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Abstract: The effect of Ar pressure on the performance of W/Si multilayers is investigated. W /Si multilayers
were deposited by a high vacuum DC magnetron sputtering system. The Ar pressure was changed from 1.0
to 5.0 mTorr with an interval of 1.0 mTorr during the deposition process. Electron probe microanalysis and
Rutherford backscattering are performed to determine the Ar content incorporated within these multilayers.
The results demonstrate that less Ar is incorporated within the sample when more Ar is used in the plasma,
which could be explained by the increase of the collision probability and the decrease in the kinetic energy
of Ar ions arriving at the substrate when more Ar exists. The grazing incident X-ray reflectivity (GIXR) at
0.154 nm is used to determine the structural parameters of the layers. The results show that the structures of
these multilayers prepared at different Ar pressure are very similar and that the interface roughness increases
quickly when the Ar pressure is higher than 3.0 mTorr. The measurements of the extreme ultraviolet (EUV)
reflectivity indicate that the reflectivity decreases when Ar pressure increases. The fitting results of GIXR
and EUV reflectivity curves indicate that with an increase of Ar pressure, the density and decrement of the
refractive index are increased for W and decreased for Si, which is mainly due to (1) the decrease in Ar
content incorporated within these multilayers which affects their performance and (2) the increase of collision
probability for sputtered W and Si, the decrease of their average kinetic energy arriving at the substrate, and
thus the loosing of their layers.
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The optical properties of multilayer structures
strongly depend on the achievable level of inter-
face perfection [1-3]. Deviations from atomically
smooth and chemically abrupt interfaces, i.e. in-
terface roughness and interface diffuseness, respec-
tively, will markedly reduce the reflection coefficients
at the interfaces, thereby reducing the overall re-
flectance of the multilayer stack. Interface imperfec-
tions can result from a variety of material- and/or
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growth-dependent mechanisms, including the forma-
tion of mixed composition amorphous interlayers by
diffusion or by mixing due to energetic bombard-
ment during growth, and roughness resulting from
surface stress or from low adatom surface mobility
[4-8]. W/Si multilayers, which have already been
found to have relatively small interface imperfections
and good performance up to ~70 keV [3, 9], are the
subject of the work described here. Once the mate-
rial combination is determined, the interface width
of a multilayer can be further optimized by selecting

* Supported by National Basic Research Program of China (2011CB922203), National Natural Science Foundation of China
(11061130549), National International Cooperation Program between China and Japan (2008DFA01920) and Shanghai Natural

Science Foundation (09XD1404000)
1) Corresponding author, E-mail: wangzs@tongji.edu.cn

©2012 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute
of Modern Physics of the Chinese Academy of Sciences and IOP Publishing Ltd



910 Chinese Physics C (HEP & NP)

Vol. 36

the optimum deposition parameters that minimize
the interfacial roughness and diffuseness. The pa-
rameters often considered for the optimization pro-
cess are background pressure, working gas pressure,
target-substrate distance and cathode power.

The background pressure has a strong influence
on the stress of multilayers [3, 10, 11], i.e. the
stress increases as the background pressure increases,
mainly resulting from the reduction in surface mo-
bility due to the impurity of the gas atoms (H, O,
etc.) present in the vacuum system during deposition.
This change in stress is also associated with increased
roughness resulting from an impurity-induced reduc-
tion in adatom surface mobility. Target-substrate dis-
tance can affect the total movement passage of parti-
cles and their residual kinetic energy arriving at the
substrate, and thus affects the compactness of lay-
ers and the interface diffusion of multilayers [12, 13].
Sputtering power has an influence on the deposition
rate and multilayer quality due to affecting the av-
erage kinetic energy of particles striking on the sub-
strate [3, 13]. Larger power would be expected to re-
sult in increased energy delivered to the film surface
by particle bombardment. Sputtering power also has
an influence on the stress of single layer or multilayer
films [14]. Another parameter playing an important
role in preparing a multilayer is the working gas pres-
sure [12, 15]. On one hand, the working gas pressure
can maintain a normal and stable glow discharge of
cathode, thus producing sputtering particles with a
steady speed rate; on the other hand, the working
gas pressure can affect the kinetic energy of particles
arriving at the substrate, thereby affecting the layer
compactness and the interface roughness.

