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Abstract:  We use laser high-order harmonics and a polarization-ratio-
reflectance technique to determine the optical constants of copper and
oxidized copper in the wavelength range 10-35 nm. This measurement
resolves previously conflicting data sets, where disagreement on optical
constants of copper in the extreme ultraviolet most likely arises from
inadvertent oxidation of samples before measurement.
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1. Introduction

Copper recently replaced aluminum as the material of choice for on-chip interconnections [1-4]
because of itslow resistivity, ease of deposition, high thermal conductivity, and high electromi-
gration resistance [1, 2, 5]. This transition has increased the need to accurately characterize the
material properties of copper [6-8]. In particular, with the push to move to extreme ultraviolet
(EUV) wavelengths for lithography [9-11], it is desirable to have an accurate characterization
of the optical properties of copper in the EUV for the sake of lithographic image modeling.
According to the International Technology Roadmap for Semiconductors [12], lithography is
expected to move from its current wavelength of 193 nm to an EUV wavelength of 13.5 nmin
order to manufacture smaller features. While the EUV optical constants of copper have previ-
ously been measured at this wavelength [13—-15] and at other EUV wavelengths [16], there are
significant discrepancies between the data sets of EUV optical constants.

In this article we resolve these discrepancies and present the optical constants of copper and
copper (1) oxide in the range from 10 nm to 35 nm. We find that the most widely cited optical
constants for copper in the EUV, those reported by Hagemann et al. [13] and referenced on the
Center for X-ray Optics (CXRO) website [17], are actually the optical constants of oxidized
copper, in spite of an attempt to prevent oxidation with a capping layer. Similarly, Haensel
et al. [14] obtained the optical constants of oxidized copper in this range while representing
them to be those of copper (although they do not report taking any measures to prevent sample
oxidation). On the other hand, our measurements for copper agree with those made by Tombou-
lian [15] and Beaglehole [16]. However, their wavelength ranges covered only a small portion
of the EUV. Thus, we report what we believe to be the first accurate characterization of the con-
stants for copper through most of EUV wavelength range. We also report the first (intentional)
characterization of oxidized copper in this range. This is the first time that the EUV optical
constants of both copper and oxidized copper have been compared in the same instrument.

2. Measurement Method

We made these measurements using the laser-high-harmonics-based polarimeter described in
Ref. [18] and the polarization-ratio-reflectance method described in Ref. [19]. This instrument
uses high-intensity laser pulses (800 nm, 10 mJ, 35 fs at 10 Hz) focused into a noble gas to
produce polarized and directional high-harmonics with wavel engths distributed throughout the
EUV. The polarimeter is a compact and low-cost alternative to synchrotron-based systems for
making reflectance measurements, and allows for in situ measurements during the thin-film
deposition process. We recently modified our instrument to include evaporation equipment so
that thin-film samples can remain under vacuum between deposition and measurement. Since
reflectance measurements can be made a few minutes after deposition and without breaking
vacuum, thisinstrument provides a reliable method for characterizing unoxidized metal films.
We measured the optical constants of copper films deposited on polished silicon (100) sub-
strates. The silicon substrates were naturally oxidized, with SiO, layers between 1 nm and
3 nm (measured with spectroscopic €ellipsometry). To avoid hydrocarbon contamination, the
substrates were cleaned with a xenon excimer lamp for five minutesimmediately before pump-
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ing down the system. After pumping down and initial optical aignment, the sample substrate
was rotated until it pressed against an o-ring on a bellows leading to the deposition chamber.
This created a seal that temporarily isolated the deposition region from the reflectance cham-
ber. The deposition chamber was then evacuated further with a sorption pump to a pressure of
< 107" torr. Approximately 5 g of copper (99.99% purity) was evaporated horizontally using a
tungsten basket onto the substrates at a distance of 35 cm, producing a film thickness between
7 nm and 12 nm. With thinner films, we found that the copper would agglomerate on the sur-
face, forming tiny islands instead of providing uniform coverage. Thisis presumably a surface
effect, which we avoided by using thicker samples.

