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Thermal expansion coefficients of low- k dielectric films from Fourier
analysis of x-ray reflectivity

C. E. Bouldin,a) W. E. Wallace, G. W. Lynn,b) S. C. Roth, and W. L. Wu
National Institute of Standards and Technology, Gaithersburg, Maryland 20899

~Received 27 October 1999; accepted for publication 5 April 2000!

We determine the thermal expansion coefficient of a fluorinated poly~arylene ether! low-k dielectric
film using Fourier analysis of x-ray reflectivity data. The approach is similar to that used in Fourier
analysis of x-ray absorption fine structure. The analysis compares two similar samples, or the same
sample as an external parameter is varied, and determines the change in film thickness. The analysis
process is very accurate and depends on no assumed model. We determine a thermal expansion
coefficient of 556931026 K21 using this approach. ©2000 American Institute of Physics.
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I. INTRODUCTION

High-density integrated circuits use multilevel interco
nects to increase device density. By using vertical stack
of conductive layers separated by dielectric films, better
is made of silicon area, preserving wafer space for ac
devices. As device density is scaled into the 0.18mm regime,
a transition to low-k dielectrics becomes increasingly attra
tive, due to lower line-to-line capacitance, reduced cross
and lower power dissipation. These new interlayer dielect
must meet stringent materials requirements, and these p
erties must be uniform across a wafer area and preci
controlled as dielectric layers are reduced to submicron
mensions. Thin film dielectrics can be very different th
their bulk counterparts, so materials properties must be m
sured on actual devices, or at least on isolated films that
prepared as they will ultimately be used in the film stack.1–3

In particular, the thermal expansion coefficient~TEC! of the
dielectric layers must be measured since electronic dev
run at elevated and variable temperatures, causing the
stresses that are a leading cause of chip failures. The nee
precisionin situ TEC measurements has driven the devel
ment of new measurement techniques. For thicknes
greater than;2 mm, precision TEC measurements have be
made using capacitance measurements.4 However, below
this thickness and especially for silicon substrates, ot
methods are required. In this paper, we show that x-ray
flectivity ~XRR! can be used to accurately measure the thi
ness and TEC of low-k dielectric films on silicon substrates

XRR is now used as a routine characterization tool
thin films.5 In the thickness range of;~50–10 000! Å, XRR
can be used to determine film thicknesses, densities,6 and
interface roughnesses.7 Film stacks on a substrate give rise
oscillations in the XRR above the critical angle of the film
with the frequencies of the oscillations determined by
thicknesses of the layers in the film stack. The usual
proach for extracting these parameters is to start with
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assumed structural model and then use nonlinear l
squares methods to refine a set of structural parameters
the full reflectivity curve.8 In most cases this works well, bu
it is subject to some pitfalls because of the assumed star
point of the model and because there can be a large num
of correlated parameters in the model. In simple syste
consisting of one or two layers on a substrate, Fourier an
sis methods have been applied to the reflectivity data9,10

Fourier methods allow a separate determination of e
thickness in a film stack so long as the frequencies are
solvable in a Fourier transform. However, the Fourier me
ods used to date suffer from several drawbacks. The a
racy of the thicknesses determined by the Fourier transf
method has been limited by the measurement of the pos
of a sharp peak in the Fourier transform magnitude. We
a bandpass limited inverse Fourier transform and mea
the phase variation of single Fourier component inQ space
to determine accurate thickness and thickness changes
tween two films, an analysis method that is similar to th
used in x-ray absorption spectroscopy.11 Using this approach
we are able to measure changes in film thickness of 9.061.5
Å in films that are;6100 Å thick. We also show that in high
quality films, we are able to use higher harmonics in t
reflectivity data as an accuracy check on the thickness de
mination. By measuring very small changes in low-k dielec-
tric film thicknesses with temperature we are able to de
mine accurate thermal expansion coefficients using only
data points separated by just 25 °C.

