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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 its low 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 nm in
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 (II) 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 sam-
ple oxidation). On the other hand, our measurements for copper agree with those made by
Tomboulian [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 constants for copper through the entire 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 our recently constructed laser-high-harmonics-based po-
larimeter 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 wave-
lengths distributed throughout the EUV. The polarimeter is a compact and low-cost alterna-
tive 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 af-
ter deposition and without breaking vacuum, this instrument 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 SiO2 layers between 1 nm and 3 nm
(measured with spectroscopic ellipsometry). To avoid hydrocarbon contamination, substrates
were cleaned with a xenon excimer lamp for five minutes immediately before pumping down
the system. After pumping down and initial optical alignment, 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 chamber. The depo-
sition chamber was then evacuated further with a sorption pump to a pressure of < 10−5 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 surface, forming
tiny islands instead of providing uniform coverage. This is 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 10−4 torr).
At each angle we measured both p- and s-polarized reflectance for each wavelength in the spec-
tral comb, and then computed the ratio of the p- and s-polarized reflectances. Because there was
little time delay between measurements of the reflectance for the two polarizations, this ratio
divides away many systematic measurement errors that affect both reflectance measurements
individually [19]. (Quickly rotatable polarization is a unique advantage of our EUV source.)
Reflectance-ratio measurements were taken 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 effective fre-
quency 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 measured by spectroscopic ellipsometry to determine the thickness of
the metal and the oxide that had formed since air exposure. The oxide layer was found to be
about 0.7 nm of CuO after five minutes of air exposure and continued growing at a rate of about
0.02 nm/minute. Samples were heated to about 150∘C for 5 minutes, after which spectroscopic
ellipsometry indicated that they were fully oxidized. The oxidized samples were then returned
to the polarimeter and a series of reflectance ratios were measured for CuO.

We measured the roughness and uniformity of the CuO films using atomic force mi-
croscopy (AFM) and near-visible-wavelength spectroscopic ellipsometry. The AFM measure-
ments showed that the films had a roughness less than 1 nm (RMS) on a 1 µm×1 µm scale.
Using spectroscopic ellipsometry, 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
1 cm.

3. Results and Comparison

The optical constants for Cu and CuO were calculated by using nonlinear regression (imple-
mented by the nlinfit command in Matlab) to fit the reflectance-ratio data to the multilayer
reflectance model outlined in Ref. [19]. Figure 1 shows the optical constants with error bars
representing the 95% confidence intervals for n or κ from the nonlinear regression analysis (see
Table 1 for numerical values). In this analysis, n and κ for the Cu (or CuO) layer were taken
as fit parameters while the optical constants for the silicon dioxide layer and silicon substrate
were treated as fixed parameters. The thickness of the fully oxidized film was measured using
spectroscopic ellipsometry and held fixed during the fit. The uncertainty in this thickness (in-
cluding uncertainty in the ellipsometric fit and non-uniformity across the sample) was ±0.3 nm.



The thickness of the unoxidized copper film was calculated from the measured thickness of the
oxide layer using the ratio of the densities of the metal and the oxide. (The densities used for
copper and CuO were 8.96 g/cm3 and 6.31 g/cm3, respectively.) We estimate that the calculated
thickness of the Cu layer was accurate to approximately ±0.7 nm, owing to uncertainties in the
density and/or composition of the oxide, variation across the sample, and uncertainties in the
ellipsometry fit.

Fig. 1. The optical constants of Cu and CuO determined using the ratio reflectance tech-
nique. Statistical error bars are also shown.

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, λ = 15.1 nm (q=53), changing the thickness by ±0.7 nm changed n
by ±0.0026 and κ by ±0.0052 (about a 10% variation in either κ 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 about 0.009, and total error for values of κ was
about 0.01.

Figure 2 shows a plot of our measured κ for Cu and CuO compared with the values measured
by Hagemann [13], Haensel [14], Tomboulian [15], and Beaglehole [16]. Because Hagemann,
Haensel, and Tomboulian measured photoabsorption only, we only plot κ here. Our measured
κ for copper matches data measured in situ by Beaglehole (where the data overlap on the long-
wavelength end). Values for n measured by Beaglehole match our measured n for copper as
well (not shown). It is 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.

