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Enhancement of the reflectivity of Al(1%wtSi)/Zr multilayers at near

normal incidence by a new concept of multilayer structure

Qi Zhong, * Zhong Zhang, * Runze Qi, ! Jia Li, * Zhanshan Wang, * *

'MOE Key Laboratory of Advanced Micro-Structured Materials, Institute of Precision
Optical Engineering, Department of Physics, Tongji University, Shanghai 200092, China

We report a significant increase in the reflectivity of Al(1%wtSi)/Zr multilayers at near
normal incidence by using a new concept of multilayer structure. In our design model, the
Al layer is divided into a number of layers along the in-plane direction, and the Si layer is
inserted between each layer. The advantages of the new multilayer structure could improve
the interfacial boundary between Al and Zr layers, lower the interfacial roughness, and
disfavor the crystallization of Al in the theoretical fields. To verify those features of the
new multilayer structure in the experiment, we have fabricated several different samples,
including the traditional multilayers and the new multilayers with and without Si interlayers.
Based on the results of grazing incident X-ray reflectometry and extreme ultraviolet
measurements, the new multilayers (Al=2.8) with Si interlayers present lower interfacial
roughness, and improve the reflectivity to 50.0% at 5<incident angle. Finally, we discuss
the benefits of the new multilayers will be widely used not only in the extreme ultraviolet
and soft X-ray multilayers, but also in semiconductor industry and other fields. This is also
the first report of observations of enhanced reflectivity in the extreme ultraviolet and soft
X-ray multilayers by using the new concept of multilayer structure.

1. Introduction

The Al(1%wtSi)/Zr multilayer system is an alternately layered structure consisting of two
materials of different scattering powers at extreme ultraviolet (EUV) spectral region.® 78 The
multilayer could be useful in making reflective mirrors to detect specific coronal or transition-region
emission lines in the wavelength region of 17-19 nm, since few good Al-based multilayer
combinations have a significant reflectivity in the EUV region."® The reflectivity of Al(1%wtSi)/Zr
multilayers depends sensitively on the microstructures and thermal environment.?* The four principal
features responsible for the loss of reflectivity at room temperature are the inhomogeneous
crystallization of aluminum, contamination in the multilayer, surface oxidized layer and interdiffusion
between Al and Zr layers.? During annealing,® ’ the interdiffusion between layers, the formation of
intermetallic compounds (ZrAl; and ZrAly) and the changes in surface and interfacial roughness each
also contribute to altering the reflective performance of the multilayer as a reflective mirror. In order to
obtain the highest optical performance of multilayers, there are many ways to enhance the reflectivity
of the multilayers, such as optimization of the multilayer structure by adding capping layer,” the third
material 341021 or puffer layer ', and thermal treatment **'* etc. Although there are several methods
to increase the reflectivity, the simplest method to enhance the reflectivity is to focus on the multilayer
structure. Preferably is the multilayer structure itself could solve the impact factors responsible for the
loss of reflectivity in the practical applications.

Therefore, we describe a new concept of multilayer structure in this paper, which could disfavor
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the crystallization of Al, smooth the interface, and consequently enhance the reflectivity at near normal
incidence. The concept of new multilayer structure is presented in Sec.2. After a brief description of the
experimental process (Sec. 3), we compare different multilayer types (traditional Al(1%wtSi)/Zr
multilayers, new multilayers Al(1%wtSi)/Zr with Si interlayers and without Si interlayers) with
different Al layer thicknesses (Sec .4-1) by using grazing incident X-ray reflectometry (GIXR). In Sec.
4-2, the enhancement of the reflectivity of Al(1%wtSi)/Zr with Si interlayers at near normal incidence
is characterized by near—normal incident EUV reflectance. We also find the best multilayer structure to
obtain the highest optical performance in the experiment. In Sec. 4-3, the widely applications of the
new multilayer structure are also discussed. We conclude in Sec. 5 with comments regarding the
performances of the new Al(1%wtSi)/Zr multilayers.

2. The concept of new multilayer structure

To ensure the highest optical performance of the multilayers, the new multilayer structure should
contain several features to solve the impact factors on the reflectivity. Based on the previous works, the
variable interfacial and surface roughnesses are mainly caused by the inhomogeneous crystallization of
AL In order to prevent the crystallization of Al, the Al layer in our design is divided into a number of
layers along the in-plane direction, and the Si layer is inserted between each layer. The Si interlayers
are also added in the structure to smooth the interfaces. The model is presented in the Fig. 1.

