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Thermal expansion coefficients of low-  k dielectric films from Fourier
analysis of x-ray reflectivity
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We determine the thermal expansion coefficient of a fluorinated agliene etherlow-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 55-9x 108K ~* using this approach. @000 American Institute of Physics.
[S0021-897€00)09913-9

I. INTRODUCTION assumed structural model and then use nonlinear least
squares methods to refine a set of structural parameters to fit
High-density integrated circuits use multilevel intercon-the full reflectivity curve® In most cases this works well, but
nects to increase device density. By using vertical stackingt is subject to some pitfalls because of the assumed starting
of conductive layers separated by dielectric films, better us@oint of the model and because there can be a large number
is made of silicon area, preserving wafer space for activef correlated parameters in the model. In simple systems,
devices. As device density is scaled into the Qubdregime,  consisting of one or two layers on a substrate, Fourier analy-
a transition to lowk dielectrics becomes increasingly attrac- sis methods have been applied to the reflectivity dafa.
tive, due to lower line-to-line capacitance, reduced crosstallFourier methods allow a separate determination of each
and lower power dissipation. These new interlayer dielectricshickness in a film stack so long as the frequencies are re-
must meet stringent materials requirements, and these propelvable in a Fourier transform. However, the Fourier meth-
erties must be uniform across a wafer area and preciselgds used to date suffer from several drawbacks. The accu-
controlled as dielectric layers are reduced to submicron diracy of the thicknesses determined by the Fourier transform
mensions. Thin film dielectrics can be very different thanmethod has been limited by the measurement of the position
their bulk counterparts, so materials properties must be mea&f a sharp peak in the Fourier transform magnitude. We use
sured on actual devices, or at least on isolated films that ar@ bandpass limited inverse Fourier transform and measure
prepared as they will ultimately be used in the film stick. the phase variation of single Fourier componenQirspace
In particular, the thermal expansion coeffici€hEC) of the  to determine accurate thickness and thickness changes be-
dielectric layers must be measured since electronic devicgsveen two films, an analysis method that is similar to that
run at elevated and variable temperatures, causing thermebed in x-ray absorption spectroscdpysing this approach
stresses that are a leading cause of chip failures. The need fore are able to measure changes in film thickness of 8.6
precisionin situ TEC measurements has driven the develop-A in films that are~6100 A thick. We also show that in high
ment of new measurement techniques. For thicknesseguality films, we are able to use higher harmonics in the
greater than-2 um, precision TEC measurements have beerreflectivity data as an accuracy check on the thickness deter-
made using capacitance measuremérigowever, below mination. By measuring very small changes in lewlielec-
this thickness and especially for silicon substrates, otheiric film thicknesses with temperature we are able to deter-
methods are required. In this paper, we show that x-ray remine accurate thermal expansion coefficients using only two
flectivity (XRR) can be used to accurately measure the thickdata points separated by just 25 °C.
ness and TEC of lovik-dielectric films on silicon substrates. The approach used here to determine thermal expansion
XRR is now used as a routine characterization tool ofcoefficients is a differential analysis that is applicable in two
thin films> In the thickness range of (50-10000 A, XRR  broad cases of practical interest. First, thin films are now
can be used to determine film thicknesses, denditemsd used in a variety of technological applications where the
interface roughnessés:ilm stacks on a substrate give rise to Same structures must be produced many times through care-
oscillations in the XRR above the critical angle of the films, ful process control. In these films the interest is in small
with the frequencies of the oscillations determined by thedepartures from an accurately known baseline structure
thicknesses of the layers in the film stack. The usual aprather than a determination of an unknown structaioeini-
proach for extracting these parameters is to start with atio. Second, we are often interested in the structural variation
caused by an extrinsic parameter, such as temperature, pres-
3Electronic mail: bouldin@enh.nist.gov sure or an applied fiel@the extrinsic parameter can also be a
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TN. these cases the analysis shown here will produce accurate
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results; we illustrate this by a measurement of the thermabf the elements in the material tfi¢ andf{ may be ignored
expansion coefficient of a fluorinated p@yylene ether andfy,~Z in the near-forward scattering used in x-ray reflec-
low-k film on silicon. In addition to determining thickness tivity. Including the anomalous dispersion corrections, the
changes, we show that Fourier filtering the XRR data carnndex of refraction is

determine the absolute film thicknesses; this is a generaliza- )
tion of the well-known approach of using the antinode loca- n=1-6-18, 2
tions in the XRR? By Fourier filtering the data, we extend here

