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APPARATUS FOR ANALYZING SAMPLES USING 
COMBINED THERMAL WAVE AND X-RAY 

REFLECTANCE MEASUREMENTS 

PRIORITY 

[0001] This application claims the bene?t of US. Provi 
sional Application No. 60/189,334, Which provisional appli 
cation Was ?led on Mar. 14, 2000 and is hereby incorporated 
by reference in its entirety. 

FIELD OF THE INVENTION 

[0002] The present invention relates to the ?eld of metrol 
ogy tools for measuring semiconductor Wafers and, in par 
ticular, relates to a tool that combines tWo complementary 
types of measurements into a single tool to reduce ambigu 
ities in both types of measurements. 

BACKGROUND OF THE INVENTION 

[0003] The semiconductor industry has a continuing inter 
est in measuring various thin ?lm layers formed on semi 
conductor Wafers. Anumber of metrology devices have been 
developed for making these measurements. 

[0004] One eXample of such an apparatus is disclosed in 
PCT application WO/9902970, published Jan. 21, 1999. The 
assignee herein has commercialiZed the device described in 
that patent application under the name OPTI-PROBE 5240. 
This device includes a number of measurement technolo 
gies. More speci?cally, the device includes a beam pro?le 
ellipsometer (BPE) (see US. Pat. No. 5,181,080); a beam 
pro?le re?ectometer (BPR) (see US. Pat. No. 4,999,014); 
relatively conventional broad band (BB) and deep ultraviolet 
(DUV) spectrometers; a proprietary broad band spectro 
scopic ellipsometer (SE) (see US. Pat. No. 5,877,859) and 
an off-axis narroW band ellipsometer (see US. Pat. No. 
5,798,837). All of the above-recited patents and PCT appli 
cations are incorporated herein by reference. 

[0005] The above described system is particularly suited 
for characteriZing relatively transparent ?lms, such as sili 
con dioXide, on semiconductors. This measurement system 
is someWhat less useful When analyZing opaque ?lms such 
as metals. 

[0006] An optical technique Which is particularly suited 
for measuring the thickness of very thin metal ?lms is X-ray 
re?ectometry. Using a probe beam generated by a source of 
very short Wavelength radiation, thin ?lms can be analyZed 
Which are opaque to both visible and UV Wavelengths. One 
eXample of such a system is described in US. Pat. No. 
5,619,548, issued Apr. 8, 1997, and incorporated herein by 
reference. 

[0007] In an X-ray re?ectometer, a probe beam of X-ray 
radiation is directed to impinge on the sample at an angle so 
that it is at least partially re?ected. A sample may typically 
consist of a substrate covered by one or more thin metal 
layers. At very shalloW angles, beloW a critical angle (1P6) 
(as measured betWeen the surface of the sample and the 
incoming ray), all of the X-ray radiation Will be re?ected. 
Typical incidence angles are very shalloW, near graZing 
incidence, because the re?ectivity falls very quickly as the 
angle is increased above the critical angle. As the angle of 
incidence of the incoming beam increases, an increasing 
amount of radiation Will be transmitted through the top 
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metal layer and the amount of re?ected light Will be reduced. 
Some of the radiation transmitted through the metal layer(s) 
Will reach the interface betWeen the metal ?lm and the 
substrate and be re?ected from the substrate. The radiation 
re?ected at the interfaces among the metal ?lm layers and 
the substrate Will interfere, giving rise to a re?ectivity curve 
shoWing interference effects. By analyZing the dependence 
of the re?ectivity on the angle of incidence, one can inde 
pendently determine both the thickness and density of the 
thin ?lm layers on the sample. 

[0008] The added capability offered by an X-ray re?ecto 
meter has led prior researchers to attempt to combine the 
measurements from an X-ray re?ectometer With those of 
other optical measurement tools. For eXample, samples have 
been analyZed using a combination of graZing X-ray re?ec 
tometry and spectroscopic ellipsometry. (See, “A new ver 
satile system for characterization of antire?ective coatings 
using combined spectroscopic ellipsometry and grazing 
X-ray re?ectance,” Boher, SPIE, Vol. 3741, page 104, May 
1999.) Other researchers have proposed combining X-ray 
re?ectometry With infrared spectroscopy and transmission 
spectroscopy. In addition, researchers have also discussed 
the desirability of obtaining multiple separate measurements 
including X-ray re?ectometry, variable angle of incidence 
re?ectometry and “mirage” style, photo-thermal measure 
ments to evaluate a sample. (See, “Optical and X-ray 
characterization applied to multilayer reverse engineering,” 
Boudet, Optical Engineering, Vol. 37 (1), page 2175, July 
1998). In this paper, the authors used the photothermal 
method to analyZe losses from absorption. 

