768). 
Such spectrometers typically allow a wide range of multiple 
wavelengths to exit the spectrometer simultaneously for 
detection by the detector element (as opposed to some types 
of spectrometers which attempt to restrict the exiting light to 
a single wavelength). Typically, such spectrometers utilize a 
fixed diffraction grating since a moveable diffraction grating 
is not required to generate the data at varying wavelengths. 
The imaging spectrometer may be utilized in combination 
with an array detector such that the multiple wavelengths 
exiting the spectrometer may be spread across the width of the 
array detector. The columns across the width of the detector 
are thus presented with light of different wavelengths. The 
internal elements of imaging spectrometers may be designed 
such that the multiple wavelengths are sufficiently resolved so 
that the array detector may accurately obtain data for various 
wavelengths. 
0085. In addition, it is advantageous if the diffraction grat 
ings are of the holographic ion-etched type so as to minimize 
Stray light resulting from light scattering at short wave 
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lengths. Alternate embodiments of the invention could also 
incorporate other types of VUV spectrometers including non 
periodic toroidal grating configurations, like those manufac 
tured by Jobin-Yvon of France, Rowland circle configura 
tions, like those manufactured by Resonance Ltd. of Canada, 
or Echelette configurations like those manufactured by Cat 
alina Scientific Corp. of the United States. In addition, the 
diffraction grating utilized need not be a movable but rather 
may be implemented as a fixed diffraction grating. 
I0086. While any number of VUV sensitive array detectors 
could be used with the invention, it is desirable to use a 
detector that provides efficient conversion of VUV photons 
while offering a wide dynamic range. Back-thinned, back 
illuminated, uncoated charge coupled devices (CCD's) are 
particularly well-suited for this application as they offer high 
sensitivity and avoid losses due to absorption of VUV pho 
tons in poly-Sigate regions as encountered by their phospho 
rus coated front-illuminated counterparts. Uncoated devices 
are generally expected to perform better over a wide range of 
wavelengths than those possessing anti-reflection layers. 
Another type of array detector that may be used is a micro 
channel plate detector coupled to a standard CCD or photo 
diode array (PDA). One example of a micro channel plate 
detector suitable for this application is manufactured by Burle 
Industries, Inc. of the United States. Alternatively, front-illu 
minated CCD's or photodiode arrays can independently be 
used if they are equipped with a phosphorus coating that 
absorbs short wavelength photons and re-emits longer wave 
length photons that can then be effectively collected with the 
devices. 

I0087 Another aspect of the array detector 540 is that it 
may be cooled to low temperatures (below 0°C.) to reduce 
dark counts (i.e. thermally generated carriers) which mask a 
measured signal and can adversely affect system accuracy in 
cases where low photon levels prevail. In order to cool the 
detector, it may be necessary to encapsulate it in a hermeti 
cally sealed chamber to prevent condensable species from 
accumulating on the device. This is usually accomplished by 
mounting the device in a vacuum chamber sealed with an 
MgF, window to permit VUV photons to pass. For operation 
at shorter wavelengths (generally below about 115 nm, the 
transmission cutoff for MgF2) the protective window could 
be removed as the controlled environment would be that of 
vacuum, rather than a non-absorbing purge gas. A particularly 
well-suited detector (Model # DV420-BN) is manufactured 
by Andor Technology of Northern Ireland. This particular 
detector is an array detector that has a width of 26.6 mm and 
a height of 6.7 mm. Such a detector is formed of an array of 
pixels arranged as rows and columns. In this example a typi 
cal pixel may be 26 microns in width and height, though 
detectors with smaller resolutions on the order of 10 microns 
are also typically available. 
0088. To aid in the selection of discrete measurement loca 
tions on patterned samples an optional camera system 565 
(i.e. camera plus necessary focusing elements) could be 
employed. While there are numerous ways in which to inte 
grate such a system into the reflectometer arrangement, one 
possible method is to use it to capture the beam passing 
through the sample channel 508 and reflecting from Beam 
Splitter 2. When utilized in this manner, the camera system 
565 could be used to collect images at any time the sample 
channel 508 is in use (i.e. when Shutter 1 is open). Alterna 
tively, a flip-in mirror could be added to the camera system to 
temporarily redirect some portion of the sample beam (fol 
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lowing reflection from the sample) to the camera. Finally, 
there is also the option of introducing separate illumination 
and/or collection optics to the reflectometer in order to 
acquire images and locate specific features on the sample. 
0089. The use of an imaging spectrograph, in combination 
with an array-based detector, enables entire spectra to be 
collected much faster and to a higher degree of accuracy (due 
to lack of moving parts) than with a conventional scanning 
monochromator and single element detector arrangement. In 
addition, it enables high quality imaging reflectometry, 
allowing data from Small regions on the sample to be readily 
collected and spatially resolved. This permits measurements 
to be performed on actual patterned production samples and 
not just on blanket “test” substrates or wafers. In fact, the 
combination of imaging optics and a highly sensitive detec 
tion system enables multiple measurements to be performed 
simultaneously on a series of sites within a localized region. 
0090 FIG.9 illustrates the fashion in which such multiple 
measurements are achieved. These techniques take advantage 
of the chosen detector being a two-dimensional array detec 
tor. Thus for example with regard to FIG. 5, the array detector 
540 may be a two dimensional array detector. The left hand 
side of the FIG.9 presents a portion of a patterned sample 550 
wherein with four rectangular structures 900 formed. For 
example, such structures 900 may be formed on a semicon 
ductor Substrate such as patterned polysilicon structures, 
metal structures or other structures formed on semiconductor 
wafers. The structures 900 may be surrounded by an un 
patterned region of the semiconductor substrate (it will be 
recognized that the structures shown are illustrative only to 
aid in the understanding of the invention and portions or 
structures of a sample may be subject to simultaneous mul 
tiple measurements as described herein). Superimposed on 
the middle two features of the sample is vertical rectangle 920 
defining the spatial region that is imaged onto the spectrom 
eter's entrance slit. While a significantly larger region may 
actually be illuminated on the sample, only the light reflected 
from the specified area will be collected by the spectrometer 
and hence recorded by the detector. The width and height of 
this region are a function of the slit width 930 and slit height 
940 of the spectrometer entrance slit in combination with the 
Supporting collection and illumination optics chosen. Exem 
plary slits may have widths on the order of 20-30 microns and 
heights on the order of 1 centimeter. As shown in the example 
of FIG.9, the sample and slit may be considered as formed of 
rows and columns (a row being from left to right on the page 
such as rows 950, and columns being from top to bottom on 
the page). The information from the sample that passes 
through the entrance slit of the spectrometer is then diffracted 
by the diffraction grating and then presented to the array 
detector. The row information of the sample physically maps 
to rows on the detector, however, the column information 
does not as the diffraction grating disperses the column infor 
mation such that given wavelength components originating 
from all columns will map to a single column on the detector. 
As a result, data corresponding to different vertical positions 
(i.e. rows) on the sample are imaged onto different vertical 
positions (rows) of the detector. 
0091. As the detector is comprised of a series of pixel rows 
(typically 256,512 or 1024) each individual row of pixels will 
record data corresponding to different discrete locations on 
the patterned sample. This point is illustrated on the right 
hand side of FIG. 9 which presents reflectance spectra plots 
960 collected from five separate row sites 950 on the sample 
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550. Thus, for any given row site 950 of sample information 
a spectra plot for a range of wavelengths may be obtained. 
Moreover, the array detector may simultaneously collect 
information from multiple separate row sites 950. Thus, data 
for multiple wavelengths and for multiple row sites may be 
simultaneously collected. The resolution of the individual 
rows of sample sites that may be detected is dependent upon 
the pixel height utilized in the array detector. Through selec 
tion and/or adjustment of collection and illumination optics, 
entrance slit width and detector binning configurations, a 
range of measurement sites of various sizes may beachieved. 
In this fashion a two dimensional region of a sample may be 
illuminated by the optical path and the data from the two 
dimensional region may be recorded on the two dimensional 
array detector. As shown in the spectra plots 960 of FIG. 9. 
Such techniques may be utilized to characterize the sample 
structures 900 and/or distinguish the sample structures 900 
from unpatterned regions of the sample. Further, though the 
slit width is shown as mapping a given row only upon the 
sample structure 900, the sample may be moved (left or right 
in the figure) such that the a given row of the slit width 
overlaps both patterned and unpatterned regions thus pro 
vided data indicative of a combination of both regions. 
0092. The ability to simultaneously collect data from a 
number of discrete locations within a given localized region 
provides advantages with regards to measurement throughput 
since a significant portion of measurement time per site in a 
conventional instrument results from Sample placement (i.e. 
precise adjustment and positioning of sample sites into mea 
Surement location). Additionally, this unique capability may 
also prove useful inapplications where comparative measure 
ments between closely separated sites are of interest. Typical 
examples include, but are not limited to, dishing and erosion 
studies relating to chemical mechanical polishing applica 
tions. Thus, rather than having to take separate multiple mea 
Surements performed in conjunction with movement of the 
sample, a single measurement may return data that relates to 
multiple positions in a two dimensional area of the sample. It 
will be recognized that in Such techniques the quality of the 
optical elements (such as mirrors, beam splitters, etc.) should 
be such that a larger distortion free area is provided as com 
pared to applications in which two dimensional measure 
ments are not being utilized. Thus, the optical VUV reflecto 
meter system provided herein may also be characterized in 
one embodiment as a two dimensional reflectometer system. 
It will be recognized that many uses of such two dimensional 
data collection will advantageously be utilized with a camera 
element as described above Such that pattern recognition of 
the two dimensional sample area that is being analyzed may 
OCCU. 

0093. The systems and techniques described herein are 
particularly advantageous for use inapplications where a high 
speed measurement is desirable. In addition to the capability 
of obtaining data from a number of discrete locations within 
a given localized region, these measurements may be 
obtained without the need for slow step and scan techniques 
that utilize movable diffraction gratings. 
0094. As a result of the absorption issues discussed earlier, 
Small environmental perturbations can significantly influence 
measured data at VUV wavelengths. Along these lines, it is 
desirable to provide an apparatus which can perform mea 
Surements in a short time period in order to minimize delete 
rious effects resulting from environmental changes occurring 
during the measurement process. Furthermore, it is desirable 
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to provide a means by which the measured data can be refer 
enced to a known standard for the purposes of data normal 
ization. Additionally, the means of referencing should be such 
as to further minimize and/or eliminate altogether errors 
introduced by data altering environmental changes which 
may occur between the conclusion of a calibration measure 
ment and the commencement of Subsequent sample measure 
mentS. 

