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(57) ABSTRACT

A method of controlling a polishing operation includes pol-
ishing a substrate, during polishing obtaining a sequence over
time of measured spectra from the substrate with an in-situ
optical monitoring system, for each measured spectrum from
the sequence of measured spectra applying a Fourier trans-
form to the measured spectrum to generate a transformed
spectrum thus generating a sequence of transformed spectra,
for each transformed spectrum identifying a peak of interest
from a plurality of peaks in the transformed spectrum, for
each transformed spectrum determining a position value for
the peak of interest in the transformed spectrum thus gener-
ating a sequence of position values, and determining at least
one of a polishing endpoint or an adjustment of a pressure to
the substrate from the sequence of position values.
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Any optical pathway will "interfere" with each
of the other optical pathways, the key
parameter being the "optical path length
difference" (OPD) between them.

incidence.

OPD depends on (1) physical thickness,
(2) index of refraction, (3) angle of
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METHOD OF CONTROLLING POLISHING
USING IN-SITU OPTICAL MONITORING
AND FOURIER TRANSFORM

TECHNICAL FIELD

[0001] The present disclosure relates to optical monitoring
during chemical mechanical polishing of substrates.

BACKGROUND

[0002] An integrated circuit is typically formed on a sub-
strate by the sequential deposition of conductive, semicon-
ductive, or insulative layers on a silicon wafer. A variety of
fabrication processes require planarization of a layer on the
substrate. For example, for certain applications, e.g., polish-
ing of a metal layer to form vias, plugs, and lines in the
trenches of a patterned layer, an overlying layer is planarized
until the top surface of a patterned layer is exposed. In other
application, e.g., planarization of a dielectric layer for pho-
tolithography, an overlying layer is polished until a desired
thickness remains over the underlying layer.

[0003] Chemical mechanical polishing (CMP) is one
accepted method of planarization. This planarization method
typically requires that the substrate be mounted on a carrier or
polishing head. The exposed surface of the substrate is typi-
cally placed against a rotating polishing pad. The carrier head
provides a controllable load on the substrate to push it against
the polishing pad. Abrasive polishing slurry is typically sup-
plied to the surface of the polishing pad.

[0004] One problem in CMP is determining whether the
polishing process is complete, i.e., whether a substrate layer
has been planarized to a desired flatness or thickness, or when
a desired amount of material has been removed. Variations in
the slurry distribution, the polishing pad condition, the rela-
tive speed between the polishing pad and the substrate, and
the load on the substrate can cause variations in the material
removal rate. These variations, as well as variations in the
initial thickness of the substrate layer, cause variations in the
time needed to reach the polishing endpoint. Therefore, deter-
mining the polishing endpoint merely as a function of polish-
ing time can lead to within-wafer non-uniformity (WIWNU)
and wafter-to-wafer non-uniformity (WTWNU).

[0005] In some systems, a substrate is optically monitored
in-situ during polishing, e.g., through a window in the pol-
ishing pad. However, existing optical monitoring techniques
may not satisfy increasing demands of semiconductor device
manufacturers.

SUMMARY

[0006] Some polishing processes involve polishing ofthick
semiconductor or dielectric layers, e.g., layers that are 2 to
200 pum thick. Unfortunately, many optical monitoring tech-
niques are not reliable for such thick layers. One approach to
optical monitoring that may be able to reliably measure thick-
ness of thick layers, but which may also be applicable to
thinner layers, is to perform measure a spectrum of light
reflected from the substrate, perform a Fourier transform of
the reflected spectrum, and track one of the peaks in the
Fourier space.

[0007] In one aspect, a method of controlling a polishing
operation includes polishing a substrate, during polishing
obtaining a sequence over time of measured spectra from the
substrate with an in-situ optical monitoring system, for each
measured spectrum from the sequence of measured spectra
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applying a Fourier transform to the measured spectrum to
generate a transformed spectrum thus generating a sequence
of transformed spectra, for each transformed spectrum iden-
tifying a peak of interest from a plurality of peaks in the
transformed spectrum, for each transformed spectrum deter-
mining a position value for the peak of interest in the trans-
formed spectrum thus generating a sequence of position val-
ues, and determining at least one of'a polishing endpoint or an
adjustment of a pressure to the substrate from the sequence of
position values.