that method so that it can handle multilayer film stacks and

improve the accuracy of the thickness determination, be- ,8=£r A2S Pign KA

cause the Fourier filtering assures that we are always looking 27 ° T A 4n

at the antinodes positions of truly single-frequency oscilla- (3)
tions in the reflectivity, even if the raw data contained many 5= lr )\22 ﬂ(f, +7)

different frequencies. PX Rl Y B

y_ MA

Il. EXPERIMENT Two useful simplifica_\tions can be ma_lde. As mentioned
earlier, the anomalous dispersion correctiorf t@an be ne-
The film studied here was Allied Signal FLAREwhich  glected since the x-ray energy is not near any absorption
is a highly crosslinked polgrylene etherbased polymer edges. This makes calculation of the index simply a matter of
cured at 425°C. It has a dielectric constant of 2.80 and &nowing the electron density, and this parameter is available
glass transition temperature of 450*C. from the measurement of the critical angle. Also, the index
The XRR measurements were made with a Philipsof refraction is virtually independent of temperature, because
model XPERT MRD reflectometér’. Only specular reflec-  the x rays are most strongly scattered by electrons that have

tivity was collected, with the grazing incident angle equal topinding energies that are very large compared with the mea-
the detector angle. The angle ranged frdjﬁ]Oll to 14 surement temperatures.

mrad. The XRR measurements were conducted i+-2¢ In the simplest case of a bare substrate, the x rays are
Configuration with a fine focus 2 kW copper x-ray tube. Thetota”y reflected at ang|es less thﬁ@:ﬁ& The next pos-

incident beam was conditioned with a four-bounce germasiple case is a three layer system of air—film—substrate, in
nium (2200 monochromator. Before the detector, the beamyhich interference effects are possible between the x rays
was further conditioned with a three-bounce germaniunteflected at the air—film and film—substrate interfaces, giving

(220 channel cut crystal. This configuration results in a copise to oscillations in the XRR. When the reflectivity is
perK,; beam with a fractional wavelength spreadAof/\ small, the XRR can be written ¥

=1.3x10 % and an angular divergence of X80 °mrad.

The motion of the goniometer is controlled by a closed-loop 3 FiotF35—2FF,5c08 yd)
active servo system with an angular reproducibility of 1.7  1-FZ,—F5,+FiF3,

x 10" 3 mrad. These high precision settings in both the x-ray ’ : o
optics and the goniometer control are necessary to detect thghere y=(4m/\)\6°—0;, F;_,; are the Fresnel coeffi-
very narrowly spaced interference fringes from films on thecients at the interface of the—1th andjth layers,¢ and 6.
order of one micrometer thick. Measurements were made a@'e the angle of x-ray incidence and the critical angles

50 and 75°C. The sample was inside a vacuum chambéhe X-ray wavelength, and is the film thickness.

equipped with thin Be windows to admit the incident and  Therefore, at angles greater than the critical angle, the
reflected x-ray beams. Pressure was less than 67 mPa ffgickness of a film may be determined by the peak positions
avoid oxidation. Temperature measurements at®6 and in a Fourier transform with respect tp”'° We extend this
75+0.5 °C were interleaved with coolings to room tempera-a@pproach in two ways. After a forward Fourier transform, we
ture to insure that no film changes took place at elevatedpke a band pass selected inverse fast Fourier transform

=A+Bcogyd), (4

temperatures. (FFT) to isolate a single frequency in the data, and then
extract the phase of the cosine oscillation és= yd
IIl. X-RAY REFLECTIVITY =arctan[J(FFT)/R(FFT)]. When plotted versug, this re-

) ) ~sultsin a straight line with a slope df which determines the
For x rays, the index of refraction of a material is given gpsoute film thickness. Analyzing the phase of the cosine

by oscillation versusy avoids the problem of precisely fixing
N Pj the position of a sharp peak in real space. We plot differ-
n=1- Zro)\zz a fi (1) ences ofA ¢p=yAd vs v. In this case, the slope of the linear
I ]

plot gives thechangein the film thickness between two mea-
whereN is Avogadro’s numbert is the classical electron surements. As in x-ray absorption analysis, this differential
radius,A =hc/E is the x-ray wavelength, the sum is over the method tends to cancel any systematic errors in the data and
elements in the material, thg , A;, andf; are the density, minimizes Fourier filtering errors.
atomic mass and form factors of thth element, respec- Extracting the phase of the cosine oscillations is equiva-
tively. In general,fj=f0j+fj’+ifj’, wheref; is the Thom-  lent to plotting antinodes in the reflectivity data versy¥
son scattering andj’ and f;’ are the real and imaginary but improves upon that approach in three ways. First, the
anomalous dispersion corrections. Far from absorption edgeshase of the cosine oscillation is determined as a continuous
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In Fig. 1, the lowk dielectric film 6, is at~3 mrad, and

1.0 —] the silicon 6, is at about 4 mrad. Between the two critical

angles there is a waveguiding region in which strong reflec-
tion takes place from the top and bottom of the lkwaielec-
tric film. Above the silicon critical angle the reflectivity falls
quickly and the oscillatory structure is predominantly due to
single-scattering interference between x rays reflected from
the top of the lowk dielectric film and the film-silicon inter-
0.6 — face.

