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(57) ABSTRACT 

A method for estimating a thickness pro?le of a substrate 
sample that has undergone a chemical vapor deposition 
(CVD) process includes obtaining initial eddy current mea 
surement values While an eddy current probe is positioned at 
an initial distance relative to the substrate sample. Termi 
nating values are obtained While the eddy current probe is 
positioned at a modi?ed distance relative to the sample. An 
intersecting line can be calculated using the initial and 
terminating resistance and reactance measurements. An 
intersecting point betWeen a previously de?ned natural 
intercepting curve and the intersecting line may also be 
determined. A reactance voltage of the intersecting point 
may be located along a digital calibration curve to identify 
a closest-tWo of a plurality of calibration samples. The 
conductive top layer thickness of the substrate sample can 
then be determined by approximating a location, using linear 
or non-linear calculations, of the reactance voltage relative 
to the closest-tWo of the plurality of calibration samples. 
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—Obtain initial resistance and reactance values (X,Y) 

from an wafer sample having a conductive top 
layer of unknown thickness. 

7 

@ 
Obtain terminating resistance and reactance 

voltage values (X,Y) for the wafer sample after 
increasing the relative distance between the sense 

coil and the water sample. 

7 

Q Generate a linear equation based upon the initial 
and terminating resistance and reactance values 
(X,Y) of the wafer sample U and correct for any 

error using: 

Determine an intersection point between the 
natural intercepting curve and the water sample 

linear equation using: 

V 

E Locate the Y coordinate of the generated 
intersection point along the Y axis of the digital 
calibration curve to determine a closest two 
calibration samples of known thicknesses. 

7 

Perform an interpolation between the identified 
closest two calibration samples to estimate the 

thickness of the wafer sample. 
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it 
Obtain initial resistance and reactance values (X,Y) 
from an wafer sample having a conductive top 

layer of unknown thickness. 

7 

g 
Obtain terminating resistance and reactance 

voltage values (X,Y) for the wafer sample after 
increasing the relative distance between the sense 

coil and the wafer sample. 

r 

E Generate a linear equation based upon the initial 
and terminating resistance and reactance values 
(X,Y) of the wafer sample U and correct for any 

error using: 

Y=aX. 

7 

Determine an intersection point between the 
natural intercepting curve and the wafer sample 

linear equation using: 

m e’nx = ex. 

7 

E Locate the Y coordinate of the generated 
intersection point along the Y axis of the digital 
calibration curve to determine a closest two 
calibration samples of known thicknesses. 

Perform an interpolation between the identified 
closest two calibration samples to estimate the 

thickness of the wafer sample. 

FIG. 5 
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Three-Dimensional Contour Map 

FIG. 10 
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EDDY CURRENT MEASURING SYSTEM FOR 
MONITORING AND CONTROLLING A 
CHEMICAL VAPOR DEPOSITION (CVD) 

PROCESS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part of US. 
application Ser. No. 09/835,975 ?led Apr. 17, 2001, Which 
is a continuation-in-part of US. application Ser. No. 09/545, 
119 ?led Apr. 7, 2000, now US. Pat. No. 6,407,546. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates generally to an eddy 
current measuring system, and in particular to an eddy 
current measuring system for estimating the thickness of 
conductive ?lms formed on semiconductor Wafer products. 

[0004] 2. Description of the Related Art 

[0005] In the semiconductor industry, critical steps in the 
production of semiconductor Wafers are the selective for 
mation and removal of ?lms on an underlying substrate. The 
?lms are made from a variety of substances, and can be 
conductive (for example, metal or a magnetic ferrous con 
ductive material) or non-conductive (for example, an insu 
lator or a magnetic ferrite insulating material). 

[0006] Films are used in typical semiconductor processing 
by: (1) depositing a ?lm; (2) patterning areas of the ?lm 
using lithography and etching; (3) depositing material Which 
?lls the etched areas; and (4) planariZing the structure by 
etching or chemical-mechanical polishing (CMP). Films 
may be formed on a substrate by a variety of Well-knoWn 
methods including physical vapor deposition (PVD) by 
sputtering or evaporation, chemical vapor deposition 
(CVD), plasma enhanced chemical vapor deposition 
(PECVD), and electro-chemical process (ECP). Films may 
be removed by any of several Well-knoWn methods includ 
ing chemical-mechanical polishing (CMP), reactive ion 
etching (RIE), Wet etching, electrochemical etching, vapor 
etching, and spray etching. 

[0007] The semiconductor fabrication industry continues 
to demand higher yields and shorter fabrication times, While 
insisting upon ever-increasing quality standards. Avariety of 
inspection procedures have been employed during the vari 
ous stages of the semiconductor Wafer fabrication process in 
an attempt to meet these demands. These inspection proce 
dures include destructive, as Well as nondestructive, testing 
methods for analyZing Wafer products. 