[0008] Implementations can include on or more of the fol-
lowing features. Obtaining the sequence of measured spectra
may include directing a beam of near infrared light onto the
substrate and measuring a spectrum of a reflection of the
beam. The beam of near infrared light may include light
having a wavelength 0f 0.9 to 1.7 pm. Polishing the substrate
may be polishing step in fabrication of a through silicon via.
Polishing the substrate may include polishing a silicon layer
of'a multilayer substrate, the multilayer substrate including a
semiconductor wafer and an adhesive layer bonding the sili-
con layer to the semiconductor wafer. Polishing the substrate
may include polishing an overlying first layer of a multilayer
substrate, the multilayer substrate including an underlying
second layer and a third layer, the second layer between the
first layer and the third layer. The first layer may have a
thickness greater than two microns. Applying a Fourier trans-
form may include applying a fast Fourier transform. The
measured spectrum may be a spectrum of intensity as a func-
tion of inverse wavelength and the transformed spectrum may
be a spectrum of intensity as a function of length. Selecting
the peak of interest may include identifying a highest peak
and a second-highest peak within a range of position values,
and determining a height and a position for each of the highest
peak and a second-highest peak. Selecting the peak of interest
may include determining whether the highest peak has a
lower position value than the second-highest peak. Selecting
the peak of interest may include determining that highest
peak has a lower position value than the second-highest peak
and selecting the highest peak as the peak of interest. Select-
ing the peak of interest may include determining whether the
height of the second-highest peak is within a threshold of the
height of the highest peak. Selecting the peak of interest may
include determining that highest peak has a higher position
value than the second-highest peak and that the height of the
second-highest peak is above a threshold of the height of the
highest peak and selecting the highest peak as the peak of
interest. Selecting the peak of interest may include determin-
ing that highest peak has a higher position value than the
second-highest peak and that the height of the second-highest
peak is below a threshold of the height of the highest peak and
selecting second-highest peak as the peak of interest. The
position value may be in units of length, e.g., may be a
thickness value.

[0009] In another aspect, a non-transitory computer pro-
gram product, tangibly embodied in a machine readable stor-
age device, includes instructions to carry out the method.

[0010] Implementations may optionally include one or
more of the following advantages. The thickness of a thick
semiconductor or dielectric layer can be reliably measured
in-situ. The thickness of a selected layer can be determined in
the presence of multiple layers in a stack. Thickness moni-
toring can be performed during the polishing step ofa through
silicon via (TSV) application. Reliability of the endpoint
system to detect a desired polishing endpoint can be
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improved, and within-wafer and wafer-to-wafer thickness
non-uniformity (WIWNU and WTWNU) can be reduced.

[0011] The details of one or more implementations are set
forth in the accompanying drawings and the description
below. Other aspects, features, and advantages will be appar-
ent from the description and drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1 illustrates a schematic cross-sectional view
of an example of a polishing apparatus.

[0013] FIG. 2 illustrates a measured spectrum from the
in-situ optical monitoring system.

[0014] FIG. 3 illustrates measured spectrum in inverse
wavelength (wavenumber) space.

[0015] FIG. 4 illustrates a Fourier transform of a measured
spectrum, with power as a function of inverse wavelength
(wavenumber).

[0016] FIG.5illustrates alayerstack ofasubstrateina TSV
fabrication process.

[0017] FIG. 6illustrates an idealized Fourier transform of a
measured inverse wavelength spectrum from the substrate of
FIG. 5.
[0018]
tracking
[0019] FIG. 8 illustrates a sequence of values from the
selected peak.

[0020] FIG. 9 illustrates a sequence of values having a
linear function fit to the values index values.

[0021] FIG.10is a flow diagram of an example process for
controlling a polishing operation.

[0022] FIGS. 11A-11H illustrate a method of forming a
through-silicon via (TSV).

[0023] Like reference numbers and designations in the
various drawings indicate like elements.

FIG. 7 illustrates a method of selecting a peak for

DETAILED DESCRIPTION

[0024] One optical monitoring technique is to measure a
spectrum of light reflected from a substrate during polishing.
One potential problem is that some techniques for analyzing
the spectrum are not reliable for thick layers, e.g., semicon-
ductor or dielectric layers that are 2 to 200 pm thick, or for
substrates that include stacks of multiple layers.

[0025] An example of an application that can introduce
these problems is polishing during fabrication of a through-
silicon via (TSV). A TSV is a vertical electrical connection
(via) passing completely through a silicon substrate. One step
in TSV formation is polishing of the back-side of the silicon
substrate until copper (Cu) pillars are exposed (the polishing
occurs when the wafer is not yet diced, so-called Si—Cu via
reveal, or Oxide-Cu via reveal when oxide deposition is
applied after Cu via recess etch.

