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(57) ABSTRACT 

A solid immersion tunneling ellipsometer and methods 
relating thereto may include a solid immersion apparatus 

See Paragraphs [0008], [0009], [0012], [0018], (e.g.,aprism or an objective lens in combination Withasolid 
[0042], [0046], [0047], [0048], [0050], [0056], immersion lens) that facilitates optical tunneling and provide 
[0057], [0061], [0064], [0065], [0066], [0067], information that can be used in the determination of one or 
[0072], [0088], [0098], [0115], [0118], [0121], more characteristics (e.g., thickness, indeX of refraction, 
[0124], [0125], [0128], [0131], [0134], [0139], etc.) of samples (e.g., thin ?lms, ultrathin ?lms, etc.). 
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ELLIPSOMETRY METHODS AND APPARATUS 
USING SOLID IMMERSION TUNNELING 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This is a Continuation-in-Part of US. patent appli 
cation Ser. No. 09/691,346 ?led on Oct. 18, 2000 entitled 
“Ellipsometer Using Radial Symmetry”, and claims the 
bene?t of US. Provisional Patent Application No. 60/364, 
475, ?led Mar. 15, 2002, Which are hereby incorporated by 
reference. 

BACKGROUND OF THE INVENTION 

[0002] The present invention relates generally to ellipsom 
etry. More particularly, the present invention pertains to 
ellipsometric methods and apparatus using solid immersion 
tunneling. 
[0003] Ellipsometry is an optical technique that uses 
polariZed light to probe the properties of a sample. The most 
common application of ellipsometry is the analysis of thin 
?lms. Through the analysis of the state of polariZation of the 
light that interacts With the sample, ellipsometry can yield 
information about such ?lms. For example, depending on 
What is already knoWn about the sample, the technique can 
probe a range of properties including the layer thickness, 
index of refraction, morphology, or chemical composition. 

[0004] Generally, optical ellipsometry can be de?ned as 
the measurement of the state of polariZed light Waves. An 
ellipsometer measures the changes in the polariZation state 
of light When it interacts With a sample. The most common 
ellipsometer con?guration is a re?ection ellipsometer, 
although transmission ellipsometers are sometime used. If 
linearly polariZed light of a knoWn orientation is re?ected or 
transmitted at oblique incidence from a sample surface, then 
the resultant light becomes elliptically polariZed. The shape 
and orientation of the ellipse depends on the angle of 
incidence, the direction of the polariZation of the incident 
light, the Wavelength of the incident light, and the Fresnel 
properties of the surface. The polariZation of the light is 
measured for use in determining characteristics of the 
sample. For example, in one conventional null ellipsometer, 
the polariZation of the re?ected light can be measured With 
a quarter-Wave plate folloWed by an analyZer. The orienta 
tion of the quarter-Wave plate and the analyZer are varied 
until no light passes though the analyZer, i.e., a null is 
attained. From these orientations and the direction of polar 
iZation of the incident light, a description of the state of 
polariZation of the light re?ected from the surface can be 
calculated and sample properties deduced. 

[0005] TWo characteristics of ellipsometry make its use 
particularly attractive. First, it is a nondestructive technique, 
such that it is suitable for in situ observation. Second, the 
technique is extremely sensitive. For example, it can mea 
sure small changes of a ?lm doWn to sub-monolayer of 
atoms or molecules. For these reasons, ellipsometry has 
been used in physics, chemistry, materials science, biology, 
metallurgical engineering, biomedical engineering, etc. 

[0006] As mentioned above, one important application of 
ellipsometry is to study thin ?lms, e.g., in the fabrication of 
integrated circuits. In the context of ellipsometry, a thin ?lm 
includes ?lms over a variety of thickness. The sensitivity of 
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an ellipsometer is such that a change in ?lm thickness of a 
feW angstroms can usually be detected. From the measure 
ment of changes in the polariZation state of light When it is 
re?ected from a sample, an ellipsometer can measure the 
refractive index and the thickness of thin ?lms, e.g., semi 
transparent thin ?lms. The ellipsometer relies on the fact that 
the re?ection at a material interface changes the polariZation 
of the incident light according to the index of refraction of 
the interface materials. In addition, the polariZation and 
overall phase of the incident light is changed depending on 
the refractive index of the ?lm material as Well as its 
thickness. 