The approach used here to determine thermal expan
coefficients is a differential analysis that is applicable in tw
broad cases of practical interest. First, thin films are n
used in a variety of technological applications where
same structures must be produced many times through c
ful process control. In these films the interest is in sm
departures from an accurately known baseline struc
rather than a determination of an unknown structureab ini-
tio. Second, we are often interested in the structural varia
caused by an extrinsic parameter, such as temperature,
sure or an applied field~the extrinsic parameter can also be
systematic variation in a single processing parameter!. In
these cases the analysis shown here will produce accu

,
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results; we illustrate this by a measurement of the ther
expansion coefficient of a fluorinated poly~arylene ether!
low-k film on silicon. In addition to determining thicknes
changes, we show that Fourier filtering the XRR data c
determine the absolute film thicknesses; this is a genera
tion of the well-known approach of using the antinode loc
tions in the XRR.12 By Fourier filtering the data, we exten
that method so that it can handle multilayer film stacks a
improve the accuracy of the thickness determination,
cause the Fourier filtering assures that we are always loo
at the antinodes positions of truly single-frequency osci
tions in the reflectivity, even if the raw data contained ma
different frequencies.

II. EXPERIMENT

The film studied here was Allied Signal FLARE13 which
is a highly crosslinked poly~arylene ether! based polymer
cured at 425 °C. It has a dielectric constant of 2.80 an
glass transition temperature of 450 °C.14

The XRR measurements were made with a Phil
model XPERT MRD reflectometer.13 Only specular reflec-
tivity was collected, with the grazing incident angle equal
the detector angle. The angle ranged from~0.011 to 14!
mrad. The XRR measurements were conducted in au–2u
configuration with a fine focus 2 kW copper x-ray tube. T
incident beam was conditioned with a four-bounce germ
nium ~220! monochromator. Before the detector, the be
was further conditioned with a three-bounce germani
~220! channel cut crystal. This configuration results in a co
per Ka1 beam with a fractional wavelength spread ofDl/l
51.331024 and an angular divergence of 5.831025 mrad.
The motion of the goniometer is controlled by a closed-lo
active servo system with an angular reproducibility of 1
31023 mrad. These high precision settings in both the x-
optics and the goniometer control are necessary to detec
very narrowly spaced interference fringes from films on
order of one micrometer thick. Measurements were mad
50 and 75 °C. The sample was inside a vacuum cham
equipped with thin Be windows to admit the incident a
reflected x-ray beams. Pressure was less than 67 mP
avoid oxidation. Temperature measurements at 5060.5 and
7560.5 °C were interleaved with coolings to room tempe
ture to insure that no film changes took place at eleva
temperatures.

III. X-RAY REFLECTIVITY

For x rays, the index of refraction of a material is give
by

n512
N

2p
r 0l2(

j

r j

Aj
f j , ~1!

whereN is Avogadro’s number,r 0 is the classical electron
radius,l5hc/E is the x-ray wavelength, the sum is over th
elements in the material, ther j , Aj , and f j are the density,
atomic mass and form factors of thejth element, respec
tively. In general,f j5 f 0 j1 f j81 i f j9 , wheref 0 j is the Thom-
son scattering andf j8 and f j9 are the real and imaginar
anomalous dispersion corrections. Far from absorption ed
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of the elements in the material thef j8 and f j9 may be ignored
and f 0'Z in the near-forward scattering used in x-ray refle
tivity. Including the anomalous dispersion corrections, t
index of refraction is

n512d2 ib, ~2!

where

b5
N

2p
r 0l2(

j

r j

Aj
f j95

ml

4p
,

~3!

d5
N

2p
r 0l2(

j

r j

Aj
~ f j81Zj !.

Two useful simplifications can be made. As mention
earlier, the anomalous dispersion correction tof 8 can be ne-
glected since the x-ray energy is not near any absorp
edges. This makes calculation of the index simply a matte
knowing the electron density, and this parameter is availa
from the measurement of the critical angle. Also, the ind
of refraction is virtually independent of temperature, beca
the x rays are most strongly scattered by electrons that h
binding energies that are very large compared with the m
surement temperatures.