[0026] A spectral analysis technique that might address
these problems is to perform a Fourier transform of the
reflected spectrum, and track one of the peaks in the Fourier
space. In addition, the reflected spectrum can be generated
using near-infrared (NIR) light rather than visible light.
[0027] FIG. 1 illustrates an example of a polishing appara-
tus 100. The polishing apparatus 100 includes a rotatable
disk-shaped platen 120 on which a polishing pad 110 is situ-
ated. The platen is operable to rotate about an axis 125. For
example, a motor 121 can turn a drive shaft 124 to rotate the
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platen 120. The polishing pad 110 can be a two-layer polish-
ing pad with an outer polishing layer 112 and a softer backing
layer 114.

[0028] The polishing apparatus 100 can include a port 130
to dispense polishing liquid 132, such as a slurry, onto the
polishing pad 110 to the pad. The polishing apparatus can also
include a polishing pad conditioner to abrade the polishing
pad 110 to maintain the polishing pad 110 in a consistent
abrasive state.

[0029] The polishing apparatus 100 includes at least one
carrier head 140. The carrier head 140 is operable to hold a
substrate 10 against the polishing pad 110. The carrier head
140 can have independent control of the polishing param-
eters, for example pressure, associated with each respective
substrate.

[0030] In particular, the carrier head 140 can include a
retaining ring 142 to retain the substrate 10 below a flexible
membrane 144. The carrier head 140 also includes a plurality
of independently controllable pressurizable chambers
defined by the membrane, e.g., three chambers 146a-146¢,
which can apply independently controllable pressurizes to
associated zones on the flexible membrane 144 and thus on
the substrate 10. Although only three chambers are illustrated
in FIG. 1 for ease of illustration, there could be one or two
chambers, or four or more chambers, e.g., five chambers.
[0031] The carrier head 140 is suspended from a support
structure 150, e.g., a carousel, and is connected by a drive
shaft 152 to a carrier head rotation motor 154 so that the
carrier head can rotate about an axis 155. Optionally the
carrier head 140 can oscillate laterally, e.g., on sliders on the
carousel 150; or by rotational oscillation of the carousel itself.
In operation, the platen is rotated about its central axis 125,
and the carrier head is rotated about its central axis 155 and
translated laterally across the top surface ofthe polishing pad.
[0032] While only one carrier head 140 is shown, more
carrier heads can be provided to hold additional substrates so
that the surface area of polishing pad 110 may be used effi-
ciently.

[0033] The polishing apparatus also includes an in-situ
optical monitoring system 160, e.g., a spectrographic moni-
toring system, which can be used to determine whether to
adjust a polishing rate or an adjustment for the polishing rate
as discussed below. An optical access through the polishing
pad is provided by including an aperture (i.e., a hole that runs
through the pad) or a solid window 118. The solid window
118 can be secured to the polishing pad 110, e.g., as a plug that
fills an aperture in the polishing pad, e.g., is molded to or
adhesively secured to the polishing pad, although in some
implementations the solid window can be supported on the
platen 120 and project into an aperture in the polishing pad.
[0034] The optical monitoring system 160 can include a
light source 162, a light detector 164, and circuitry 166 for
sending and receiving signals between a remote controller
190, e.g., a computer, and the light source 162 and light
detector 164. One or more optical fibers can be used to trans-
mit the light from the light source 162 to the optical access in
the polishing pad, and to transmit light reflected from the
substrate 10 to the detector 164. For example, a bifurcated
optical fiber 170 can be used to transmit the light from the
light source 162 to the substrate 10 and back to the detector
164. The bifurcated optical fiber an include a trunk 172 posi-
tioned in proximity to the optical access, and two branches
174 and 176 connected to the light source 162 and detector
164, respectively.
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[0035] In some implementations, the top surface of the
platen can include a recess 128 into which is fit an optical
head 168 that holds one end of the trunk 172 of the bifurcated
fiber. The optical head 168 can include a mechanism to adjust
the vertical distance between the top of the trunk 172 and the
solid window 118.

[0036] The output of the circuitry 166 can be a digital
electronic signal that passes through a rotary coupler 129,
e.g., aslip ring, in the drive shaft 124 to the controller 190 for
the optical monitoring system. Similarly, the light source can
be turned on or off in response to control commands in digital
electronic signals that pass from the controller 190 through
the rotary coupler 129 to the optical monitoring system 160.
Alternatively, the circuitry 166 could communicate with the
controller 190 by a wireless signal.