Zr layer

—> Siinterlayer
—> Al layer
—> Silayer

Si layer
—> Al layer
—> Siinterlayer

— Zrlayer

FIG. 1. The concept of new multilayer structure.

The advantages of this design over the traditional multilayer structures are:

® Disfavor the crystallization of Al--Using the thin Al layer means the Al layer thickness could
decrease blow critical thickness of Al layer,® but also keep the periodic thickness of Al/Zr
multilayers around 9.0 nm, designed as reflective mirrors in the region of 17-19 nm. Because of
the interdiffusion between Al and Si layers, the Si could penetrate into the crystal lattice of Al and
disfavor the crystallization of Al. Depending on the different practical applications, the Al layers
could be divided into different numbers of layers. This flexibility will allow a greater range of
applications in different fields.

® Smooth the interfaces between Al and Zr layers--In particular, there is large interdiffusion
among Si, Al and Zr layers. We found that the Si could not only disfavor the crystallization of Al,
but also enhance the crystallization of Zr, which present a smooth interface in the multilayers.!
Therefore, the performance of Si interlayers is not to prevent the interaction between Al and Zr
layers, but to smooth the interfaces between Al and Zr layers.

® The optical contrast between the constituting materials remains the same--The atomic
number of Si is similar with that of Al. When the Si layer inserted into Al layers, it could not
influence the electron standing wave field, but keep the original optimization of multilayer
structure. However, with too much Si layers, the optical constant of Al will still change.

® The improvement in lateral uniformity--Because the multilayer could have the amorphous Al



or crystallite Al layers, the thickness must below the thickness (3.0 nm) of Al layers.® The

Al<111> of Al fcc could not be observed in the Al layers. There is no specific orientation of Al in

relation with the direction perpendicular to the layers, which could improve the lateral uniformity

of Al layers in the multilayers. The surface and interfacial roughnesses are also lowered.

Generally speaking, these advantages are responsible for enhancing the reflectivity."® At present,
we can get the new multilayer structure could increase the reflectivity in the theoretical field. In order
to simplify the symbol of the complex multilayer structure in this paper, we use the thickness of Al
layer to present the new multilayer structures. For example, the symbol of new AI(1%wtSi)/Zr
multilayers with 40 periods, which the Al layer is divided into 8 layers and the thickness of each layer
is 0.6 nm, is simplified to Al=0.6, etc. For the traditional Al(1%wtSi)/Zr multilayers with 40 periods,
the symbol is Al/Zr-N40.

3. Experiment

All Al(1%wtSi)/Zr multilayers were prepared by using the direct-current magnetron sputtering
system.” The sputtering targets with diameter of 100 mm were zirconium (99.5%) and silicon doped
in aluminum (AI(1%wtSi)). The base pressure was 4.0<10° Pa, and the samples were deposited on Si
polished wafers under a 0.16 Pa argon (99.9999% purity) pressure. In order to present the advantages
of new multilayers, we fabricated different samples including the traditional Al(1%wtSi)/Zr multilayers
(Al/Zr-N40), the new multilayer structure without Si interlayers (the samples Al=0.6, Al=1.4, Al=2.8
and Al=3.5) and the new multilayer structure with Si interlayers (the samples Al=0.6, Al=2.8). The
thickness of each layer is shown in Table 1.

To perform the interfacial structure, the GIXR was characterized by using a Cu K, source
(A=0.154 nm), and the fitting data were simulated by the Bede Refs software (genetic algorithm),™
which the precision on the determination of the layer thickness and roughness are about 0.1nm and
0.01nm, respectively. The EUV reflectivity measurements were made at a 5<incident angle, using the
reflectometer to detect the wavelength region from 16.5 to 20.5 nm at ELETTRA - Synchrotron Light
Laboratory in Italy.

4. Results and Discussions
4.1 Grazing incident X-ray reflectometry
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FIG. 2. Comparison between the GIXR experimental (black dots) and fitted curves (color curves) with Al(1%wtSi)/Zr for the

Al/Zr-N40, Al=0.6nm, Al=2.8nm samples.