[0008] In a destructive measuring process, a standard or 
electron microscope may be used to measure the thickness 
of a Wafer’s coating after a cross-section has been obtained. 
When the thickness of a thin-?lm coating is greater than 
10,000 A, for example, this type of destructive measuring 
method may provide accurate measurements. HoWever, 
measuring accuracy usually begins to degrade as the coating 
thickness falls beloW the 10,000 A threshold. 

[0009] Other types of measuring processes utiliZe sensi 
tive eddy current sensors Which do not destroy or signi? 
cantly alter the article measured. Although eddy current 
sensors provide highly accurate readings, these sensors are 
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susceptible to error. For example, the shifting of an elec 
tronic reference point due to thermal drifting often occurs at 
some point during the data collection and inspection pro 
cess. To compensate for thermal drifting and to ensure 
accurate readings, many existing eddy current sensors must 
be recalibrated on a periodic basis. 

[0010] While there have been other attempts in addition to 
eddy current sensors to employ highly accurate, nondestruc 
tive measuring devices for estimating the thickness of a 
conductive top layer formed on a semiconductor Wafer 
product, improvement is still needed. 

SUMMARY OF THE INVENTION 

[0011] A method for estimating a thickness pro?le of a 
substrate sample that has undergone a chemical vapor depo 
sition (CVD) process includes obtaining initial eddy current 
measurement values While an eddy current probe is posi 
tioned at an initial distance relative to the substrate sample. 
Terminating values are obtained While the eddy current 
probe is positioned at a modi?ed distance relative to the 
sample. An intersecting line can be calculated using the 
initial and terminating resistance and reactance measure 
ments. An intersecting point betWeen a previously de?ned 
natural intercepting curve and the intersecting line may also 
be determined. A reactance voltage of the intersecting point 
may be located along a digital calibration curve to identify 
a closest-tWo of a plurality of calibration samples. The 
conductive top layer thickness of the substrate sample can 
then be determined by approximating a location, using linear 
or non-linear calculations, of the reactance voltage relative 
to the closest-tWo of the plurality of calibration samples. 

BRIEF DESCRIPTION OF THE DRAWING 

[0012] The above and other aspects, features and advan 
tages of the present invention Will become more apparent 
upon consideration of the folloWing description of preferred 
embodiments taken in conjunction With the accompanying 
draWing, Wherein: 

[0013] FIG. 1 is a diagram shoWing an eddy current 
measuring system in accordance With the invention; 

[0014] FIG. 2 is a graph shoWing tWo-point lift-off curves 
relating to eddy current measurements taken from calibra 
tion and substrate samples having, respectively, conductive 
top layers of knoWn and unknoWn thicknesses; 

[0015] FIG. 3 is a graph shoWing the formation of a 
natural intercepting curve de?ned by initial resistance and 
reactance values for calibration sample curves A through E; 

[0016] FIG. 4 is a graph shoWing a digital calibration 
curve that may be generated by data associated With cali 
bration samples A through E; 

[0017] FIG. 5 is a ?oWchart shoWing exemplary opera 
tions for one of a variety of different methods for estimating 
the thickness of a conductive top layer of a substrate; 

[0018] FIG. 6 is a diagram shoWing an eddy current 
measuring system in accordance With an alternative embodi 
ment of the invention; 

[0019] FIG. 7 is a side vieW shoWing several components 
of an eddy current measuring system in accordance With the 
invention; 
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[0020] FIG. 8 provides a bottom vieW of the eddy current 
probe support of FIG. 7; 

[0021] FIG. 9 is a top vieW of the eddy current probe 
support of FIG. 7 positioned over a substrate; 

[0022] FIG. 10 is a three-dimensional contour map rep 
resenting a thickness pro?le that may be obtained from a 
substrate in accordance With the invention; 

[0023] FIG. 11 is a graph representing a possible thick 
ness pro?le that may be created by obtaining a plurality of 
thickness measurements over a diameter of a substrate; 

[0024] FIG. 12 is a block diagram shoWing an example of 
an integrated eddy current measuring system con?gured 
With CVD and CMP systems; 

[0025] FIG. 13 is a block diagram shoWing another 
example of an integrated eddy current measuring system of 
the invention con?gured With multiple metal deposition 
systems; 

[0026] FIG. 14 is a block diagram shoWing an example of 
an integrated eddy current measuring system con?gured 
With a single metal deposition system; and 

[0027] FIG. 15 is a block diagram shoWing an example of 
a standalone implementation of an eddy current measuring 
system. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0028] In the folloWing description of preferred embodi 
ments, reference is made to the accompanying draWings, 
Which form a part hereof, and Which shoW by Way of 
illustration, speci?c embodiments of the invention. It is to be 
understood by those of ordinary skill in this technological 
?eld that other embodiments may be utiliZed, and structural, 
electrical, as Well as procedural changes may be made 
Without departing from the scope of the present invention. 