[0037] The light source 162 can be operable to emit near-
infrared (NIR) light. In one implementation, the NIR light
emitted includes light having wavelengths of 0.9 to 1.7 pm.
[0038] The light detector 164 can be a spectrometer. A
spectrometer is an optical instrument for measuring intensity
of light over a portion of the electromagnetic spectrum. A
suitable spectrometer is a grating spectrometer. Typical out-
put for a spectrometer is the intensity of the light as a function
ofwavelength (or frequency). FIG. 2 illustrates an example of
a measured spectrum 300 with intensity as a function of
wavelength. FIG. 3 illustrates an example of a measured
spectrum 310 with intensity as a function inverse wavelength,
e.g., as a function of wavenumber. If necessary, the controller
190 can convert a measured spectrum 300 with intensity as a
function of wavelength can be converted to a measured spec-
trum 310 with intensity as a function of inverse wavelength. A
measured spectrum with intensity as a function of inverse
wavelength is also referred to below as an inverse wavelength
spectrum.

[0039] Asnoted above, the light source 162 and light detec-
tor 164 can be connected to a computing device, e.g., the
controller 190, operable to control their operation and receive
their signals. The computing device can include a micropro-
cessor situated near the polishing apparatus, e.g., a program-
mable computer. With respect to control, the computing
device can, for example, synchronize activation of the light
source with the rotation of the platen 120.

[0040] The optical monitoring system 160 is configured to
generate a sequence of measured spectra at a measurement
frequency. In some implementations, the light source 162 and
detector 164 of the in-situ monitoring system 160 are
installed in and rotate with the platen 120. In this case, the
measurement frequency can be once per rotation of the
platen. It is possible for multiple spectra to be obtained as the
optical access passes below the substrate 10, in which case
one of the obtained spectra can be selected, or multiple
obtained spectra can be combined, to provide the measured
spectra.

[0041] In operation, the controller 190 can receive, for
example, a signal that carries information describing a spec-
trum of the light received by the light detector for a particular
flash of the light source or time frame of the detector. Thus,
this spectrum is a spectrum measured in-situ during polish-
ing.

[0042] Without being limited to any particular theory, the
spectrum of light reflected from the substrate 10 evolves as
polishing progresses (e.g., over multiple rotations of the
platen, not during a single sweep across the substrate) due to
changes in the thickness of the outermost layer, thus yielding
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a sequence of time-varying spectra. Moreover, particular
spectra are exhibited by particular thicknesses of the layer
stack.

[0043] The controller 190, e.g., the computing device, can
be programmed to perform a Fourier transform of each mea-
sured spectrum to generate a sequence of transformed spec-
tra. Each transformed spectrum from the sequence of trans-
formed spectra is the Fourier transform of an associated
measured spectrum from the sequence of measured spectra.
The Fourier transform can be a fast Fourier transform (FFT).
FIG. 4 illustrates an example of a Fourier transform 320 of a
measured spectrum, in particular a Fourier transform of the
measured inverse wavelength spectrum.

[0044] The Fourier transform of an inverse wavelength
spectrum will yield peaks in the Fourier space. This is advan-
tageous because the position of the peaks in the Fourier space
can be in units of length, the same as the units of the thickness
of the layer. By performing the Fourier transform on the
inverse wavelength spectrum, the x-axis in the Fourier space
will have units of thickness (e.g. micrometers). For example,
the position of the peaks can be in units of nanometers.
[0045] The peaks can correspond to the thickness of each
layer in the stack. For each layer, there will be a peak in
Fourier space with a position on the x-axis (i.e., on the length
axis) that indicates the thickness of the layer. For example,
referring to FIG. 4, the Fourier transform 320 includes mul-
tiple peaks 322. It may be possible to convert the position of
the peak in the Fourier transform into an absolute thickness of
the layer. In order to make such a conversion, a scale factor is
required. The scale factor can depend on the material type.
For example, there can be a scale factor for the adhesive layer
and a different scale factor for the silicon layer. The scale
factor will depends on various optical properties of the mate-
rial (n, k, angle of incidence), as well as on the optical prop-
erties ofthe adjacent layer. The scale factor can be determined
empirically. For example, another metrology technique, e.g.,
transmission electron microscopy (TEM), can be used to
obtain a reliable measurement of the thickness of a layer of a
test substrate. The ratio between the position value of the peak
and the measured thickness provides the scale factor.