In the simplest case of a bare substrate, the x rays
totally reflected at angles less thanuc5&d. The next pos-
sible case is a three layer system of air–film–substrate
which interference effects are possible between the x r
reflected at the air–film and film–substrate interfaces, giv
rise to oscillations in the XRR. When the reflectivity
small, the XRR can be written as9,10

R5
F1,2

2 1F2,3
2 22F1,2F2,3cos~gd!

12F1,2
2 2F2,3

2 1F1,2
2 F2,3

2 5A1B cos~gd!, ~4!

where g5(4p/l)Au22uc
2, F j 21,j are the Fresnel coeffi

cients at the interface of thej 21th andjth layers,u anduc

are the angle of x-ray incidence and the critical angle,l is
the x-ray wavelength, andd is the film thickness.

Therefore, at angles greater than the critical angle,
thickness of a film may be determined by the peak positi
in a Fourier transform with respect tog.9,10 We extend this
approach in two ways. After a forward Fourier transform, w
take a band pass selected inverse fast Fourier trans
~FFT! to isolate a single frequency in the data, and th
extract the phase of the cosine oscillation asf5gd
5arctan@J~FFT!/R~FFT!#. When plotted versusg, this re-
sults in a straight line with a slope ofd, which determines the
absolute film thickness. Analyzing the phase of the cos
oscillation versusg avoids the problem of precisely fixing
the position of a sharp peak in real space. We plot diff
ences ofDf5gDd vs g. In this case, the slope of the linea
plot gives thechangein the film thickness between two mea
surements. As in x-ray absorption analysis, this differen
method tends to cancel any systematic errors in the data
minimizes Fourier filtering errors.

Extracting the phase of the cosine oscillations is equi
lent to plotting antinodes in the reflectivity data versusg,12

but improves upon that approach in three ways. First,
phase of the cosine oscillation is determined as a continu
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variable, not just sampled at intervals ofp. Second, the
bandpass filtering allows multilayer film stacks to be an
lyzed because the frequencies can be separated in the Fo
transform. Third, the bandpass filter removes noise from
data, giving more accurate results.

The Fourier analysis was done using the progr
IGOR.13,15 The oscillatory part of the XRR was isolated b
fitting the full reflectivity with a smoothing spline. This is
spline with sufficient degrees of freedom to exactly rep
duce the data, but a constraint on the second deriva
causes the spline to follow a smooth approximation to
data. The smoothness parameter was varied and set
value just below the point that would allow the spline
contain oscillations of the same frequency as the cosine
cillations from the film scattering. Once the oscillatory ter
was isolated, it was multiplied by a Hanning window fun
tion before the first Fourier transform. A square windo
function was used for the inverse Fourier transform.

We now illustrate this methodology by determining t
film thickness, and film thickness change with temperat
for a ;6100 Å low-k dielectric film on a silicon substrate
Because we are able to measure film thickness change
just a few angstroms, we are able to determine the TEC
this thin film in situ on a silicon substrate.

IV. DATA AND RESULTS

The XRR data for the low-k dielectric film at 50 °C are
shown in Fig. 1. The have been corrected for ‘‘footprin
effects and are shown on a linear scale, plotted aga
sample angleu. On this scale, the XRR data are 75 °C a
indistinguishable.

FIG. 1. XRR low-k dielectric raw data x-ray reflectivity from;6100 Å
low-k dielectric film on silicon. The data have been footprint corrected
low the film critical angle.
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In Fig. 1, the low-k dielectric filmuc is at;3 mrad, and
the siliconuc is at about 4 mrad. Between the two critic
angles there is a waveguiding region in which strong refl
tion takes place from the top and bottom of the low-k dielec-
tric film. Above the silicon critical angle the reflectivity fall
quickly and the oscillatory structure is predominantly due
single-scattering interference between x rays reflected f
the top of the low-k dielectric film and the film-silicon inter-
face.