[0029] FIG. 1 is a diagram shoWing a single-probe eddy 
current measuring system 10 in accordance With some 
embodiments of the present invention. As shoWn, the system 
includes a conventionally con?gured eddy current probe 12 
having sense coil 14, reference coil 16, and capacitance 
sensor 18. The eddy current probe is shoWn in communica 
tion With controller 20, Which, during operation, may pro 
vide relative motion betWeen the eddy current probe and 
substrate 22. In a typical implementation, the controller 
translates the eddy current probe and included components 
along vertical axis Z, Which is normal to the substrate. 

[0030] The eddy current probe circuit may be imple 
mented in any suitable manner. In one particular example, 
eddy current probe 12 may be constructed using similarly 
con?gured sense and reference coils 14, 16. If desired, the 
sense and reference coils may each be constructed using 
ferrite cores, equal coil turns, and similarly siZed magnetic 
cable (for example, 40 gauge). The circuit may further 
include AC voltage source 28 for inducing an AC voltage to 
the sense and reference coils, and Wheatstone bridge 30. 
Suitable probes for implementing eddy current probe 12 
include, for example, absolute pencil probes, model num 
bers SBS-30 or SB-30, developed by AndreW NDT Engi 
neering, Inc., Morgan Hill, Calif. 
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[0031] In many implementations, AC voltage source 28 
may provide pre-selected sinusoidal Waves at a suitable 
frequency (for example, 1 MHZ to 100 MHZ, or higher) to 
the Wheatstone bridge. A sinusoidal Wave is often utiliZed to 
maximiZe phase separation betWeen samples of differing 
thicknesses, but such a Wave pattern is not a required feature. 

[0032] Sense and reference coils 14 and 16 may be fab 
ricated so that their respective inductance values are equal at 
a given frequency, While the resistance of each coil is less 
than about 20 Ohms, for example. 

[0033] In operation, analog signals generated by eddy 
current probe 12 may be fed into an analog to digital (A/D) 
board 34 Which converts the analog signals into digital 
signals processed by CPU 36 in accordance With the inven 
tion. 

[0034] CPU 36 may be con?gured With a suitable memory 
unit 38 for storing a variety of different data including, for 
example, data tables containing calibration sample data, 
programmed computer statements Which enable a computer 
system to act in accordance With the invention, and other 
similar types of data. The memory unit can be any type (or 
combination) of suitable volatile and non-volatile memory 
or storage devices including random access memory 
(RAM), static random access memory (SRAM), electrically 
erasable programmable read-only memory (EEPROM), 
erasable programmable read-only memory (EPROM), pro 
grammable read-only memory (PROM), read-only memory 
(ROM), magnetic memory, ?ash memory, magnetic or opti 
cal disk, or other similar memory or data storage types. If 
desired, the system may be con?gured With display 40. 

[0035] It is often useful to knoW or ascertain the relative 
spatial relationship betWeen sense coil 14 and a top surface 
of substrate 22 during various stages of operation. To 
accomplish such-measurements, any of a variety of suitable 
proximity sensors may be implemented. As depicted in FIG. 
1, a proximity sensor may be con?gured as capacitance 
sensor 18. In this implementation, the capacitance sensor 
may be con?gured to produce a predetermined voltage in the 
presence of interference or interruption in charge path. In 
operation, as the capacitance sensor approaches contact With 
the substrate, the charge may experience interference and 
produce a voltage drop. A speci?c or desired distance may 
be obtained or maintained by identifying a particular voltage 
output generated by the capacitance sensor. 

[0036] Although the capacitance sensor may be imple 
mented in some embodiments, the invention is not so limited 
and any of a variety of conventional proximity sensors may 
be used including, for example, optical lasers, Hall effect 
sensors, thermal IR sensors, ultrasound, and the like. Fur 
thermore, it is not required that an implemented proximity 
sensor be con?gured Within eddy current probe 12 and that 
other con?gurations are possible. For example, a proximity 
sensor may be con?gured on the outside of the eddy current 
probe or on some adjacent structure such as a probe support, 
as Will be described in more detail in the folloWing ?gures. 
Accordingly, the proximity sensor may be con?gured in 
almost any location as long as the relative distance betWeen 
the sense coil and the substrate surface can be ascertained or 
maintained. 

