Microstructure of Mo/Si multilayers with barrier layers
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ABSTRACT

Mo/Si multilayers with and without diffusion barrier layers have been prepared by dc magnetron sputter deposition. The
introduction of C and B4C barrier layers reduces the formation of the well-known MoSix intermixing zones on the
interfaces and improves the optical contrast between absorber and spacer layers. Using these barriers the EUV
reflectivity was increased from 68.7% (λ=13.46nm, α=1.5°) for pure Mo/Si multilayers to 69.9% (λ=13.5nm, α=1.5°)
for Mo/B4C/Si/C multilayers. The microstructure of the layers has been investigated by HRTEM, X-ray diffractometry,
Cu-Kα-and EUV-reflectometry. The introduction of thin C and B4C barrier layers (d=0.2-0.5nm) on the Mo-on-Si
interface shifts the amorphous-to-crystalline transition to Mo layer thicknesses >2nm and reduces the size of the Mo
crystallites. In multilayers with period thicknesses between 6.5nm and 7.0nm the optimum Mo layer thickness is close
to the transition thickness. Therefore small changes of the ratio Γ=dMo/dperiod result in amorphous or crystalline Mo
layers. In both cases EUV reflectivities >69% are observed.
Keywords: Mo, Si, B4C, C, multilayer, barrier, EUV, X-ray, mirror, optics, diffusion

1. INTRODUCTION
Many groups have shown that high EUV (extreme ultraviolet) reflectivities at photon wavelengths λ=12.5-15nm and
angles of incidence α=1.5-5° can be achieved with Mo/Si multilayers. However, because of imperfections of the
multilayers the EUV reflectivity of pure Mo/Si multilayers is typically limited to 69%1,2,3. It was found that the main
reason for the discrepancy between this value and the theoretical limit of 75.5% is the formation of MoSix intermixing
zones at the interfaces. These interdiffusion processes, which are responsible for the intermixing, can be suppressed if
tiny barrier layers consisting of B4C or C are introduced on the interfaces. Using this technique multilayers with near
normal incidence reflectivities of typically 70% can be prepared2,4.
Initial experiments with barrier layers have shown that the introduction of barrier layers on the interfaces results in a
change of the morphology of the Mo layers2. Mo/Si multilayers with and without barriers prepared under the same
deposition conditions exhibit different structures of the Mo layers. In contrast to pure Mo/Si multilayers with dMo>2nm,
where crystalline Mo layers are observed, multilayers with barrier layers on the Mo-on-Si interfaces show amorphous
Mo layers even for dMo>2nm. Therefore this work is intended to give a systematic overview about the parameters which
especially influence the growth of the Mo layers. In addition to that the first part of this work deals with the contraction
of the multilayer period thickness depending on the morphology of the Mo layers and depending on the barrier layer
material. Furthermore the EUV reflectivities of samples annealed up to temperatures of 200°C are presented.
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2. MULTILAYER DEPOSITION AND CHARACTERIZATION
All multilayers have been deposited on polished silicon or fused silica substrates (σrms<0.15nm) by dc magnetron
sputter deposition (MSD) in Argon of 99.998% purity, using a deposition system that has been described elsewhere2.
Prior to the depositions the base pressure of the vacuum system was less than 2x10-8mbar. During the deposition the Ar
pressure was fixed at 0.8-1.0mTorr. The power applied to each of the four magnetrons, with a size of 304.8x88.9mm2,
was between 150 and 300W. The thicknesses of the individual films have been controlled by the adjustment of the
frequencies of the substrate rotation over the particular targets. This enables a very precise alignment of the layer
thicknesses.
The characterization of the multilayers by X-ray reflectometry and diffractometry was performed using the twin-göbel
mirror (TGM) arrangement5 of a D5005 (Bruker AXS). The following parameters are typical values:
-

Primary beam intensity: I0>10+9cps (Cu-Kα1+Kα2)
Suppression of Cu-Kβ radiation at a ratio of 1 000 000 : 1
Beam divergence <0.02°

Using this technique small and large angle X-ray diffraction (SAXD and LAXD) experiments have been carried out to
characterize geometrical and morphological multilayer properties. The high intensity of the TGM arrangement ensures
an acceptable measurement time particularly for the LAXD of such thin films with small diffraction volumes.