To clearly demonstrate the analysis procedure, we c
structed simulated data using MLAYER8 and applied the
Fourier analysis to both the real and simulated data. T
simulated data sets were constructed to be low-k dielectric
films on silicon substrates with thicknesses of 6475 and 6
Å, and random noise was added to the simulated data u
the signal-to-noise ratio approximated that of the real da
No interface roughness was used in the simulations. In F
2 and 3 we show the results of the Fourier analysis of sim
lated ~Fig. 2! and real data~Fig. 3!. In the upper panel of
these figures we show XRR plotted versusg, and the phase
differenceDf for the fundamental and first harmonic pea
in the Fourier transform. In the lower panel we show t
Fourier transform magnitudes. In both figures we see, in
dition to a peak that corresponds to the film thickness
series of three harmonics. These are just the Fourier com
nents of an expansion of a step function in the charge d
sity, and they are visible because of the long range of
data and the low roughness at the interfaces. The peaks
crease in size faster than the expected rate for Fourier ex
sion coefficients of a square wave because of the finite d
cutoff in Q and roughness of the interfaces. In the inset
Fig. 3, note that the second and third harmonics of the 75
data are smaller than at 50 °C, as expected, because
higher temperature decreases the interface abruptness.

Absolute film thicknesses are determined in a simi
manner, except that the analysis uses a plot off, rather than
Df vs g. The f plots are shown in Fig. 4. Since the tot
phase undergoes a change of about 400 rad, thef plots are
shown as phase residuals after subtraction of the best str
line fit. The top panel shows the phase residual of the 50
data after subtracting a thickness of 6102.0 Å. The bott
panel shows a similar plot for the 75 °C data after subtract
a thickness of 6111.4 Å. Since the phase residuals are
close to zero, this shows that the film thickness changes f
D(50 °C!56102.061.5 Å to D(75 °C!56111.461.8 Å. Us-
ing the difference between the absolute thickness meas
ments gives a thickness change of 9.462.6 Å, consistent
with the determination made from the phase difference.

V. DISCUSSION

Fourier analysis of XRR data makes very accurate de
minations of absolute film thicknesses and temperatu
dependent thickness changes. The approach used her
determining a TEC is also applicable in any case wher
comparison is made between reflectivity spectra that
similar. In practical terms, there are two cases of interest:~1!
making an accurate determination of the film thickness
ostensibly identical samples, such as in quality control

-
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thin-film materials fabricated for technological applications
and ~2! in determining layer thickness changes when an e
ternal parameter, such as temperature, is changed.

The Fourier analysis presented here differs from earli
work in several ways. First, both forward and inverse Fouri
transforms are used. This allows separate determinations
layer thicknesses in multilayer thin film stacks. We bandpa
filter peaks in the forward Fourier transform and use th
Q-space variation of single frequency to measure the cor
sponding layer thickness. This approach is much easier th
picking off the exact position of a sharp peak inR space. The