0095 Referencing is necessary to ensure that changes in 
the system (i.e. output of source, environmental conditions, 
etc.) are properly accounted for and do not result in inaccurate 
data. While essential to ensure stability of reflectometry 
results in any wavelength regime, referencing is of more 
importance when operating in the VUV due to the lower 
available photon flux and the heightened sensitivity of the 
recorded data to the composition of the gaseous medium 
contained within the optical path. 
0096. Referring again to FIG. 5, in the VUV apparatus 
describe herein, data referencing is accomplished through use 
of a reference beam channel 506. As described more herein, it 
is desirable that the reference beam channel be balanced (or of 
the same beam length) as the source beam channel 508. This 
reference beam channel 506, illustrated in FIG.5, is created at 
Beam Splitter 1 as the source beam is split into sample and 
reference components. This beam is transmitted through the 
beam splitter and reflected off Mirrors 6, 7 and 8 before 
reflecting off Mirror 9. The beam then reflects off Beam 
Splitter 2 to thereafter follow the identical path to the detector 
as described for the sample beam channel 508 earlier. Con 
trollable apertures may be utilized to selectively enable or 
disable the reference beam channel and the sample beam 
channel. For example, the apertures may be formed from 
controllable optical shutters. During the reference measure 
ment Shutter 1 is closed, while Shutters 2 and 3 remain open. 
0097. To one skilled in the art it will be apparent that if the 
optical paths traveled by the sample and reference beams 
from Beam Splitter 1 to Beam Splitter 2 are precisely adjusted 
such that they are near-identical in length they form the two 
arms of a near-balanced Mach-Zehnderinterferometer. It will 
also be readily apparent that there exist many other equivalent 
arrangements incorporating other interferometer designs for 
achieving this objective. An example of one such alternate 
embodiment is illustrated in FIG. 10, wherein a Michelson 
interferometer is incorporated into the design. Though not 
shown other elements of the systems of FIG. 2 or 5, such as 
coupling mechanisms, a camera, a purge or vacuum system, a 
processor, etc. may be incorporated with the use of the system 
of FIG. 10. In the arrangement of FIG. 10, light from the 
source 1010 is collimated by Mirror 1 and directed towards 
the Beam Splitter 1020 where the sample beam 1030 and 
reference beam 1040 are split. The sample beam 1030 travels 
through Shutter 1 and is focused onto the sample 1050 by an 
off-axis parabolic reflector (Mirror 2). Light from the sample 
is captured by the same optic and travels back along its 
original path. The beam then travels through the Beam Split 
ter 1020 and is focused onto the entrance slit 1060 of the 
spectrometer 1070 by another off-axis parabolic reflector 
(Mirror 3) and finally directed toward an array detector 1080. 
During the sample measurement Shutters 1 and 2 are open, 
while Shutter 3 remains closed. 

0098. During the reference measurement, the reference 
beam 1040 passes through the Beam Splitter 1020 and Shut 
ter 3 before it is reflected back along its path by Mirror 4. It 
then reflects off the Beam Splitter 1020 and is focused onto 
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the entrance slit 1060 of the spectrometer 1070 in a similar 
fashion to the sample beam. During the reference measure 
ment Shutters 2 and 3 are open, while Shutter 1 remains 
closed. 

0099. The benefit of these reference configurations can be 
described as follows. As the attenuation of VUV photons due 
to absorbing atmospheric species is a function of optical path 
length (the longer the path, the more absorbing molecules 
encountered), and as the dependence is non-linearin nature, it 
follows that the sample and reference arms should be sub 
stantially of the same length if similar attenuation effects are 
to be encountered by each beam. If this is not the case, and the 
arms are of different lengths, then data taken at any time 
following a calibration measurement will only be accurate if 
the concentration of absorbing species in the environment is 
precisely identical to that present when the calibration mea 
Surement was performed. As this condition is virtually impos 
sible to ensure it remains highly improbable that accurate 
results can be obtained unless the sample and reference path 
lengths are equal. 
0100. As described in more detail below, providing a ref 
erence beam allows for measurements to be obtained that 
indicate conditions of the optical reflectometer system. For 
example, the presence of absorbing gases within the optical 
reflectometer system can greatly affect the data obtained from 
a particular sample. The reference beam channel provides a 
mechanism that is indicative of environmental or other sys 
tem conditions. The data obtained from the reference channel 
may then be utilized to adjust or correct the data obtained 
from a sample. Thus, the use of a reference beam to provide a 
mechanism to indicate the environmental conditions of the 
optical path allows for increased accuracy in calculations 
made from the data obtained from the optical metrology 
system. In addition, the use of a reference beam may allow 
suitable sample data to be obtained over a wide range of 
environmental conditions, thus lessening the environmental 
criteria, particularly for lower wavelength measurements. 
0101. In addition to ensuring that highly accurate reflec 
tance data is obtained, the reference channel arrangement also 
provides a number of other direct benefits. Firstly, the refer 
encing scheme extends the range of acceptable environmental 
operating conditions over which reliable and accurate data 
can be obtained. Quite simply, as long as the concentration of 
absorbing species is Sufficiently low enough to permit a mea 
Surable fraction of VUV photons to leave the source, reflect 
from the sample and reach the detector, accurate measure 
ments can be performed. This reduces the requirements on the 
controlled environments and makes data collection over a 
wider range of conditions possible. In essence the reference 
method enables accurate measurements to be performed over 
a wide range of suitable, as opposed to reproducible, environ 
ments. As well, the interferometer approach herein described, 
not only balances the path lengths of the channels, but also 
acts to balance the spectral intensity profiles seen by the 
detector. This is important as it allows for longer integration 
times and helps to mitigate any non-linearity effects which 
may be inherent to the detector. 
0102. In yet another embodiment of the invention virtually 

all of the optical elements, with the exception of the sample 
itself, are housed within the instrument chamber. This con 
figuration, illustrated in FIG. 11, significantly reduces the 
spatial requirements of the sample chamber, rendering it well 
Suited to integrated process control applications. As shown in 
FIG. 11, an optical reflectometer metrology tool 1100 is pro 
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vided. A source 1110, spectrometer 1170, and array detector 
1180 are provided within an instrument chamber 1102. Also 
provided within the instrument chamber are all of the optical 
elements of both the sample beam path and the reference path. 
Thus, mirrors 1-6, and shutters 1-3 are all located within the 
instrument chamber 1102. Mirror 2 focuses the beam down 
(into the plane of the figure) through a coupling mechanism 
1106 into the sample chamber 1104. From the sample 1150. 
the sample beam then travels up (out of the plane of the figure) 
through the coupling mechanism to mirror 3. As shown in 
FIG. 11, the reference beam path passes through two coupling 
mechanisms 1105A (such as windows or gate valves) that 
couple the reference beam from the instrument chamber 1102 
into the sample chamber 1104 and back into the instrument 
chamber 1102. In this manner the reference beam is subjected 
to the environment of the sample chamber just as the sample 
beam is. Ideally, the distance that the reference beam travels 
in the sample chamber 1104 will match the distance that the 
sample beam travels in the sample chamber. Further, it will be 
noted that the reference beam passes through a coupler 
mechanism twice just as the sample beam does. Thus, the 
optical path of the reference beam is designed to closely 
simulate the conditions of the sample beam. In this manner, 
the optical paths of the reference beam and the sample beam 
are similar both overall and with regard to the individual paths 
in the instrument chamber and the sample chamber. It will be 
recognized that the path and arrangement of coupling mecha 
nism shown in FIG. 11 is exemplary and other paths and 
arrangements may be utilized while still achieving the ben 
efits described herein. 

(0103 FIG.11a illustrates the FIG. 11 arrangement of the 
instrument chamber 1102 containing mirrors 2 and 3, the 
coupling mechanism 1106, and the sample chamber 1104 that 
contains the sample 1150. As shown in FIG.11a, the sample 
beam 1107 and the reference beam 1109 travel through the 
sample chamber 1104. It will be recognized that although 
perhaps less desirable, a system may be configured such that 
the reference beam does not pass through the sample cham 
ber. Such a configuration may be utilized, for example, when 
the path length traveled by the sample beam in the sample 
chamber is sufficiently short and where the concentration of 
absorbing species in the sample chamber are sufficiently 
well-controlled, with respect to an initial calibration time and 
a later sample measurement time, so that errors introduced by 
Such a configuration are within an acceptable error tolerance. 
In Such a case, the reference beam may be configured so that 
both the reference beam and the sample beam travel the same 
optical distance in the instrument chamber. As the reference 
beam only travels in the instrument chamber the total beam 
path will thus be different. In this manner the environment 
that the two beams are subjected to are still generally matched 
(except with regard to the path length in the sample chamber). 
This condition may be realized in cases where the sample 
chamber is purged with a high quality non-absorbing gas or 
where it is evacuated using high vacuum equipment. 
0104. The systems of FIG. 11 and FIG. 11a may be uti 
lized as stand-alone tools or may be integrated with another 
process tool. In one embodiment, the system of FIG.11a may 
be merely attached to a process tool with some mechanism 
that allows for transport of the sample between the process 
tool and the metrology tool sample chamber. FIG.11b, how 
ever, shows an alternative manner for integrating the optical 
reflectometer metrology tool with a process tool. As shown in 
FIG. 11b, the instrument chamber 1102 is coupled to a cou 
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pling mechanism 1106. The coupling mechanism 1106 may 
be for example a window. In this case the coupling mecha 
nism 1106 may be a gate valve that is formed on a process tool 
1105 or some other mechanism that allows the environment 
of the process tool 1105 to be shared with the sample chamber 
1104. As shown in FIG.11b, the sample 1150 need not leave 
the environment of the process tool, rather the sample 1150 
may be contained within a region 1175 of the process tool. 
Region 1175 may be a processing chamber, a transport region 
or other region within the process tool. In the example shown, 
when the coupling mechanism 1106 (such as a gate valve) is 
opened, the environment between the region 1175 and the 
sample chamber 1104 is shared (note although called a 
sample chamber, sample chamber 1104 never receives the 
sample but rather has an environment that is shared with the 
region that contains the sample). Alternatively opening the 
coupling mechanism may be considered to effectively expand 
the sample chamber 1104 to include the region 1175. In this 
manner environmental conditions such as the concentrations 
of absorption species may be similar between the region 1175 
and the sample chamber 1104. The beam paths for the refer 
ence beam 1109 and the sample beam 1107 may be again 
designed to be of similar length within the common environ 
ment of the region 1175 and the sample chamber 1104. The 
mechanism of FIG.11b is also advantageous in that integra 
tion may be accomplished with the sample tool by providing 
a single simple coupling mechanism, Such as a gate valve. As 
noted above, if the environment within the region 1175 can be 
closely controlled, it may be possible to achieve measure 
ments within an acceptable error tolerance without sharing 
the environment between the sample chamber and the region 
1175. In such a case, the coupling mechanism 1106 may be a 
window and the metrology tool would not need a sample 
chamber 1104. 

0105. The process tool 1105 of FIG.11b may be any type 
of sample processing mechanism, Such as for example, a 
deposition process tool, an etch process tool, a photolithog 
raphy process tool, a planarization process tool, etc. In this 
arrangement, the sample will be contained within the process 
tool 1105. The process tool may contain a sample that is 
located in an optical path that may be accessed by the beam 
through the coupling mechanism 1106. The sample may be a 
located in a process tool sample chamber that is dedicated for 
use for metrology measurements or may be located within 
Some other region of the process tool. In the configuration of 
FIG. 11b, the optical reflectometer metrology tool 1100 thus 
may be a separate add on unit that is comprised of an instru 
ment chamber 1102 (and associated elements) that may be 
connected to a process tool 1105 that has a coupling mecha 
nism 1106. The configuration of FIG.11b is advantageous in 
that the optical metrology tool is easily adaptable for use with 
a wide variety of process tools because the process tool manu 
facture need only provide a coupling mechanism on the pro 
cess tool without having to incorporate significant metrology 
elements within the tool itself. 