[0009] The inventors herein have recogniZed that there are 
further advantages to combining the measurements that can 
be obtained from X-ray re?ectometry With measurements 
that can be obtained from a thermal and/or plasma Wave 
analysis. A thermal and plasma Wave metrology device is 
marketed by the assignee herein under the name of Therma 
Probe. This device incorporates technology described in the 
following US. Pat. Nos.: 4,634,290; 4,646,088; 5,854,710 
and 5,074,669. The latter patents are incorporated herein by 
reference. 

[0010] In the basic device described in the patents, an 
intensity modulated pump laser beam is focused on the 
sample surface for periodically exciting the sample. In the 
case of a metal, thermal Waves are generated, While in a 
semiconductor, both thermal and plasma Waves are gener 
ated. These Waves spread out from the pump beam spot and 
re?ect and scatter off various features and interact With 
various regions Within the sample in a Way Which alters the 
?oW of heat and/or plasma from the pump beam spot. 

[0011] The presence of the thermal and plasma Waves has 
a direct effect on the re?ectivity at the surface of the sample. 
Features and regions beloW the sample surface Which alter 
the passage of the thermal and plasma Waves Will therefore 
alter the optical re?ective patterns at the surface of the 
sample. By monitoring the changes in magnitude and/or 
phase of the re?ectivity of the sample at the surface, 
information about characteristics beloW the surface can be 
investigated. 

[0012] In the basic device, a second laser is provided for 
generating a probe beam of radiation. This probe beam is 
focused colinearly With the pump beam and re?ects off the 
sample. A photodetector is provided for monitoring the 
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periodic changes in the magnitude and phase of the re?ected 
probe beam. The photodetector generates an output signal 
Which is proportional to the re?ected poWer of the probe 
beam and is therefore indicative of the varying optical 
re?ectivity of the sample surface. 

[0013] The output signal from the photodetector is ?ltered 
to isolate the changes Which are synchronous With the pump 
beam modulation frequency. In the preferred embodiment, a 
lock-in detector is used to monitor the magnitude and phase 
of the periodic re?ectivity signal. This output signal is 
conventionally referred to as the modulated optical re?ec 
tivity (MOR) of the sample. 

[0014] This system has been used successfully to measure 
ion implantation levels in semiconductors. Such a system 
can also be used to measure thermal conductivity or thermal 
diffusion in a thin ?lm layer on a sample (see US. Pat. No. 
5,074,669, incorporated by reference). Such a system can 
also be used to measure characteristics of thin metaliZed 
layers (see US. Pat. No. 5,978,074, incorporated by refer 
ence). 
[0015] Other techniques besides modulated optical re?ec 
tivity detection can be used to monitor the effects of thermal 
and plasma Wave propagation in a sample. For eXample, 
various interferometry and mirage effects techniques have 
been used. The broad scope of the subject invention includes 
these techniques as Well. (See for example, US. Pat. No. 
6,108,087). 
[0016] Since an X-ray re?ectometer measurement permits 
determination of both thickness and density independently, 
it has been recogniZed by the inventors herein that special 
bene?ts can be obtained by analyZing a sample using a 
combination of X-ray re?ectometry along With a thermal 
and plasma Wave measurement technique. More speci?cally, 
if information about the thickness and/or density of the thin 
?lm can be obtained using an X-ray re?ectometer measure 
ment, the remaining variables (such as the indeX of refrac 
tion and thermal conductivity) can be more easily deter 
mined With a thermal Wave tool since one less variable needs 
to be resolved through the analysis of the data. 

SUMMARY OF THE INVENTION 

[0017] Accordingly it is an object of this invention to 
provide a measurement device that includes both an X-ray 
re?ectometer and a thermal and plasma Wave measurement 
module for determining the characteristics of a sample. 
Preferably, these tWo measurement modules are combined 
into a unitary apparatus and arranged to be able to take 
measurements at the same location on the Wafer. Aprocessor 
Will receive data from both modules and combine that data 
to resolve ambiguities about the characteristics of the 
sample. The processor can either be part of the unitary 
apparatus or separate therefrom as long as the measurement 
data is transferred to the processor. In either case, the 
apparatus is unitary so long as the X-ray re?ectometer and 
the thermal and/or plasma Wave measurement modules are 
combined into a single device. 