[0037] Distance 42 represents the relative distance 
betWeen sense coil 14 and the surface of substrate 22 Where 
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a desired magnitude of eddy current signals may be obtained 
during an initial measuring process. A particular implemen 
tation may be Where distance 42 is about 75 microns, Which 
may be indicated by an output of 5 volts, for example, from 
capacitance sensor 18. 

[0038] An eddy current measuring system may be imple 
mented in a variety of applications Where thickness mea 
surements of conductive layers is required or desired. Typi 
cal applications include, for eXample, semiconductor 
fabrication, aerospace industries, metallurgic research and 
develop environments, jeWelry manufacturing, and the like. 
As a matter of convenience, various embodiments of an 
eddy current measuring system for performing thickness 
measurements Will be described in the conteXt of a typical 
semiconductor fabrication environment. HoWever, it is to be 
understood that the invention is not so limited and that many 
other applications are envisioned and possible Within the 
teachings of this invention. 

[0039] In a generaliZed eXample, substrate 22 may be 
formed as a semiconductor Wafer having a conductive top 
layer 26. For eXample, the substrate may be a doped or an 
undoped silicon substrate or a substrate upon Which one or 
more layers of conducting and/or non-conducting underly 
ing ?lms have already been formed and patterned into gates, 
Wires or interconnects in a multi-level structure. The con 

ductive top layer may be formed using any of a variety of 
different deposition processes such as electro-chemical pro 
cess (ECP), chemical vapor deposition (CVD), physical 
vapor deposition (PVD), plasma enhanced CVD (PECVD), 
loW pressure CVD (LPCVD), rapid thermal CVD (RTCVD), 
atmospheric pressure CVD (APCVD), and the like. 

[0040] The term “calibration sample” Will be used herein 
to denote a speci?c type of substrate, and in particular, a 
substrate having a conductive top layer of knoWn thickness. 
The term “substrate sample” is used herein to refer to a 
substrate having a conductive top layer of unknoWn thick 
ness formed using knoWn semiconductor fabrication pro 
cesses. 

[0041] In accordance With many embodiments of the 
invention, the eddy current measuring system shoWn in FIG. 
1 may be used to measure the thickness and sheet resistance 
of a conductive top layer disposed on semiconductor Wafer 
products. To accomplish such measurements, it is typically 
necessary to ?rst measure calibration samples having con 
ductive top layers of knoWn thicknesses using a calibration 
process. Typically, an assortment of calibration samples 
having metal layers of varying thickness are used during a 
calibration process. By Way of eXample, calibration samples 
A, B, C, D, and E Will be used herein to de?ne ?ve such 
calibration samples having a conductive top-layer fabricated 
With a calibration metal measuring 50,000, 100,000, 150, 
000, 170,000, and 200,000 A, respectively. The various 
calibration metals that may be used include, for eXample, Ti 
6-4, Al, Ni, Ni-alloy, stainless steel (300 Series), and com 
binations thereof. Although each of a plurality of lo calibra 
tion samples may each include conductive top layers of 
varying thicknesses, this is not essential or critical and one 
or more calibration samples having a range of top layer 
thicknesses may be used, if desired. 

[0042] As Will be described in detail herein, calibration 
measurements obtained from calibration samples may be 
correlated to eddy current measurements obtained from a 
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substrate having a conductive top layer of unknoWn thick 
ness. In some implementations, the invention may be con 
?gured to obtain measurements from substrates having 
conductive top layers comprising conductive ?lms typically 
used in the formation of multi-level interconnect structures 
including Cu, Cr, W, Al, Ta, TiN, and combinations thereof. 

[0043] Usually, the conductive top layers of the calibration 
and substrate sample comprise different types of conductive 
materials, but this is not required. One reason for imple 
menting different conductive materials in these samples is 
the aforementioned dif?culty in measuring metal layers less 
than 10,000 A, for eXample. As such, many embodiments 
utiliZe calibration samples having top layers of a loWer 
conductivity than that present in a top layer of a substrate 
sample. 

[0044] By Way of eXample only, reference Will be made to 
calibration samples comprising a top layer formed from a 
relatively loWer conductive material of annealed Ti 6-4, and 
substrate samples comprising a top layer formed from the 
relatively higher conductive material, annealed copper. 
Based upon the Well established International Annealed 
Copper Standard (IACS), the conductivity of annealed cop 
per is the standard by Which all other electrical conductors 
are compared. According to this standard, the conductivity 
of annealed copper measures 100 IACS, While the loWer 
conductive material of annealed Ti 6-4 is measured as a 
fractional percentage (l/ioo) of annealed copper. 