Our data for unoxidized copper metal also 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
may have only oxidized <1 nm in depth, leaving a very high percentage of the sample as pure



copper.

Fig. 2. Our measured κ for Cu and CuO compared with κ measured by Hagemann [13],
Haensel [14], Tomboulian [15], and Beaglehole [16]. Our κ for Cu matches that of Beagle-
hole (measured in situ) and Tomboulian (not measured in situ) within the error bars shown
in Fig. 1. Our κ for oxidized copper matches that of Haensel (not measured in situ) and
Hagemann (measured with a carbon capping layer) within the error bars shown in Fig. 1.

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 nonetheless.

Likewise, the values of κ 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 measures to 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.

4. Conclusion

We have used a laser-high-harmonics-based polarimeter to measure the optical constants of
copper and copper (II) oxide in the range from 10 nm to 35 nm. Numerical values for these
measurements are given in Table 1. 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 all agree with each other. Second, we are the only researchers to measure both
copper metal and oxidized copper and show that those measurements are different. Third, our
data for copper agree with the only other data set (that we are aware of) also measured in-situ
(although with limited wavelength coverage), whereas our measurements for CuO match two
data sets for which oxidation is likely to have occurred.

This work was supported by the National Science Foundation (NSF) under grant number
PHY-0457316.



wavelength n for Cu κ for Cu n for CuO κ for CuO

34.8 0.891±0.010 0.140±0.010 0.864±0.016 0.204±0.021
32.0 0.912±0.009 0.107±0.006 0.877±0.015 0.169±0.017
29.6 0.927±0.010 0.093±0.009 0.888±0.011 0.153±0.011
27.6 0.940±0.009 0.084±0.008 0.907±0.016 0.142±0.020
25.8 0.949±0.012 0.068±0.013 0.903±0.014 0.128±0.017
24.2 0.958±0.007 0.066±0.008 0.906±0.014 0.119±0.017
22.9 0.961±0.005 0.063±0.006 0.907±0.012 0.112±0.015
21.6 0.969±0.004 0.053±0.005 0.908±0.012 0.105±0.015
20.5 0.970±0.006 0.050±0.007 0.908±0.013 0.104±0.016
19.5 0.967±0.005 0.050±0.007 0.912±0.013 0.101±0.017
18.6 0.967±0.009 0.044±0.012 0.915±0.012 0.097±0.016
17.8 0.968±0.010 0.044±0.012 0.916±0.011 0.091±0.014
17.0 0.975±0.008 0.041±0.011 0.928±0.011 0.091±0.014
16.3 0.976±0.007 0.047±0.012 0.930±0.010 0.085±0.014
15.7 0.973±0.007 0.055±0.011 0.934±0.010 0.088±0.013
15.1 0.974±0.007 0.051±0.012 0.938±0.010 0.084±0.013
14.5 0.976±0.009 0.044±0.013 0.934±0.016 0.086±0.015
14.5 0.974±0.007 0.042±0.012 0.941±0.012 0.081±0.017
14.0 0.978±0.009 0.038±0.017 0.939±0.013 0.082±0.020
14.0 0.972±0.009 0.030±0.014 0.942±0.016 0.079±0.020
13.6 0.971±0.010 0.039±0.020 0.948±0.020 0.072±0.023
13.6 0.969±0.008 0.042±0.013 0.953±0.017 0.077±0.022
13.1 0.972±0.009 0.031±0.014 0.957±0.022 0.073±0.027
12.7 0.978±0.007 0.022±0.012 0.960±0.022 0.070±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 0.010±0.016 0.976±0.016 0.054±0.018
11.6 0.983±0.012 0.017±0.019 0.972±0.020 0.064±0.021
11.3 0.982±0.015 0.016±0.024 0.974±0.018 0.057±0.015
11.0 0.987±0.006 0.008±0.011 0.974±0.011 0.060±0.018
10.7 0.992±0.008 0.017±0.011 0.974±0.014 0.055±0.016
10.4 0.985±0.010 0.025±0.016 0.978±0.010 0.050±0.013
10.1 0.991±0.008 0.017±0.011 0.978±0.013 0.045±0.017

Table 1. Measured optical constants for Cu and CuO.