To present the advantages of the new multilayer structure, all samples were characterized by
GIXR, measured over the angular range of 6=0°~3< Because of different amount of Si penetrated into
Al layers, the GIXR data is fitted by different models which are shown in the Table 1. The examples of
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the GIXR spectra and fitting data from the Al/Zr-N40, Al=0.6 and Al=2.8 with Si interlayers are shown
in Figure 2. From the fitting data (not all fitting data are presented in Figure 2) for the multilayers
without Si interlayers in Table 1-a, the Al and Si layer do not form intact layers in the sample Al=0.6.
Because of large interdiffusion between Al and Si, the Si is penetrated into Al crystal lattices to form a
new alloy Al(42%wtSi). The weight percent of Si is calculated from the quantity of Si materials in the
whole Al layers. The roughnesses of different layers (Zr, Zr-on-Al, Al(42%wtSi) and Al-on-Zr) are
0.90, 0.32, 0.88 and 0.28 nm, respectively. With the increasing of Al layers in the samples (Al=1.4 and
Al=2.8), the Al layer could form an intact layer in the multilayers. An interesting features of the GIXR
measurements of Al=1.4 and Al=2.8 is that the curves of two samples are similar, which the
roughnesses of different layers (Zr, Zr-on-Al, Al(1%wtSi), Si and Al-on-Zr) have few differences.
After the Al layer thickness above 3.0 nm in the sample AI=3.5, the roughnesses of Si and two
interlayers are similar with the samples Al=1.4 and Al=2.8. But the roughnesses of Zr and Al(1%wtSi)
in Al=2.8 and Al=3.5 samples are increased from 0.70 to 0.92 nm and 0.72 to 0.95 nm, respectively.
From results of the samples without Si interlayers, we can get that the roughnesses of different layers in
the new multilayer are influenced by the formation of Al-fcc in the multilayer. The good Al layer
thickness in the new multilayers should keep below the thickness (3.0 nm) of Al layer.® Lacking of the
crystallization of Al-fcc, the surface and interfacial roughness are lower, and the lateral uniformity of
Al layer is also improved in the new multilayers. Because of the similar GIXR curves of Al=1.4 and
Al=2.8, we just add the Si interlayers in the samples Al=0.6 and Al=2.8 to further estimate the other
advantages of the new multilayers.

Table 1. Parameters deduced from the GIXR measurements using the different models to fit the traditional multilayer, the new

multilayers without and with Si interlayers.

Table 1-a. Fitting parameters of new multilayers without Si interlayers

New multilayers without Si interlayers

Samples Layers Thickness  Roughness Samples Layers Thickness  Roughness
/nm /nm /nm /nm
Al=0.6 Zr 3.4 0.90 Al=1.4 Zr 2.7 0.68
Zr-on-Al 0.5 0.24
Zr-on-Al 0.5 0.32
Al(1%wtSi) N 1.3 0.30
Si =3 0.4 0.18
Al(42%wtSi) 7.7 0.88
Al(1%wtSi) 1.3 0.28
Al-on-Zr 0.3 0.28 Al-on-Zr 0.3 0.20
Al=2.8 Zr 3.0 0.72 Al=3.5 Zr 2.6 0.95
Zr-on-Al 0.5 0.25 Zr-on-Al 0.5 0.26
Al(1%wtSi) N 2.8 0.70 Al(1%wtSi) N 34 0.92
Si 0.4 0.20 Si 0.4 0.17
— =1
Al(1%WtSi) =1 2.9 0.72 Al(1%wtSi) 34 0.93
Al-on-Zr 0.3 0.23 Al-on-Zr 0.5 0.27

Table 1-b.Fitting parameters of new multilayers with Si interlayers

New multilayers with Si interlayers

Samples Layers Thickness Roughness Samples Layers Thickness Roughness




/nm /nm /nm /nm

Al=0.6 Zr 3.3 0.75 Al=2.8 Zr 3.1 0.51
Si 0.4 0.20 Si 0.4 0.22

Al(42%wtSi) 5.4 0.73 Al(1%wtSi) N 2.8 0.63

Si 0.4 0.21 Si =2 0.4 0.20

Table 1-c. Fitting parameters of traditional multilayer structure

Traditional multilayer structure

Samples Layers Thickness /nm Roughness /nm
Al/Zr-N=40 zr 2.6 0.90
Zr-on-Al 0.5 0.21
Al(1%WtSi) 6.0 0.89
Al-on-Zr 0.5 0.19