[0045] UtiliZing this knoWn relationship, the conductivity 
of a particular thickness of annealed copper is equal to a 
layer of Ti 6-4 that is 100 times thicker than the annealed 
copper. One eXample of this principal is illustrated by noting 
that the conductivity of a 1,000 A layer of annealed copper 
is equal to the conductivity of a 100,000 A layer of Ti 6-4, 
as shoWn in the folloWing equation: 

100*1,000 A=100,000 A. Eq. 1 

[0046] In accordance With some embodiments, measure 
ment of calibration samples having top layers of knoWn 
thicknesses of Ti 6-4 may be used in determining the 
thickness of a copper top layer of a semiconductor Wafer 
product utiliZing the above-described conductive relation 
ship betWeen these materials. And as Will be described in 
detail herein, the calibration of an eddy current measuring 
probe for measuring micro-thin copper layers, for eXample, 
can be accomplished using a proportionately thicker layer of 
material such as Ti 6-4. It is also to be understood that the 
proportional conductive relationship described With respect 
to Ti 6-4 and annealed copper apply to situations involving 
any of the aforementioned conductive materials that may be 
used to form the calibration or substrate samples. 

[0047] To illustrate the conductive relationship betWeen 
conductive top layers of calibration and substrate samples of 
the invention, the folloWing is presented. 

p=172.41/0 Eq. 2 

[0048] Where p denotes resistivity and o de?nes conduc 
tivity in IACS units. 

p=Thickness X Sheet resistance=tX R(s) Eq. 3 

[0049] Where t denotes thickness and R(s) de?nes sheet 
resistance, thus providing the folloWing equation: 
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[0050] From this relationship, the following equations 
may be provided: 

R(s) copper=p copper/t copper Eq. 5 

R(s) Ti-6-4/t Ti 6-4 Eq. 6 

[0051] Assume noW a calibration sample having a Ti 6-4 
top layer that measures 100,000 A, andoa measuring sample 
having a copper top layer that is 1,000 A. Substituting these 
values into the appropriate above-tWo equations provides the 
folloWing. 
[0052] With regard to the copper top layer of the substrate 
sample: 

171.41] Eq_ 7 0' 
Rsco er=— U pp 1,000A 

171.41 [100 mcs] 
1,000A 

_ 171.41 

_ 100,000A(IA cs). 

[0053] With regard to the Ti 6-4 top layer of the calibration 
sample: 

171.41 Eq_ 3 [I IACS] 
100,000A 

_ 171.41 

_ 100,000A(IACS). 

[0054] Accordingly, it is demonstrated that: 

R(s) copper=R(s) Ti 6-4 Eq. 9 

[0055] When the Ti 6-4 layero measures 100,00 A, and the 
copper layer measures 1,000 A. 

[0056] Knowledge of electrical behavior, in terms of 
equivalent sheet resistance, of materials comprising the 
calibration and substrate samples permit the use of calibra 
tion samples having metal layers (Ti 6-4) that are 100 times 
thicker than copper layers formed on substrate samples. 

[0057] By Way of speci?c example, calibration samples 
may include conductive top layers formed from Ti 6-4 
having a range of thicknesses such as 10,000, 20,000, 
30,000, 40,000, 50,000, 60,000, 70,000, 80,000, 90,000, or 
100,000 Using the previously described conductivity 
relationship betWeen Ti 6-4 and annealed copper, each of the 
just-described Ti 6-4 layer thicknesses may be used to 
represent a speci?c eddy current response of a substrate 
sample comprising a top layer formed With annealed copper 
having a thickness of, respectively, 100, 200, 300, 400, 500, 
600, 700, 800, 900, and 1,000 Accordingly, the measure 
ment of a substrate sample having a micro-thin copper top 
layer of unknoWn thickness disposed upon its surface can be 
accomplished using calibration samples having a corre 
spondingly thicker top layer of Ti 6-4 (100 times thicker). 

[0058] Selection of speci?c frequency, gain, and voltage 
drive levels may be used to obtain a maXimum magnitude 
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eddy current signal response, While retaining an ability to 
determine phase separation at different thicknesses (for 
eXample, 500 A and 1,000 For a given conductive 
material, such as copper, a calibration sample comprising a 
corresponding thicker layer of Ti 6-4 may be utiliZed (as 
described above). 