BRIEF DESCRIPTION OF THE FIGURES 

[0018] FIG. 1 is a composite block and schematic diagram 
of an apparatus for carrying out the detection of thermal and 
plasma Waves in accordance With the subject invention. 

Jan. 3, 2002 

[0019] FIG. 2 is a composite block and schematic diagram 
of an apparatus for carrying out X-ray re?ectometric mea 
surements in accordance With the subject invention. 

[0020] FIG. 3 is a composite block and schematic diagram 
of a unitary apparatus for carrying out both X-ray re?ecto 
metric measurements and thermal Wave measurements in 
accordance With the subject invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0021] The subject combination can be used effectively on 
samples With complex multilayer samples. For eXample, 
consider a silicon Wafer upon Which has been deposited a 
thin layer of tantalum nitride (250 Angstroms) covered by a 
relatively thicker layer of copper (2000 Angstroms or 
greater). Tantalum nitride is a relatively opaque metallic 
material. For such a sample, an X-ray re?ectometer mea 
surement Would be able to accurately determine the thick 
ness of the thin intermediate layer of tantalum nitride. This 
is so because the X-rays Will penetrate the copper and re?ect 
off the tantalum nitride. The interference fringes can then be 
analyZed to determine layer thicknesses. In addition, the 
X-ray re?ectance measurements can also provide informa 
tion about the density of the top copper layer. HoWever, the 
X-ray re?ectance measurements can less easily determine 
the thickness of the copper layer since any interference 
fringes associated With that layer Would be too closely 
spaced together to alloW resolution. Nonetheless, the thick 
ness of the thicker copper layer can easily be measured using 
a thermal Wave analysis. The tantalum nitride layer Will 
essentially be invisible to the thermal Wave analysis. By 
combining the tWo measurements in a single tool, the user 
can more readily obtain a greater amount of information 
about the multilayer structure. 

[0022] In addition, thermal Wave measurements can also 
be used to determine the diffusivity of a layer. Diffusivity is 
a function of the thermal conductivity, density, and the 
speci?c heat of the material. For most materials, the speci?c 
heat does not vary signi?cantly Within a given layer. As 
noted above, X-ray re?ectometry can be used to determine 
the density of a layer. Thus, by combining X-ray re?ecto 
metry measurements (Which enable a density analysis) With 
thermal Wave measurements (Which enable a diffusivity 
analysis), the thermal conductivity of the layer can be 
determined even if the thickness of the layer is unknoWn. It 
is also possible to evaluate sheet resistance based on the 
calculated thermal conductivity of the material. 

[0023] Another advantage of the subject combination 
relates to product Wafer measurement capability. It is knoWn 
that the assignee’s Therma-Probe system can measure on 
product Wafers With small feature siZes. In part this capa 
bility arises from the smallness of the focused pump and 
probe beam spot siZe on the sample in conjunction With 
accurate Wafer positioning controls. While the X-ray re?ec 
tometry spot tends to be signi?cantly larger than the thermal 
Wave test spot, it has been shoWn by the assignee herein that 
the X-ray interaction can also be used on product Wafers. 
This relationship is described in co-pending application Ser. 
No. 09/629,407, ?led Aug. 1, 2000, and incorporated herein 
by reference. In brief, it has been found that the X-rays do 
not scatter very strongly When interacting With structures 
found on product Wafers. Therefore, using a proper analysis 
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an X-ray re?ectometer can characterize blanket ?lm struc 
tures deposited on a product Wafer almost as easily as if the 
Wafer Were a test Wafer. Since both of these technologies can 
provide information about product Wafers, the combination 
can be used to further analyZe structures on product Wafers 
thereby minimizing the need for test Wafers. 

[0024] Providing multiple measurement tools in a single 
device has added bene?ts. For example, it is possible to 
arrange the optical systems to measure on the same point on 
the Wafer Without moving the Wafer. In addition, a single 
tool has a smaller footprint and therefore takes up less ?oor 
space in the semiconductor fabrication facility. By combin 
ing technologies in a single tool, costs can be reduced by 
eliminating duplicate subsystems such as Wafer handlers and 
computers. Finally, the combination can simplify and 
streamline decision making since the information from the 
tWo measurement modalities can be coordinated instead of 
producing con?icting results as in the prior art When tWo 
separate devices might be used. 

