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Abstract
Mirrors for the imaging optics of extreme-ultraviolet (EUV) lithography
systems require optimal reflectivity. In this paper, results on Mo/Si multilayers
for EUV radiation are reported. The multilayers were deposited using radio-
frequency-magnetron sputtering; during deposition the self-bias voltages were
measured, and the influence of their variation on the multilayer reflectivity and
roughness was tested. The samples were characterized using small-grazing-
angle x-ray reflectivity and their performance was evaluated by measuring
the EUV reflectivity at near-normal incidence. The results show that high
reflectivity (>67%) and low roughness values (<2.5 Å) can be obtained,
depending on the stability of the self-bias voltage during deposition.

1. Introduction

Currently, optical projection lithography is used to print the complex patterns that define
integrated circuits onto semiconductor wafers. Continued improvements in optical lithography
have enabled the printing of ever finer features, the smallest feature size decreasing by about
30% every two years [1–3]. Using deep-ultraviolet radiation with a wavelength of 193 nm, the
feature size can be reduced to 100 nm. However, to continue decreasing the integrated circuit
size, to make them faster and more powerful, it is necessary to develop potential successors
to optical projection lithography. These are known as ‘next-generation lithographies’ (NGL).
Extreme-ultraviolet (EUV) lithography, with the wavelength used in the range of 11 to 14 nm,
is one of the leading NGL technologies, being developed for features smaller than 100 nm
[2, 4, 5].

The current designs for a EUV lithography tool entail the use of several optics designed to
reflect the EUV light at near-normal angles of incidence in most cases. However, the normal-
incidence reflectivity of all materials is very low at soft-x-ray wavelengths. The problem is
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overcome by coating the optical surface with multilayer films. Therefore, the optics for EUV
lithography consist of crystalline silicon or glass–ceramic substrates, that can be flat or curved,
and coated with reflective Mo/Si or Mo/Be multilayer films, depending on the wavelength
used. The Mo/Si multilayer system represents a good material combination because of the
high contrast between the optical constants of Si and Mo, and the low absorption of Si [6].
DC-magnetron sputtering is used by several groups (see for example [7–12]) to develop Mo/Si
multilayer mirrors with reflectivity higher than 65%. As DC-magnetron sputtering does not
allow one to sputter non-conducting targets (because of charge accumulation at the target
surface), doped Si must be used in DC sputtering, instead of pure Si. This difficulty can be
overcome by using RF-magnetron sputtering, a single RF-sputtering apparatus being used to
deposit electrically conducting, semiconducting and insulating coating.

In general, two main specifications must be achieved by the EUV multilayer coating:

• First, the EUV reflectivity must be optimized (higher than 65%), because a generic imaging
system for EUV lithography consists of several mirrors, and there must be minimal
intensity loss between the EUV source and the substrate on which the integrated circuit
is to be printed.

• Secondly, the multilayer roughness must be minimized because it produces non-specular
scattering that has a drastic effect on the image formation and the resolution in the imaging
system. In fact, non-specular scattering due to roughness decreases the useful throughput
of the optical system and produces a background halo which reduces the contrast of the
image [13]. Improvement of the image resolution, due to the reduction of the roughness
value (less than about 2.5 Å), is the main goal.

In this paper, results obtained on RF-magnetron-sputtered Mo/Si multilayers are presented.
A great number of parameters are involved and can influence the layer deposition during RF-
magnetron sputtering (Ar pressure and stability, generator power, . . . ). For this study, we
analysed the influence of one parameter, the self-bias voltage, on the multilayer quality. Both
the small x-ray reflectivity and EUV reflectivity spectra are examined, and the influence of the
self-bias-voltage stability (measured during deposition) on the multilayer quality (roughness
and reflectivity) is discussed.