0106 With the arrangements of FIGS. 11, 11a and 11b, the 
optical path length within the sample chamber can be quite 
short, relative to that enclosed within the instrument chamber. 
In a preferred embodiment the optical path in the sample 
chamber could be short within the range of microns. Alterna 
tively, to ease design of the process tool the path could be 
much longer in the range of hundreds of centimeters. The 
longer the optical path, however, the more desirable it is to 
minimize the presence of absorbing features and thus 
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increase the environmental demands placed upon the sample 
chamber. If a short optical path is utilized, the requirements 
on the quality of the sample chamber environment are 
reduced, thereby reducing settling times and increasing 
sample throughput. A further benefitarises as optical Surfaces 
housed within the continuously maintained instrument cham 
ber are less susceptible to contamination than if they were 
resident in the cyclic environment of the sample chamber. 
While not explicitly denoted in FIG. 11, it is implied that the 
optical path lengths of the reference and sample beams are 
near identical either through judicious design of the sample 
chamber itself or by some other means of adjustment or 
positioning of the sample, or one or more of the coupling 
mechanisms between the sample and instrument chambers. 
FIGS. 11, 11a, and 11b illustrate the use of a sample chamber 
of reduced size. It will again be recognized that other features 
and elements of the systems of FIGS. 2, 5, 11, 11a, and/or 11b 
may be interchanged with each other even though all of Such 
features or elements are not illustrated within the figures. 
Thus, for example an optical reflectometer metrology tool of 
FIG. 11 may utilize camera, a purge or vacuum system, a 
processor, a Michelson interferometer design, etc. and it will 
be recognized that the system shown in any particular figure 
is not limited to use with only those elements illustrated or the 
arrangement of the elements as shown. 
0107 The beam splitters employed in the device can be of 
various designs. For example, the beam splitters may be par 
tially transmissive beam splitters that obscure the entire beam 
diameteror fully reflecting mirrors obscuring some portion of 
the entire beam diameter. If operation at wavelengths above 
115 nm is desired and VUV photon flux is sufficient, then 
conventional thin film interference beam splitters employing 
MgF2 substrates can be utilized. A particularly well-suited 
beam splitter for this application is produced by Acton 
Research Corporation (Model VUVBS-45-MF-2D). Typical 
reflectance and transmittance properties for this beam splitter 
are presented in FIG. 13 as plots 1310 and 1320. Plots 1310 
and 1320 respectively illustrate the % reflectance at 45° and 
the % transmission at 45° as a function of wavelength. If 
operation at wavelengths below 115 nm is desired, or if pho 
ton levels are sufficiently low enough, a spatial beam splitter 
(totally reflecting mirror bisecting the optical path) or flip in 
mirror approach (replace Beam Splitters 1 and 2 with flip in 
mirrors and eliminate Shutters 1 and 2) can be used. 
0108 Mirrors 6, 7 and 8 provide a means of adjusting the 
path length in the reference arm such that it closely parallels 
the path length in the sample arm Such as for example as 
shown in FIG. 5. Those skilled in the art will recognize that 
there exist many alternate means of accomplishing this objec 
tive. For example, a configuration as shown in FIG. 11 may be 
utilized in which mirrors 7 and 8 are absent. The benefits 
associated with this effort are apparent upon examination of 
FIG. 14 where the difference in absorbance between the 
sample and reference arms is plotted for different path length 
differences and concentrations (in PPM) of O and HO con 
taminants. FIG. 14 plots the difference in concentrations of 
the contaminants from an initial time when the system is 
calibrated and at a later time when an unknown sample is 
measured versus the differences in path lengths of the sample 
and reference channels of the instrument. The plots 1410, 
1420 and 1430 correspond to lines of absolute errors of 
0.01%, 0.10%, and 1% that will be introduced in the mea 
Sured reflectance data for a specific set of concentration and 
path length differences. Thus, for example, point 1445 illus 
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trates that an approximate absolute error of 0.01% may result 
if the concentration difference between the time the calibra 
tion sample is measured and the time the sample measure 
ment is measured is between 1.0E+01 and 1.0E+02 and the 
path length difference is approximately 0.01 centimeters. It 
will be recognized that FIG. 14 is an exemplary graph to 
demonstrate the principles described herein. For example the 
graph in FIG. 14 assumes that the O and H2O change 
together (i.e. a concentration difference of 10 PPM corre 
sponds to a 10 PPM change in O, and a 10 PPM change in 
HO). Further, it will be recognized that other contaminants 
that are absorbing species may be present. In addition, though 
FIG. 14 presents data at a wavelength of 145 nm, other wave 
lengths will similarly reflect the concepts described. 
0109 Thus if a particular application requires that errors 
be held below 0.1% and if the concentration of absorbing 
species in the sample chamber can be expected to change on 
the order of 100 PPM between the initial calibration and the 
final sample measurement time, then as reflected in FIG. 14 a 
maximum path length difference may be calculated. In the 
example presented, such path length difference may be less 
than about 0.025 cm. If the expected concentration differ 
ences are expected to be larger, the acceptable path length 
differences will be reduced. Likewise, if error must be held 
lower than the acceptable path length differences (for a given 
concentration difference) must be lower. It is noted that these 
effects are highly dependent upon the presence of absorbing 
species in the ambient and that the absorbance differences for 
a given path length difference increase non-linearly as the 
environment degrades. 
0110. While different applications can sustain different 
degrees of inaccuracy, it is likely that in many applications 
one would generally prefer to keep such errors less than 0.1% 
and in some cases below 0.01% or less. The range of concen 
tration differences that could be encountered would depend to 
a large extent on how the instrument was designed and 
employed. For example, stand alone systems may be 
designed for use with adequate purge and/or vacuum control 
such that it is likely that concentration differences could be 
maintained at very low levels (on the single digit PPM level), 
whereas in integrated applications where the metrology 
instrument is attached to other process tools such as described 
with reference to FIG.11b (and hence some fraction of the 
sample chamber resides within that other process tool), it may 
not be possible to control the differences. 
0111. During both the sample and reference measure 
ments Shutter 2 of the embodiments described above with 
respect to FIG. 5, 10 or 11 acts to accurately control the 
duration of the measurement, which directly impacts the 
accuracy of the measured data. As such, Shutter 2 is prefer 
ably a high speed electronic shutter that can be precisely 
controlled on the millisecond timescale. An example of Such 
a shutter is Model 76994 manufactured by Thermo Oriel of 
the United States. Shutter 2 also acts to prevent light from the 
Source from reaching optical Surfaces in the instrument dur 
ing times when measurements are not actively underway in 
order to prevent changes in those Surfaces which may result 
from prolonged exposure to the light from the Source. 
0112. It is important to note that using the designs pre 
sented herein, signals from both the sample and reference 
channels are dispersed using the same region of the diffrac 
tion grating within the spectrometer and are recorded using a 
common detector. This helps to avoid inaccuracies resulting 
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from differences in the local performance of a grating and 
differences in responses between multiple detectors. 
0113. Additionally, it is desirable that a means exist for 
adjusting or tuning the angles upon which the sample and 
reference beams enter the spectrometer, such that the two 
beams are coincident. Differences between the entrance 
angles of the two beams may result in complications includ 
ing, but not limited to, artifacts and unwanted features in the 
ratio of the two signals owing to different effective spectral 
resolutions (since the two beams 'see' different effective slit 
widths). An effective means of adjusting the entrance angles 
can be provided through use of a standard kinematic mount 
ing apparatus with which to hold Beam Splitter 2. One skilled 
in the art will recognize that many other means of adjusting 
the entrance angles could also be employed. As mentioned 
above, it may be desirable to closely match the optical path 
distance of the sample and reference beams such that near 
equal optical path lengths are obtained. It may be desirable to 
also match the number and types of optical elements such as 
mirrors, beam splitters, etc. So that reference and sample 
paths having substantially similar characteristics are pro 
vided. However because absorption resulting from environ 
mental conditions of the chamber may be a dominating factor, 
the optical path distance may be the most critical factor in 
matching the beam paths. 
0114. In view of the challenges presented by environmen 

tal absorption, it is desirable to reduce the overall path length 
of the device to as short as is practically possible. Limitations 
on the extent to which this design parameter can be optimized 
will depend on a number of system characteristics including, 
but not limited to, the brightness of the source and spectral 
resolution required. Moreover, it is also beneficial to reduce 
the Volume of the instrument so as to minimize the settling 
time and quantity of purge gas required to purge the instru 
ment and/or sample chambers. Both of these characteristics 
can be expected to be influenced to some extent through 
introduction of forced circulation and intelligent mechanical 
design to ensure sufficient mixing of gases occurs. 
0115 The controlled environment of the instrument 
brings with it a number of related benefits. Firstly, the use of 
Vacuum or high purity purge conditions necessarily implies 
an absence of potential contaminates which could lead to 
oxide growth, hydrocarbon buildup, moisture adsorption and 
the like. This consideration becomes increasingly important 
as leading edge wafer processing techniques incorporate thin 
ner layers and smaller features, which are now comparable to 
and/or smaller than the dimensions associated with the thick 
ness of films inadvertently created through contamination 
processes. In applications where ultra-thin layers are involved 
it is likely that improvements in measurement accuracy may 
be realized through pre-measurement treatment of samples in 
an optional desorber unit (see FIG. 2) in order to remove 
contamination layers which may be present. As known in the 
art. Such a desorber may remove moisture and other contami 
nates such as hydrocarbons by using thermal heating. This 
capability would also play a key role in ensuring the accuracy 
of calibration and test materials. A further benefit of the 
controlled environment is that it would provide excellent 
measurement stability, as the temperature and particulate lev 
els within the instrument could be well controlled. 
0116. It may be noted that the referencing techniques 
described herein provide advantages beyond traditional cali 
bration techniques and that the referencing techniques may be 
used in combination with calibration techniques and/or in 
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place of calibration techniques. In traditional calibration 
techniques a reference having a known characteristic (such as 
a known reflectance) is provided for measurement. The mea 
Surement from the known sample is then utilized to assist in 
analyzing the data that is obtained from a measurement taken 
from the unknown sample. Such calibration techniques, how 
ever, are time consuming if a calibration is performed before 
every measurement is made on an unknown sample (particu 
larly if multiple measurements are performed upon each 
sample). In addition, calibration itself introduces errors in 
that the quality of the calibration sample may degrade over 
time (for example as the calibration sample becomes con 
taminated over time). In addition, the movement of a calibra 
tion sample into and out of a sample chamber may introduce 
further environmental changes that affect the accuracy of the 
data analysis. The reference techniques described herein may 
be accomplished without the mechanical introduction of 
eO. 