[0025] Further analytical capability can be obtained if the 
device is arranged to include additional measurement 
modalities. Such additional measurement modalities can 
include one or more optical metrology devices of the type 
found in the assignee’s OPTI-PROBE 5240, discussed 
above. 

[0026] Referring to FIG. 1, there is illustrated an appara 
tus 20 for monitoring thermal and plasma Waves. The 
apparatus of FIG. 1 illustrates only the basic elements. 
Those skilled in the art Will understand that a commercial 
devices Will be more compleX. More details of a thermal 
Wave system are disclosed in US. Pat. No. 5,978,074, cited 
above. 

[0027] As seen in FIG. 1, a sample 22 rests on a platform 
24. Platform 24 is capable of movement in tWo orthogonal 
directions in a manner such that the sample can be rastered 
With respect to the heating and probe beams of the subject 
invention. 

[0028] The means for generating thermal and plasma 
Waves includes a laser 30 emitting a beam 34 Which is 
intensity modulated by modulator 32. In the preferred 
embodiment, beam 34 is focused on the surface of the 
sample by a microscopic objective 38. Beam 34 is intended 
to periodically eXcite the sample surface. This periodic 
excitation is the source of thermal and plasma Waves that 
propagate outWardly from the center of the beam. The 
plasma and thermal Waves interact With sample boundaries 
and barriers in a manner that is mathematically equivalent to 
scattering and re?ection of conventional propagating Waves. 
Any features on or beneath the surface of the sample that 
have thermal or plasma diffusion characteristics different 
from their surroundings Will re?ect and scatter thermal and 
plasma Waves and thus become visible to these Waves. 

[0029] The detection system includes a laser 50 for emit 
ting a probe beam 52. Probe beam 52 is directed onto a 
region of the sample surface that has been periodically 
heated by the modulated energy beam 34. Probe beam 52 is 
?rst passed through a polariZing splitter 54 oriented in a 
manner such as to let the coherent light emanating from laser 
50 to pass freely therethrough. The splitter Will, hoWever, 
de?ect all light Whose phase has been rotated through 90 
degrees relative to beam 52. The reason for this arrangement 
Will become apparent beloW. 
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[0030] Light probe beam 52 is then passed through a 
1Ak-Waveplate 55. Waveplate 55 functions to rotate the phase 
of the probe beam by 45 degrees. As can be appreciated, on 
the return path of the beam, the Waveplate Will rotate the 
phase of the beam another 45 degrees so that When it reaches 
splitter 54 the phase of the beam Will have been rotated a 
total of 90 degrees from the incoming orientation. By this 
arrangement, the splitter 54 Will de?ect the retro-?ected 
light beam up to detector 56. 

[0031] After the probe beam 52 initially passes through 
Waveplate 55, it is re?ected doWnWardly by dichroic mirror 
36. The dichroic mirror is selected to be transparent to the 
pump beam Wavelength and re?ective of the probe beam 
Wavelength. In the preferred embodiment, the pump beam 
and the probe beam are aligned in such a manner that they 
are directed in a coincident manner doWn through lens 38 
and focused at the same spot on the surface of the sample. 
By focusing the pump and probe beams at the same spot, the 
maXimum signal output can be achieved. 

[0032] The probe beam is re?ected back up to the dichroic 
mirror Where it is, in turn, re?ected back along the incoming 
path and through the 1Ak-Waveplate 55. As discussed above, 
Waveplate 55 rotates the phase of the probe beam by another 
45 degrees such that When the beam reaches splitter 54, its 
phase has been rotated 90 degrees With respect to the 
original beam. Accordingly, this splitter Will de?ect the 
retro-re?ected probe beam upWardly toWards detector 56. 

[0033] Since intensity variations of a radiation beam are to 
be detected, a standard photodetector may be employed as a 
sensing mechanism. The intensity variations Which are mea 
sured are then supplied as an output signal to a processor for 
deriving the data on the thermal and plasma Waves based on 
the changing surface temperature conditions as indicated by 
the changing output signal. 