To clearly demonstrate the analysis procedure, we con-
structed simulated data using MLAYERand applied the
Fourier analysis to both the real and simulated data. The
simulated data sets were constructed to be koglielectric
films on silicon substrates with thicknesses of 6475 and 6470
A, and random noise was added to the simulated data until
the signal-to-noise ratio approximated that of the real data.
No interface roughness was used in the simulations. In Figs.
2 and 3 we show the results of the Fourier analysis of simu-
lated (Fig. 2) and real datgFig. 3). In the upper panel of
I T T I T T these figures we show XRR plotted versysand the phase
2 4 6 8 10 12x10° differenceA¢ for the fundamental and first harmonic peaks

Sample Angle (radians) in the Fourier transform. In the lower panel we show the
FIG. 1. XRR lowk dielectric raw data x-ray reflectivity from-6100 A Fourier transform magniIUdeS' In both figures we see, in ad-
Iow-.k ciielectric film on silicon. The data havye been foct));print corrected be-dmc,)n to a peak that gorresponds tO. the film thl(,:kness’ a
low the film critical angle. series of three harmonics. These are just the Fourier compo-
nents of an expansion of a step function in the charge den-
sity, and they are visible because of the long range of the
variable, not just sampled at intervals af Second, the data and the low roughness at the interfaces. The peaks de-
bandpass filtering allows multilayer film stacks to be ana-crease in size faster than the expected rate for Fourier expan-
lyzed because the frequencies can be separated in the Fourf@n coefficients of a square wave because of the finite data
transform. Third, the bandpass filter removes noise from th&utoff in Q and roughness of the interfaces. In the inset in
data, giving more accurate results. Fig. 3, note that the second and third harmonics of the 75°C

The Fourier analysis was done using the progranflata are smaller than at 50°C, as expected, because the
1IGOR'3® The oscillatory part of the XRR was isolated by higher temperature decreases the interface abruptness.
fitting the full reflectivity with a smoothing spline. This is a Absolute film thicknesses are determined in a similar
spline with sufficient degrees of freedom to exactly repro-manner, except that the analysis uses a plat,afather than
duce the data, but a constraint on the second derivativ@® Vs y. The ¢ plots are shown in Fig. 4. Since the total
causes the spline to follow a smooth approximation to the?hase undergoes a change of about 400 rad¢tpiots are
data. The smoothness parameter was varied and set toSBOWﬂ as phase residuals after subtraction of the best straight
value just below the point that would allow the spline to line fit. The top panel shows the phase residual of the 50 °C
contain oscillations of the same frequency as the cosine oélata after subtracting a thickness of 6102.0 A. The bottom
cillations from the film scattering. Once the oscillatory term panel shows a similar plot for the 75 °C data after subtracting
was isolated, it was multiplied by a Hanning window func- a thickness of 6111.4 A. Since the phase residuals are very
tion before the first Fourier transform. A square window close to zero, this shows that the film thickness changes from
function was used for the inverse Fourier transform. D(50°0)=6102.0-1.5A to D(75°0=6111.4-1.8 A. Us-

We now illustrate this methodology by determining the ing the difference between the absolute thickness measure-
film thickness, and film thickness change with temperaturénents gives a thickness change of 8246 A, consistent
for a ~6100 A lowk dielectric film on a silicon substrate. With the determination made from the phase difference.
Because we are able to measure film thickness changes of
just a few angstroms, we are able to determine the TEC of
this thin film in situ on a silicon substrate. V. DISCUSSION

0.8

X-ray reflectivity

0.4 —

0.2 —

Fourier analysis of XRR data makes very accurate deter-
minations of absolute film thicknesses and temperature-
dependent thickness changes. The approach used here for

The XRR data for the lovkdielectric film at 50 °C are determining a TEC is also applicable in any case where a
shown in Fig. 1. The have been corrected for “footprint” comparison is made between reflectivity spectra that are
effects and are shown on a linear scale, plotted againsimilar. In practical terms, there are two cases of intefést:
sample angled. On this scale, the XRR data are 75°C aremaking an accurate determination of the film thickness in
indistinguishable. ostensibly identical samples, such as in quality control of

IV. DATA AND RESULTS
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FIG. 2. Simulated lowk dielectric data simulated x-ray reflectivity from Distance (A)