I0117 The referencing technique provided herein may be 
performed, however, quickly and with minimal system 
impact. Thus for example, a reference measurement may be 
easily obtained prior to every measurement collected from a 
sample. Thus real time data referencing closely in time to the 
sample data collection may be obtained to indicate the con 
ditions of the metrology system. Further, this referencing data 
may used to adjust the sample data because system absorption 
effects have been detected. In addition this reference data may 
truly characterize the system without being dependant upon a 
standard Sample. This referencing data may also be used to 
adjust the sample data because other system changes have 
occurred (i.e. like changes in source output). The referencing 
techniques also may be combined with traditional calibration 
techniques to more fully characterize collected data. Thus, a 
System calibration may be performed upon some periodic 
basis (once a day, once a week, etc.) and the reference tech 
niques may be performed significantly more frequently, for 
example once per sample or prior to every measurement taken 
from a sample. 
10118. An example of the typical steps involved in a cali 
bration, referencing and measurement sequence 1200 are 
provided in a high level in FIG. 12. As shown by step 1202 a 
calibration sample may be loaded into a sample chamber and 
a suitable system state (such as absorbing species) may be 
established. Then, measurements may be performed on the 
known calibration sample in order to calibrate the optical 
reflectometer system as shown by step 1204. It will be noted 
that the system may be actually calibrated at this time or the 
calibration data may be merely collected to be utilized to 
adjust any final data results presented from measurements 
made on an unknown sample (such as adjustments imple 
mented through subsequent software algorithms). Measure 
ments of the reference channel may then be obtained as 
shown by step 1206 in order to characterize and record the 
state of the reflectometer system at the time that the calibra 
tion measurement was performed. It will be noted that as 
shown, the measurements of the referencing channel are 
shown to be performed after the measurement on the calibra 
tion sample, however, the referencing measurements may be 
performed prior to the calibration measurement. It is desir 
able, however, for such measurements to be made relatively 
close in time so that the system characteristics at the time of 
calibration may be determined. 
0119) Next an unknown sample that is desired to be ana 
lyzed may be loaded into a sample chamber and a suitable 
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system state (such as absorbing species) may be established 
as shown by step 1208. An optical reflectometermeasurement 
may then be obtained from the unknown sample as shown in 
step 1212. Measurements of the reference channel may then 
be obtained as shown by step 1214 in order to characterize 
and record the state of the reflectometer system at the time 
that the measurement on the unknown sample was performed. 
Once again it will be noted that as shown, the measurements 
of the referencing channel are shown to be performed after the 
measurement on the unknown sample, however, the referenc 
ing measurements may be performed prior to the unknown 
sample measurement. Finally, as shown in step 1216, the 
results of the sample measurement may be adjusted using 
recorded information from the reference measurements per 
formed at the time of the system calibration measurements 
and at the time of the sample measurement. These adjust 
ments are made in order to remove errors resulting from 
changes in the state of the system. Thus in this manner 
changes in the concentration of absorbing species at the time 
of calibration and the time of measurement of the unknown 
sample may be accounted for. Thus, the reference beam may 
be utilized to assistin characterizing the ambient environment 
concentrations or differences in the concentrations, particu 
larly where other variables such as path length differences are 
known or may be accurately estimated. As will be described 
in more detail with reference below to FIG. 14, the presence 
of non-zero path length differences between the reference 
beam path and the sample beam path will limit the accuracy of 
corrections that may be made due to absorbing species con 
centration variations. Additionally, changes that may be 
accounted further include changes in elements of the system 
that are common between the reference beam path and the 
sample beam path which may exist between the time of cali 
bration measurements and the time of the unknown sample 
measurements. For example changes of characteristic of the 
Source, shared optics, the spectrometer, the detector, etc. may 
be addressed. Such changes may be the result of age/lifetime 
variations, temperature variations, mechanical variations, etc. 
0120 A more detailed example of the typical steps 
involved in a calibration, referencing and measurement 
sequence 1200 are provided in the flowchart of FIG.12a (split 
as FIGS. 12A-A and 12A-B). As indicated by step 1205, a 
calibration sample with a known reflectance may be loaded 
into a location for measurement (Such as within a sample 
chamber) and then purging and/or vacuum pumping may 
occur to establish Suitably low environmental concentrations 
of absorbing species. An optical reflectometer measurement 
may then be obtained from the calibration sample to recordan 
intensity of the calibration sample as indicated by step 1210. 
Such data may be saved by the processor or other computing 
system. Next a source intensity profile may be calculated as 
indicated by step 1215. Step 1220 includes recording the 
intensity of the reference channel at a time t. Utilizing the 
prior recorded and calculated data, a reference reflectance 
may then be calculated as shown in step 1225. 
0121 Next the unknown sample may be loaded into the 
system and the Suitable concentrations of absorbing species 
may be again obtained as indicated by steps 1230. Another 
reference measurement may then be recorded and saved as 
indicated by step 1235 where the intensity of the reference 
channel is recorded for time t. The source intensity profile is 
then calculated again in step 1240 using the data from step 
1235. The source intensity profile may be rewritten as shown 
in step 1245. The intensity of the unknown sample may then 
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be recorded as shown in step 1250 and the sample reflectance 
can be calculated as shown in step 1255. The sample reflec 
tance may be calculated utilizing the rewritten equations of 
steps 1260 and 1265. It will be noted that the exponential term 
the equation of step 1265 is written for the case of two beams 
(sample and reference) in a single chamber. In the more 
complicated case of two chambers it would expanded to 
include two exponential components, one to characterize the 
differences in the first chamber and the second to characterize 
the differences in the second chamber. 

I0122) Additional measurements may then be performed 
on the same unknown sample or another unknown sample. It 
will be recognized that for such additional references another 
loading and measurement of a calibration sample may not 
occur for each of Such measurements, but rather, the calibra 
tion data may be stored for re-use and only the referencing 
and unknown sample steps need be performed again. In yet 
another embodiment, the data of the referencing steps may 
also be reused Such that additional referencing is not per 
formed for every additional unknown sample measurement. 
Thus, it will be recognized that the referencing techniques 
described herein may be utilized in a wide variety of manners 
while still obtaining at least some of the benefits of the refer 
encing techniques: 
(0123. As indicated in steps 1255-1265 of FIG. 12a-b, the 
dependence of the path length and concentration differences 
are clearly shown. As also indicated in step 1265, when the 
path length difference (LSample-Lreference) decreases 
toward Zero, any error caused by the exponential dependence 
term is reduced since when the difference approaches zero the 
exponential term approaches unity. It is noted that this will 
occur independent of the differences in the concentrations 
(N2-N1). In addition to the typical steps illustrated in the 
figure, it is recognized that a background measurement per 
formed in the absence of light (i.e. a measurement with both 
sample and reference shutters closed) would be recorded and 
Subtracted from all Subsequent measurements. By nature of 
the fact that the detector used in the instrument is both cooled 
and temperature controlled it is unlikely that such back 
ground measurements need be performed regularly as the 
background levels associated with Such a detector configura 
tion would be expected to be low and highly stable. 
0.124. It will be recognized that advantages of the optical 
metrology systems disclosed herein may be obtained without 
requiring the use of the referencing techniques described 
above. Thus, the systems and techniques disclosed herein 
may be implemented independent of the referencing tech 
niques or in combination with the referencing techniques. 
Further, the referencing techniques provided herein may be 
utilized with optical metrology systems different from those 
disclosed herein or with systems that operate at different 
wavelengths. The referencing techniques and the optical 
metrology systems disclosed herein, may however, be par 
ticularly advantageous when used in combination. 
(0.125 While not shown in FIGS. 12 and 12a (split as FIGS. 
12A-A and 12A-B), it may also be useful in situations, where 
significant levels of Stray-light are present, to perform an 
additional corrective step during the data acquisition process. 
Stray light refers to light generated through scattering pro 
cesses at optical Surfaces in the beam path of the system. The 
presence of such light can ultimately result in spurious counts 
recorded by the detector (i.e. light of wavelength other than. 
that is incident upon the pixel corresponding to wo). While the 
VUV apparatus described herein has been designed such to 
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considerably reduce the generation of stray light within the 
device, it may still be advantageous to correct for this phe 
nomena in some circumstances. 

0126 One approach to correct for stray light within the 
system involves attempting to record light below the spectral 
range of the instrument (i.e. below the lower wavelength 
cutoff of the device). Any signal recorded below this region 
should not, by definition exist, and is instead assumed to have 
been created through scattering processes. Equipped with an 
understanding of the intensity of such signal, as a function of 
wavelength, it is possible to Subtract the appropriate “stray 
light' contribution from longer wavelength regions within the 
spectral range of the instrument where “real' signals are 
simultaneously being recorded. 
0127. The concepts disclosed herein provide a VUV opti 
cal reflectometer metrology tool. The design of the tool is 
simple and robust rendering it easy to operate at VUV wave 
lengths. Further, the tool avoids many of the problems asso 
ciated with ellipsometry techniques. For example, the tool 
and techniques disclosed herein may be utilized without 
polarization elements. In ellipsometry, the change in the 
polarization state of light reflected from the surface of a 
sample is measured. Typical ellipsometry techniques use at 
least two polarizing elements (one in the optical path prior to 
the sample and one in the optical path after the sample). Such 
techniques are time consuming because of the nature of col 
lecting data for multiple polarization angles. In addition, 
polarization elements are generally absorbing thus making 
them unsuitable for low wavelength measurements, particu 
larly in the VUV regions of about 140 nm or less. Thus, the 
systems and techniques described herein (which may be uti 
lized without polarizing elements) are particularly advanta 
geous for use with wavelengths that are low endVUV regions 
(or lower). The absorbing nature of polarizing elements also 
increases the time necessary to collect Sufficient light to 
obtain a measurement. 

0128. Thus, it may be desirable to provide a reflectometer 
tool utilizing the techniques disclosed herein with a non 
polarizing optical path Such that a polarization independent 
measurement may be obtained. The polarization independent 
techniques shown herein provide a phase independent reflec 
tivity amplitude measurement. The reflectometer tools 
described herein typically include multiple wavelengths 
within the optical path until the optical path hits the diffrac 
tion grating, at which point the wavelengths are spatially 
separated. Ellipsometry techniques traditionally involve fil 
tering the light Source to a single wavelength at Some point in 
the optical path. It should be noted that at least some of the 
techniques and tools described herein may be useful for appli 
cations known as polarized reflectometry. Such applications 
may typically use a single polarizing element located either 
before or after the sample to enable collection of reflectivity 
amplitude data in one of two possible polarization states. 
0129. The tools and techniques disclosed herein also are 
advantageous compared to ellipsometer techniques because 
of the Smaller angle of incidence that is required of the optical 
beam with reference to the sample. Thus for example as 
shown with reference to FIG.11a, an angle of incidence (p of 
10° or less and even 4° or less is possible utilizing the tech 
niques disclosed herein as opposed to ellipsometer tech 
niques which often utilize angles of incident on the order of 
70°. This is advantageous as the footprint of the metrology 
tool is Smaller and the integration of the metrology tool with 
process tools is simpler. For example, it is possible to inte 