[0034] The operation of processor 58 is dependent on the 
type of testing con?guration Which is utiliZed. In all cases, 
the processor is designed to evaluate the intensity changes of 
the incoming probe beam Which are the result of the periodic 
re?ectivity changes caused by the periodic heating on the 
sample. These periodic intensity changes are ?ltered to 
produce a signal Which may be evaluated. Details of a 
suitable detector and processor arrangement are disclosed in 
US. Pat. No. 5,978,074. The latter patent also discloses hoW 
thermal Waves can be detected by monitoring the periodic 
angular de?ections of a probe beam. As noted above, other 
techniques are knoWn for thermal Wave measurements 
including the mirage technique and interferometric tech 
niques. (See for eXample, the articles cited of record in US. 
Pat. No. 4,521,118) 

[0035] A preferred XRR technique for use in the subject 
combination is described in US. Pat. No. 5,619,548, issued 
Apr. 8, 1997, Which is hereby incorporated by reference in 
its entirety. FIG. 2 illustrates the basic components for this 
technique. More details of a suitable XRR system can be 
found in US. Ser. No. 09/527,389, ?led Mar. 16, 2000. 

[0036] Referring to FIG. 2, the X-ray scattering system 
includes an X-ray source 31 producing an X-ray bundle 33 
that comprises a plurality of X-rays shoWn as 35a, 35b, and 
35c. An X-ray re?ector 37 is placed in the path of the X-ray 
bundle 33. The re?ector 37 directs the X-ray bundle 33 onto 
a test sample 39 held in a ?Xed position by a stage 45, and 
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typically including a thin ?lm layer 41 disposed on a 
substrate 43. Accordingly, a plurality of re?ected X-rays, 
57a, 57b, and 57c (forming bundle 46) concurrently illumi 
nate the thin ?lm layer 41 of the test sample 39 at different 
angles of incidence. The X-ray re?ector 37 is preferably a 
monochromator. The diffraction of the incident bundle of 
X-rays 33 Within the single-crystal monochromator alloWs 
only a narroW band of the incident Wavelength spectrum to 
reach the sample 39, such that the Bragg condition is 
satis?ed for this narroW band. As a result, the plurality of 
X-rays 57a, 57b, and 57c, Which are directed onto the test 
sample 39, are also monochromatic. A detector 47 is posi 
tioned to sense X-rays re?ected from the test sample 39 and 
to produce signals corresponding to the intensities and 
angles of incidence of the sensed X-rays. Aprocessor 60 is 
connected to the detector to receive signals produced by the 
detector in order to determine various properties of the 
structure of the thin ?lm layer, including thickness, density 
and surface roughness. 

[0037] In a basic system, a probe beam of X-ray radiation 
is directed to strike the sample at an angle selected so that 
it is at least partially re?ected. A sample may typically 
consist of a substrate covered by one or more thin metal 
layers. At very shalloW angles, beloW a critical angle (\PC) 
(as measured betWeen the surface of the sample and the 
incoming ray), all the X-ray radiation Will be re?ected. As 
the angle of incidence of the incoming beam increases With 
respect to the sample surface, an increasing amount of 
radiation Will be transmitted through the top metal layer and 
the amount of re?ected light Will be reduced. Some of the 
radiation transmitted through the metal layer(s) Will reach 
the interface betWeen the metal ?lm and the substrate and be 
re?ected off the substrate. 

[0038] The radiation re?ected at the interfaces among the 
metal ?lm layers and the substrate Will interfere, giving rise 
to a re?ectivity curve shoWing interference effects. 

[0039] For a given sample of thin ?lms, X-ray re?ectivity 
can be determined using a Fresnel equation modeling as a 
function principally of X-ray wavelength (7»), angle of 
incidence, and the thicknesses and optical properties of the 
materials making up the layers. Typically the critical angle 
at Which total re?ection occurs is quite small (~0.1-0.5°). 
Because re?ectivity falls very quickly as the angle of 
incidence is increased above the critical angle, small angle 
X-ray re?ection is experimentally important. Under a small 
angle approximation (sin IP511’), a recursive formula for the 
X-ray re?ectivity at an interface betWeen a layer n—1 and a 
layer n is given by 

[0040] Where 

[0042] Here dB is the thickness of layer n and lPc(n) is the 
critical angle at Which total re?ection occurs for X-rays of 
wavelength )» incident on material of layer n. 

and Where 
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[0046] [3n=)tpn/4rc, IP is the angle of incidence of the 
X-rays, and Mn is the linear absorption coefficient of the layer 
n. 

and Where 

[0047] These recursive equations are solved by setting RN) 
N+1 equal to 0 With layer n=N corresponding to the substrate 
and carrying out the resulting recursive calculations, starting 
at the bottom of the thin ?lm stack. With layer n=1 corre 
sponding to the vacuum, the product (|R1>2|2) of R12 With its 
complex conjugate gives the ratio of the re?ected X-ray 
intensity to incident X-ray intensity. 