6470 and 6475 A lovk dielectric films on silicon plotted against Top

panel shows the raw data above the siliggnand theA¢ of the first and ~ FIG. 3. Measured x-ray reflectivity from 6100 A lokwielectric films at 50
second peaks in the Fourier transform. The phase differences from the tw@nd 75 °C, on silicon plotted againgt Top panel shows the raw data above
peaks imply a thickness change of #@85 and 5.6:0.8 AY respectively. the silicon (78 and theA¢ of the first and second peaks in the Fourier
Since the simulated data were constructed whiti=5.0 A, this gives a  transform. The phase differences from the two peaks imply a thickness
measure of how well the analysis works. Lower panel shows the Fourieghange of 9.81.5 and 8.61.5 A, respectively. Lower panel shows the

transform magnitudes of both data sets. The Fourier bandpass filters us&@urier transform magnitudes of both data sets. The Fourier bandpass filters
are shown as boxes around the first and second peaks. used are shown as boxes around the first and second peaks. The inset in the

lower figure shows that the higher harmonic peaks are suppressed by loss of
interface sharpness at 75 °C.

thin-film materials fabricated for technological applications,
and(2) in determining layer thickness changes when an ex-
ternal parameter, such as temperature, is changed. inverse Fourier transform method is a generalization of the
The Fourier analysis presented here differs from earliewell-known approach of counting antinode spaciiga a
work in several ways. First, both forward and inverse Fouriereflectivity curve, but improves on the antinode plot in three
transforms are used. This allows separate determinations @fays: (1) the phase of the cosine oscillation in the XRR is
layer thicknesses in multilayer thin film stacks. We bandpass$reated as a continuous variable, not just determined at dis-
filter peaks in the forward Fourier transform and use thecrete points(2) multilayer films can be easily handled if the
Q-space variation of single frequency to measure the correfrequencies corresponding to each layer are separable in the
sponding layer thickness. This approach is much easier thafourier transform, and3) the signal-to-noise ratio is im-
picking off the exact position of a sharp peakRrspace. The proved by the Fourier bandpass filter.
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2 The accurate film thickness and TEC measurements are
possible due to the highly perfect sample with smooth inter-
Phase at 50° C minus thickness of 6102.0 A faces and low absorption. Using forward and inverse Fourier
transforms we accurately measure the phase shift in the os-
cillatory term in the XRR and obtain precise thickness mea-
surements. Analysis of neutron reflectivity data would pro-
ceed in exactly the same manner and might prove useful
since neutrons have much lower absorption than 1.54 A
x-rays, allowing TEC measurements in higlZefdms. We
observed three harmonics in the Fourier transform of the
XRR. These harmonics are simply the next terms in the Fou-
rier expansion of the step function in the electron density due
to the film. The falloff of these harmonics with temperature
shows that they can give information about the interface
Phase at 75° C minus thickness of 6111.4 A roughness. The higher harmonics fall off in intensity more
quickly than expected for the Fourier expansion of a step
function because of interface roughness, which is larger in
4 the 75 °C data, and because the information about the sharper
| T | | s features in the electron density is contained in the higher
0 20 40 e 60 80 100x10 harmonics. Sharp features in the electron density are observ-
able only at higher values of,,,, but the~1/6* decay of
FIG. 4. Top panel, phase residual of the cosine oscillagenyd in the  the reflectivity imposes a hard value gf,,, So that the data
50 °C after subtracting a linear fit with (50 °0=6102.0-:1.5A. Bottom  range of each successive harmonic is squeezed into shorter
gsg;gc‘t’i:‘;‘sae“rr?esgufﬁ'v;’i';rg‘(e?s"?g”:eeffittfg /;’_d in the 50°C after ranges iy, decreasing the size of the harmonic peaks in the
Fourier transform. In nearly ideal samples, such as Xow-
dielectric films on silicon, the data range and noise level of
ur measurement suggests that the ultimate sensitivity of
RR for measuring TEC is about 10 °K 1,

Phase Residual(radians)

Phase Residual({radians)

This analysis method has been illustrated here by a stu
of the thermal expansion of a lolwdielectric film on a sili-
con substrate. We determine a thicknessesD¢60 °C)
=6102.0-1.5A and D(75°C)=6111.4-1.8A, giving a
thickness change of 9.4 A, and from the phase difference wWACKNOWLEDGMENT
determine a thickness change of @05 A; both results give . .

a thermal expansion coefficient of 59x 10 ®K 1. Be- rov-li—c?i(ra] a:;:gz;ﬁ:hznﬁsga liiuttﬁiirfsot[% of Allied Signal for
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