After deposition, we rotated the sample away from the deposition chamber and made re-
flectance measurements as the grazing angle was varied (at room temperature and 10~ torr).
At each angle we measured the reflected signal of both p- and s-polarized light for each wave-
length in the spectral comb, and computed the ratio of the p- and s-polarized reflectances.
Because there was little time delay between measurements for the two polarizations, this ra-
tio divides away variations in incident intensity and other systematic measurement errors that
may affect both measurements [19]. (Rotatable polarization is a unique advantage of our EUV
source.) We made reflectance-ratio measurements at wavelengths from 10 nm to 35 nm with
grazing angles from 0 to 45 degrees. At each angle, 400 laser shots were averaged at an ef-
fective frequency of about 3 Hz (owing to energy discrimination of our 10 Hz laser source as
described in Ref. [18]).

After reflectance-ratio measurements were made, the copper samples were exposed to at-
mosphere and quickly characterized using a near-visible spectroscopic ellipsometer (Wollam
Woollam M2000) to determine the thickness of the metal and the oxide layer that had formed
since air exposure. The first measurement was made five minutes after exposure, and the oxide
layer at this time was found to be about 0.7 nm thick. We continued making measurements at
two minute intervals, and observed the oxide layer growing at arate of about 0.02 nm/minute.
Samples were then heated to about 150°C for 5 minutes, after which spectroscopic ellipsom-
etry indicated that they were fully oxidized. The fully oxidized samples were returned to the
polarimeter and a series of reflectance ratios were measured for the oxidized copper.

We measured the roughness of the oxidized films using atomic force microscopy (AFM),
which showed that the films had a roughness less than 1 nm (RMS) on a1l umx1 um scale.
Using spectroscopic elipsometry, we found that the uniformity across 1 cm of the deposited
film was about +0.2 nm. The high-harmonics spot size at the sample was about 1 mm in di-
ameter. Thus, at a 5 degree sample angle, the extent of the beam across the sample was about
lcm.

To determine the composition of the oxide layer, we measured the near-visible-wavelength
optical constants using spectroscopic ellipsometry. These measured constants matched well
with the accepted values for CuO but poorly with other copper oxides. We also examined
similarly-prepared samples using x-ray photoemission spectroscopy (XPS). We found that the
XPS spectrum of the fully oxidized copper layer matched that of CuO well but was a poor
match to other copper oxides. Finally, the oxide layer appeared visually black, which isconsis-
tent with being composed of CuO rather than CuO» (which appears red). We thus conclude that
the oxide layer was essentially composed of CuO. Of course, there will always be some level
of other compounds present in the oxide layer, but our sample should be typical of a naturally
oxidized copper film.

3. Results

The optical constants for Cu and CuO were calculated by using nonlinear regression (imple-
mented by thenlinfit command in Matlab) to fit the reflectance-ratio data to the multilayer
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reflectance model outlined in Ref. [19]. Figure 1 shows the optical constants with error bars
representing the 95% confidence intervals for n or x from the nonlinear regression analysis.
Numerical values for these measurements are given in Table 1.
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Fig. 1. The optical constants of Cu and CuO determined using the ratio reflectance tech-
nique. Statistical error bars are also shown.

In this analysis, the interface between the copper (or copper oxide) layer and the substrate
was taken to be ideal (sharp). The optical constants n and k for the Cu (or CuO) layer were
taken as fit parameters while the optical constants for the silicon dioxide layer and silicon sub-
strate were treated as fixed parameters. The thickness of the fully oxidized film (which was
characterized using spectroscopic ellipsometry as described above) was held fixed during the
fit. The uncertainty in this thickness (including uncertainty in the ellipsometric fit and non-
uniformity across the sample) was +0.3 nm. The thickness of the unoxidized copper film was
taken to include the thickness of the oxide layer that formed between exposure to air and thick-
ness measurement, but decreased according to the ratio of bulk densities, 6.31 g/cm® for CuO
to 8.96 g/cm?® for Cu. We estimate that the Cu layer thickness was accurate to +0.7 nm, owing
to uncertainties in the density and/or composition of the oxide, variation across the sample, and
uncertaintiesin the ellipsometry fit.