[0007] Generally, for example, a conventional re?ection 
ellipsometer apparatus, such as shoWn in FIG. 1, includes a 
polariZer arm 12 and an analyZer arm 14. The polariZer arm 
12 includes a light source 15 such as a laser (commonly a 
632.8 nm helium/neon laser or a 650-850 nm semiconductor 

diode laser) and a polariZer 16, Which provides a state of 
polariZation for the incident light 18. The polariZation of the 
incident light may vary from linearly polariZed light to 
elliptically polariZed light to circularly polariZed light. The 
incident light 18 is re?ected off the sample 10 or layer of 
interest and then analyZed With the analyZer arm 14 of the 
ellipsometer apparatus. The polariZer arm 12 of the ellip 
someter apparatus produces the polariZed light 18 and 
orients the incident light 18 at an angle 13 With respect to a 
sample plane 11 of the sample 10 to be analyZed, e.g., at 
some angle such as 20 degrees With respect to the sample 
plane 11 or 70 degrees With respect to the sample normal. 

[0008] The re?ected light 20 is examined by components 
of the analyZer arm 14, e.g., components that are also 
oriented at the same ?xed angle With respect to the sample 
plane 11 of the sample 10. For example, the analyZer arm 14 
may include a quarter Wave plate 22, an analyZer 24 (e.g., a 
polariZer generally crossed With the polariZer 16 of the 
polariZer arm 12), and a detector 26. To measure the 
polariZation of the re?ected light 20, the operator may 
change the angle of one or more of the polariZer 16, analyZer 
24, or quarter Wave plate 22 until a minimal signal is 
detected. For example, the minimum signal is detected if the 
light 20 re?ected by the sample 10 is linearly polariZed, 
While the analyZer 24 is set so that only light With a 
polariZation that is perpendicular to the incoming polariZa 
tion is alloWed to pass. The angle of the analyZer 24 is 
therefore related to the direction of polariZation of the 
re?ected light 20 if the minimum condition is satis?ed. The 
instrument is “tuned” to this null (e.g., generally automati 
cally under computer control), and the positions of the 
polariZer 16, the analyZer 24, and the incident angle 13 of the 
light relative to the sample plane 11 of the sample 10 are 
used to calculate the fundamental quantities of ellipsometry: 
the so called (psi (‘I’), delta pair given by: 

[0009] Where rp and r5 are the complex Fresnel re?ection 
coef?cients for the transverse magnetic and transverse elec 
trical Waves of the polariZed light, respectively. For 
example, from the ellipsometry pair (III, A), the ?lm thick 
ness and index of refraction can be determined. It Will be 
recogniZed that various Ways of analyZing the re?ected light 
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may be possible. For example, one alternative is to vary the 
angle of the quarter Wave plate and analyZer to collect 
polarization information. 

[0010] Advances in microelectronics fabrication are rap 
idly surpassing current capabilities in metrology. In order to 
enable future generations of microelectronics, advanced 
speci?c metrology capabilities must be developed. Key 
among these metrology capabilities is the ability to measure 
the properties of ultra-thin ?lms over sub-micron lateral 
dimensions. As used herein, ultrathin ?lm refers to a ?lm 
having a thickness of less than 100 angstroms. 

[0011] Currently available ellipsometric techniques that 
measure material properties generally measure them over a 
large area. In other Words, polariZation measurements have 
been traditionally used to determine the thickness and 
refractive index of homogeneous ?lms over a relatively 
large area. HoWever, in many cases determining the thick 
ness and refractive index of homogeneous ?lms over a 
relatively large area is inadequate for exceedingly small 
featured structures. Since the polariZation state is affected 
signi?cantly by diffraction from sub-micron features, the 
shape of such sub-micron features (e.g., critical dimensions 
of lateral or transverse structures such as gate dielectrics for 
transistor structures) may be dif?cult to measure using 
current ellipsometric techniques that determine thickness 
and refractive index over relatively large areas. For example, 
the smallest spot that a conventional ellipsometer can mea 
sure is generally determined by the beam siZe, usually on the 
order of hundreds of microns. This essentially limits the 
application of conventional ellipsometers to samples With 
large and uniform interface characteristics. 

[0012] Existing ellipsometers have dif?culties in measur 
ing characteristics (e.g., index of refraction, thickness, etc.) 
for ultrathin ?lms. This may be due, at least in part, to the 
fact that conventional ellipsometry models do not provide 
adequate accuracy When such ultrathin ?lms are being 
characteriZed (e.g., When ellipsometric measurements are 
being processed). For example, a small error in a III mea 
surement from a conventional ellipsometer apparatus can 
skeW determination of the refractive index signi?cantly 
When such models are used. Thus, conventional ellipsom 
eters may, in many cases, be unsuitable to measure charac 
teristics, such as refractive index, for ?lms that are thinner 
than 100 angstroms. 

SUMMARY OF THE INVENTION 

[0013] The present invention provides an ellipsometer 
apparatus and methods that can be used for accurately 
measuring properties of thin ?lms. In one embodiment, such 
apparatus and methods are particularly advantageous Where 
the thin ?lm is an ultrathin ?lm having a thickness of less 
than 100 angstroms. 