[0048] The theoretical modeling of X-ray re?ection based 
on the classical Fresnel equations, as Well as complications 
from the Width of interfaces and microscopic surface rough 
ness, are discussed in greater detail in the folloWing refer 
ences, each of Which is hereby incorporated by reference in 
its entirety: L. G. Parratt, Phys. Rev. 95, 359 (1954); C. A. 
Lucas et al., J. Appl. Phys. 63, 1936 (1988); M. Toney, S. 
Brennan, J. Appl. Phys. 66, 1861 (1989). 

[0049] One approach to measuring the ?lm thicknesses of 
patterned semiconductor Wafers using XRR relies on the 
recognition that the measured X-ray re?ection curve can be 
attributed primarily to the thicknesses of the layers rather 
than the structure of the pattern. The Wavelength of the 
X-rays used in the XRR measurement is on the order of a 
feW angstroms. Compared to the feature siZe of the patterned 
Wafers, Which is on the order of 10,000 angstroms, the 
Wavelength is very small. Therefore interference effects 
from the structure of the pattern itself are not important. The 
most noticeable effect is that the re?ected X-ray intensity 
may be generally reduced since the portion of the light that 
is incident onto the sides and bottoms of the recesses 
contributes less to the re?ected signal. When the depth of the 
recesses is large compared to the thickness of the layers 
being measured, one sees only minor changes in the X-ray 
re?ectivity curve beyond the reduction in overall intensity. 

[0050] As used herein, “patterned Wafer” or “patterned 
semiconductor Wafer” means a semiconductor Wafer Whose 
surface bears an arti?cial pattern Whose features are small in 
siZe relative to the spot siZe of the X-ray probe beam. As 
noted above, typically, the measurement spot siZe for the 
probe beam is one millimeter or larger, While the features of 
the pattern are on the order of one micron in siZe, and even 
the test sites on a patterned Wafer have dimensions typically 
smaller than 100 microns. Thus, there is typically at least an 
order of magnitude separating the X-ray probe beam spot 
siZe and the siZe of even the test sites on the patterned Wafer. 

[0051] Because of the similarity in shape of the X-ray 
re?ectance curves, analysis of the X-ray re?ectivity curve 
for a patterned Wafer can be greatly simpli?ed through 
comparison With measurements made on an unpatterned 
Wafer having similar layers. The unpatterned comparison 
Wafer could be simply an unpatterned region on the pat 
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terned Wafer, Which unpatterned region underwent similar 
deposition as the patterned region. 

[0052] In the case of the patterned Wafer data, a simple 
transformation is applied based on the close resemblance of 
the patterned Wafer re?ectivity curve RP(0) and the unpat 
terned Wafer re?ectivity curve RU(0). (Here 0 is the angle of 
incidence, but other dependent variables, such as the Wave 
vector transfer, could also be used.) A transformation func 
tion T(0) is chosen such that RP(0)><T(0) closely approxi 
mates RU(0). The resemblance of RP(0) and RU(0) is such 
that T(0) may appropriately be a simple linear function of 0. 
HoWever, more complex functions could also be chosen so 
that, for example, T(0) could appropriately be a quadratic or 
cubic function of 0 or a “splicing” of such functions for 
different portions of the angular spectrum. 

[0053] Using a simple linear transformation function, 
T(0), the data for the patterned Wafer can be transformed. 
The same Fresnel equation modeling that are applied to an 
unpatterned Wafer can be applied to the transformed re?ec 
tivity data to ?nd the layer thicknesses for a patterned Wafer. 
The necessary parameters can be found through an iterative 
nonlinear least squares optimiZation technique such as the 
Well-knoWn Marquardt-Levenberg algorithm. A suitable 
iterative optimiZation technique for this purpose is described 
in “Multiparameter Measurements of Thin Films Using 
Beam-Pro?le Re?ectivity,” Fanton et al., Journal of Applied 
Physics, Vol. 73, No. 11. p. 7035 (1993) and “Simultaneous 
Measurement of Six Layers in a Silicon on Insulator Film 
Stack Using Spectrophotometry and Beam Pro?le Re?ecto 
metry,” Leng et al., Journal of Applied Physics, Vol. 81, No. 
8, p. 3570 (1997). These tWo articles are hereby incorporated 
by reference in their entireties. 