To identify the performance of Si interlayers, we compare Al/Zr-N40 and the samples (Al=0.6 and
Al=2.8) with and without Si interlayers (Table 1). With Si interlayers (Table 1-b), the roughnesses of Zr
and Al(42%wtSi) are 0.75 nm and 0.73 nm, which are lower than those (0.90 nm and 0.88 nm) in the
sample Al=0.6 without Si interlayers (Table 1-a), respectively. In the sample Al=2.8, the roughnesses in
the Zr and Al(1%wtSi) layers are also lowered because of Si interlayers. We can found the Si
interlayers could prevent the formation of Zr-on-Al and Al-on-Zr interlayers, which can reduce the
interfacial roughness in Table 1. The measurements in Figure 2 of the new multilayers (Al=0.6 and
Al=2.8) show significantly enhanced reflectivity at the high-order Bragg peaks, especially for 5" and
6" order in the corresponding curves, compared to the reflectivity curve of the traditional multilayers
Al/Zr-N40, which also present lower roughness of Al layers in Table 1-b and c. That means the Si
layers could penetrate into the Al layers in the new multilayers, and disfavor the crystallization of Al,
which could also influence the interfacial roughness of Al layers. From the results, we can get the Si
interlayers and Si layers play a different role in the new multilayers. The Si interlayers could reduce the
interaction between Al and Zr layers, and smooth the interface. While the Si layers could penetrate into
Al layers, and influence the crystallization of Al, which could lower the roughness of Al layers. The
performances of Al=0.6 and Al=2.8 with Si interlayers are much better than those without Si interlayers.
Therefore, we decide to focus on the new multilayers with Si interlayers to characterize their EUV
optical performance.

4.2 Near normal incident EUV reflectance

In order to verify the GIXR results shown in Table 1 and Fig. 2, the multilayers are measured and
fitted in the wavelength region of 16.5-20.5 nm. The measurements are shown in the Fig. 3. They are
best fitted by using the same parameters and models mentioned from the GIXR fitting data in Table-b
and c. The reflectivities of Al/Zr-N40, Al=0.6 and Al=2.8 multilayers are 48.2 % at 18.6 nm, 48.7 % at
18.2 nm and 50.0 % at 19.0 nm, respectively. The lower reflectance of Al/Zr-N40 multilayers indicates
the poor interface structure in this multilayer system, which is consistent with the conclusion of GIXR
results. The Si interlayers and Si layers in the new multilayers could lower the interfacial roughness,
and enhance the reflectivity, which verify that the new concept multilayer structure could not only
increase the reflectivity in the theoretical field, but also in the experimental measurements. However as
shown in Fig.3, although the Al layers could keep amorphous in the theoretical fields and the roughness
of each layer is not too much, the reflectivity of sample Al=0.6 is still lower than that of sample Al=2.8
in the experiment. Because of too much Si layers inserted into Al layer in the sample Al=0.6, the



optical constants of Al are changed, which could influence the optical performance of the multilayers.
From the EUV measurements, we can get that the thickness of Al layer keep below the critical
thickness is good to enhance the reflectivity in the theoretical field, but too much Si layers are
penetrated into Al layers to keep the total periodic thickness around 9.0 nm. The optical constant of Al
layers is changed and the reflectivity is decreased in the experiment.

Multilayers with Si interlayers
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FIG. 3. (Color lines) Measured reflectivity versus wavelength of the multilayers at 5°incident angle by synchrotron radiation.

The fitting lines use the models in the Table 1.

4.3 Discussions

To present the widely applications of the new concept of multilayer structure for other systems or
other fields, we describe the situation of Al(1%wtSi)/Zr systems firstly. In our previous works,* 78
the crystallization of Al could influence the optical and structural performances in Al(1%wtSi)/Zr
multilayers. In order to reduce the effects on the performances, the new multilayers are designed that
the Al layers are divided into many layers, and the Si layer is inserted into each layer to hinder the
formation of Al-fcc. Based on the measurements and fitting data of GIXR and EUV, we found the best
structure is that the Al layers could not cut into too much layers, which the Si layers might influence
the optical constant and lower the reflectivity. The thickness of Al layer should be below 3.0 nm, and
using one Si layer in Al layer. The reflectivity is improved to 50.0% in sample Al=2.8.