Jan. 1, 2009 

grate the metrology tools disclosed herein with a process tool 
through the use of one coupling mechanism as opposed to 
requiring multiple coupling mechanisms. 
0.130. Once spectral reflectance data is recorded by the 
detector it is sent to the processor unit depicted in FIG. 2, 
where it is Subsequently reduced via analytical algorithms. 
These algorithms may generally relate optical data, Such as 
for example reflectance, to other properties of the sample 
which can then be measured and/or monitored. If the sample 
is comprised of a thin film 1505 (or stack of thin films) on a 
substrate 1510, then the situation can be depicted as in FIG. 
15 and the associated sample properties may include quanti 
ties such as for example, but not limited to, film thickness, 
complex refractive index, composition, porosity and Surface 
or interface roughness. 
I0131 Data reduction is generally accomplished using 
Some form of the Fresnel equations in combination with one 
or more models to describe the optical properties of the mate 
rial or materials comprising the sample. There are a large 
number of such models in existence with differing degrees of 
applicability, depending on the nature of the materials 
involved. Frequently used models include, but are not limited 
to, the effective median approximation (EMA) and variations 
on what is commonly referred to as the “harmonic oscillator. 
Regardless of the specific models used in the reduction of the 
data set, the greater goal is generally to use a valid mathemati 
cal expression to describe the measured data Such that certain 
parameters relating to properties of the samples (as discussed 
above) can be obtained through an iterative optimization pro 
cess. That is, the measured data set is compared to one cal 
culated using an expression that depends on a set of param 
eters relating to the nature of the sample. The discrepancy 
between the measured and calculated data sets is minimized 
by iteratively adjusting the values of the parameters until Such 
time as adequate agreement between the two data sets is 
achieved. This discrepancy is usually quantified in terms of a 
“goodness of fit parameter. 
0.132. As many materials exhibit significantly more struc 
ture in the VUV region of their optical properties, than at 
longer wavelengths in the deep-ultra-violet (DUV) and vis 
ible regions, there is a considerable advantage associated with 
the extended data range afforded by the VUV apparatus 
described herein, particularly as is relates to the data reduc 
tion process. This point is illustrated through the examples 
provided in FIG. 16 and FIG. 17. The two curves in FIG. 16 
represent the measured reflectance spectra 1610 (solid line) 
and calculated reflectance spectra 1620 (dotted line) of a thin 
(~50 A) aluminum oxide (AlO4)layer deposited on a silicon 
Substrate. The calculated result was obtained using the data 
reduction methods outlined above. As is evident, excellent 
agreement is obtained between the measured and calculated 
spectra, providing a high degree of confidence in the accuracy 
of the acquired results. 
I0133. Then and k values (the values of the real and imagi 
nary parts respectively of the complex index of refraction) 
obtained for the Al-O layer are presented in FIG. 17. As is 
evident from the plot 1710 of n values and the plot 1720 ofk 
values, the optical properties in the DUV and visible region 
show little in the way of defining structure, as the main peaks 
associated with the n and k spectra reside exclusively at 
shorter wavelengths in the VUV. As the parameters in the 
fitting algorithm are inherently related (among other things) 
to the position, amplitude and breadth of these peaks it fol 
lows that an accurate determination of Such parameters is 
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greatly aided by providing the fitting routine with actual 
measured data spanning the wavelength range of interest. In 
other words, as the optical properties of many materials tend 
to exhibit the majority of their defining structure in the VUV 
(and not in the DUV or visible regions) it is highly desirable 
to make use of measured data in this spectral region when 
attempting to accurately determine such properties. FIG. 18 
illustrates how the VUV techniques disclosed herein may be 
utilized to identify and measure very thin layers in a semi 
conductor process environment. The first curve 1810 in the 
figure, corresponding to the y-axis on the right hand side, 
presents the reflectance signal associated with an ultra-thin (5 
A) layer of residual photo resist on a blank mask substrate. 
The second curve 1820, corresponding to the y-axis on the 
left hand side, presents the difference signal associated with a 
1 A increase in the film thickness of the said layer of residual 
photo resist. It is clear that the largest changes in the differ 
ence signal appear at shorter VUV wavelengths, and that the 
difference signal tends to Zero as the wavelength approaches 
the longer wavelengths in the DUV. FIG. 19 provides a further 
example of how the disclosed methods may be used to mea 
sure or monitor the thickness of ultra-thin layers. Three 
curves are present in the figure and correspond to reflectance 
spectra recorded from samples consisting of a thin 10 A layer 
(curve 1810), a thin 14 A layer (curve 1820) and a thin 18 A 
layer (curve 1830) of silicon oxy-nitride (SiON) deposited on 
silicon substrates. As is evident, the differences between the 
spectra are again greatest at the shorter VUV wavelengths 
and, in this case, essentially non-existent at longer DUV 
wavelengths. This is an increasingly important aspect as it 
relates to semiconductor process control since the semicon 
ductor industry is constantly working to incorporate thinner 
and thinner layers into semiconductor devices. 
0134. This point is further emphasized upon examination 
of FIG. 20, which presents the reflectance change (relative to 
a nominal 10 A layer) for a SiOos, No layer as a function of 
film thickness (relative to a nominal 10 A layer with 13% 
nitrogen). AS is evident from the graph the reflectance 
changes at 130 nm (plot 2010) for a given change in film 
thickness are larger in turn than those expected at either 157 
nm (plot 2020) or at 193 nm (plot 2030). In fact, the changes 
in the VUV at 130 nm are approximately seven times greater 
than those exhibited at in the DUV at 193 nm. FIG. 21 and 
FIG. 22 illustrate generally how the VUV techniques 
described herein may be utilized to monitor the composition 
of a material or film. FIG. 21 presents reflectance spectra for 
a series of six 16 A thick SiON layers deposited on Si with 
concentrations ranging from 10% to 15%. As is evident, 
region 2110 is the region of highest sensitivity to changes in 
the composition of the SiON films and is centered at approxi 
mately 130 nm. This point is further emphasized following 
examination of FIG.22 which presents the reflectance change 
(relative to a nominal 16 A SiON layer with 10% nitrogen) for 
a SiON layer as a function of film thickness (relative to a 
nominal 10 A layer). As is evident from the graph the reflec 
tance changes at 130 nm (plot 2210) for a given change in film 
thickness are larger in turn than those expected at either 157 
nm (plot 2220) or at 193 nm (plot 2230). 
0135. As a further example of the benefits afforded by the 
use of the VUV methods presented herein, the determination 
of the composition of a SiON film exhibiting a non-uniform 
distribution of nitrogen (as a function of film thickness) is 
considered. FIG. 22a presents a series of four nitrogen distri 
butions for 20 A SiO, films subjected to a dose of 1e" nitro 
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genatoms/cm. The nitrogenatomic 9% is plotted as a function 
of film depth (as measured from the ambient/film interface). 
While the same numbers of nitrogen atoms are contained 
within each of the four samples, the distributions of those 
atoms are considerably different. In one case the nitrogen is 
uniformly dispersed throughout the thickness of the layer 
(plot 2240), in another it is incorporated such that it exhibits 
a broad Gaussian distribution centered in the middle of the 
film depth (plot 2250), in yet another it exhibits a bottom 
heavy Gaussian distribution (centered closer to the film/sub 
strate interface) (plot 2260) and in the final case it exhibits a 
exponentially decaying distribution (plot 2270). 
0.136 FIG.22b presents the reflectance difference signals 
associated with the samples exhibiting the broad centered 
Gaussian (plot 2251), bottom heavy Gaussian (plot 2261) and 
exponentially decaying (plot 2271) distributions. The reflec 
tance difference signal is obtained by subtracting the reflec 
tance signal associated with the normally distributed sample 
from that of the other three. As is evident, the non-uniformly 
distributed samples all exhibit significant and clearly distin 
guishable reflectance difference signals in the VUV region of 
the spectrum, while at the same time exhibiting little or no 
differences at longer wavelengths. This figure acts to further 
illustrate how the VUV techniques herein disclosed can be 
used to measure and/or monitor the compositional profile of 
very thin layers. 
I0137 While the exemplary layers of FIG. 17-FIG.22b are 
those of Al2O3, photoresist and SiON, it will be recognized 
that layers and film stacks of other materials, deposited on a 
variety of substrates including, but not limited to silicon 
wafers and photo mask blanks, may be measured in a similar 
fashion. 