[0014] The present invention exploits the use of a solid 
immersion apparatus (e.g., a prism or an objective lens in 
combination With a solid immersion lens) that facilitates 
optical tunneling, Which provides accurate ellipsometric 
measurements for thin ?lms, particularly for ultrathin ?lms 
having a thickness of less than 100 angstroms. One or more 
embodiments of the present invention provide additional 
capabilities including the use of solid immersion tunneling 
to measure ultrathin ?lms With improved spatial resolution 
(e.g., on the order of 100 nanometers). The present invention 
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also includes modeling and model ?tting techniques for 
processing ellipsometric signals to provide enhanced capa 
bilities and improved measurement accuracy. Further, in one 
or more embodiments, the present invention may provide 
enhanced accuracy by using a technique during model ?tting 
(e.g., using regression analysis) in Which one or more 
ellipsometric parameters are given more Weight than other 
ellipsometric parameters. The present invention may also 
provide an ellipsometric technique that can measure some 
thin ?lm sample characteristics over a Wide range of ?lm 
thickness (e.g., ultrathin ?lms and those ?lms having a 
greater thickness than ultrathin ?lms). 
[0015] An ellipsometry method according to the present 
invention includes receiving one or more ellipsometric sig 
nals corresponding to at least one ray of polariZed light 
provided at an angle greater than a critical angle of a solid 
immersion apparatus. The solid immersion apparatus 
includes a surface located adjacent a thin ?lm of a sample. 
The method further includes determining one or more mea 
sured ellipsometric parameters as a function of the one or 
more ellipsometric signals for the at least one ray of the 
polariZed light provided at an angle greater than the critical 
angle and then determining at least one characteristic (e.g., 
thickness or index of refraction) of the thin ?lm by ?tting the 
one or more measured ellipsometric parameters to a model. 
The model provides a relationship betWeen the at least one 
characteristic for thin ?lms and model ellipsometric param 
eters corresponding to the one or more measured ellipso 
metric parameters. 

[0016] In one embodiment of the method, the model may 
provide a relationship betWeen the at least one characteristic 
for thin ?lms having a thickness less than 100 angstroms and 
model ellipsometric parameters corresponding to the one or 
more measured ellipsometric parameters. 

[0017] In another embodiment of the method, the solid 
immersion apparatus may include a hemispheric lens or a 
stigmatic lens. 
[0018] In another embodiment, the one or more measured 
ellipsometric parameters may include III and A for the at 
least one ray of the polariZed light provided at an angle 
greater than the critical angle. 

[0019] In yet another embodiment of the method, the 
method includes receiving one or more ellipsometric signals 
corresponding to at least one ray of polariZed light provided 
at an angle less than the critical angle of the solid immersion 
apparatus and determining one or more ellipsometric param 
eters as a function of the one or more ellipsometric signals 
for the at least one ray of the polariZed light provided at an 
angle less than the critical angle. The at least one charac 
teristic is then determined based on one or more measured 
ellipsometric parameters determined for the at least one ray 
of the polariZed light provided at an angle less than the 
critical angle and one or more measured ellipsometric 
parameters determined for the at least one ray of the polar 
iZed light provided at an angle less than the critical angle. 

[0020] In various embodiments, the solid immersion appa 
ratus may include a prism or, for example, an objective lens 
and a solid immersion lens (e.g., a solid immersion lens 
adjacent the thin ?lm but separated therefrom by a substrate 
upon Which the thin ?lm is provided, a solid immersion lens 
having a surface separated from the sample by a distance, or 
a surface of the solid immersion lens being positioned in 
contact With the sample). 
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[0021] An ellipsometer apparatus according to the present 
invention includes an interface apparatus operable to receive 
one or more ellipsometric signals corresponding to at least 
one ray of polariZed light provided at an angle greater than 
a critical angle of a solid immersion apparatus. The solid 
immersion apparatus includes a surface adapted to be posi 
tioned adjacent a thin ?lm of a sample. The apparatus further 
includes a processing apparatus operable to determine one or 
more measured ellipsometric parameters as a function of the 
one or more ellipsometric signals for the at least one ray of 
the polariZed light provided at an angle greater than the 
critical angle and determine at least one characteristic of the 
thin ?lm by ?tting the one or more measured ellipsometric 
parameters to a model. The model provides a relationship 
betWeen the at least one characteristic for thin ?lms and 
model ellipsometric parameters corresponding to the one or 
more measured ellipsometric parameters. 