Therefore, we can get that this kind of multilayer structure is suitable for the multilayers or
devices which performances are influenced by the crystallization of material layers. In the other EUV
and soft-x-ray multilayers, the crystallization of material layers could also influence the optical and
structural performances, such as the reflectivity, stress, etc. For Al/Mo multilayers,*® " the reflectivity
of the multilayers is influenced by the crystallization of Al. We can use this new multilayer structure to
prevent the formation of Al crystal and improve the performance of Al/Mo multilayers in the practical
applications. In some multilayers, residual stresses in multilayers is the main problem to hinder the
performances of the multilayers. Scientist had used many ways to reduce residual stresses in
multilayers, such as using buffer layer *® or sputtering the material layers in the different gases (the
Ni/Ar ® or Ar/air *° mixtures and low Ar pressure %°), etc. Although these methods could be useful, we
can use the simplest way to prevent the problem, which should solve the impact factors on residual
stresses. For the impact factors, we can know that the stress is influenced by the crystallites preferred
orientation (texture), numbers of layer and the layer thickness. And the basic problem is the texture of
the material layer.?> For these problems, the new multilayer structure could prevent the crystallites
preferred orientation in the material layers effectively. For example in Mo/Si and Mo/Be multilayers %,
the crystallization of Mo is the main problem to increase the residual stresses. Using buffer layer could
solve the problem in the experiment, but also decrease the reflectivity, which is not suitable for the



practical applications. While for the new multilayer structure, it could hinder the crystallization of Mo,
and finally reduce residual stresses. The most important is the new structure could not influence the
optical performance. The new multilayer structure could also use in the semiconductor industry. In
particular, the crystallization of the hole transport layer (HTL) could decrease the lifetime of organic
LED. In order to extension the lifetime of LED, the new multilayer structure could be very useful. We
can insert a layer into the HTL to prevent its crystallization. The lifetime of the LED could improve
from 10 000 h to 50 000 h.?* To sum up, the new multilayer structure could effectively solve the
problems caused by the crystallization of material layers. Meantime, other performances are not
influenced by the new structure in the different applications.

5. Conclusion

We have demonstrated that the new multilayer structure could enhance the reflectivity of
Al(1%wtSi)/Zr multilayers at near normal incidence. Based on the results of GIXR and EUV, the
roughnesses of Zr and Al layers of new multilayers are lower than those of the traditional Al/Zr-N40
multilayers. With the Si interlayers, the interfacial becomes smooth, and improves the reflectivity.
Although the Al layers can be divided into many layers, too much Si layer inserted into each layer
could influence the optical and structural performances in the experiment. Therefore, the best
multilayer structure is keeping the thickness of Al below 3.0 nm, and inserting only one Si layer into
the Al layers. The new multilayer structure could not only enhance the optical performance of EUV
and soft-x-ray multilayers, but also solve other problems caused by the crystallization of the material
layers in other fields. With this achieved the benefits of the new multilayers will be fully realized and
the new structure should be widely used in many practical applications.
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(#10-INTB-902-01) and Natural Science Foundation of China (#11061130549).

Qi Zhong, Wenbin Li, Zhong Zhang, Jingtao Zhu, Qiushi Huang, Chuanchun Yang, Zhanshan Wang, P. Jonnard, K. Le Guen,
J.-M. André& Hongjun Zhou, and Tonglin Huo, Opt. Express 20, 10692 (2012).

2Qi Zhong, Zhong Zhang, Jingtao Zhu, Zhanshan Wang, P. Jonnard, K. Le Guen, and J.-M. André& Appl. Sur. Sci. 259, 371
(2012).

®Qi Zhong, Zhong Zhang, Jingtao Zhu, Zhanshan Wang, P. Jonnard, K. Le Guen, Y. Y. Yuan, ; J.-M. André& Hongjun Zhou, and
Tonglin Huo, Appl. Phys.A. 109, 133 (2012).