3. EXPERIMENTAL RESULTS
3.1 Pure Mo/Si multilayers
It is well-known that the formation of MoSix interlayers in pure Mo/Si multilayers is connected with a period thickness
contraction of the multilayer. We have proven this effect by preparing the following samples: Sisubstrate/30(Mo1/Si1)/30(Mo1/Si2)/30(Mo2/Si1) with deposition times tMo,i and tSi,i for the Moi and Sii layers. The
deposition times have been chosen that the period thicknesses dp,j (j=1-3) of the three stacks differ by 0.1-0.2nm. From
each stack the period thickness can be determined very accurately by Cu-Kα reflectometry. With the period thickness
differences the deposition rates DRMo and DRSi of Mo and Si are calculated by DRMo=(dp,3-dp,1)/(tMo,3-tMo,1) and
DRSi=(dp,2-dp,1)/(tSi,2-tSi,1). The advantage of this technique is that the deposition rates of both materials can be
determined from only one deposition run. Therefore thickness deviations which are caused by sample changes and the
start of a new deposition do not occur. Then the bulk thicknesses dMobulk and dSibulk are DRMo*tMo and DRSi*tSi.
Comparing the sum of the bulk thicknesses of Mo and Si layers to the Mo/Si multilayer period thickness we observe in
agreement with other groups1 a difference of 0.515nm due to the multilayer contraction.
If we assume that the silicide interlayers consist of amorphous MoSi2 with a density of 6.3g/cm3 we can roughly
estimate the total thickness of the silicide interlayers: the separation of the number of atoms which form a MoSi2 layer
with d=1nm into two single Mo and Si layers would result in thicknesses of dMo≈0.4nm and dSi≈1.0nm and a contraction
of 0.4nm. Therefore this calculation would result in the total interlayer thickness per period of ≈1.29nm for the observed
contraction of 0.515nm. From HRTEM cross sections of pure Mo/Si multilayers we can conclude that the real interlayer
thickness is between 1.7 and 1.9nm (Fig. 1). The main reason of this discrepancy is that probably the density of the
interlayers is not equal to the bulk density of crystalline MoSi2. The correlation between contraction and interlayer
thickness fits if we assume densities between 5.70 and 5.85g/cm3. This reduction of less then 10% should be realistic.
Fitting procedures of other amorphous layers also show a similar density decrease.

Figure 1:

HRTEM cross section of a typical pure Mo/Si multilayer with four layers per period. Dark: polycrystalline Mo layers,
gray: amorphous MoSix interlayers, light: amorphous Si layers. The thicknesses of the interlayers are 0.5-0.7nm on the
Si-on-Mo interfaces and 1.1-1.3nm on the Mo-on-Si interfaces.

Because of the formation of interlayers in pure Mo/Si multilayers the maximum EUV reflectivity is limited to ≈69% at
a photon wavelength of λ=13.5nm and angles of incidence α=1.5-5°. To reduce the interdiffusion special barrier layers
have to be introduced into the stack. Because of the strong influence of the EUV absorption on the reflectivity B4C is
the prefered material on the Si-on-Mo interfaces. It can be used as barrier layer on this interfaces without a considerable
loss of reflectivity. On the Mo-on-Si interfaces absorption has only a weak influence and in principle every material can
be used as a barrier layer if the thickness is <0.6nm2. In this work two materials are considered: C and B4C. We will
show how the period thickness contraction and the Mo layer morphology are affected by such barrier layers.
3.2 B4C and C as interface barrier materials
Model calculations of the optical performance of Mo/Si multilayers with barriers show that the thicknesses of the
barrier layers should be as small as possible. This is especially the case on the Si-on-Mo interfaces, where low
absorption of the barrier layers is very important2. Therefore the question arises which barrier layer thickness is just
enough to avoid the interdiffusion of Mo and Si. From pure Mo/Si multilayers we know that the period thickness
contraction is a very sensitive measure for the degree of interdiffusion. Therefore the change of thickness contraction
depending on the barrier layer thickness will be carefully investigated to estimate the impact of the barrier layers on the
multilayer contraction.
3.2.1 Si-on-Mo interfaces – B4C barrier layers
To investigate the change of period thickness contraction depending on the B4C barrier layer thickness we prepared
series of samples with the following structure: Si-substrate/stack-0/stack-1/stack-2 with
-

stack-0 = 30(Mo/Si),
stack-1 = 30(Mo/B4C-1/Si) with dB4C-1 = 0.1, 0.3, 0.5, 0.7nm and
stack-2 = 30(Mo/B4C-2/Si) with dB4C-2 = 0.2, 0.4, 0.6, 0.8nm.