[0022] Various embodiments may include one or more 
features for carrying out one or more methods or processes 
described herein. For example, the apparatus may include a 
model that provides a relationship betWeen the at least one 
characteristic for thin ?lms having a thickness less than 100 
angstroms and model ellipsometric parameters correspond 
ing to the one or more measured ellipsometric parameters; a 
prism that includes a surface adapted to be located adjacent 
the thin ?lm of the sample; a hemispheric lens or a stigmatic 
lens; a surface of a solid immersion apparatus that is 
positioned in contact With the sample or one that is separated 
from the sample by a distance; etc. 

[0023] The above summary of the present invention is not 
intended to describe each embodiment or every implemen 
tation of the present invention. Advantages, together With a 
more complete understanding of the invention, Will become 
apparent and appreciated by referring to the folloWing 
detailed description and claims taken in conjunction With the 
accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0024] FIG. 1 is a diagram of a conventional ellipsometer. 

[0025] FIG. 2 is one illustrative general diagram of a solid 
immersion tunneling ellipsometer system according to the 
present invention. 

[0026] FIG. 3A and FIG. 3B illustrate an eXample tra 
jectory diagram associated With a conventional ellipsometer 
and an eXample trajectory diagram associated With a solid 
immersion tunneling ellipsometer system such as shoWn 
generally in FIG. 2. 

[0027] FIG. 4 shoWs one illustrative diagram of an 
embodiment of the solid immersion tunneling ellipsometer 
system shoWn generally in FIG. 2, using a solid immersion 
prism, according to the present invention. 

[0028] FIG. 5 is a processing ?oW diagram illustrating 
one embodiment of a general How of processing performed 
in a system such as shoWn generally in FIG. 2. 

[0029] FIG. 6 shoWs one illustrative diagram of an 
embodiment of the solid immersion tunneling ellipsometer 
system shoWn generally in FIG. 2, using an objective lens 
focusing polariZed light on a solid immersion lens, accord 
ing to the present invention. 
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[0030] FIG. 7 shoWs one illustrative diagram of an 
embodiment of the solid immersion tunneling ellipsometer 
system shoWn generally in FIG. 2, using radially symmetric 
light and a solid immersion lens, according to the present 
invention. 

[0031] FIG. 8 shoWs a more detailed diagram of the solid 
immersion lens con?guration of the ellipsometer system 
shoWn in FIG. 7. 

[0032] FIG. 9 is a processing ?oW diagram illustrating 
one embodiment of a portion of the general How of pro 
cessing to generate trajectories for use in the processing 
apparatus of the system such as shoWn generally in FIG. 2. 

[0033] FIG. 10 is a processing ?oW diagram illustrating 
one embodiment of a portion of the general How of pro 
cessing shoWn generally in FIG. 5, to determine at least one 
characteristic of a sample (e.g., thickness of an ultrathin 

?lm). 
[0034] FIG. 11 is a processing ?oW diagram illustrating 
one embodiment of a portion of the general How of pro 
cessing shoWn generally in FIG. 5, Where one model 
associated With incident light greater than the critical angle 
is used. 

[0035] FIG. 12 is a processing ?oW diagram illustrating 
one embodiment of a portion of the general How of pro 
cessing shoWn generally in FIG. 5, Where tWo models 
associated With incident light greater than the critical angle 
and less than the critical angle are used. 

[0036] FIGS. 13A, 13B, 13C, and 13D shoW a setup and 
associated trajectories for illustrating the use of ellipsomet 
ric measurements in the determination of the sideWall shape 
of a line. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

[0037] Solid immersion tunneling ellipsometer methods 
and apparatus shall be described herein With reference to 
FIGS. 2-13. In the folloWing detailed description of the 
embodiments, reference is made to the draWings that form a 
part thereof, and in Which are shoWn by Way of illustration 
speci?c embodiments in Which the invention may be prac 
ticed. It is to be understood that other embodiments may be 
utiliZed, as structural or process changes may be made 
Without departing from the scope of the present invention. 

[0038] FIG. 2 shoWs a general illustration of a solid 
immersion tunneling ellipsometer system 30 operable for 
carrying out one or more ellipsometry methods according to 
the present invention With respect to a sample 36. The 
sample 36 includes a thin ?lm 37 to be characteriZed 
provided on a substrate 38. 

[0039] The solid immersion tunneling ellipsometer system 
30 is operable to determine one or more characteristics of 
various thin ?lms and/or structures. EXamples of character 
istics that may be measured include: thickness and indeX of 
refraction of a single ?lm; thickness and indexes of refrac 
tion of multiple ?lms; indeX of refraction of a substrate; 
absorption of a thin ?lm; absorptions of multiple ?lms; 
stress of thin ?lms; surface roughness; material composition; 
and magnetic properties. 