[0046] Due to the multiple reflections at various interfaces
of the stack, particularly for substrates that include complex
layer stacks, there can be additional peaks in the Fourier
transform. For example, FIG. 5 illustrates a layer stack of a
substrate 10 in a TSV {fabrication process. The substrate 10
includes a silicon wafer 12, a silicon layer 16 with a thickness
S, and adhesive layer 14 with a thickness A that secures the
silicon layer 16 to the silicon wafer 12.

[0047] Where there are multiple peaks, one of the multiple
peaks can be selected as a peak of interest. The peak of
interest is typically the peak with the position that corre-
sponds to the thickness of the layer being polished.

[0048] Each possible optical pathway can generate a sepa-
rate peak in the Fourier transform. The Fourier transform
tends to include clusters of peaks that correspond to the vari-
ous layers. The peak of interest is typically the primary peak
in a cluster, e.g., the 0% order harmonic peak. The primary
peak should be generated by interference between two light
paths generated by reflections from the top and bottom of the
layer, without reflections from other boundaries. Other peaks
in the cluster can be caused by interference between light
paths that include reflections from other boundaries.

[0049] Ifthe clusters are separate, then the peak of interest
is typically the highest peak in the cluster. However, noise and
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distortion from pattern effects or from sublayer effects can
make the primary peak lower in height than one of the har-
monics in the cluster. In addition, if the clusters overlap, then
peaks cause by higher harmonics, e.g., 1% or order harmonic
peaks or higher, can be used to determine the primary peak.
[0050] Ingeneral,to identify the peak of interest, peaks that
fall within a predetermined range of position values are iden-
tified. Then, one of the peaks can be selected based on the
relative height and position of the peaks within the range. The
logic to select the peak of interest can be stored in the con-
troller 190. In some implementations, the highest peak and
the second highest peak in the predetermined position range
are identified. The predetermined position range can be input
by a customer or manufacturer of the software. The positions
of'the peaks (in units of thickness) and the heights of the peaks
within the predetermined position range are determined. The
position of a peak can be determined from the x-axis position
at the maximum amplitude of the peak.

[0051] For example, referring to FIG. 6, the Fourier trans-
form 320" includes a first cluster 340 of peaks 342. The first
cluster 320 can be the result of optical paths that have one or
more reflections in the adhesive layer 14. Each peak in the
first cluster 342 can be separated by a distance that depends on
the thickness A of the adhesive layer 14.

[0052] Fourier transform 320' includes a second cluster 350
of peaks 352. The second cluster 350 can include peaks 352
that are the result of optical paths that have one reflection in
the silicon layer 14, i.e., be the 0% order silicon peaks. The
primary peak, i.e., the (S,0) peak, is generated by interference
between reflections from the top and bottom of the silicon
layer. Other peaks in the cluster 350 can be caused by inter-
ference between light paths that include reflections from
other boundaries. Each peak 352 in the second cluster 350 can
be separated by a distance that depends on the thickness A of
the adhesive layer 14.

[0053] The primary peak 354 in the second cluster 350, i.e.,
the (S,0) peak, can have an a-axis value that depends on the
thickness S of the silicon layer 16. In theory, the highest peak
is the highest peak in the cluster. In practice, due to noise and
distortion from pattern or sublayer effects, the (S,0) peak may
not be the highest peak in the cluster. The logic for properly
assigning peaks must consider this possible distortion.
[0054] The third cluster 360 can include peaks 362 that are
the result of optical paths that have two reflections in the
silicon layer 14, i.e., be the 1* harmonic silicon peaks. In
general, the largest 1 harmonic silicon peak will have twice
the position value of the 0” order silicon peak.

[0055] FIG. 6 illustrates an idealized graph, but it may be
difficult to identify the peak of interest for the layer being
polished, e.g., the (S,0) peak, due to the clusters of peaks
overlapping and/or the noise in the signal.

[0056] In order to identify the peak of interest for the layer
being polished, the controller can be programmed with alogic
pathway to automatically select one of the peaks. In general,
first, peaks that fall within a predetermined position range are
identified. Then, one of the peaks can be selected based on the
relative height and position of the peaks within the range.
[0057] FIG.71is aflowchart ofa process 400 for selection of
a peak. This process 400 is particularly applicable to polish-
ing of a substrate from a TSV process, e.g., the substrate as
illustrated in FIG. 5. However, it should be understood that for
polishing of substrates with other layer configurations, it may
be necessary to experiment and determine the selection logic
empirically.
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[0058] In the example of FIG. 7, the highest peak and the
second highest peak in the predetermined position range are
identified, and the positions of the peaks (in length units) and
the heights of the peaks are determined. The height of a peak
can be determined from the amplitude at the center of the
peak.