[0059] In operation, AC voltage 28 may introduce pre 
selected sinusoidal Waves at a suitable frequency to Wheat 
stone bridge 30. In some implementations, adjustable elec 
tronic bridge circuit 32 may be applied to the Wheatstone 
bridge to balance the circuit and Zero the reference voltage. 
At this point, controller 20 may translate eddy current sense 
coil 14 until the coil approaches contact With the surface of 
substrate 22, as indicated by distance 42, at Which point the 
Wheatstone bridge unbalances its voltage betWeen legs. This 
voltage may be measured, detecting the amplitude of the 
in-phase component as Well as the quadrature compo 
nent As used herein, X voltage values represent resis 
tance, While the Y voltage values represent reactance. 

[0060] FIG. 2 is a graph shoWing tWo-point lift-off curves 
relating to eddy current measurements taken from calibra 
tion and substrate sample having, respectively, knoWn and 
unknoWn thicknesses. This graph Will be described With 
reference to the eddy current measuring system shoWn in 
FIG. 1. 

[0061] As previously described, many embodiments uti 
liZe the knoWn conductive relationship betWeen conductive 
materials forming the top layers of the calibration and 
substrate samples. Based upon this knoWn conductive rela 
tionship, curves representing eddy current measurements 
obtained from calibration samples comprising top layers 
formed from variably thick layers of Ti 6-4 may be corre 
lated to substrate samples comprising top layers formed 
from relatively thinner layers of annealed copper. 

[0062] For eXample, eddy current measurements obtained 
from calibration sample A(comprising a 50,000 A top layer 
of Ti 6-4) may be substantially identical to eddy current 
measurements obtained from a substrate comprising a 500 A 
top layer of annealed copper. This relationship holds true for 
each of the remaining curves B through E. For instance, 
eddy current measurements obtained from calibration 
samples B, C, D, and E (respectively comprising 100,000 A, 
150,000 A, 170,000 A, and 200,000 A top layers of Ti 6-4) 
are respectively identical to eddy current measurements 
obtained from samples comprising top layers of annealed 
copper measuring 500 A, 1,000 A, 1,500 A, 1,700 A, and 
2,000 A. 

[0063] Accordingly, curves representing eddy current 
measurements obtained from calibration samples compris 
ing Ti 6-4 top layers of variable thickness are identical to 
curves representing eddy current measurements obtained 
from samples comprising top layers formed from annealed 
copper that are of a thickness that is 1/100 of that of the Ti 6-4 
layers. 

[0064] Referring still to FIG. 2, curves A through E each 
include initial data values (X,Y) that are illustrated on the 
left side of this graph, and Which eventually terminate near 
the bottom right of this graph (0,0). In general, the system 
may obtain tWo distinct sets of resistance and reactance 
values, referred to herein as initial and terminating resistance 
and reactance measurements. The initial resistance and 
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reactance measurements are typically obtained When the 
eddy current sense coil is positioned an initial distance 42 
relative to the substrate surface. 

[0065] Terminating resistance and reactance measure 
ments, on the other hand, may be obtained after increasing 
(or decreasing) the relative distance betWeen the eddy cur 
rent sense coil and the substrate surface. This increase or 
decrease in distance Will be referred to herein as an incre 
mental distance. Initial distance 42 may be any distance that 
permits the detection of suf?ciently strong eddy current 
signals, While the incremental distance may be any distance 
that alloWs the detection of initial and terminating measure 
ments representing tWo discrete values. In some instances, 
this may be accomplished by implementing an incremental 
distance of a feW microns, and in other cases, an incremental 
distance of 20-40 microns, or more, may be required. 

[0066] A particular eXample may be Where the initial 
distance is about 75 microns, and the incremental distance is 
about 15-20 microns. Accordingly, in this situation, the 
terminating resistance and reactance measurements may be 
obtained When the relative distance betWeen the eddy cur 
rent sense coil and the substrate surface is about 90-95 
microns. 

[0067] A possible variation on this aspect may be Where 
terminating resistance and reactance measurements are 
obtained after decreasing the relative distance betWeen the 
eddy current sense coil and the surface of the substrate. In 
this particular implementation, it is typically necessary that 
initial distance 42 is such that the eddy current probe does 
not contact the substrate measurements When making the 
terminating measurements. 

[0068] A speci?c eXample of obtaining eddy current mea 
surements from an assortment of calibration samples com 
prising variably thick top layers of conductive materials Will 
noW be described. Referring still to FIG. 2, curve Adenotes 
eddy current measurements that may be obtained from 
calibration sample A comprising a 50,000 A top layer of Ti 
6-4. Curve Ais shoWn having initial resistance and reactance 
values (X,Y) of about —0.7 volts and 0.07 volts, respectively. 
These initial resistance and reactance values may be 
obtained While eddy current sense coil 14 is positioned at a 
particular or desired initial distance 42 relative to the surface 
of the calibration sample. 