0.138 Another advantage afforded by the VUV wave 
lengths may be realized when measuring certain film stacks 
comprised of two or more layers. As the number of films in a 
stack is increased, so generally is the number of parameters 
sought in the optimization routine. As the number of param 
eters increases so does the likelihood that correlations 
between the parameters may exist. In some circumstances 
this may contribute to inaccuracy or instability in measured 
results. In some situations it may be possible to simplify the 
problem, and hence reduce the number of parameters sought 
in the optimization routine by exploiting use of the optical 
data in the VUV through incorporation of an intelligent 
weighting function. 
0.139. This function, herein referred to as the “dynamic 
weighting function' involves dynamically ascribing greater 
or lesser emphasis on specific datum during the optimization 
process depending on their expected contribution to the deter 
mination of the set of parameters being sought. In Such an 
approach the expected contribution is dynamically estimated 
based on the expected configuration of the sample (i.e. thick 
ness and composition of layers comprising the sample) and is 
updated on an iteration by iteration basis. For example, as 
shown in FIG. 23 when measuring a two layer film stack 
comprised of silicon dioxide (SiO) layer 2310 and silicon 
nitride (SiN) layer 2320 deposited on a silicon substrate 2340, 
it may prove beneficial to place greater emphasis on data 
points in the VUV during the search for thickness of the top 
SiO, film. This follows from the fact that the SiN is, for all 
intents and purposes, opaque to VUV photons at thicknesses 
greater than about 1000A. Thus as shown in FIG. 23, reflec 
tance 2350 from the SiN-Substrate interface may be present 
in measurements made with DUV wavelengths but may be 
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absent in measurements made with VUV wavelengths. 
Hence, the thickness of the underlying SiN layer can essen 
tially be disregarded during the optimization process if DUV 
and longer wavelength data is neglected. This point is further 
illustrated upon examination of FIG. 24 and FIG. 25. FIG. 24 
presents reflectance data from three SiO/SiN/Si samples. 
The SiN layer thickness varies from 1000 A (plot 2410), to 
2000 A (plot 2420) to 3000 A (plot 2430) amongst the 
samples, while the SiO, layerthickness remains fixed at 10 A. 
As is evident, the reflectance spectra from the three samples 
appear markedly different in the DUV region, and yet virtu 
ally identical at VUV wavelengths. This follows from the fact 
that VUV photons do not penetrate the SiN layer and instead 
"see" a sample comprised of 10 A of SiO, deposited on a SiN 
Substrate. Applying a weighting function which strongly 
emphasizes the VUV and strongly de-emphasizes the DUV 
and longer wavelength data thereby reduces the parameterset 
sought by the optimization routine since the result is then 
insensitive to the SiN layer thickness. This approach reduces 
or altogether removes any correlation between the thickness 
parameters for the SiO, and SiN layers that may exist, thereby 
acting to increase the accuracy and repeatability of the mea 
Surement results. Additionally, this approach will generally 
result in convergence of a solution in a significantly shorter 
period of time than possible using conventional methods. 
0140. Further evidence of the benefit of such a dynamic 
weighting function is provided in FIG. 25, which also pre 
sents reflectance spectra from three SiO/SiN/Sisamples. In 
this case the SiN layer thickness is fixed at 1000 A amongst 
the samples, while the SiO, layer thickness varies from 0 A 
(plot 2510), to 10 A (plot 2520) to 20 A (plot 2530). As is 
seen, the spectra exhibit clear differences in the VUV region, 
while appearing virtually identical in the DUV. Thus, because 
of the sensitivity of the tools and techniques described herein 
to absorption effects, the absorption of shorter wavelengths in 
the thin films being measured may be advantageously uti 
lized. Moreover, in situations in which a rough estimate of the 
anticipated sample characteristics is known (for example a 
rough estimate of the underlying SiN film thickness), greater 
importance (or dynamic weighting) may be placed upon the 
reflectivity data in certain wavelength regions. 
0141 While the exemplary samples of FIG. 23, FIG. 24 
and FIG. 25 are comprised of SiO/SiN/Si is it clear that the 
dynamic weighting function approach can be used to measure 
and or monitor samples possessing more than two layers and 
which, are comprised of different materials. 
0142. The dynamic weighting function may also be uti 
lized in conjunction with an iterative data fitting process. For 
example, for data collected from the SiO2/SiN/Si layers 
described above with reference to FIGS. 23-25, an iterative 
process can be utilized to attempt to determine the thickness 
of each of the layers. During each iteration of the fitting 
routine the differences between the calculated and measured 
data sets may be mathematically compared at each wave 
length and used to determine whether changes made in the 
values of the parameters of the fitting routine (in this case the 
film thicknesses) were an improvement over the parameter 
values obtained in the previous iteration. It is advantageous to 
include a weighting factor which takes into account the 
approximate nature of the sample. For example, the data in 
FIG. 25 clearly reveals that wavelengths above ~180 nm 
contain no information about the thickness of the top SiO2 
layer. Traditional data fitting methods would ignore this fact 
and attempt to compare the measured and calculated data at 
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all measured wavelengths when seeking this thickness. As a 
result, most of the wavelengths being compared (those 
greater than 180 nm) could only increase the uncertainty into 
the result since they represent a significant portion of the 
weighted comparison function. Using the dynamic weighting 
function approach the problem could be broken down such 
that only measured data that could reasonably be expected to 
contain useful information would be included into the 
weighted comparison function. The method is dynamic since 
the decision making process (which measured data should be 
considered) could be repeated after each iteration. 
0143. When patterned samples are involved additional 
theoretical constructs are typically invoked to properly 
describe the light scattering, which occurs as a result of the 
interaction between the measurement photons and periodic 
patterned features. Such light scattering is shown with refer 
ence to FIG. 26. FIG. 26 illustrates a patterned substrate 2610 
and the reflected beam 2620 and diffracted beams 2630 that 
result from the incident beam 2640. This form of non-imag 
ing optical dimensional metrology is known as scatterometry 
and commonly involves employment of some form of “rig 
orous coupled wave analysis” (RCWA) during the data reduc 
tion process. This technique exploits the sensitivity of light 
scattering from a patterned sample and relates the dimensions 
of the features comprising the sample to the optical signal 
recorded from Such through use of an appropriate mathemati 
cal expression. In other words, Scatterometry enables the 
dimensions of patterned features to be determined by 
accounting for light scattered or diffracted from a sample 
containing patterned features. 
0144. Examples of exemplary quantities that may be mea 
sured and/or monitored on a patterned substrate 2700 using 
this approach are depicted graphically in FIG. 27 and include, 
but are not limited to, critical dimensions (line widths) 2710, 
sidewall angles 2720, trench depths (or line height) 2730, 
trench widths 2740 and film thickness 2750. It is understood 
that these quantities represent a select number of the many 
Such quantities that may be measured and/or monitored in 
thin film stacks and/or structures. Patterned thin film samples 
of this nature are found in many areas including semiconduc 
tor devices and storage media. 
0145 As a review of light scattering physics reveals, short 
wavelength photons like those in the VUV are inherently 
better Suited to measuring or monitoring Smaller critical 
dimensions of patterned features than longer wavelength pho 
tons, owing to the increased sensitivity afforded by the 
former. In fact, it can be seen that for many critical dimension 
metrology applications involving leading edge semiconduc 
tor devices, measurement is only possible using short wave 
length VUV photons. This point will is further illustrated 
through the examples provided below. 
0146 FIG. 28 illustrates an exemplary VUV measurement 
relating to line width determination. The first curve 2810 in 
the figure, corresponding to the y-axis on the right hand side, 
presents the reflected signal obtained from a 65 nm line array 
with a pitch of 130 nm. That is, a line array constructed such 
as to exhibit 65 nm wide lines separated by 65 nm wide 
spaces. The second curve 2820 in FIG. 28, corresponding to 
the y-axis on the left hand side, presents the difference in the 
reflected signal between 66 nm and 65 nm line arrays. That is, 
this curve represents the difference signal associated with a 1 
nm increase in line width for a line array exhibiting 65 nm. 
wide lines and spaces. AS is evident from the figure, distinc 
tive and significant changes in the difference signal are only 
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expected at and below wavelengths corresponding to the pitch 
of line array (65 nm line width-i-65 nm space width=130 nm 
pitch). Hence, in order to measure or monitor the line width in 
Such a structure using the approach described herein, it is 
necessary that the range of measured wavelengths include 
those at and below the pitch wavelength. 
0147 FIG.29 illustrates an exemplary VUV measurement 
relating to pitch determination. The three curves in the figure 
represent reflectance signal expected from line arrays com 
prised of 63 nm (curve 2910), 65 nm (curve 2920) and 67 nm. 
(curve 2930) lines and spaces. That is, the data represent 
signal from line arrays with equal line width and space width, 
but with pitches of 126 mm, 130 nm and 134 nm. As is evident 
from the figure, changes in the three spectra are predomi 
nantly evident in the spectral region immediately at and below 
the wavelength corresponding to the line array pitch (again 
near 130 nm in this example). 
0148 FIG. 30 illustrates how the VUV techniques and 
apparatus described herein can be used to measure or monitor 
changes in the height of lines comprising a line array. Two 
curves are presented in the figure. The first curve 3010, cor 
responding to the y-axis on the left hand side, presents the 
expected reflectance signal from a line array with 65 nm lines 
and spaces, wherein the line height is 1000 A. The second 
curve 3020, corresponding to the y-axis on the right hand 
side, presents the difference signal associated with a 10 A 
increase in line height for the same such line array. As is 
evident the changes in line height bring about a spectral 
signature markedly distinct from the changes introduced 
through in line width and pitch presented earlier (for refer 
ence refer to FIG. 29 and FIG.30). That is, the spectral region 
exhibiting the Smallest difference signal resulting from 
changes in line height is in fact the same spectral region 
exhibiting the largest difference signal resulting from 
changes in line width and pitch. 
0149 Application of the VUV techniques and apparatus 
described herein in the field of semiconductor process control 
metrology are both numerous and wide-ranging. In general, it 
has been demonstrated that the VUV reflectometer tech 
niques provided herein may provide data shown reflectance 
magnitudes at given wavelengths. Further, the sensitivity of 
these measurements may be meaningfully related to semicon 
ductor manufacturing process data to provide data indicative 
of various process variables. In this manner the systems and 
techniques provided herein may be utilized in process control 
and process characterization applications. Specific examples 
of a select number of Such cases have been presented, how 
ever those skilled in the art will recognize that these methods 
can be further applied in many other situations. 
0150. The techniques described herein may be incorpo 
rated into off-line stand alone metrology equipment utilized 
for metrology applications. However, because they may be 
implemented in a relatively less complex hardware solution 
that may yield a measurement result relatively quickly and 
repeatedly, the techniques described herein may be particu 
larly suited for incorporation into any of a wide variety of 
semiconductor process tools. Thus, for example, the VUV 
techniques described herein may be incorporated directly into 
tools used for deposition, etch, photolithography, etc. So that 
in-line measurements, monitoring and control may be advan 
tageously obtained. 
0151. The equipment, components, materials, and tech 
niques described above may be utilized in a system that 
utilizes a broadband range of wavelengths. For example, a 
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reflectometer that includes VUV wavelengths may be config 
ured to operate in at least one other spectral region. Thus, all 
or parts of the systems and techniques described above with 
reference to FIGS. 1-30 may be utilized in conjunction with 
broad band systems and techniques. FIGS. 31-39 and the 
associated text below describe various broad band systems 
and techniques that may be utilized in conjunction with the 
equipment, components, materials, and techniques described 
above. 
0152. A simplified representation of one embodiment of a 
broadband system 3100 is presented in FIG.31. In operation, 
light from one of three sources 3102, 3104, and 3106 is 
selected, directed and focused by the optical module 3108 
onto the surface of the sample 3110. Upon reflection from the 
sample the light is again collected and directed to one of three 
detectors 3112, 3114, and 3116, as selected by the optical 
module 3108. In certain circumstances the optical module 
may also provide a controlled environment between the 
sources, sample chamber 3120 and detectors. Additionally, in 
Some cases the optical module may act to improve system 
performance by providing a means by which collected data is 
referenced. The optical module is controlled by a processor 
3122., which may also be used to analyze data recorded by the 
detectors. 

(O153 FIG. 32 presents an embodiment 3200 of the inven 
tion configured to collect referenced broadband reflectance 
data in both the VUV and DUV-NIR. In operation light from 
these two spectral regions is obtained in a serial manner. That 
is, reflectance data from the VUV is first obtained and refer 
enced, following which, reflectance data from the DUV-NIR 
region is collected and referenced. Once both data sets are 
recorded they are spliced together to form a single broadband 
spectrum. 
0154 The instrument is separated into two environmen 
tally controlled chambers, the instrument chamber 3202 and 
the sample chamber 3204. The instrument chamber 3202 
houses most of the system optics and is not opened to the 
atmosphere on a regular basis. The sample chamber 3204 
houses the sample 3206 and a reference optic mirror M-5 and 
is opened regularly to facilitate changing samples. 
(O155 In operation the VUV data is first obtained by 
switching flip-in source mirror FM-1 into the “out' position 
so as to allow light from the VUV source 3201 to be collected, 
collimated and redirected towards beam splitter element BS 
by focusing mirror M-1. Light Striking the beam splitter is 
divided into two components, the sample beam 3210 and the 
reference beam 3212, using a balanced Michelson interfer 
ometer arrangement. The sample beam is reflected from the 
beam splitter BS and travels through shutter S-1. Shutter S-2 
is closed during this time. The sample beam continues on 
through compensator plate CP and is redirected and focused 
into the sample chamber through window W-1 via focusing 
mirror M-2. The compensator plate is included to eliminate 
the phase difference that would occur between the sample and 
reference paths resulting from the fact that light traveling in 
the sample channel passes through the beam splitter Substrate 
but once, while light traveling in the reference channel passes 
through the beam splitter substrate three times due to the 
nature of operation of a beam splitter. Hence, the compensa 
torplate is constructed of the same material and is of the same 
thickness as the beam splitter. This ensures that light traveling 
through the sample channel also passes through the same total 
thickness of beam splitter substrate material. Window W-1 is 
constructed of a material that is Sufficiently transparent to 
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VUV wavelengths so as to maintain high optical throughput 
in the system as described above. 
0156 Light entering the sample chamber 3204 strikes the 
sample 3206 and is reflected back through W-1 where it is 
collected, collimated and redirected by mirror M-2. Light 
from mirror M-2 travels through compensator plate CP, shut 
ter S-1 and beam splitter BS, where it passes unhampered by 
flip-in detector mirror FM-2 (switched to the “out” position at 
the same time as FM-1), where it is redirected and focused 
onto the entrance slit of the VUV spectrometer 3214 by focus 
ing mirror M-3. At this point light from the sample beam is 
dispersed by the VUV spectrometer and acquired by its asso 
ciated detector. 