The period thicknesses dperiod,i of each of the particular stacks can be precisely measured by Cu-Kα reflectometry using
the corresponding Bragg peak positions. From the difference ∆dmultilayer=dperiod,1/2-dperiod,0 of the period thicknesses of the
stacks-1 or 2 and stack-0 the change of period thickness contraction can be calculated. Fig. 2 shows ∆dmultilayer as a
function of the B4C barrier layer thickness dB4Cbulk for amorphous and crystalline Mo layers.
In the case of amorphous Mo layers the introduction of barrier layers results in an increase of the period thickness
which is larger than the barrier layer thickness itself. Therefore it can be concluded that the barrier layers reduce the
contraction and hence the interdiffusion. For dB4Cbulk≥0.3nm the slope of the curve equals 1 because of the fact that the
increase of period thickness is solely caused by the increase of the barrier layer thickness. The interpolation of the
measurement points with dB4Cbulk≥0.3nm results in a function f(dB4Cbulk)=dB4Cbulk+0.09nm. The intersection of this curve
with the y-axis at 0.09nm is a direct measure of the decrease of the period thickness contraction due to the introduction
of B4C barrier layers with thicknesses ≥0.3nm.
If the Mo layers are crystalline the introduction of barrier layers does not result in a change of the period thickness
contraction. This is in agreement with observations of other groups4. Therefore we can assume that barrier layers on the
Si-on-Mo interfaces are only necessary if the Mo layers underneath are amorphous.

Figure 2:

Left: Period thickness difference of Mo/Si multilayers with and without B4C barrier layers on the Si-on-Mo interfaces, if
the Mo layers are amorphous (dMo<da->c). Barrier layers thicker than 0.3nm reduce the period thickness contraction by
0.09nm.
Right: The same as left just with crystalline Mo layers (dMo>da->c). In this case the period thickness contraction can not
be reduced. This implicates that in this case the impact of diffusion barriers is only small or even negligible.

3.2.2 Mo-on-Si interfaces – B4C and C barrier layers
Again we have used stacks consisting of three different multilayers to estimate the period thickness contraction: Sisubstrate/stack-0/stack-1/stack-2 with
-

stack-0 = 30(Mo/Si),
stack-1 = 30(Mo/Si/BL-1) with BL-1=B4C or C and dBL-1 = 0.1, 0.3, 0.5, 0.7, 0.9nm and
stack-2 = 30(Mo/Si/BL-2) with BL-2=B4C or C and dBL-2 = 0.2, 0.4, 0.6, 0.8, 1.0nm.

Considering the Mo-on-Si interface no distinction between amorphous and crystalline Mo layers has to be made. The
initial growth of the Mo layer is independent on the state of the Mo layer at the end. It only depends on the state of the

Si layer underneath which is always amorphous. Therefore only the two different barrier layer materials B4C and C
must be distinguished.
The calculation of the contraction dependance on the barrier layer thickness has been carried out in the same way as
above. The actual period thickness of the multilayer with barrier layers was referred to the period thickness of the pure
multilayer (stack-0). The difference of both period thicknesses is shown as a function of the barrier layer thicknesses
(Fig. 3). In either case – B4C or C as barrier material – it turns out that for barrier layer thicknesses >0.4nm an
additional increase of the barrier layer thickness does not reduce the period thickness contraction further. But
nevertheless the effect of B4C and C barrier layers on the Mo-on-Si interface is not completely identical. If B4C is used
the reduction of the period thickness contraction is slightly higher. The linear regression of measurement points with
dB4Cbulk≥0.4nm results in a function f(dB4Cbulk)=dB4Cbulk+0.18nm. Consequently the shrinking of the multilayer is
decreased by 0.18nm if B4C barrier layers with dB4Cbulk≥0.4nm are used. If C is used as barrier layer material the linear
regression results in a function f(dCbulk)=dCbulk+0.14nm. Our interpretation of this difference is that the C layer itself
reacts with Si and/or Mo and forms a SixCy and/or MoxCy compound. The formation of this compound again is
connected with a period thickness contraction, whereas B4C as a stable compound does not interact with the adjacent Si
and Mo layers. From the difference of both values (0.14nm and 0.18nm) we can conclude that a contraction of 0.04nm
is caused by the interaction of the tiny C barrier layers and the neighboring Mo and Si layers.