[0040] One skilled in the art Will recogniZe that the present 
invention may be used to characteriZe different types of ?lms 
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provided on a substrate. Furthermore, the present invention 
may be used to characterize one or more thin ?lms on a 

substrate or a thin ?lm that may include one or more layers. 
Examples of the types of ?lms that may be characterized are 
biological samples, metallic ?lms, and dielectric ?lms. 

[0041] In one embodiment, the sample 36 may include a 
thin ?lm formed on the substrate 38. In another embodiment, 
the sample 36 may include an ultrathin ?lm formed on the 
substrate 38. Yet in another embodiment, the sample may 
include a dielectric thin ?lm provided on the substrate 38. 
Yet in another embodiment, the sample may include a high 
dielectric constant thin ?lm provided on the substrate 38. Yet 
further, in another embodiment, the sample 36 may include 
a gate oxide (e.g., silicon oxide, silicon oxynitride, silicon 
nitride, etc.) formed on a substrate (e.g., silicon substrate. 

[0042] The solid immersion tunneling ellipsometer system 
30 includes an ellipsometer apparatus 32 and a processing 
apparatus 34 (e.g., a computer executing suitable softWare). 
The ellipsometer apparatus 32 performs physical measure 
ments on the sample 36, and the results, in the form of 
ellipsometric signals 55, are provided to the processing 
apparatus 34 for processing. In this application, ellipsomet 
ric signals are de?ned as any signals or information that is 
provided by the ellipsometer apparatus 32 to the processing 
apparatus 34 for use in determining one or more character 
istics of the sample. For example, an illumination apparatus 
40 of the ellipsometer apparatus 32 may provide information 
including the Wavelength and polariZation of the incident 
light, and the angle of incidence. As a further example, an 
analyZer apparatus 46 of the ellipsometer apparatus 32 may 
provide information including the intensity of the re?ected 
light in a speci?c state of polariZation, and the nulling 
positions and angles related to the re?ected light. The 
processing apparatus 34 uses the ellipsometric signals 55 to 
determine one or more ellipsometric parameters (e.g., ‘I’ and 
A) Which are then used to determine one or more charac 
teristics of the ?lm 37 (e.g., index of refraction, thickness, 
etc.). 
[0043] As shoWn generally in FIG. 2, the ellipsometer 
apparatus 32 includes the illumination apparatus 40, an 
optional optical apparatus 44, the analyZer apparatus 46, and 
a solid immersion apparatus 50 (e.g., a prism or an objective 
lens in combination With a solid immersion lens). Such a 
general con?guration Will be apparent to one skilled in the 
art When vieWed With reference to more detailed embodi 
ments shoWn in FIGS. 2, 6, and 7. 

[0044] Generally, polariZed light 52 is provided to the 
solid immersion apparatus 50 from the illumination appa 
ratus 40. With the solid immersion apparatus 50 having a 
surface 51 located adjacent the ?lm 37, tunneling occurs for 
incident light provided at an angle greater than a critical 
angle of the solid immersion apparatus 50. Elliptically 
polariZed light 54 is provided as the re?ected light from the 
?lm 37. The elliptically polariZed light 54 is provided to the 
analyZer apparatus 46. Upon operation of the analyZer 
apparatus 46, ellipsometric signals 55 representative of the 
re?ected light are provided to the processing apparatus 34. 
The optional optical apparatus 44, for example, may be a 
beam splitter con?guration such as described With reference 
to FIG. 7 or may not be required such as With use of a prism 
in the ellipsometer apparatus con?guration of FIG. 4. 

[0045] Generally, the method of determining the one or 
more characteristics of the thin ?lm 37 of sample 36 is based 
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on associating the measured ellipsometric parameters (e.g., 
determined using measurements from ellipsometer appara 
tus 32) With a mathematical model based on the same 
ellipsometric parameters generated using a model of an 
event. An event, as used herein, refers to a physical mea 
surement performed using the ellipsometer apparatus 32 
(e.g., incident light at greater than the critical angle and the 
measurement of the re?ected light With the result of the 
event being measured ellipsometric signals; incident light at 
less than the critical angle and the measurement of the 
re?ected light With the result of the event being measured 
ellipsometric signals, etc.). 
[0046] A model, as used herein, refers to a mathematical 
description of an event, and trajectories that are generated 
from the mathematical description. Trajectories, as used 
herein, refer to information (e.g., a set of graphs, a lookup 
table, etc.) generated using the mathematical description 
Which provide the relationship betWeen one or more ellip 
sometric parameters (e.g., ‘I’, A) and one or more charac 
teristics (e. g., thickness) of the thin ?lms to be characteriZed. 
Thus, the processing apparatus 34 uses the measured ellip 
sometric parameters, along With modeled ellipsometric 
parameters (e. g., a set of trajectories or some other relational 
information), to determine at least one characteristic of the 
sample 36 (e.g., index of refraction of the ?lm 37, thickness 
of the ?lm 37, etc.). 