(O157 Following collection of the sample beam 3210, the 
reference beam 3212 is measured. This is accomplished by 
closing shutter S-1 and opening shutter S-2. This enables the 
reference beam 3212 to travel through beam splitter BS and 
shutter S-2, wherein it is redirected and focused into the 
sample chamber through window W-2 via focusing mirror 
M-4. Window W-2 is also constructed of a material that is 
sufficiently transparent to VUV wavelengths so as to maintain 
high optical throughput in the system as described above. 
0158. Once inside the sample chamber 3204, light is 
reflected from the surface of plane reference mirror M-5 and 
is reflected back towards mirror M-4 where it is collected, 
collimated and redirected towards beam splitter B.S. Light is 
then reflected by beam splitter BS towards mirror M-3 where 
it is redirected and focused onto the entrance slit of the VUV 
spectrometer 3214. 
0159. Once both the sample and reference beams are col 
lected a processor (not shown) can be used to calculate the 
referenced VUV reflectance spectrum. 
0160 Following measurement of the VUV data set, the 
DUV-NIR data is obtained by switching both the source and 
detector flip-in mirrors, FM-1 and FM-2 respectively, into the 
“in” position. As a result, light from the VUV source 3201 is 
blocked and light from the DUV-NIR source 3203 is allowed 
to pass through window W-3, after it is collected, collimated 
and redirected by focusing mirror M-6. Similarly, switching 
flip-in mirror FM-2 into the “in” position directs light from 
the sample beam 3210 (when shutter S-1 is open and shutter 
S-2 is closed) and reference beam 3212 (when shutter S-2 is 
open and shutter S-1 is closed) through window W-4 onto 
mirror M-7 which focuses the light onto the entrance slit of 
the DUV-NIR spectrometer 3216 where it is dispersed and 
collected by its detector. Suitable DUV-NIR spectrometers 
and detectors are commonplace in today's market. A particu 
larly well-matched combination is manufactured by Jobin 
Yvon of France. The VS-70 combines a highly efficient (f/2) 
optical design that does not employ turning mirrors. This 
instrument has a Small physical footprint, incorporates an 
order sorting filter and can be used with either a linear CCD or 
PDA detector. 

0161 The flip-in mirrors utilized into the system are 
designed such that they are capable of Switching position 
quickly and in a repeatable fashion in order to minimize 
losses in optical throughput associated with errors in beam 
directionality. A particularly well suited motorized flip-in 
mirroris manufactured by New Focus of the United States. In 
a slightly modified embodiment, these mirrors could be 
replaced altogether by beam splitter/shutters pairs; however 
this would be accompanied by an undesirable loss in VUV 
signal strength. 
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0162. Once both the sample and reference beams are 
obtained the processor is used to calculate the referenced 
DUV-NIR reflectance spectrum. In this manner, referenced 
reflectance data is serially obtained in the VUV and DUV 
NIR spectral regions. It is noted that both the VUV and 
DUV-NIR spectrometers need be equipped with necessary 
sorting filters to avoid complications due to higher order 
diffraction components. 
0163 As vacuum compatible components are typically 
more complicated to design and expensive to manufacture 
than their standard counterparts, it follows that system ele 
ments not critical to VUV operation be mounted outside the 
controlled environment. Hence, the DUV-NIR source 3203 
and spectrometer/detector 3216 are mounted outside the con 
trolled environment. Such an arrangement is not required 
however. 

0164. A flowchart 3300 summarizing the serial collection 
process associated with the operation of this embodiment of 
the invention is presented in FIG. 33. More particularly, as 
shown in step 3302, the system first enables collection of a 
VUV spectral region by switching flip-in source (FM-1) and 
detector (FM-2) mirrors into the “out” position. Then in step 
3304, the system starts VUV sample channel data acquisition 
by opening shutter S-1. Further, in step 3306, VUV sample 
channel data acquisition is stopped by closing shutter S-1. 
Then in step 3308, VUV reference channel data acquisition is 
started by opening shutter S-2. Next in step 3310, VUV ref 
erence channel data acquisition is stopped by closing shutter 
S-2. Further in step 3312, the VUV reflectance spectrum is 
calculated. Then, in step 3314, collection of the DUV-NIR 
spectral region is enabled by switching flip-in source (FM-1) 
and detector (FM-2) mirrors into “in” position. Next, in step 
3316 the DUV-NIR sample channel data acquisition is started 
by opening shutter S-1. Then in step 3318 DUV-NIR sample 
channel data acquisition is stopped by closing shutter S-1. 
Then in step 3320 the DUV-NIR reference channel data 
acquisition is started by opening shutter S-2. Next in step 
3322, DUV-NIR reference channel data acquisition is 
stopped by closing shutter S-2. Further in step 3324, DUV 
NIR reflectance spectrum is calculated. Then in step 3326, 
data from VUV and DUV-NIR spectral regions is spliced 
together to obtain single broadband reflectance spectrum. 
0.165. There are many benefits afforded by this embodi 
ment of the invention. For example, the system has been 
optimized for efficient and accurate VUV performance. 
Among other things this requires that the environment con 
taining the optical path traversed by the VUV photons be 
controlled Such that concentrations of absorbing species like 
oxygen and moisture are maintained at Sufficiently low levels 
So as to permit adequate optical throughput. This may be 
achieved in a variety of ways as described in more detail 
above. Such techniques include purging the environment with 
a non-absorbing gas and/or through evacuation via a vacuum 
system, depending on the level of system performance 
required. 
0166 During acquisition of the VUV data, the flip-in 
source and detector mirrors are switched to the “out” position 
and therefore do not contribute any mechanical uncertainty to 
the measurement. In fact, there are no moving optical ele 
ments involved in the acquisition of the VUV data (aside from 
the shutters). This is advantageous for multiple reasons. 
Firstly, short wavelength VUV measurements are typically 
more challenging to perform than those in other wavelength 
regions due to the low photon flux available and general 
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shortage of efficient optics and coatings that can be employed. 
Secondly, characterization of ultra-thin (<100 A) films relies 
heavily on accurate intensity or amplitude information, since 
reflectance spectra from such films do not generally exhibit 
distinct spectral features related to interference effects as do 
spectra from their thicker film counterparts. 
0167 Another benefit afforded by this embodiment is that 

it provides a fast and automated means of referencing col 
lected data sets Such that highly repeatable results are 
achieved. This capability acts to reduce or altogether remove 
errors introduced by changes in the optical throughput of the 
system. At longer wavelengths such changes are typically 
driven by variations in source output, while in the VUV 
changes in the concentrations of absorbing species in the 
environment of the optical path are expected to dominate. 
(0168 A further benefit afforded by this embodiment of the 
invention relates to use of the single optical delivery/collec 
tion module. This common module acts to facilitate the col 
lection of data from the same location on the sample using the 
same spot size and orientation regardless of the spectral 
region investigated. To this end, the DUV-NIR source and 
spectrometer are selected Such that they maintain Substan 
tially similar light gathering/delivery characteristics to those 
of the VUV source and spectrometer. This aspect of the sys 
tem is particularly important in situations where patterned 
samples are under study. 
0169. Additionally, the single optical module simplifies 
alignment of the instrument during integration and manufac 
turing, particularly with respect to complications arising from 
auto-focusing routines. 
(0170 A further benefit afforded by the invention arises 
from its serial method of operation. Stray light generated 
through scattering processes may be problematic since it 
cannot be simply referenced out and can thus lead to non 
linear system response and inaccuracies in the recorded 
reflectance data. By collecting and referencing data from each 
of the wavelength regions sequentially, the intensity of scat 
tered photons recorded at the detector can be significantly 
reduced. This follows since only light from one source propa 
gates through the system at any given time. Hence, light from 
other spectral regions cannot scatter and lead to spurious 
signals recorded at the detector. This is particularly advanta 
geous when working in the VUV wavelength region, as scat 
tering mechanisms play a much larger role than at longer 
wavelengths. 
0171 The broad band system and techniques described 
above can be readily extended to encompass other spectral 
regions simply through the addition of alternate sources, 
spectrometers and detectors. FIG. 34 presents an alternate 
broadband system 3400 in one embodiment of the invention 
optimized for operation in a first spectral region and designed 
to perform well in second and third spectral regions. For 
example, in addition to sources 3201 and 3203 such as shown 
in FIG. 32, a third source 3302 may be utilized. In one 
embodiment, the source 3201 may be a VUV source, the 
source 3203 may be a DUV source and the source 3302 may 
be a NIR source. Corresponding VUV spectrometer 3214, 
DUV spectrometer 3216 and NIR spectrometer 3304 may be 
utilized with the respective associated source. As before, sets 
of source and detector flip-in mirrors are used to deliver light 
from alternate sources and to alternate spectrometers and 
detectors. In this embodiment first spectral region data is 
collected with all flip-in mirrors (FM-1, FM-2, FM-3, and 
FM-4) in the “out” position, second spectral region data is 
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collected utilizing source 3203 with only flip-in mirrors FM-1 
and FM-2 switched to the “in” position and third spectral 
region data is collected utilizing source 3302 with only FM-3 
and FM-4 switched to the “in” position. 
(0172 A flowchart 3500 of the serial measurement process 
for this embodiment is presented in FIG. 35. More particu 
larly, as shown in step 3502, collection of the first spectral 
region is enabled by Switching all flip-in source and detector 
mirrors into the “out' position. Then in step 3504, a first 
sample channel data acquisition is started by opening shutter 
S-1. Next, in step 3506 the first sample channel data acquisi 
tion is stopped by closing shutter S-1. Further in step 3508, 
the first reference channel data acquisition is started by open 
ing shutter S-2. Then in step 3510, the first reference channel 
data acquisition is stopped by closing shutter S-2. Then in 
step 3512, the first spectral region reflectance spectrum is 
calculated. Further in step 3514, collection of the second 
spectral region is enabled by switching flip-in source (FM-1) 
and detector (FM-2) mirrors into the “in” position. Next in 
step 3516, the second spectral region sample channel data 
acquisition is started by opening shutter S-1. Next in step 
3518, the second spectral region sample channel data acqui 
sition is stopped by closing shutter S-1. Then in step 3520, the 
second spectral region reference channel data acquisition is 
started by opening shutter S-2. Next in step 3522, the second 
spectral region reference channel data acquisition is stopped 
by closing shutter S-2. Further in step 3524, the second spec 
tral region reflectance spectrum is calculated. Then in step 
3526, collection of the third spectral region is enabled by 
switching flip-in source (FM-1) and detector (FM-2) mirrors 
into the “out” position and flip-in source (FM-3) and detector 
(FM-4) mirrors into the “in” position. Then in step 3528, the 
third spectral region sample channel data acquisition is 
started by opening shutter S-1. Next in step 3530, the third 
spectral region sample channel data acquisition is stopped by 
closing shutter S-1. Next in step 3532, the third spectral 
region reference channel data acquisition is started by open 
ing shutter S-2. Further in step 3534, the third spectral region 
reference channel data acquisition is stopped by closing shut 
terS-2. Then in step 3536, the third spectral region reflectance 
spectrum is calculated. Next in step 3538, data from the first, 
second and third spectral regions is spliced together to obtain 
a single broadband reflectance spectrum. 
0173 An alternate broad band system 3600, in one 
embodiment of the invention, is presented in FIG. 36 wherein 
the selection of sources 3201 and 3203 and spectrometers 
3214 and 3216 is accomplished through the rotation of focus 
ing optics RM-1 and RM-2, rather than through use of flip-in 
mirrors. In this embodiment RM-1 and RM-2 are off-axis 
parabolic mirrors with a turning angle of 90°. Hence, RM-1 
can be rotated about the optical axis defined by the line 
joining RM-1 and beam splitter BS in order to collect light 
from either the VUV source 3201 or DUV-NIR source 3203. 
Similarly, focusing mirror RM-2 can be rotated about the axis 
defined by the line between RM-2 and BS in order to focus 
light onto the entrance slit of either the VUV spectrometer 
3214 or DUV-NIR spectrometer 3216. 
0.174. This arrangement utilizes fewer optical components 
than that of the embodiment of FIG.32 and hence, may render 
a smaller instrumental footprint. A potential drawback to this 
approach is that it does introduce some degree of mechanical 
uncertainty into the VUV measurement process due to the 
rotation of focusing optics RM-1 and RM-2. 