FIG. 2. Simulated low-k dielectric data simulated x-ray reflectivity from
6470 and 6475 Å low-k dielectric films on silicon plotted againstg. Top
panel shows the raw data above the siliconuc and theDf of the first and
second peaks in the Fourier transform. The phase differences from the
peaks imply a thickness change of 4.860.5 and 5.660.8 Å, respectively.
Since the simulated data were constructed withDd[5.0 Å, this gives a
measure of how well the analysis works. Lower panel shows the Four
transform magnitudes of both data sets. The Fourier bandpass filters u
are shown as boxes around the first and second peaks.
,
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inverse Fourier transform method is a generalization of
well-known approach of counting antinode spacings12 in a
reflectivity curve, but improves on the antinode plot in thr
ways: ~1! the phase of the cosine oscillation in the XRR
treated as a continuous variable, not just determined at
crete points,~2! multilayer films can be easily handled if th
frequencies corresponding to each layer are separable in
Fourier transform, and~3! the signal-to-noise ratio is im
proved by the Fourier bandpass filter.
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FIG. 3. Measured x-ray reflectivity from 6100 Å low-k dielectric films at 50
and 75 °C, on silicon plotted againstg. Top panel shows the raw data abov
the silicon uc and theDf of the first and second peaks in the Fouri
transform. The phase differences from the two peaks imply a thickn
change of 9.061.5 and 8.661.5 Å, respectively. Lower panel shows th
Fourier transform magnitudes of both data sets. The Fourier bandpass
used are shown as boxes around the first and second peaks. The inset
lower figure shows that the higher harmonic peaks are suppressed by lo
interface sharpness at 75 °C.
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This analysis method has been illustrated here by a s
of the thermal expansion of a low-k dielectric film on a sili-
con substrate. We determine a thicknesses ofD(50 °C!
56102.061.5 Å and D(75 °C!56111.461.8 Å, giving a
thickness change of 9.4 Å, and from the phase difference
determine a thickness change of 9.061.5 Å; both results give
a thermal expansion coefficient of 556931026 K21. Be-
cause of the perfection of the samples and the abrupt fi
silicon interface, we are able to observe the fundamental
three harmonics in the XRR oscillations. Analysis of the fi
harmonic gives a film thickness change of 8.661.5 Å, con-
sistent with the change measured using the fundamenta

XRR is shown to measure film thickness changes w
sufficient accuracy to determine TECs that are>1031026.
The TEC measurements can be madein situ on films that are
100–1000 nm thick on silicon substrates. Thus, XRR p
vides TEC measurements that can span much of the
thickness range below the limit of;2 mm that can be
achieved with capacitive measurements.4 The films need not
be free-standing and silicon substrates are easily accom
dated. We have applied the analysis method to simula
data to determine how well the method works. In additio
our result of 556931026 K21 is in close agreement with
recent measurement of 50– 6031026 K21 for a similar but
thicker film.16 XRR determinations of TEC are noncontac
ing and nondestructive, but require a sample area of the o
of 1 cm2 and extreme wafer flatness. In the present exp
mental arrangement only the perpendicular TEC is m
sured.

FIG. 4. Top panel, phase residual of the cosine oscillationf5gd in the
50 °C after subtracting a linear fit withD(50 °C!56102.061.5 Å. Bottom
panel, phase residual of the cosine oscillationf5gd in the 50 °C after
subtracting a linear fit withD(75 °C!56111.461.8 Å.
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The accurate film thickness and TEC measurements
possible due to the highly perfect sample with smooth int
faces and low absorption. Using forward and inverse Fou
transforms we accurately measure the phase shift in the
cillatory term in the XRR and obtain precise thickness m
surements. Analysis of neutron reflectivity data would p
ceed in exactly the same manner and might prove us
since neutrons have much lower absorption than 1.54
x-rays, allowing TEC measurements in higher-Z films. We
observed three harmonics in the Fourier transform of
XRR. These harmonics are simply the next terms in the F
rier expansion of the step function in the electron density d
to the film. The falloff of these harmonics with temperatu
shows that they can give information about the interfa
roughness. The higher harmonics fall off in intensity mo
quickly than expected for the Fourier expansion of a s
function because of interface roughness, which is large
the 75 °C data, and because the information about the sha
features in the electron density is contained in the hig
harmonics. Sharp features in the electron density are obs
able only at higher values ofgmin , but the;1/u4 decay of
the reflectivity imposes a hard value ofgmax so that the data
range of each successive harmonic is squeezed into sh
ranges ing, decreasing the size of the harmonic peaks in
Fourier transform. In nearly ideal samples, such as lowZ
dielectric films on silicon, the data range and noise level
our measurement suggests that the ultimate sensitivity
XRR for measuring TEC is about;1025 K21.
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