To determine how much uncertainties in film thickness could affect values for optical con-
stants, we re-fit each data set for the maximum and minimum thicknesses set by our uncertain-
ties (with the thickness fixed) to see how much our fit values for optical constants changed. At
an example wavelength, A = 15.1 nm (q = 53), changing the thickness by +0.7 nm changed n
by +0.0026 and x by +0.0052 (about a 10% variation in either k or 1— n). At each wavelength
we added in quadrature the statistical error due to the fit and this error due to uncertainty in the
film thickness. Total error for values of n was typically about 0.009, and total error for values
of k¥ wastypically about 0.01.

When measuring thinner samples of some other materials after exposure to room air, we
sometimes have found it necessary to include the possibility of a thin carbon contamination
layer when fitting the data [19]. This possibility had negligible impact on the fits to our CuO
measurements (and is not applicable to our Cu measurements).
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Table 1. Measured optical constants for Cu and CuO.

wavelength  nfor Cu K for Cu nfor CuO K for CuO
42.1 0.874+0.013 0.236+0.012

38.1 0.880+0.013 0.184+0.010

34.8 0.891+0.010 0.140+0.010 0.8644+0.016 0.204+0.021
32.0 0.9124+0.009 0.1074+0.006 0.8774+0.015 0.1694-0.017
29.6 0.927+0.010 0.093+0.009 0.8884+0.011 0.1534+0.011
27.6 0.940+0.009 0.0844+0.008 0.907+0.016 0.142+40.020
25.8 0.9494+0.012 0.0684+0.013 0.9034+-0.014 0.1284-0.017
24.2 0.958+0.007 0.0664+0.008 0.9064+-0.014 0.1194-0.017
22.9 0.961+0.005 0.063+0.006 0.9074+0.012 0.1124+0.015
21.6 0.969+0.004 0.0534+0.005 0.9084+0.012 0.1054-0.015
20.5 0.970+0.006 0.0504+0.007 0.9084+0.013 0.1044-0.016
195 0.967+0.005 0.050+0.007 0.9124+0.013 0.101+0.017
18.6 0.967+0.009 0.0444+0.012 0.9154+0.012 0.09740.016
17.8 0.968+0.010 0.0444+0.012 0.9164+0.011 0.091+0.014
17.0 0.975+0.008 0.041+0.011 0.9284+0.011 0.091+0.014
16.3 0.976+0.007 0.0474+0.012 0.9304+0.010 0.085+40.014
15.7 0.973+0.007 0.0554+0.011 0.9344+0.010 0.088+40.013
15.1 0.974+0.007 0.051+0.012 0.9384+0.010 0.084+0.013
145 0.976+0.009 0.0444+0.013 0.9344-0.016 0.08640.015
145 0.974+0.007 0.0424+0.012 0.9414+0.012 0.081+4+0.017
14.0 0.978+0.009 0.0384+0.017 0.9394+0.013 0.082+0.020
14.0 0.9724+0.009 0.0304+0.014 0.9424-0.016 0.07940.020
13.6 0.971+0.010 0.0394+0.020 0.9484+0.020 0.0724-0.023
13.6 0.969+0.008 0.0424+0.013 0.953+0.017 0.07740.022
131 0.9724+0.009 0.0314+0.014 0.9574+0.022 0.0734+-0.027
12.7 0.978+0.007 0.0224+0.012 0.9604+0.022 0.0704+-0.028
12.3 0.982+0.008 0.011+0.015 0.971+0.012 0.061+0.014
11.9 0.985+0.011 0.0104+0.016 0.9764+-0.016 0.0544-0.018
11.6 0.983+0.012 0.0174+0.019 0.9724+0.020 0.064+40.021
11.3 0.982+0.015 0.016+0.024 0.974+0.018 0.057+0.015
11.0 0.987+0.006 0.0084+0.011 0.9744-0.011 0.0604-0.018
10.7 0.992+0.008 0.0174+0.011 0.9744+0.014 0.05540.016
104 0.985+0.010 0.025+0.016 0.9784+0.010 0.050+0.013
10.1 0.991+0.008 0.0174+0.011 0.9784+0.013 0.0454-0.017

4. Comparison to Previous Reports

We are aware of four other reports on the optical constants of copper in this wavelength range.
Hagemann et al. [ 13] performed transmittance measurements using the DESY synchrotron asa
light source between 13 eV and 150 eV photon energies. The sampleswere prepared by vacuum
evaporation as thin films; the thickness ranged from less than 100 A to 600 A. In an attempt
to prevent subsequent oxidation of the samples, they evaporated 50 A carbon in situ onto both
sides of the films.