[0059] Whether the highest peak is left of the 2" highest
peak, i.e., if the highest peak has a smaller position value (in
length units) than the 2”¢ highest peak, is determined (step
402). If the highest peak has a smaller position value (in
length units) than the 2" highest peak, then the highest peak
is designated as the peak of interest, e.g., the (S,0) peak for the
TSV process (step 403). If not, then the highest peak has a
larger position value (in length units) than the 2”¢ highest
peak. In this case, whether the height of the second highest
peak is above a preset threshold of the height of the highest
peak, e.g., 70-90% of the magnitude of the highest peak, is
determined (step 404). If the second highest peak is above a
preset threshold of the height of the highest peak, then the
second highest peak is designated as the peak of interest (step
405). If the second highest peak is left of the highest peak and
is below the preset threshold of the highest peak, then the
highest peak is designated as the peak of interest (step 406).
The preset threshold can be set by the user prior to polishing.
[0060] Once the peak of interest for the layer being pol-
ished is selected, the position value, e.g., the length unit
position value, of the peak of interest is determined. By deter-
mining the position value for the peak of interest for each
transformed spectrum of the sequence, a sequence of position
values is generated.

[0061] Referring to FIG. 8, which illustrates the results for
only a single zone of a substrate, the sequence of position
values generated by determining the position value for each
measured spectrum in the sequence of measured spectra gen-
erates a time-varying sequence of position values 212. This
sequence of position values can be termed a trace 210. In
general, for a polishing system with a rotating platen, the trace
210 can include one, e.g., exactly one, position value per
sweep of the optical monitoring system below the substrate. If
multiple zones are monitored, there can be one position value
per sweep per zone.

[0062] In some implementations, polishing can be halted
when the trace crosses a predetermined threshold value, e.g.,
the most recently generate value from the sequence of values
is equal to or less than the predetermined threshold value. The
predetermined threshold value can be determined empiri-
cally, e.g., by measuring the pre-polish and post-polishing
thickness of a layer of a test substrate using a separate stand-
alone metrology system, and comparing the results to of the
comparing the sequence of values generated from the in-situ
monitoring system during polishing of the test substrate.
[0063] Optionally, as shown in FIG. 9, a function, e.g., a
polynomial function of known order, e.g., a first-order func-
tion (e.g., a line 214), is fit to the sequence of position values,
e.g., using robust line fitting. Other functions can be used,
e.g., polynomial functions of second-order, but a line pro-
vides ease of computation.

[0064] Optionally, the function can be fit to the position
values collected after time a TC. Position values for spectra
collected before the time TC can ignored when fitting the
function to the sequence of position values. This can assist in
elimination of noise in the measured spectra that can occur
early in the polishing process, or it can remove spectra mea-
sured during polishing of another layer.
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[0065] FIG. 10 shows a flow chart of a method 700 of
polishing a product substrate. The product substrate can have
at least the same layer structure as what is represented in the
otpical model.

[0066] The product substrate is polished (step 702), and a
sequence of measured spectra are obtained during polishing
(step 704), e.g., using the in-situ monitoring system described
above. There may be a variety of preliminary polishing steps
prior to obtaining the sequence of measured spectra. For
example, one or more overlying layers can be removed, e.g.,
a conductive layer or dielectric layer, and measuring of the
spectra can be triggered when removal of an overlying layer.
For example, exposure of the first layer at a time TC (see FIG.
9) can be detected by a sudden change in the motor torque or
total intensity of light reflected from the substrate, or from
dispersion of the collected spectra.

[0067] A Fourier transform is applied to each measured
spectrum in the sequence to generate a transformed spectrum,
thereby generating a sequence of transformed spectra (step
706). The measured spectrum can have intensity as a function
inverse wavelength, so the transformed spectrum can have
intensity as a function of length, e.g., thickness. For each
transformed spectrum in the sequence of transformed spectra,
a peak of interest is determined (step 708), and the position
which is in length units, of the selected peak of the trans-
formed spectrum is determined (step 710), thereby generat-
ing a sequence of position values. The position of the peak can
be considered as the x-axis value of the peak on a graph of the
Fourier transform.