[0047] Conventional ellipsometers, in many instances, 
have dif?culties in measuring characteristics such as the 
index of refraction of ultrathin ?lms. This is due, at least in 
part, to the fact that (‘I’, A) trajectories used for determining 
the index of refraction are not Well separated in the ultrathin 
regime, as illustrated in FIG. 3A. FIGS. 3A and 3B shoW 
examples of trajectories in a graphic format that can be used 
to express the relationship betWeen the one or more sample 
characteristics (e.g., thickness and index of refraction) and 
the ellipsomatic parameters (e.g., ‘I’ and A). The x-axis 
corresponds to the ‘I’ value and y-axis corresponds to the A 
value, thus any value of a ‘I’, A pair indicates a point on the 
graph. Note that each curve on the graph corresponds to a 
particular value of the index of refraction, and that along 
each curve, the individual dots indicate the thickness of the 
sample, Where each dot along the curve represents a thick 
ness change of 10 angstroms. Note the difference betWeen 
FIG. 3A and FIG. 3B. In FIG. 3A, the thinnest ?lms are at 
the bottom left, and the thickness increases as the curve goes 
to the upper right; for FIG. 3B, the thinnest ?lms are at the 
upper left, and the thickness increases as the curve goes to 
the loWer left. To determine a sample characteristic, the 
measured ‘I’, A pair is used to select a point on the graph, 
from Which the sample characteristics can be determined by 
selecting the closest curve (Which determines the index of 
refraction) and then on that curve, ?nding the closest dot 
(Which determines the thickness). Note that ?tting can be 
performed in the case of a ‘I’, A pair that is betWeen curves 
and/or betWeen dots. Note that for this example, the ellip 
sometric system is able to determine both the index of 
refraction and thickness simultaneously. 

[0048] As shoWn in FIG. 3A, in region 80 (i.e., the region 
corresponding to ?lm thickness less than or equal to 100 
angstroms), the separation betWeen curves representing dif 
ferent indexes of refraction is minimal, making it dif?cult to 
make an accurate measurement. In region 82, corresponding 
to ?lm thickness of 800 angstroms to 1000 angstroms, the 
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separation is clearer, and more accurate measurements can 
be made. Thus, When using a conventional ellipsometer to 
measure ultrathin ?lms, a small error in the ‘P value, due to 
measurement error, can skeW the results (e.g., a thickness 
measurement) signi?cantly. Therefore, conventional ellip 
someters are, in many cases, unsuitable to measure the 
refractive index of ultrathin ?lms. As previously indicated, 
ultrathin ?lms are ?lms having a thickness of less than 100 
angstroms. 

[0049] The present invention includes a solid immersion 
tunneling ellipsometric technique that is capable of over 
coming the problems of conventional ellipsometric systems 
such that characteristics of ultrathin ?lms (e.g., thickness 
and refractive index) can be measured effectively. Such 
characteristics, like refractive index and thickness, may be 
determined simultaneously. Moreover, a near-?eld ellipso 
metric method using a solid immersion tunneling technique 
provides accurate thickness and index of refraction mea 
surements With very high spatial resolution. High quality 
images of the ultrathin ?lms can therefore be obtained 
through scanning (e.g., as opposed to providing such char 
acteristics for a small spot). Any suitable scanning apparatus 
may be used to provide measurements over a larger area for 
providing an image. 

[0050] To accurately measure, for example, a refractive 
index, it is advantageous to separate the (‘P, A) trajectories 
along the ‘P direction. In other Words, one Wants to choose 
an event type that corresponds to trajectories in Which the 
(‘P, A) trajectories along the ‘P direction provide good 
separation. To achieve this, a technique and apparatus Was 
developed that utiliZes optical tunneling. Such optical tun 
neling provides a desired ‘P-resolution enhancement that 
Will be apparent from the description herein, particularly the 
description With reference to the folloWing FIG. 4. 

[0051] FIG. 4 shoWs an illustrative diagram of one 
embodiment of a portion of the ellipsometer system shoWn 
generally in FIG. 2. The solid immersion tunneling ellip 
someter apparatus 100 shoWn in FIG. 4 utiliZes a solid 
immersion prism 118. The ellipsometer apparatus 100 is 
operable to provide ellipsometric signals that may be pro 
cessed according to the present invention to determine at 
least one characteristic of thin ?lm 122 provided on sub 
strate 124 of sample 120. 

[0052] In comparison to the ellipsometry apparatus gen 
erally shoWn in FIG. 2, the solid immersion apparatus 50 
includes the prism 118, and the optional optical apparatus 44 
is not present. The prism 118 includes an incident surface 
115 through Which incident light 110 may be received, and 
a re?ection surface 119 through Which re?ected light 108 
may be provided to an analyZer apparatus (not shoWn). 
Further, the prism includes a tunneling surface 117 posi 
tioned adjacent an upper surface 127 of ?lm 122. 