[0054] Once the layer thickness is determined, one can 
then analyZe the full R-‘P curve and obtain values for density 
and surface and interface roughness. 

[0055] Another approach to ?nding the layer thicknesses 
for an unpatterned Wafer is to use a Fourier transform 
analysis. Fourier transform analysis Was applied to ?nd layer 
thicknesses of polymer systems in Seeck et al, Appl. Phys. 
Lett. 76, 2713 (2000), hereby incorporated by reference in 
its entirety. 

[0056] In another approach, When different fringe regimes 
are discernible in the data, the thicknesses of the metal ?lms 
on a patterned Wafer can be determined by reference to a 
modi?ed Bragg equation as folloWs: 

[0057] Where “\Pi” is the angle at Which there is a fringe 
maximum, 1PC is the critical angle, i is a positive integer With 
values 1, 2, 3, . . . , )L is the X-ray Wavelength, and d is the 
layer thickness. 

[0058] Since IPi and ‘I’c are very small angles, and since 
the modi?ed Bragg equation must be valid for all critical 
angles, including lI'c=0, under this approximation the angu 
lar spacing betWeen adjacent interference fringes is a con 
stant for a given thickness d and is given by: 

[0059] Using this approach, a thickness d(A\P)=)t/(2A\P) 
can be associated With each fringe spacing in the curve. 
Since the approximative Bragg equation becomes more 
valid as the angle of incidence increases, an asymptotic 
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analysis can be applied to ?nd the true thickness d by 
plotting the values for d(A\P) as a function of increasing 0 
and extrapolating the asymptote. 

[0060] In the preferred embodiment, the tWo different 
measurement modalities represented by FIGS. 1 and 2 
Would be arranged so that the both measurements could 
easily be made in the same region of the sample. Typically, 
the measurements Would be made sequentially. Given the 
geometries of the techniques, it Would be possible to arrange 
the optical elements so that only a single stage is necessary. 
More particularly, and as shoWn in simpli?ed form in FIG. 
3, the pump and probe beams (34, 52) of the modulated 
optical re?ectivity system can be directed normal to the 
sample surface. In contrast, the X-ray probe beam (bundle 
46) is directed at near graZing incidence to the sample, thus 
permitting both optical systems to be arranged to measure 
essentially the same region on the sample. The data from 
both measurement modules can be supplied to a common 
processor 60 Which can integrated With the same device or 
located remotely from the device. Using data taken by both 
modules from the same region on the sample Will improve 
measurement accuracy. 

[0061] The scope of the present invention is meant to be 
that set forth in the claims that folloW and equivalents 
thereof, and is not limited to any of the speci?c embodi 
ments described above. 

What is claimed is: 
1. A unitary apparatus for evaluating a sample compris 

ing: 

(a) a ?rst measurement module including: 

(i) means for inducing a periodic localiZed excitation at 
the surface of the sample; 

(ii) means for directing a ?rst probe beam of radiation 
Within a portion of the area periodically excited in a 
manner such that the ?rst probe beam re?ects from 
the surface of the sample; 

(iii) means for measuring the periodic variations of the 
re?ected ?rst probe beam induced by said periodic 
excitation to generate ?rst output signals; 

(b) a second measurement module including: 

(i) means for generating a second probe beam, said 
second probe beam having X-ray Wavelengths; 

(ii) means for directing said second probe beam onto 
the surface of said sample; 

(iii) a detector for measuring the intensity of X-rays 
re?ected from said sample to generate second output 
signals; and 

(c) a processor for evaluating the sample based on a 
combination of the ?rst and second output signals. 

2. An apparatus as recited in claim 1 Wherein said means 
for measuring the intensity of X-rays includes a photodiode 
detector. 

3. An apparatus as recited in claim 1 Wherein said ?rst 
probe beam is generated by a laser. 

4. An apparatus as recited in claim 1 Wherein said means 
for measuring the ?rst probe beam measures periodic 
changes in the magnitude or phase of the beam. 
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5. Amethod of evaluating a sample comprising the steps 
of: 

(a) obtaining a ?rst set of measurements by: 

(i) inducing a periodic localized excitation on the 
surface of the sample; 

(ii) directing a ?rst probe beam of radiation Within a 
portion of the area periodically excited in a manner 
such that the ?rst probe beam re?ects from the 
surface of the sample; and 

(iii) measuring the intensity variations of the re?ected 
?rst probe beam resulting from periodic changes of 
the sample induced by said periodic excitation to 
generate ?rst output signals; and 

(b) obtaining a second set of measurements by: 

(i) generating a second probe beam of X-rays; 

(ii) directing said second probe beam onto the surface 
of said sample; 

(iii) measuring the intensity of X-rays as re?ected from 
said sample to generate second output signals; and 

(c) evaluating the sample based on a combination of the 
?rst and second output signals. 