[0068] The endpoint can be determined from the sequence
of position values (step 712). For example, polishing can be
halted when the most recently generated value from the
sequence of position values crosses a predetermined thresh-
old value. The target position value TT can be set by the user
prior to the polishing operation and stored. Alternatively, a
target amount to remove can be set by the user, and a target
position value TT can be calculated from the target amount to
remove. For example, a thickness difference TD can be cal-
culated from the target amount to remove, e.g., from an
empirically determined ratio of amount removed to the posi-
tion valued, and adding the thickness difference TD to the
starting position value ST. The starting position value ST can
be the position value at the time TC that clearance of the
overlying layer is detected (see FIG. 9). As noted above, a
function can be fit to the sequence of position values and the
time at which the linear function will equal the target position
value can be calculated, although this is optional.

[0069] It is possible to generate a sequence of position
values for different zones of the substrate, and use the
sequences from different zones to adjust the pressure applied
in the chambers of the carrier head to provide more uniform
polishing, e.g., using techniques described in U.S. application
Ser. No. 13/096,777, incorporated herein by reference (in
general, the position value can be substituted for the index
value to use similar techniques). In some implementations,
the sequence of position values is used to adjust the polishing
rate of one or more zones of a substrate, but another in-situ
monitoring system or technique is used to detect the polishing
endpoint.

[0070] In addition, although the discussion above assumes
a rotating platen with an optical endpoint monitor installed in
the platen, system could be applicable to other types of rela-
tive motion between the monitoring system and the substrate.
For example, in some implementations, e.g., orbital motion,
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the light source traverses different positions on the substrate,
but does not cross the edge of the substrate. In such cases,
measured spectra can be collected at a certain frequency, e.g.,
1 Hz or more.

[0071] As noted above, an example of an application that
has a thick layer being polished and multiple layers in the
stack is fabrication of a through-silicon via (TSV). Fabrica-
tion of a semiconductor chip including TSVs begins by coat-
ing a front side 8 of a silicon substrate 10 (see FIG. 11A) with
aphotoresist layer 12, and patterning the photoresist layer 12
(see FIG. 11B). An anisotropic etch is performed using the
patterned photoresist layer 12 as a mask, forming a plurality
of recesses 14 that extend partially but not entirely through
the silicon substrate 10 (see FIG. 11C). The surface of the
silicon substrate 10 (including in the recesses 14) can be
oxidized to form an oxide liner 15, a barrier layer 16 can be
deposited on the oxide liner 15, and a seed layer 18 can be
deposited on the barrier layer 16 (see FIG. 11D). The recesses
in the silicon substrate 10 are then filled, e.g., by electroplat-
ing, with a conductive layer 20, e.g., copper (see FIG. 11E).
An insulative layer 21 can be disposed over portions of the top
surface of the seed layer 16 so that electroplating is generally
constrained to the recesses 14. Alternatively, it may be pos-
sible to deposit the conductive layer 20 without first deposit-
ing a seed layer, e.g., by vapor deposition process. The por-
tions ofthe conductive layer 20 that form on the top surface of
the silicon substrate 10 can be removed by chemical mechani-
cal polishing, leaving conductive pillars 20 in the recesses
(see FI1G. 11F). Although FIG. 11F illustrates a portion of the
oxide liner 15 remaining on the exposed surface, polishing
could be halted once the silicon substrate 10 is exposed, or
while the barrier layer 18 is exposed (assuming that the bar-
rier layer is non-conductive). The silicon substrate 10 can
then be bonded to a carrier substrate 22 (see FIG. 11G), and
the back side 24 of the silicon substrate can then be thinned,
e.g., by chemical mechanical polishing, until the conductive
pillars 20 are exposed, thus leaving the conductive pillars 20
as vias through the silicon substrate 10 (see FIG. 1H). Further
processing can be performed on the back-side of silicon sub-
strate 10. In addition, other thin layers may be present on the
front-side of the TSV substrate, such as active devices and
interconnects, that are not directly involved or removed by
our CMP processes being described.

[0072] As used in the instant specification, the term sub-
strate can include, for example, a product substrate (e.g.,
which includes multiple memory or processor dies), a test
substrate, a bare substrate, and a gating substrate. The sub-
strate can be at various stages of integrated circuit fabrication,
e.g., the substrate can be a bare wafer, or it can include one or
more deposited and/or patterned layers. The term substrate
can include circular disks and rectangular sheets.