[0053] In one embodiment, the sample 120 (e.g., substrate 
assembly) is in contact With tunneling surface 117 of the 
prism 118. In another embodiment, the thin ?lm 122 may be 
separated from the tunneling surface 117 by a narroW gap 
126 (e.g., air gap). 

[0054] In one embodiment, the incident polariZed light 
110 illuminates the thin ?lm 122 through a high refractive 
index prism 118. For example, a high refractive index 
material such as GaP (n=3.4) may be used. HoWever, one 
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skilled in the art Will recogniZe that any prism providing a 
suitable tunneling surface 117 and a critical angle 116 (as 
shoWn relative to normal 112) may be used according to the 
present invention. 

[0055] One Will recogniZe that incident light 110 as shoWn 
in FIG. 4 is provided at an angle greater than the critical 
angle 116 of the prism 118. HoWever, incident light may also 
be provided at less than the critical angle 116 as shoWn by 
incident light 114. 

[0056] With the polariZed light 110 incident on the prism 
118 at an angle greater than the critical angle 116, an 
evanescent Wave is generated at the prism tunneling surface 
117. The evanescent Wave can be coupled into a propagating 
Wave, thus causing a decrease in re?ectivity from the ?lm 
122 back into the prism 118. Such tunneling provides the 
desired ‘P-resolution enhancements mentioned above and 
further described herein, particularly With reference to FIG. 
3B beloW. 

[0057] FIG. 3B shoWs illustrative model ellipsometric 
parameter (‘P, A) trajectories for a tunneling ellipsometer 
using a solid immersion con?guration With an exemplary 10 
angstrom air gap. The trajectories in Region 84, Which 
corresponds to ultrathin ?lms, clearly shoW the ‘P-resolution 
enhancement betWeen different refractive indexes. Another 
characteristic of this near ?eld technique is that, for ?lms 
thicker than approximately 100 angstroms, the separation of 
the trajectories gets smaller as the ?lms get thicker, as shoWn 
in region 86. This indicates that solid immersion tunneling 
ellipsometry is more suitable for ultrathin ?lms and is less 
suitable for thicker ?lms. 

[0058] In vieW of the above, it is recogniZed that more 
accurate characteristics may be determined for ultrathin 
?lms using the near ?eld solid immersion tunneling aspects 
of the present invention With measurements taken for inci 
dent light greater than the critical angle of the solid immer 
sion con?guration (e.g., critical angle of prism 118 or as 
described further herein the critical angle of a solid immer 
sion lens). LikeWise, it is also recogniZed that more accurate 
characteristics may be determined for ?lms thicker than 
ultrathin ?lms using techniques similar to conventional 
ellipsometry With measurements taken for incident light less 
than the critical angle of the solid immersion apparatus. 

[0059] By combining techniques similar to conventional 
ellipsometry (e.g., using light incident at less than the critical 
angle of a solid immersion apparatus) With the solid immer 
sion tunneling technique, Where incident light at greater than 
the critical angle is used, an ellipsometry system can provide 
highly accurate results across a Wide range of thin ?lm 
thickness values. In other Words, With further reference to 
the ellipsometry con?guration of FIG. 4, for the incident ray 
114 at an angle less than the critical angle, the evanescent 
?elds disappear and the measurement is more similar to a 
conventional ellipsometer. On the other hand, for the inci 
dent ray 110 at an angle greater than the critical angle, a 
near-?eld measurement is obtained. Thus, a variable angle 
solid immersion ellipsometer Will be able to accurately 
measure sample characteristics (e.g., thickness and refrac 
tive index) for ?lms With varied thickness as further 
described herein. 

[0060] At least in one embodiment, the sample character 
istic can be determined by performing a ?t of measured 



US 2004/0189992 A9 

ellipsometric parameters (e.g., determined from one or more 
ellipsometric signals of an ellipsometry apparatus) to a 
model trajectory or relational information generated from a 
model of an event (e.g., the model trajectory providing the 
relationship betWeen one or more sample characteristics and 
ellipsometric parameters, such as for ultrathin ?lms, based 
on incident light provided at greater than the critical angle of 
a solid immersions apparatus of a solid immersion tunneling 
ellipsometer apparatus). 