The purpose of this paper is to further investigate
how the Ar content incorporated within the W/Si
multilayers changes as the Ar pressure changes from
1.0 to 5.0 mTorr during the deposition process and
how they influence the performance of these multi-
layers. 'W/Si multilayers were prepared by a high
vacuum magnetron sputtering system at different Ar
pressures. The Ar content within these multilay-
ers was determined by electron probe microanaly-
sis (EPMA) and Rutherford backscattering (RBS),
respectively. Their performance was characterized
using grazing incident X-ray reflectivity (GIXR) at
0.154 nm to determine the structural parameters of
the layers and using extreme ultraviolet (EUV) re-
flectivity at a near-normal incident angle of 10° to
determine their reflectivity as a function of Ar pres-
sure. The relationship between the optical constants
of W and Si and Ar pressure was deduced by fitting

GIXR and EUV reflectivity curves.

2 Experimental details

2.1 Fabrication of multilayers

The W/Si multilayers were prepared by high vac-
uum DC magnetron sputtering system with four 100-
mm-diameter sputtering sources. Before deposition,
the base pressure of the vacuum chamber was typi-
cally pumped down to 2.0x10~* Pa. During depo-
sition, ultrahigh pure Ar (99.999%) was used as the
working gas, and the sputtering sources work at a
constant power mode. The distance between the tar-
get and the substrate was 8 cm for both targets - W
(99.95% purity) and Si (99.999% purity).

Five W/Si multilayers were deposited onto ultra-
smooth polished Si substrates (10 mmx10 mm).
Over the series of five samples, the Ar pressure was
changed from 1.0 to 5.0 mTorr with an interval of 1.0
mTorr. The period number of each sample is 50 and
the structures of these multilayers are very similar.

2.2 Electron probe microanalysis

In EPMA an electron beam of a small size, 30 um,
is focused on the sample and by using an adequate
calibration procedure it is possible to estimate the
content of the elements present in the sample from
intensity measurements. Due to the lack of stan-
dards for the quantification of Ar, we used a Cl-
bearing mineral (scapolite with the general formula
Na,Al3Si50,,Cl). Cl is the first element preceding
Ar in the periodic table and so we calibrated first
with the Cl K« peak, and then the spectrometer was
positioned on the Ar K« peak. The k-ratios were de-
duced as [counts/s/nA (Ar Ko measured from the un-
known)]/[counts/s/nA (Cl Ko from scapolite)]. The
given concentration (wt%) is a good estimate and the
relative variation between the samples of the studied
series is very good. The experimental method was
the same for all the samples: two measurements with
5 and 8 keV electrons; for each electron energy, 10
measurements at the same position, then 10 points
by scanning about 9 mm of the sample surface. The
electron current was 100 nA.

2.3 Rutherford backscattering
analysis

spectrum

Rutherford backscattering spectrum (RBS) anal-
ysis was performed with a NEC 9SDH-2 tandem ac-
celerator using a double-charged “He™ beam at an
energy of 1.8 MeV and a beam current of ~20 nA.
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The ions, backscattered at 165° with respect to the
incident direction, were energy analyzed by a stan-
dard Au-Si surface barrier detector. The energy cali-
bration of the detecting system was carried out with
thin films of pure elements, such as Cu, Ag and Au,
on a Si substrate. Three well-separated peaks of these
elements were used to determine the system energy
resolution. The RBS-measured profiles were fitted by
the software SIMNRA [16] to determine the propor-
tion of the different elements incorporated within the
W/Si multilayers.

2.4 X-ray reflectivity at 0.154 nm

The grazing incidence X-ray reflectivity was mea-
sured just after the preparation of the samples with a
high-resolution X-ray diffractometer (BEDE D1) op-
erating at Cu K« line (A=0.154 nm) with the 6-26
mode. The angular resolution is 0.007°. The grazing
incident angle was scanned from 0°-8° with a step
of 0.01° in this measurement. The reflectivity curves
were fitted using a custom fitting routine called GAX-
FIT to determine layer thicknesses and interface pa-
rameters. The algorithm in GAXFIT is based on a
genetic algorithm. This yielded reliable global solu-
tions for the individual layer parameters in the mul-
tilayer.