[0073] Embodiments of the invention and all of the func-
tional operations described in this specification can be imple-
mented in digital electronic circuitry, or in computer soft-
ware, firmware, or hardware, including the structural means
disclosed in this specification and structural equivalents
thereof, or in combinations of them. Embodiments of the
invention can be implemented as one or more computer pro-
gram products, i.e., one or more computer programs tangibly
embodied in a non-transitory machine readable storage
media, for execution by, or to control the operation of, data
processing apparatus, e.g., a programmable processor, a com-
puter, or multiple processors or computers.
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[0074] The above described polishing apparatus and meth-
ods can be applied in a variety of polishing systems. Either the
polishing pad, or the carrier heads, or both can move to
provide relative motion between the polishing surface and the
substrate. For example, the platen may orbit rather than
rotate. The polishing pad can be a circular (or some other
shape) pad secured to the platen. Some aspects of the end-
point detection system may be applicable to linear polishing
systems, e.g., where the polishing pad is a continuous or a
reel-to-reel belt that moves linearly. The polishing layer can
be a standard (for example, polyurethane with or without
fillers) polishing material, a soft material, or a fixed-abrasive
material. Terms of relative positioning are used; it should be
understood that the polishing surface and substrate can be
held in a vertical orientation or some other orientation.
[0075] Particular embodiments of the invention have been
described. Other embodiments are within the scope of the
following claims.

What is claimed is:

1. A method of controlling a polishing operation, compris-
ing:

polishing a substrate;

during polishing, obtaining a sequence over time of mea-

sured spectra from the substrate with an in-situ optical
monitoring system;

for each measured spectrum from the sequence of mea-

sured spectra, applying a Fourier transform to the mea-
sured spectrum to generate a transformed spectrum thus
generating a sequence of transformed spectra;
for each transformed spectrum, selecting a peak of interest
from a plurality of peaks in the transformed spectrum,
wherein selecting the peak of interest includes identify-
ing a highest peak and a second-highest peak within a
range of position values, determining a height and a
position for each of the highest peak and a second-
highest peak, and determining whether the highest peak
is has a lower position value than the second-highest
peak;
for each transformed spectrum, determining a position
value for the peak of interest in the transformed spec-
trum thus generating a sequence of position values; and

determining at least one of a polishing endpoint or an
adjustment of a pressure to the substrate from the
sequence of position values.

2. The method of claim 1, wherein obtaining the sequence
of' measured spectra comprises directing a beam of near infra-
red light onto the substrate and measuring a spectrum of a
reflection of the beam.

3. The method of claim 2, wherein the beam of near infra-
red light comprises light having a wavelength of 0.9to 1.7 um.
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6. The method of claim 5, wherein polishing the substrate
comprises polishing a silicon layer of a multilayer substrate,
the multilayer substrate including a semiconductor wafer and
an adhesive layer bonding the silicon layer to the semicon-
ductor wafer.

7. The method of claim 1, wherein polishing the substrate
comprises polishing an overlying first layer of a multilayer
substrate, the multilayer substrate including an underlying
second layer and a third layer, the second layer between the
first layer and the third layer.

8. The method of claim 7, wherein the first layer has a
thickness greater than two microns.

9. The method of claim 1, wherein applying a Fourier
transform comprises applying a fast Fourier transform.

10. The method of claim 1, wherein the measured spectrum
is a spectrum of intensity as a function of wavenumber and the
transformed spectrum is a spectrum of intensity as a function
of length.

11-12. (canceled)

13. The method of claim 1, wherein selecting the peak of
interest includes determining that highest peak has a lower
position value than the second-highest peak and the highest
peak is selected as the peak of interest.

14. The method of claim 1, wherein selecting the peak of
interest includes determining whether the height of the sec-
ond-highest peak is within a threshold of the height of the
highest peak.

15. The method of claim 14, wherein selecting the peak of
interest comprises determining that highest peak has a higher
position value than the second-highest peak and that the
height of the second-highest peak is above a threshold of the
height of the highest peak and the highest peak is selected as
the peak of interest.

16. The method of claim 14, wherein selecting the peak of
interest comprises determining that highest peak has a higher
position value than the second-highest peak and that the
height of the second-highest peak is below a threshold of the
height of the highest peak and the second-highest peak is
selected as the peak of interest.

17. The method of claim 14, wherein polishing the sub-
strate comprises polishing a silicon layer of a multilayer
substrate, the multilayer substrate including a semiconductor
wafer and an adhesive layer bonding the silicon layer to the
semiconductor wafer.

18. The method of claim 14, wherein the position value is
in units of length.

19. The method of claim 18, wherein the position value
comprises a thickness.
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