Figure 3:

Left: Period thickness difference of Mo/Si multilayers with and without B4C barrier layers on the Mo-on-Si interfaces.
Barrier layers thicker than 0.4nm reduce the period thickness contraction by 0.18nm.
Right: Period thickness difference of Mo/Si multilayers with and without C barrier layers on the Mo-on-Si interfaces.
Barrier layers thicker than 0.4nm reduce the period thickness contraction by 0.14nm.

3.3 Crystalline structure of the molybdenum layers
The thickness of the Mo crystallites in growth direction can be determined by LAXD. With LAXD the diffraction from
the lattice planes can be measured and enables the determination of crystalline phases. From the half width of the
diffraction peaks the crystallite size in growth direction can be calculated using the Scherrer formula. The
measurements have been carried out with Cu-Kα radiation. Because of the fact that the Mo 110 diffraction peak at
2Θ=40.7° is always the most intensive peak we have restricted the angular range to 2Θ=30-50°.
Pure Mo/Si multilayers prepared by MSD with period thicknesses of typically 7nm consist of polycrystalline Mo layer,
amorphous MoSix interlayers and amorphous Si layers. Systematic investigations of the Mo layer morphology,

depending on the Mo layer thickness, have shown that Mo layers are amorphous up to a thickness of da->c≈2.0nm and
change to the polycrystalline state if the thickness is >2.0nm6.
For interface-optimized Mo/Si multilayers it has been reported that the morphology of the Mo layers changes if barrier
layers are used on the Mo-on-Si interfaces2. Despite a constant Mo layer thickness it was found that the morphology of
the Mo layers changes from the polycrystalline to the amorphous state if barrier layers of a thickness >0.2nm are
introduced into the Mo/Si stack. Therefore it seemed to be necessary to investigate the morphology of interfaceoptimized Mo/Si multilayers depending on the Mo layer thickness too. Multilayers of the structure Sisubstrate/40(Mo/Si/BL) with BL=C or B4C and dSi=4.1nm, dBL=0.4nm and dMo=variabel were prepared and
characterized by LAXD.
Initial experiments have been carried out with B4C as the barrier layer material. From the LAXD spectra we can derive
that crystallisation of the Mo layers also occurs also with B4C barrier layers. But in contrast to the pure Mo/Si system
the critical thickness, da->c, at which the transition from the amorphous to the crystalline state happens, is larger. The
first indication of the formation of crystallites within the Mo layers can be found at Mo layer thicknesses of
approximately 2.2nm (Fig. 4). Obviously the nucleation of Mo is impeded but not avoided by the presence of B4C on
the Mo-on-Si interface. We assume that during the deposition free boron and/or carbon atoms diffuse into the growing
Mo layer and cause an amorphization of the first atomic planes of the Mo layer. Only when the carbon concentration
within the Mo layer is low enough the nucleation of Mo crystallites can start. The size of the Mo crystallites in growth
direction is always 0.1-0.2nm smaller than the Mo layer thickness.

Figure 4:

LAXD of the Mo 110 diffraction peaks of Mo/Si multilayers with B4C barrier layers on the Mo-on-Si interfaces and
systematically changed Mo layer thicknesses. The first clear detection of a Mo lattice formation can be stated at a Mo
layer thickness of da->c≈2.2nm.

A second series has been carried out using C as the barrier layer material on the Mo-on-Si interface. The LAXD spectra
of the samples with different Mo layer thicknesses show that, in this case, the cystallisation starts even later. The first
clear diffraction peak was observed in multilayers with dMo=da->c≈2.45nm (Fig. 5). Compared to the B4C barrier layers
the number of free C atoms which can diffuse into the growing Mo layer is probably higher. Therefore the
concentration of C atoms within the Mo layer is increased and the nucleation of Mo grains is impeded. If the Mo layers
are crystalline the size of the Mo crystallites in growth direction is 0.2-0.3nm smaller than the Mo layer thickness.
Therefore we assume that the absorber layer consists of an amorphous MoxCy layer (d=0.2-0.3nm) and a crystalline Mo
layer.