2. Experiment

Mo/Si multilayer films were deposited in a RF-magnetron-sputtering system [14]. The base
pressure was 1 × 10−7 Torr, and during deposition argon gas was used and maintained at a
constant pressure of 2 mTorr. In order to avoid change in the deposition conditions, the sub-
strate temperature was maintained at 3 ◦C during deposition. The RF power of the generator
was respectively 270 W and 160 W at Si and Mo targets, with the distance between sources
and substrate less than 10 cm. The average self-bias voltages between the sample and the
Si and Mo cathodes were 135 ± 5 V and 93 ± 3 V; their variations were measured during
deposition: one measurement of the self-bias voltage was performed for each cathode at
the beginning of each layer, allowing the self-bias-voltage evolution to be measured during
deposition. This measurement was performed during deposition with a digital voltmeter that
is coupled to the cathodes and to the PC that monitors the full process [15]. The regulation of
the self-bias voltage can be achieved using generators which are able to adjust the RF power
in order to keep the self-bias voltage at a constant value during the experiment. However,
for the experiments presented in this paper, the self-bias voltage was not adjusted during the
deposition (no regulation) but just measured, and the RF power was kept at a constant value.
The theoretical bilayer period which must be realized was between 68.5 Å and 69.5 Å, with
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a Mo fraction around 0.4, depending on the angle of incidence and the wavelength at which
each mirror was to be used. For all samples, 40 bilayer periods were used: in fact, it can easily
be shown that, due to the material absorption, such a number of periods is sufficient to obtain
the optimum reflectivity. The substrates used in this study were (100) silicon wafers one or
two inches in diameter, and 3 mm to 5 mm thick. The cleaned wafers were briefly rinsed with
methanol before the deposition.

For this general study we produced various multilayers in order to optimize the deposition
parameters. In this paper, we present results obtained on three typical samples. These samples
were produced for different working conditions:

• samples ma083 and ma085 should be used to reflect a 13 nm wavelength, with an incidence
angle (grazing angle) of, respectively, 75◦ and 85◦;

• sample ma075 should be used to reflect a 13.4 nm wavelength, with an incidence angle
of 85◦.

A specular x-ray reflectivity (XRR) investigation was performed at near-grazing incidence
on a conventional two-circle x-ray diffractometer, using a standard fine-focus Cu x-ray tube,
with a (111) Ge crystal primary-beam monochromator to select the Cu Kα1 radiation. A
divergence slit of 50 µm in front of the monochromator and a receiving slit of 200 µm
were used. The angular beam divergence was 0.0055◦. XRR allows one to determine the
multilayer characteristics, such as the layer thicknesses and roughness: the bilayer period and
the thickness of each material were determined by fitting small-angle XRR (SAXRR) peaks
using the classical matrix thin-film method of analysis [16–19]. To evaluate the influence of the
interfacial roughness, the ideal plane in the multilayer stack was changed into a rough surface
by variation of each element in the matrix, i.e. by the introduction of a Debye–Waller-like
attenuation factor which modified the reflectivity coefficients of all interfaces, as extensively
described in reference [19]. The method used allows one to estimate the average height of
the roughness of each layer (Mo and Si layers). The calculation program allows one to take
into account any shift of the layer thickness and/or of the roughness through the stack; no
correction was included to account for variation of the illuminated area at very-near-grazing
angles (however, it is always lower than the sample length). By using this method for the
calculations, we consider only the specular reflectivity and do not take into account the self-
correlation function of the interface position. In practice, such a model is useful for estimating
the average values of the layer roughness causing reflectivity losses. To obtain a complete
description of the roughness profile from the substrate up to the surface, including the lateral
and vertical correlation lengths, non-specular scans and the analysis of the diffuse scattering
are unavoidable [21]; however, this is not the subject of this paper, and will be discussed in a
forthcoming article [21].

Moreover, an ‘at-wavelength’ characterization (at the wavelength used for the mirrors)
was also performed: reflectance measurements in the EUV range were performed using a
synchrotron radiation source (LURE Laboratory, Orsay, France). These measurements were
conducted either at 5◦ off-normal incidence over the wavelength ranges 11 nm to 15 nm,
or at a fixed wavelength (13 nm) over the angle-of-incidence ranges 70◦ to 86◦. The layer
roughness was also estimated by fitting these spectra and compared to the roughness deduced
from SAXRR analysis.

3. Results and discussion

The SAXRR of sample ma083 is shown in figure 1 where both simulated and experimental
curves are plotted. First all, figure 1 shows that the first 12 Bragg peaks appear distinctly and
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Figure 1. SAXRR measurements on sample ma083; the points correspond to the simulated data.

are not broadened. This clearly proves that there is no visible layer thickness evolution through
the multilayer from the substrate up to the surface: in fact, a shift in the period value due to any
modification in the deposition conditions should broaden the last Bragg peaks. Moreover, as
high-order Bragg reflections are strongly suppressed by interface roughness, the sharpness and
intensity of these 12 Bragg maxima indicate beyond doubt the existence of a smooth interface.
SAXRR simulations provide an evaluation of the average roughness for the substrate and for
Si and Mo layers: these results are reported in table 1; the uncertainties in the layer thickness
and roughness were determined by changing each of these parameters until the simulation did
not fit the experimental reflectivity. For sample ma083, table 1 shows that the Si roughness
(1.7 Å) is lower than the Mo roughness (2.3 Å) (and not the reverse).