6. A method as recited in claim 5 Wherein said step of 
evaluating the sample includes using either of the ?rst or 
second output signals to characteriZe one parameter of the 
sample and Wherein the other output signals are used to 
further characteriZe the sample With said one parameter 
being treated as a knoWn parameter. 

7. A method as recited in claim 5 Wherein said step of 
evaluating the sample includes using the second output 
signal to characteriZe the density of a sample layer and 
Wherein the ?rst output signals are used to further charac 
teriZe the sample With said layer density being treated as a 
knoWn parameter. 

8. A method as recited in claim 5 Wherein said step of 
evaluating the sample includes using the second output 
signal to characteriZe the thickness of a sample layer and 
Wherein the ?rst output signals are used to further charac 
teriZe the sample With said layer thickness being treated as 
a knoWn parameter. 

9. A method as recited in claim 5 Wherein said measuring 
of the intensity of X-rays includes using a photodiode 
detector. 

10. A method as recited in claim 5 Wherein said ?rst probe 
beam of radiation is generated by a laser. 

11. A method as recited in claim 5 Wherein the periodic 
variations in the magnitude and/or phase of the ?rst probe 
beam are measured. 

12. A method of evaluating characteristics of a sample 
comprising the steps of: 

periodically exciting a region on the surface of the 
sample; 

monitoring the modulated optical re?ectivity induced by 
said periodic excitation and generating ?rst output 
signals in response thereto; 

directing a probe beam of X-ray radiation onto the same 
region on the sample surface; 

monitoring the non-modulated re?ected poWer of the 
X-ray probe beam and generating second output signals 
in response thereto; and 
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evaluating the characteristics of the sample based on a 
combination of the ?rst and second output signals. 

13. A method as recited in claim 12 Wherein said step of 
evaluating the characteristics of the sample includes using 
either of the ?rst or second output signals to characteriZe one 
parameter of the sample and Wherein the other output signals 
are used to further characteriZe the sample With said one 
parameter being treated as a knoWn parameter. 

14. Aunitary apparatus for evaluating characteristics of a 
sample comprising: 

an intensity modulated excitation source for periodically 
exciting a region on the surface of the sample; 

means for monitoring the modulated optical re?ectivity 
induced by said periodic excitation and generating ?rst 
output signals in response thereto; 

means for obtaining X-ray re?ectivity information from 
the same region on the sample surface and generating 
second output signals in response thereto; and 

a processor for evaluating the characteristics of the 
sample based on a combination of the ?rst and second 
output signals. 

15. An apparatus as recited in claim 14 Wherein the 
processor uses either of the ?rst or second output signals to 
characteriZe one parameter of the sample and Wherein the 
other output signals are used to further characteriZe the 
sample With said one parameter being treated as a knoWn 
parameter. 

16. Aunitary apparatus for evaluating characteristics of a 
sample comprising: 

an intensity modulated pump beam directed to the sample 
for periodically exciting a region on the surface of the 
sample; 

a ?rst probe beam directed to re?ect off the periodically 
excited region; 

a ?rst detection module having a photodetector for moni 
toring the modulated changes in the re?ected ?rst probe 
beam induced by said periodic excitation and generat 
ing ?rst output signals in response thereto; 

a second probe beam of X-rays directed to re?ect off the 
same region on the sample surface; 

a second detection module for monitoring the non-modu 
lated re?ected poWer of the second probe beam and 
generating second output signals in response thereto; 
and 

a processor for evaluating the characteristics of the 
sample based on a combination of the ?rst and second 
output signals. 

17. An apparatus as recited in claim 16 Wherein the ?rst 
detection module monitors the modulated variations in the 
magnitude and/or phase of the ?rst probe beam. 

18. An apparatus as recited in claim 16 Wherein the 
processor uses either of the ?rst or second output signals to 
characteriZe one parameter of the sample and Wherein the 
other output signals are used to further characteriZe the 
sample With said one parameter being treated as a knoWn 
parameter. 