Figure 5:

LAXD of the Mo 110 diffraction peaks of Mo/Si multilayers with C barrier layers on the Mo-on-Si interfaces and
systematically changed Mo layer thicknesses. The first clear detection of a Mo lattice formation can be stated at a Mo
layer thickness of da->c≈2.45nm.

3.4 EUV reflectivity
The reflectivity measurements shown here are done at the synchrotron storage ring at the PTB radiometry laboratory.
The total relative uncertainities of the peak reflectivity and the peak wavelength are 0.25% and 0.025%7. Run-to-run
reproducibility tests have shown a standard deviation of 0.07% for the reflectivity and 0.001% for the peak wavelength
if 42 samples are measured twice on the same position. Therefore even small reflectivity changes of <0.1% can be
detected in a scan across the surface of a multilayer7.
The EUV reflectivity of Mo/Si multilayers is one of the most important properties. Particularly the use of the
multilayers as mirrors for the EUV lithography requires the highest possible reflectivities since at least six mirrors are
necessary to project the pattern of the mask to the wafer. Therefore the total throughput is proportional to the power of
six of the reflectivity of one mirror. Consequently it is very important to understand the growth of the multilayers to
ensure a reproducible deposition process of the high-reflection mirrors.
The previous sections have shown that the morphology of the multilayers is strongly dependent on the individual layer
thicknesses. The question is how different microstructures of the Mo/Si stack influence the resulting EUV reflectivity.
Therefore we have prepared two multilayers which only differ according to the state of the Mo layer and which are
identical with respect to all other parameters as:
-

Substrate:
Stack:
Number of periods:
Period thickness:
Top layer:

fused silica with rms-roughness ≤0.1nm
Mo/B4C/Si/C
60
dp=(6.90±0.05)nm
Si

The measurements show that in either case – amorphous or crystalline Mo layers – the EUV reflectivity exceeds the
value of 69% (Fig. 6 and 7). Nevertheless the state of the Mo layer affects the reflectivity: with crystalline Mo layers the
EUV reflectivity is still slightly higher. In this case multilayers with maximum reflectivities of 69.9% (λ=13.5nm,
α=1.5°) and 71.4% (λ=12.5nm, α=22.5°) have been prepared.

Figure 6:

EUV reflectivity at α=1.5° (left) and λ=12.52nm (right) of Mo/B4C/Si/C multilayers with Mo layer thicknesses <da->c, i.e.
the Mo layers are amorphous. The maximum normal incidence reflectivity is 69.1% at 13.5nm.

Figure 7:

EUV reflectivity at α=1.5° (left) and λ=12.52nm (right) of Mo/B4C/Si/C multilayers with Mo layer thicknesses >da->c, i.e.
the Mo layers are crystalline. The maximum normal incidence reflectivity is 69.9% at 13.5nm.

Besides, the maximum value of the EUV reflectivity it is also very important to know which reflectivity can be ensured
and how reproducible is it. To check this we have made five deposition runs with nominal the same deposition
parameters. During every run we have coated two substrates and measured the EUV reflectivity and peak position
(Fig. 8). It can be seen that all multilayers have reflectivities >69.4%, the typical value is 69.6%. The reproducibilities
of the reflectivity and the peak position are characterized by σR=0.20% and σλ=0.225%.

Figure 8:

Run-to-run reproducibility of the EUV reflectivity (σ=0.20%) and the EUV peak position (σ=0.225%) for the deposition
of 10 Mo/Si multilayers. Symbols of the same shape indicate that these samples are coated in the same deposition run.