Table 1. Sample characteristics deduced from SAXRD measurements: σ is the average roughness
height; the subscript ‘s’ refers to the substrate; d, dSi and dMo are respectively the bilayer, Si-layer
and Mo-layer thicknesses; γ is the Mo fraction: γ = dMo/d .

Sample Substrate σs (Å) d (Å) γ dSi (Å) σSi (Å) dMo (Å) σMo (Å)

ma083 Si 1′′, 3 mm 2.8 ± 0.1 69.4 0.396 41.9 ± 0.1 1.7 ± 0.1 27.5 ± 0.1 2.3 ± 0.1

ma075 Si 2′′, 5 mm 2.7 ± 0.1 68.6 0.437 38.6 ± 0.2 2.2 ± 0.1 30.0 ± 0.2 2.8 ± 0.1

ma085 Si 1′′, 3 mm 3.0 ± 0.1 67.6 0.423 39.0 ± 0.2 2.4 ± 0.1 28.6 ± 0.2 4 ± 0.1

For samples ma075 and ma085, SAXRR simulation results (reported in table 1) show that
the average roughness is increased compared with the results for ma083, with however the
same relationship between Si and Mo roughness (σSi < σMo) maintained. A high value of 4 Å
is characteristic of the Mo layers of sample ma085.

For all samples, other simulations were performed including one with variable roughness
for Mo and Si layers (linear from the substrate up to the surface), and one using a four-layer
model to take into account any interlayer at the Mo-on-Si and/or Si-on-Mo interfaces. Other
simulations were also performed with a Si layer roughness greater than that of the Mo layer.
All of these simulations produced worse fits that those presented in table 1, i.e. showed that
the differences in layer roughness of each type of interface from the substrate up to the surface
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as well as the interlayers at the interfaces are small enough to be neglected in specular XRR
simulation [21].

Figure 2 shows the EUV reflectivity of sample ma083 according to angle of incidence for
two different wavelengths: this sample exhibits a high value of the reflectivity (R = 67.9%)
at the specified wavelength and incidence angle (13 nm and 75.2◦). For a different angle, a
comparable response is obtained at a different wavelength (12.6 nm; see further).
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Figure 2. EUV reflectivity measurements on sample ma083 according to angle of incidence for
two different wavelengths.

For samples ma075 and ma085, the EUV reflectivity measured at 85◦ is plotted in figure 3:
both samples exhibit EUV spectra centred at wavelengths very close to their own specifications
(respectively 13.37 nm and 13.05 nm for the desired specifications of 13.4 nm and 13.0 nm).
However, the reflectivities of these samples are lower than that of ma083 (especially for sample
ma085: R < 50%).

Table 2 summarizes the EUV results (experimental data and roughness deduced from
simulations) for the three samples, as well as the average self-bias voltages measured during
the multilayer deposition; the error in the self-bias voltage indicates the maximal oscillations
observed during deposition. Two main points can be analysed:

(1) the layer roughnesses deduced from EUV reflectivity simulations (see table 2) are in
good agreement with the values calculated from the SAXRR simulations (see table 1):
for all samples, the roughness values obtained through the two kinds of measurement (at
0.154 nm and 13 nm) differ by less than 0.6 Å. Moreover, SAXRR simulations, as well as
EUV simulations, show that sample ma083 exhibits the smallest roughness, and sample
ma085 the highest one. It is worthwhile to note that, using specular SAXRR measurement,
accurate control of the average roughness is possible, even if non-specular measurements
are necessary to obtain the complete set of roughness parameters.

(2) Optimal mirror performances very close to the desired values are obtained when the self-
bias voltage is very stable (sample ma083 with oscillations less than 1% of the average
value for both Si and Mo cathodes). Higher variations (10% in the case of the Mo cathode
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Figure 3. EUV reflectivity measurements on samples ma075 and ma085 according to wavelength;
the angle of incidence is 85◦ in both cases; the simulated data are also plotted for sample ma075.

Table 2. EUV reflectivity and deposition characteristics of the sample: R is the reflectivity, λ the
wavelength, E the energy, θ the angle of incidence; VMo and VSi are the self-bias voltages measured
during deposition.