Haensel et al. [14] prepared samples by evaporating spectroscopically pure metalsfrom tung-
sten and tantalum boats onto Zapon foils (about 500 A thick) supported by afine copper mesh.
The film thickness was monitored by a quartz oscillator during evaporation and ranged in thick-
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ness from 50 A to 6500 A.. For about thirty discrete wavelengths within the range 50 A to 340 A
the ratio of the foil transmittance divided by the Zapon reference foil transmittance was evalu-
ated. The light source was also the DESY synchrotron.

Beaglehole et al. [16] determined optical constants by measuring reflection from electropol -
ished bulk samples at four angles of incidence for light for photon energies between 18 eV and
35 eV. The light source was a spark discharge in argon. Samples were heated in vacuum to
400 C to remove the surface oxide layer.

Finally, Tomboulian et al. [15] evaporated copper samples on Zapon foils (thicknesses were
severa hundred angstroms). Absorption measurements were performed in the wavel ength range
10 to 20 nm with a spark discharge plasma as the source.

Figure 2 shows a plot of our measured n and x for Cu and CuO compared with the values
given in these four reports. Hagemann, Haensel, and Tomboulian measured photoabsorption
only, so they only obtained valuesfor k. Our measured n and k for copper show agreement with
data measured in situ by Beaglehole (where the data overlap on the long-wavelength end). Itis
noteworthy that Beaglehole is the only of the four references that made in situ measurements,
as did we. This type of measurement is very reliable at preventing oxidation since the sample
remains under vacuum through the entire deposition and measurement process.
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Fig. 2. Our measured n and « for Cu and CuO compared with other reported values for
copper. Our values for Cu match those of Beaglehole (measured in situ) and Tomboulian
(not measured in situ) within our error bars. Our values for oxidized copper match those of
Haensel (not measured in situ) and Hagemann (measured with a carbon capping layer).

Our datafor unoxidized copper metal aso matches the values measured by Tomboulian (with
data overlap on the short wavelength end). This was somewhat unexpected, since his samples
were exposed to air before measurement. However, Tomboulian described that the samples
were exposed to air for only a short period of time, whereas his samples were >50 nm thick.
Based on our observations, if the samples were only exposed to air for a few minutes, they
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may have only oxidized <1 nm in depth, leaving a very high percentage of the sample as pure
copper.

In contrast, the values reported by Hagemann for Cu match our measurements of CuO rather
than Cu. Hagemann's samples were relatively thin; some thicknesses were less than 10 nm.
Hagemann and coworkers aimed to prevent sample oxidation by coating their copper samples
with 5 nm carbon capping layers on both sides of the film. However, by comparing with our
measured data it seems that their samples oxidized nonethel ess.

Likewise, the values of k reported by Haensel for Cu agree with our measurements CuO
rather than our measurements of Cu. The Haensel measurements were not made in situ and
Haensel did not report taking any measuresto prevent or minimize sample oxidation. The sam-
ples he used were as thin as 5 nm, so we presume that his samples were fully oxidized at the
time of measurement.

5. Conclusion

We have used a laser-high-harmonics-based polarimeter to measure the optical constants of
copper and copper (1) oxide in the range from 10 nm to 35 nm. Although the comparisons to
some previous data sets for Cu show disagreement, we still have confidence that our data is
correct. Firstly, the other data sets do not al agree with each other. Second, we are the only
researchers to measure both copper metal and oxidized copper and show that those measure-
ments are different. Third, our data for copper agree with the only other data set (that we are
aware of) also measured in situ (albeit with limited wavelength coverage in the EUV), whereas
our measurements for CuO match two data sets for which oxidation is likely to have occurred.
These findings underscore the importance of controlling oxidation, which may have bearing
aso in the context of photolithography.
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