3.5 Thermal stability
The idea to use barrier layers originates from the aim to improve the thermal stability of Mo/Si multilayers. First
experiments have been made with C barrier layers between Mo and Si8. It has been shown that even with tiny C barrier
layers (dC=0.3nm) the heat resistance can be drastically improved. However, in comparison to the multilayers described
in this paper the EUV reflectivity of the as-deposited Mo/Si multilayers was much lower (53% at λ=14.4nm and α=5°).
Therefore we have repeated the heat treatments using our standard multilayers with B4C and C barrier layers. Extensive
investigations into the phase formation and the short range order of Mo/Si multilayers of different types (Mo/Si,
Mo/B4C/Si, Mo/Si/B4C, Mo/B4C/Si/B4C) are described elsewhere9. In this section only the influence of the thermal
treatment on the EUV reflectivity is considered.
To ensure a precise comparison between the samples with the different heat treatments a 4 inch wafer was uniformly
coated. From EUV reflectivity measurements it is known that the standard deviation of the EUV reflectivity across the
wafer is <0.05%. The wafer has been cut into small square pieces which have the same reflectivity. These specimens
were slowly heated up (appr. 1K/min) to the desired temperatur (100°C, 150°C, 200°C). This temperature was kept
constant for 20 minutes. After this the heating was stopped and the samples were cooled down to room temperature
according to the exponential cooling law. Then the EUV reflectivities of all the small square samples were measured
and compared (Fig. 9). Up to temperatures of 150°C a small increase of the EUV reflectivity is observed. This increase
is connected with a period thickness expansion (Fig. 9, right). This indicates that up to temperatures of 150°C diffusion
processes occur which improve the separation of the Mo and Si layers and which increase the density contrast of the
spacer and absorber layers. Between temperatures of 150°C and 200°C a second phase of interdiffusion starts which
results in contrast to the first phase in a period thickness contraction connected with an EUV reflectivity decrease. The
second phase is the well-known behavior of pure Mo/Si multilayers. Nevertheless even after the treatment at 200°C the
multilayers exhibit an EUV reflectivity >69%.
To visualize the improved thermal stability a TEM cross section of a sample which has been heated up to temperatures
of 400°C is shown in comparison to the as-deposited state (Fig. 10). Even after 400°C a clear multilayer structure still
can be observed. The diffusion which starts between 150°C and 200°C reduces the steepness of the density contrast on
the interfaces but a complete intermixing of both layers does not happen. Compared to pure Mo/Si multilayers the
period thickness contraction is lower and the optical performance is much better9.

Figure 9:

Left: Change of the EUV reflectivity of a 60(Mo/B4C/Si/C) multilayer depending on the annealing temperature
(annealing duration: 20 minutes).
Right: Change of the EUV peak position depending on the annealing temperature. It should be noted that the reflectivity
increase is connected with a period thickness expansion.

Figure 10: Left: HRTEM cross section of a Mo/Si multilayer with barrier layers on both interfaces in the as-deposited state.
Right: HRTEM cross section of a the same multilayer after annealing at 400°C for 20 minutes. The density contrast on
the interfaces is not as steep as in the as-deposited multilayer. But in comparison to pure Mo/Si multilayers a much better
thermal stability can be stated.

4. CONCLUSION
It has been shown that the morphology of the Mo layers in Mo/Si multilayers with B4C and C barrier layers depends
strongly on the thickness of the individual layers. For amorphous Mo layers barrier layers are mandatory on both
interfaces to reduce the intermixing on the interfaces. If the Mo layers are crystalline it is not necessary to introduce
barrier layers on the Si-on-Mo interfaces. On the Mo-on-Si interfaces the use of barrier layers can not be avoided to
increase the EUV reflectivity. Because of the nature of the standing wave within the multilayer there is more freedom

for the selection of a suitable barrier layer material. In this work B4C and C have been systematically investigated. For
both barrier layer materials the optimum thickness is 0.4nm. With the introduction of the barrier layers the critical
thickness, da->c, at which the Mo layer state changes from amorphous to crystalline is 2.2nm (C barrier) and 2.45nm
(B4C barrier).
In both cases – amorphous and crystalline Mo layers – the EUV reflectivity of the multilayers can be improved to
values >69%. The maximum reflectivity has been measured so far on multilayers having crystalline Mo layers:
REUV=69.9% (λ=13.5nm, α=1.5°) and REUV=71.4% (λ=12.5nm, α=22.5°).
With the introduction of barrier layers the thermal stability also has been improved. Multilayers with initial reflectivities
of 69.5% show an increase of the reflectivity up to 69.7% after thermal treatment at 150°C. Even after the annealing at
200°C an EUV reflectivity >69.2% has been measured.
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