EUV reflectivity Simulation Self-bias voltages

Sample E (eV) λ (nm) θ (deg) R (%) σSi (Å) σMo (Å) VSi (V) VMo (V)

ma083 98.0 12.6 69.2 66.6 1.8 ± 0.2 2.5 ± 0.2 141.0 ± 0.4 96.0 ± 0.45
95.4 13.0 75.2 67.9

ma075 92.7 13.37 85 64.2 2.1 ± 0.2 2.3 ± 0.2 130.0 ± 0.6 89.5 ± 0.5

ma085 95.0 13.05 85 49.6 2.8 ± 0.2 3.7 ± 0.2 140.5 ± 1 94 ± 5

for sample ma085) lead to higher roughnesses of Mo and Si layers and hence to a lower
reflectivity of the samples. Such a correlation is so clear that to avoid a drastic decrease
of the reflectivity, as in the case of ma085 (see figure 2), it is indisputable that oscillations
of the bias voltage must be carefully measured and reduced. This phenomenon is very
significant: whatever the samples, the self-bias voltage are more stable for Si than for Mo,
and the Si layers always exhibit a lower roughness than the Mo ones (see tables 1 and 2);
in contrast, when the fluctuations of the self-bias voltage are low and comparable for the
two materials (�V/V ≈ 5 × 10−3), the reflectivity values of the mirrors are of the same
order (samples ma083 and ma075). In the case of larger self-bias-voltage oscillations
(�V/V ≈ 5 × 10−2 during Mo deposition of ma085), the roughness is increased and the
reflectivity is drastically decreased (R < 50%).

Therefore, the control of the self-bias-voltage oscillation during the deposition seems to be
the pertinent parameter to minimize the roughness and hence to obtain a high EUV reflectivity.

Indeed, the self-bias voltage is developed on the cathode due to the capacitive coupling
between the generator and the cathode. Thus, it cannot be adjusted but is just measured, and
any change in the Ar plasma (caused by a change of pressure, dissipated power in discharges
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etc) is reflected in the target self-bias voltage. Moreover, the self-bias voltage is directly related
to the ion energy distribution (and thus to the ejected sputtered atoms) [19], and it is known that
the ion energy distribution is one of the primary factors governing the deposition characteristics
in plasma-aided processes [20]. Consequently, any variations of the self-bias voltage in the
magnetron process will induce changes in the sputtered atom energy, and have an influence on
the layer roughness.

Then, the reduction of self-bias-voltage oscillations allows one to produce high-perform-
ance EUV mirrors. Moreover, an additional effect results from such an improvement: the
possibility of extending the working range of the mirror, keeping the high reflectivity value.
As seen in figure 2, the mirror ma083 presents a high reflectivity (R = 66.6%) at 12.6 nm
and 69.2◦. This performance is very close to the specified one and represents an interesting
exploitation of wider working conditions. Simulations for sample ma083 showed that this
mirror should have this reflectivity level between 12.44 nm and 13.66 nm, and for an incidence
angle between 65◦ and 90◦.

Finally, another result of notable interest is considered: generally, the layer roughness is
lower than that of the substrate (see table 1). This means that the average interfacial roughness
measured by means of SAXRR (thus at high spatial frequencies) should result from the intrinsic
roughness of the growth process and not from replication of the substrate roughness. This
result is in good agreement with the results obtained by Stearns et al [13]: indeed, the authors
have shown that at the lowest spatial frequencies (<10−3 nm−1) the multilayer film exactly
replicates the substrate roughness, but at higher spatial frequencies (>10−1 nm−1) the film
deposited using magnetron sputtering tends to reduce the substrate roughness.

4. Conclusions

In summary, this study shows that high-reflectivity (R > 65%) EUV mirrors can be obtained
using RF-magnetron sputtering. The performance of such mirrors is strongly related to low
values of roughness which are dependent on the self-bias-voltage stability, which can be
achieved using controlled Ar pressure and stable power generators. Our results indicate that,
when the self-bias voltage is stable (oscillation lower than 1%), the layer roughness is lower than
2.5 Å in most cases, and there is no visible variation in layer thickness through the multilayer.
Moreover, the multilayer does not seem to replicate the substrate roughness. Extension of the
working conditions seems to be an additional effect of the small roughness value.

To complete the multilayer roughness study, further experiments are in progress:
roughness correlation will be analysed by means of x-ray diffuse scattering in comparison
with atomic force microscopy measurements; both techniques can be used to characterize the
high-frequency roughness. Finally, transmission electron microscopy will be performed to
analyse any atom diffusion through the interfaces [21].
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