[0069] Curve Afurther includes a series of additional eddy 
current measurements that ultimately terminate in resistance 
and reactance values (X,Y) near 0,0; thus indicating a 
measurement of near Zero resistance and reactance voltages. 
These terminating resistance and reactance voltage values 
(X,Y) de?ne eddy current measurements obtained When 
sense coil 14 and the surface of calibration sample A are 
separated by such a distance that no eddy current signal is 
detected. These terminating values Will also be referred to 
herein as “eddy current on air.” It is to be understood that 
terminating values are often obtained using eddy current on 
air values since these types of signals are easily identi?ed. 
HoWever, the invention is not so limited and any incremental 
distance may be used as long as it permits the measuring of 
initial and terminating values having tWo discrete values. 

[0070] Eddy current on air values may be obtained by 
increasing the relative distance betWeen sense coil 14 and 
the surface of the calibration sample until no eddy current 
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signal is detected. Increasing the relative distance betWeen 
these elements may be accomplished by retracting eddy 
current probe 12 and included components (sense and ref 
erence coils 4 and 6; capacitance sensor 18) from the 
calibration sample. Additionally or alternatively, the cali 
bration sample may be translated relative to the eddy current 
probe. 
[0071] Curves B through E may be generated in a similar 
manner. For instance, curves B, C, D, and E illustrate eddy 
current measurements that may be obtained from calibration 
samples comprising top layers formed from Ti 6-4 of 
variable thickness (100,000 A, 150,000 A, 170,000 A, and 
200,000 A), and are respectively identical to measurements 
that may be obtained from a substrate sample comprising top 
layers of annealed copper measuring 1,000 A, 1,500 A, 
1,700 A, and 2,000 A. 

[0072] Initial resistance and reactance values (X,Y) for 
each curve B through E may also be obtained by positioning 
eddy current sense coil 14 at initial distance 42. Curves B 
through E also include a series of additional measurements 
that ultimately terminate in resistance and reactance values 
(X,Y) near 0,0. Curve U is associated With a non-calibration 
sample, and Will be described in more detail in conjunction 
With later ?gures. 

[0073] A calibration operation has been described using 
?ve distinct calibration samples having conductive top lay 
ers of variable thickness. Although no particular number 
calibration samples are required or essential, it is typically 
necessary to have at least tWo calibration samples of differ 
ent thicknesses to provide a basis for thickness estimation. 
Alternatively, one or more calibration samples providing a 
range of top layer thicknesses may also be used. Regardless 
of the calibration sample con?guration, each of the initial 
resistance and reactance values (X,Y) for each of the curves 
A through E may be used as the basis for the generation of 
a natural intercepting curve, as Will noW be described. 

[0074] Natural Intercepting Curve 

[0075] FIG. 3 is a graph shoWing one method for forming 
a natural intercepting curve based upon initial resistance and 
reactance values (X,Y) of curves A through E. 

[0076] The natural intercepting curve may be generated 
using knoWn curve-?tting methods, and may be represented 
in general form by the folloWing equation: 

[0077] The m and n coef?cients may be calculated by 
substituting the initial resistance and reactance values (X, Y) 
for a particular curve into this equation. 

[0078] In another calculation, a linear equation may be 
generated for a particular curve based upon tWo data points; 
namely, the initial resistance and reactance values (X,Y) and 
the terminating resistance and reactance values (X,Y). For 
eXample, a ?rst data point may be obtained While eddy 
current sense coil 14 is positioned at initial distance 42 
relative to the surface of the calibration sample; and a second 
data point may be obtained by increasing (or decreasing) the 
relative distance betWeen these tWo objects. 

[0079] The ?rst and second data points may then be used 
to generate a linear equation such as the folloWing: 
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[0080] Where ‘a’ de?nes slope and ‘b’ denotes the offset 
value present during data collection resulting from thermal 
drift or from measuring differences that may occur When 
different eddy current probes are used for measuring the 
calibration and inspection samples. The collection of these 
tWo data points is typically less than 1 second, and in come 
cases, data collection requires less than 0.3 seconds per data 
point. Coefficients ‘a’ and ‘b’ can be calculated by substi 
tuting the value of the (X,Y) voltage pair into the equation. 

[0081] To eliminate the effects of thermal drift and eddy 
current probe measuring differences, the ‘b’ coefficient may 
be eliminated, resulting in the folloWing equation: 

Y=aX Eq. 12 

[0082] Which Will be referred to herein an “intersecting 
line.” Eliminating the ‘b’ coef?cient helps assure that the 
intersecting line is brought back to the original coordinates 
of the impedance plane (0,0). Intersecting line equations 
may be generated for each of the calibration samples A 
through E, resulting in calibration sample intersecting lines 
A, B, C, D, and E, respectively. 