US 2009/0002711 A1 

0.175. An alternate embodiment of the invention is pre 
sented in FIG. 37 with regard to system 3700 wherein the 
balanced interferometer employed in the referencing channel 
3212 is of the Mach-Zehnder type rather than the Michelson 
configuration depicted in the embodiments of FIG. 32, FIG. 
34 and FIG. 36. This embodiment requires additional optical 
elements but provides greater flexibility with respect to the 
angular delivery and collection of light to and from the Sur 
face of sample 3206. 
0176). In operation, light from the first source 3201 is col 
lected, collimated and re-directed by focusing mirror M-1 
towards beam splitter BS-1 where it is divided into sample 
beam 3210 and reference beam 3212 components. The 
sample beam 3210 is enabled when shutter S-1 is open and 
shutter S-2 is closed. In this state light reflected from beam 
splitter BS-1 is collected and focused onto the sample through 
window W-1 by focusing mirror M-2. Light reflected from the 
sample 3206 exits the sample chamber 3204 via window W-1 
and is collected, collimated and redirected by focusing mirror 
M-3 towards plane mirror M-4. Light leaving mirror M-4 
travels through the second beam splitter BS-2 and is collected 
and focused onto the entrance slit of the first spectral region 
spectrometer 3214 by focusing mirror M-5. At this point light 
from the sample beam 3210 is dispersed by the spectrometer 
and acquired by the detector. 
0177. Following collection of the first spectral region 
sample beam, the first spectral region reference beam is mea 
Sured. This is accomplished by closing shutter S-1 and open 
ing shutter S-2. This allows the reference beam 3212 to travel 
through beam splitter BS-1, wherein it is redirected and 
focused into the sample chamber 3204 through window W-2 
via focusing mirror M-6. Once inside the sample chamber 
3204 light is reflected from the surface of plane reference 
mirror M-7 and is collected, collimated and redirected 
towards plane mirror M-9 by focusing mirror M-8. This light 
is reflected by beam splitter BS-2, and is redirected and 
focused onto the entrance slit of the first spectral region 
spectrometer 3214 by focusing mirror M-5. Once both the 
sample and reference beams are obtained the referenced 
reflectance data for the first spectral region is calculated using 
a processor (not shown). 
0.178 Data from the second and third spectral regions are 
again collected using sets of source and detector flip-in mir 
rors to deliver light from alternate sources and to alternate 
spectrometers and their associated detectors. Specifically, 
second spectral region data is collected when only flip-in 
mirrors FM-1 and FM-2 are switched to the “in” position and 
third spectral region data is collected when only FM-3 and 
FM-4 are switched to the “in” position. 
0179 Yet another embodiment of the invention is pre 
sented as system 3800 in FIG. 38. This dual spectral region 
configuration also incorporates a Mach-Zehnder interferom 
eter referencing system but does not require the use of flip-in 
mirrors to select between spectral regions. Instead, two addi 
tional source shutters (S-1 and S-4) have been added to the 
system to accomplish this task. When measurements of the 
first spectral region are performed shutter S-1 is open and 
shutter S-4 is closed. Conversely, when second spectral 
region measurements are performed shutter S-1 is closed and 
S-4 is open. 
0180. As this embodiment does not utilize flip-in mirrors it 
follows that system repeatability could to some extent be 
improved relative to the previously described embodiments 

Jan. 1, 2009 

since mechanical positioning errors associated with the flip 
in mirrors have been removed. 

0181. A flowchart 3900 of the serial measurement process 
for the embodiment of FIG.38 is presented in FIG. 39. More 
particularly, as shown in step 3902, collection of the first 
spectral region data is enabled by opening first source shutter 
S-1. Then in step 3904, the first spectral region sample chan 
nel data acquisition is started by opening shutter S-2. Next in 
step 3906, the first spectral region sample channel data acqui 
sition is stopped by closing shutter S-2. Then in step 3908, the 
first spectral region reference channel data acquisition is 
started by opening shutter S-3. Further in step 3910, the first 
spectral region reference channel data acquisition is stopped 
by closing shutter S-3. Then in step 3912, the first spectral 
region reflectance spectrum is calculated. Next in step 3914, 
collection of the second spectral region is enabled by closing 
first source shutter S-1 and opening second source shutter 
S-4. Then in step 3916, the second spectral sample channel 
data acquisition is started by opening shutter S-2. Next in step 
3918, the second spectral sample channel data acquisition is 
stopped by closing shutter S-2. Further in step 3920, the 
second spectral reference channel data acquisition is started 
by opening shutter S-3. Then in step 3922, the second spectral 
reference channel data acquisition is stopped by closing shut 
ter S-3. Next in step 3924, the second spectral reflectance 
spectrum is calculated. Then in step 3926, data from the first 
and second spectral regions is spliced together to obtain a 
single broadband reflectance spectrum. 
0182. Thus, as described above broad band systems are 
provided that may be optimized for operation in a first spec 
tral region and capable of performing well in at least one other 
spectral region. Common delivery and collection optics in an 
optical module enable measurements in separate spectral 
regions to be collected using similar spot properties. For 
example, similar spot sizes for collection from the sample 
may be obtained. Further the orientation of the collection spot 
may be substantially similar between the different spectral 
regions. Furthermore, the systems and techniques described 
allow for a serial data collection approach whereby data from 
separate spectral regions is collected sequentially to avoid 
Stray light complications. The systems may be designed Such 
that no moving optical elements (apart from shutters) are 
involved in the collection of data from the first spectral region. 
Additionally, the systems may incorporated an optical mod 
ule which presents selectable sources and detectors optimized 
for separate spectral regions. The optical module may also 
provide a mechanism for quickly referencing measured data 
So as to ensure that highly repeatable results are achieved. 
0183 The broadband systems and techniques described 
above accordingly provide a metrology system that allows for 
the accurate collection of optical metrology data from a 
sample over multiple spectral ranges. By having a optical data 
for a wide range of wavelengths, fitting algorithms employed 
by a user of the instrument may achieve faster convergence 
and more accurate results by taking full advantage of the 
higher level of constraint afforded by a data set comprised of 
two or more spectral regions. 
0184. When the optical data is collected for multiple spec 

tral regions as described above, the data may be combined in 
a computer, processor or the like to form a continuous set of 
data that may be analyzed. The data may be combined in a 
wide range of manners and, ideally, the data from each spec 
trometer would match at the point where the spectral regions 
join. For example, predetermined wavelengths may be 
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selected to determine which spectrometer will be utilized to 
collect data for particular wavelengths. For example, for 
wavelengths below 190 nm data may be taken solely from the 
VUV spectrometer and for wavelengths greater than 190 the 
data may be taken from a DUV-NIR spectrometer. However, 
Such an approach may cause discontinuities in the collected 
data at the wavelength crossover point if the results vary from 
each spectrometer at the crossoverpoint. Such variations may 
complicate fitting algorithms and the processing of the data. 
In another approach, the wavelength for which data is col 
lected from each spectrometer may overlap for Some deter 
mined range, for example 20 nm. In this overlap region, the 
data for each wavelength may be calculated as an average 
from each spectrometer. In yet another alternative graded 
averages or best fit algorithms could be applied to join the 
data. Any other Suitable approach that combines the data from 
each spectral region may also be utilized. 
0185. Further modifications and alternative embodiments 
of this invention will be apparent to those skilled in the art in 
view of this description. Accordingly, this description is to be 
construed as illustrative only and is for the purpose of teach 
ing those skilled in the art the manner of carrying out the 
invention. It is to be understood that the forms of the invention 
herein shown and described are to be taken as presently 
preferred embodiments. Equivalent elements may be substi 
tuted for those illustrated and described herein and certain 
features of the invention may be utilized independently of the 
use of other features, all as would be apparent to one skilled in 
the art after having the benefit of this description of the 
invention. 

1. (canceled) 
2. A method for analyzing a scattering or diffracting struc 

ture, comprising: 
providing a below deep ultra-violet (DUV) wavelength 

reflectometer configured for normal incidence operation 
and having a light source that provides at least below 
DUV wavelength light; 

obtaining reflectance data from the scattering or diffracting 
structure, including reflectance data for wavelengths 
below DUV wavelengths; and 

utilizing the reflectance data to obtain dimension informa 
tion of the scattering or diffracting structure. 

3. The method of claim 2, further comprising utilizing 
referencing to account for system and environmental changes 
to adjust reflectance data obtained through use of the reflec 
tOmeter. 

4. The method of claim 2, wherein the reflectometer uti 
lizes a non-polarizing optical path Such that a polarization 
independent measurement may be obtained. 

5. The method of claim 2, wherein the below DUV wave 
length light is non-polarized at a point in an optical path of the 
reflectometer at which the scattering or diffracting structure is 
located. 
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6. The method of claim 2, wherein the dimension informa 
tion comprises at least one of line width, sidewall angle, line 
height, trench depth, trench width and film thickness. 

7. The method of claim 2, wherein scatterometry tech 
niques are utilize to determine the dimension information. 

8. The method of claim 7, wherein rigorous coupled wave 
analysis techniques are utilized to determine the dimension 
information. 

9. A method for analyzing a scattering or diffracting struc 
ture, comprising: 

providing a below deep ultra-violet (DUV) wavelength 
referencing reflectometer configured for normal inci 
dence operation and having a non-polarizing optical 
system that provides at least below deep ultra-violet 
wavelength light, and 

utilizing scatterometry techniques for obtaining dimen 
sional information of the scattering or diffracting struc 
ture. 

10. The method of claim 9, further comprising utilizing 
referencing to account for system and environmental changes 
to adjust reflectance data obtained through use of the reflec 
tOmeter. 

11. The method of claim 10, wherein the dimension infor 
mation comprises at least one of line width, sidewall angle, 
line height, trench depth, trench width and film thickness. 

12. The method of claim 9, wherein the dimension infor 
mation comprises at least one of line width, sidewall angle, 
line height, trench depth, trench width and film thickness. 

13. The method of claim 9, wherein rigorous coupled wave 
analysis techniques are utilized to determine the dimension 
information. 

14. A scatterometry method to determine dimensional 
information of a patterned structure, comprising: 

providing a reflectometer that utilizes as least in part below 
deep ultra-violet (DUV) wavelength light; 

obtaining reflectance data from the scattering or diffracting 
structure, including reflectance data for at least some 
wavelengths below DUV wavelengths; and 

utilizing scatterometry techniques to analyze the reflec 
tance data to obtain dimension information of the pattern 
Structure. 

15. The method of claim 14, wherein the reflectometer 
utilizes a non-polarizing optical path Such that a polarization 
independent measurement may be obtained. 

16. The method of claim 14, wherein the below DUV 
wavelength light is non-polarized at a point in an optical path 
of the reflectometer at which the patterned structure is 
located. 

17. The method of claim 14, wherein the dimension infor 
mation comprises at least one of line width, sidewall angle, 
line height, trench depth, trench width and film thickness. 

18. The method of claim 14, wherein the scatterometry 
techniques include rigorous coupled wave analysis 
techniques. 