“E. Meltchakov, C. Hecquet, M. Roulliay, S. D. Rossi, Y. Menesguen, A. J&ome, F. Bridou, F. Varniere, M.-F. Ravet-Krill, and F.
Delmottel, Appl. Phys. A 98, 111 (2010).

SM.-H. Hu, K. Le Guen, J.-M André& P. Jonnard, E. Meltchakov, F. Delmotte, and A. Galtayries, Opt. Express 18, 20019 (2010).

®D. L. Windt and J. A. Bellotti, Appl. Opt. 48, 4932 (2009).

Qi Zhong, Zhong Zhang, Shuang Ma, Rungi Ze, Jia Li, Zhanshan Wang, P. Jonnard, K. Le Guen, and J.-M. André& Appl. Mater.
Interfaces submitted (2012). http://hal.archives-ouvertes.fr/hal-00744814

8Qi Zhong, Zhong Zhang, Shuang Ma, Rungi Ze, Jia Li, Zhanshan Wang, P. Jonnard, K. Le Guen, and J.-M. André& Appl. Mater.
Interfaces submitted (2012). http://hal.archives-ouvertes.fr/hal-00757458

°T. Mongstad, C. Platzer-Bjérkman, J. P. Maghlen, B. C. Hauback, S. Zh. Karazhanov, and F. Cousin, Appl. Phys. Lett. 100,
191604 (2012).
K. Le Guen, M.-H. Hu, J.-M. André S. K. Zhou, H. Ch. Li, J. T. Zhu, Z. S. Wang, C. Meny, A. Galtayries, and P. Jonnard,


http://hal.archives-ouvertes.fr/hal-00744814

Appl. Phys. Lett. 98, 251909 (2011).

"A. Aquila, F. Salmassi, Yanwei Liu, and E. M. Gullikson, Optics Express 17, 22102 (2009).

24 -J. Stock, F. Hamelmann, U. Kleineberg, D. Menke, B. Schmiedeskamp, K. Osterried, K. F. Heidemann, and U. Heinzmann,
Applied Optics 36, 1650 (1997).

4. L. Bai, E. Y. Jiang, C. D. Wang, and R. Y. Tian, J. Phys.: Condens. Matter 8, 8763 (1996).

¥“A. Kloidt, K. Nolting, U. Kleineberg, B. Schmiedeskamp, U. Heinzmann, P. Muller, and M. Klihne, Appl. Phys. Lett. 58,
2601 (1991).

M. Wormington, C. Panaccione, K. Matney, and D. Bowen, Phil. Trans. R. Soc. Lond. A 357, 2827 (1999).

4. Nii, M. Niibe, H. Kinoshita, and Y. Sugie, J. Synchrotron Rad. 5, 702 (1998).

4. Nii, M. Miyagawa, Y. Matsuo, Y. Sugie, M. Niibem, and H. Kinoshita, Jon. J. Appl. Phys. 41, 5338 (2002).

'8p. B. Mirkarimi, Opt. Eng. 38 ,1246 (1999).

M. S. Kumar, P. Béni, S. Tixier, and D. Clemens, Physics B: Physics of Condensed Matter, 241, 95 (1998).

2K, MacArthur, B. Shi, R. Conley, and Albert T. Macrander, Appl. Phys. Lett. 99, 081905 (2011).

2L, Lutterotti, D. Chateigner, S. Ferrari, and J. Ricote, Thin Solid Films 450, 34 (2004).

27.D. Popovic, S. Xie, N. Hu, A. Hor, D. Fork, G. Anderson, and C. Tripp, Thin Solid Films 450, 34 (2004).


javascript:searchAuthor('Aquila,%20A')
javascript:searchAuthor('Salmassi,%20F')
javascript:searchAuthor('Liu,%20Y')
javascript:searchAuthor('Gullikson,%20E')
http://adsabs.harvard.edu/cgi-bin/author_form?author=Kumar,+M&fullauthor=Kumar,%20M.%20Senthil&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Boeni,+P&fullauthor=B%c3%b6ni,%20P.&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Tixier,+S&fullauthor=Tixier,%20S.&charset=UTF-8&db_key=PHY
http://adsabs.harvard.edu/cgi-bin/author_form?author=Clemens,+D&fullauthor=Clemens,%20D.&charset=UTF-8&db_key=PHY