[0083] 
[0084] In another calculation, the intersection point of a 
calibration sample intersecting line and the natural inter 
cepting curve may be determined. This calculation is per 
formed for each of the calibration samples A through E, 
resulting in calibration sample intersection points A, B, C, 
D, and E, respectively. 

Intersection Point 

[0085] The calculation of these intersection points may be 
accomplished by equating the natural intercepting curve and 
one of the above-generated calibration sample intersecting 
line equations, as illustrated in the folloWing equation: 

[0086] A calculated intersection point may have coordi 
nates (X,Y). The Y coordinate in the generated intersection 
point denotes reactance (volts) and Will be used as a Y 
coordinate in forming the digital calibration thickness curve, 
as Will noW be described. 

[0087] Digital Calibration Curve 

[0088] FIG. 4 is a graph shoWing a digital calibration 
curve generated by data associated With calibration samples 
A through E. In this graph, the X coordinate denotes the 
thickness of the various calibration samples (500 A-2,000 
A) Which again have been obtained from the correspond 
ingly thicker layers of Ti 6-4, While the Y coordinate denotes 
reactance (volts) of the previously generated calibration 
sample intersection point. 

[0089] For eXample, point A represents the top layer 
thickness and associated reactance value for calibration 
sample A. Speci?cally, point A represents a calibration 
sample A having a copper top layer of about 500 A and a 
reactance value of about 0.07 volts. Similarly, calibration 
samples B, C, D, and E represent calibration samples 
having, respectively, copper top layers measuring about 
1,000 A, 1,500 A, 1,700 A, and 2,000 A, and associated 
reactance values of about 0.152, 0.21, 0.23, and 0.27 volts. 

[0090] In many embodiments, a digital calibration curve 
provides the basis for determining the thickness of conduc 
tive top layers formed on a given substrate such as a 
semiconductor Wafer product. While conventional systems 
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require continuous or periodic recalibration to correct ther 
mal drift, for example, the present invention typically does 
not require any such recalibration. Typically, once the digital 
calibration curve has been formed, no further calibration 
processes are necessary. 

[0091] Measure Thickness of Conductive Top Layer 

[0092] FIG. 5 is a ?oWchart shoWing one of a variety of 
different methods for estimating the thickness of a conduc 
tive top layer of a substrate sample, and Will be described 
With reference to the eddy current measuring system shoWn 
in FIG. 1, as Well as the graphs shoWn in FIGS. 2-4. It is to 
be understood that at some point prior to thickness estima 
tion, a digital calibration curve (FIG. 4) has been previously 
generated by obtaining measurements from one or more 
calibration samples (described above). 

[0093] As indicated in block 50, eddy current sense coil 14 
may be initially positioned at initial distance 42 relative to 
the surface of substrate sample U. At this point, initial 
resistance and reactance values (X,Y) of the substrate 
sample U may be obtained. 

[0094] Next, the relative distance betWeen the sense coil 
and the substrate sample U may be increased (or decreased) 
an incremental distance so that terminating resistance and 
reactance voltage values (X,Y) may be obtained (Block 55). 
Curve U in FIG. 3 provides an eXample of initial and 
terminating resistance and reactance values (X,Y) for the 
substrate sample U. 

[0095] In block 60, the initial and terminating resistance 
and reactance values (X,Y) of the substrate sample U may 
be used in the folloWing equation: 

[0096] In many instances, the ‘b’ coef?cient may be elimi 
nated to correct for thermal drift and eddy current probe 
measuring differences, resulting in the folloWing equation: 

Eq. 14 

Y=aX. Eq. 15 

[0097] This equation is referred to herein as intersecting 
line U. 

[0098] As shoWn in block 65, the intersection point 
betWeen the natural intercepting curve and the Wafer sub 
strate intersecting line U may be determined by the folloW 
ing equation: 

[0099] The generated intersection point may have a coor 
dinate of (X,Y). Signi?cantly, the Y value in the generated 
intersection point coordinates denotes reactance (volts) of 
the intersection point. In block 70, this Y value is located 
along the Y aXis of the previously generated digital calibra 
tion curve (FIG. 4) so that the closest-tWo calibration 
samples of knoWn thickness may be determined or ascer 
tained. 

[0100] For eXample, the Y coordinate associated With the 
substrate sample U Will typically fall Within the Y coordi 
nates of tWo distinct calibration samples. As shoWn in FIG. 
4, the Y coordinate of the generated substrate sample inter 
section point falls betWeen tWo calibration samples (A and 
B), thus indicating that the top layer thickness of the 
substrate sample U measures betWeen 500 A and 1,000 
