[0061] In one embodiment, a regression algorithm can be 
used to perform this ?tting. The regression process can be 
any standard regression algorithm. When performing the 
regression, a merit function can be de?ned. With some 
experimental measurements available, for example, (‘I’, A) 
pairs, one can use the regression process to ?nd out the best 
guess for the actual parameters of the sample, such as 
thickness, index of refraction etc. Normally, the regression 
algorithm takes a guess of these parameters at the beginning, 
then uses these parameters and a certain optical model (e.g., 
an event model as described herein) to calculate the corre 
sponding output parameters (‘I’, A) pairs. Then it compares 
the output parameters With the experimental using the merit 
function and sees hoW close they are. If it is not close 
enough, the next estimation of the sample parameters is 
calculated, and the above process is repeated until a satis 
factory estimation of the sample parameters is obtained. The 
output of the regression process is used as the best estima 
tion of the actual sample parameters. 

[0062] In some embodiments, the solid immersion appa 
ratus is placed adjacent to the sample surface, and there is a 
gap betWeen the adjacent surface of the solid immersion 
apparatus and the surface of the sample thin ?lm. The siZe 
of the gap may be included as a model parameter or model 
?tting parameter. For example, in one embodiment, the gap 
may be measured using interferometry techniques and the 
measurement provided for use as a parameter of the model. 
In another embodiment, the present invention can be used to 
determine the siZe of the gap With the gap siZe being an 
unknoWn model ?tting parameter. When used as a model 
?tting parameter, priori knoWledge of the spacing is not 
necessary. In other Words, the gap can be considered in the 
modeling process by either performing the gap measurement 
and providing the value to the model ?tting process or 
treating the siZe of the gap as an unknoWn and determining 
the siZe during the model ?tting process. 

[0063] An example of a merit function, Merit Function 1, 
applicable for use With the present invention is: 

[0064] Where (‘I’i, Ai) are the measured data corresponding 
to the Ith incident angle, x) is a vector inclusive of the model 
parameters, 0A and ow are the standard deviations of the (‘I’, 

A) measurement, and and are the calculated 
data points using the optical model and the model param 
eters. During regression, this merit function is minimiZed to 
?nd the optimum results. This merit function has been used 
to compare conventional ellipsometry With the solid immer 
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sion tunneling ellipsometry of the present invention. One 
example computer simulation based on this merit function 
shoWed a refractive index resolution of +/—0.01 for the solid 
immersion tunneling ellipsometry of the present invention, 
as compared to +/—0.15 for conventional ellipsometry. This 
merit function is applicable to any scenario in Which there 
are multiple measurements. 

[0065] Even though solid immersion tunneling ellipsom 
etry provides enhanced results compared to conventional 
ellipsometry for ?lms less than 100 angstroms, its resolution 
of refraction index degrades for ?lms thinner than 20 
angstroms. The (‘I’, A) trajectories of ultrathin ?lms illustrate 
a complementary behavior betWeen solid immersion tunnel 
ing ellipsometry and conventional ellipsometry. 

[0066] While the ‘I’ resolution is Worse for conventional 
ellipsometry than for tunneling ellipsometry, the A resolu 
tion is usually better due to the multiple re?ections, Which 
are absent in the tunneling case. Thus, an improved merit 
function, Which contains only A values from measurements 
less than the critical angle and ‘I’ values from measurements 
greater than the critical angle, is more immune to noise (e. g., 
provides more accurate measurements of sample character 
istics). This improved merit function, Merit Function 2, 
Which may be used according to the present invention is: 

[0067] Where j denotes incident angles that are less than 
the critical angle and i denotes incident angles greater than 
the critical angle. Merit Function 2 is only applicable in the 
scenario Where there are multiple measurements, Where at 
least one measurement corresponds to incident light greater 
than the critical angle of the solid immersion apparatus, and 
at least one measurement corresponds to incident light at 
less than the critical angle of the solid immersion apparatus. 
Merit Function 2 can be considered a subset of Merit 
Function 1. If in Merit Function 1, 0A goes to in?nity 
(because the A error gets very large for measurements at 
angles greater than the critical angle) then this term goes to 
Zero. Similarly, if in Merit Function 1, ow, goes to in?nity 
(because the ‘I’ error gets very large for measurements at 
angles less than the critical angle) then this term goes to 
Zero. Example simulations using this merit function have 
shoWn regression results for determining the index of refrac 
tion for ?lms as thin as 10 angstroms With a resolution of 
+/—0.003. 

[0068] The regression analysis can provide an optimiZa 
tion process for a variety of measurement scenarios. For 
example, Where there are multiple measurements and mul 
tiple models (e.g., models for greater than and less than the 
critical angle), an optimiZation step may be performed to 
determine the desired sample characteristics by minimiZing 
the total error across all the measurements (Which can be 
based on different models). In addition, during the optimi 
Zation, a Weighting of the ellipsometric parameters can be 
done to improve the accuracy of results. For example, the 
Weight of parameters that contain signi?cant noise may be 
reduced. 






