2.5 EUYV reflectivity

The EUV reflectivity curves were measured using
a high-precision reflectometer on the beamline U27 at
National Synchrotron Radiation, Hefei, China. A 600
line mm~! grating was used to select the target wave-
length range. A silicon filter was inserted in the beam
path to suppress the higher-order harmonics. The in-
cident beam spot was confined by a small hole with a
diameter of 3.0 mm. The wavelength-scan measure-
ments were performed at the fixed incident angle of
10°, i.e. near-normal configuration. Two positions on
each mirror were measured with an interval of 2 mm
near the center.

3 Results and discussion

3.1 EPMA analysis

Due to the high cross section of the gas ions
for neutralization and backscattering by the heav-
ier atoms of the sputtering target material, a flux
of energetic Ar neutrals arrives at the substrate and
is incident on the growing layer. Fig. 1 shows the
Ar concentration (wt%) as a function of Ar pressure
and for two used incident electron energies (5.0 and

8.0 keV, respectively). The statistical error (standard
deviation) is smaller than the size of the points. The
two determinations of the Ar content with the two
electron energies are consistent. This means that the
electron beam does not reach the Si substrate in both
cases and that the distribution of Ar is uniform in
depth. It is observed that the higher the Ar pressure
during the deposition, the lower the Ar content incor-
porated within the multilayers. The Ar concentration
decreases by a factor of 3.3 when the Ar pressure in-
creases from 1.0 to 5.0 mTorr.

22 . = 5keV
20 N\ o 8keV
18 |
1.6 b

14 + "

12

Ar content (Wt%)

10
08
06

Ar pressure/mTorr
Fig. 1.
function of the Ar pressure and for two used

The evolution of Ar content (wt%) as a

incident electron energies. Each value results
from the mean of 10 measurements.

The result can be explained as follows: As the
Ar pressure increases, the Ar concentration in the
vacuum chamber increases, resulting in the backscat-
tering yield of Ar increasing; however, in addition,
the mean free path of gas molecules decreases and
in the meantime the probability of collision for the
backscattered Ar neutrals is increased. The aver-
age kinetic energy of the backscattered Ar neutrals
is decreased and their direction of motion changes by
collisions with identical mass atoms. This results in
slowing down the Ar neutrals and reducing their flux
at the substrate and thus the Ar content incorporated
within the multilayer is lowered.

As a function of the position on the sample sur-
face no significant change is observed except in case of
the sample prepared at 1.0 mTorr where the Ar con-
centration changes from 2.15 wt% to 2.32 wt% from
one edge to the other. This might be caused by the
thickness nonuniformity of the multilayer.

3.2 RBS analysis

To further investigate the Ar content incorporated
within these W/Si multilayers prepared at different
Ar pressure, RBS analysis was performed. Fig. 2
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presents the typical RBS spectrum of the five sam-
ples prepared at 1.0, 2.0, 3.0, 4.0 and 5.0 mTorr, re-
spectively, measured with *He™ particles of 1.8 MeV.
The arrows indicate the respective energy of the de-
tected He ions for the W, Ar, Si and Si substrates,
and Ar (<5.2 at.%) mainly comes from some Ar ions
backscattered by target materials during the deposi-
tion process. By fitting these RBS profiles, the Ar
concentration incorporated within each W/Si sample
was determined. Fig. 3 shows the Ar concentration
(at.%) as a function of Ar pressure. The same change
with pressure as with EPMA measurements is ob-
served, i.e. the Ar proportion decreases as the Ar
pressure increases. The reasons for this are discussed
in detail in sub-section 3.1.
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Fig. 2. The RBS spectrum of W/Si multilay-

ers prepared at different Ar pressure obtained
with 1.8 MeV “He™ ions. The arrows indicate
the surface energy for W, Ar, Si and the Si
substrate.

According to the Ar, W and Si atom percentage
(at.%) incorporated within the sample, the weight
percentage (wt%) of Ar can be deduced by the for-
mula Ax, X a/(Aar X a+ Aw X b+ Ag; X ¢), where Ay,
Ay, Ag; represent the atomic weight of Ar, W and Si,
respectively, and a, b, ¢ corresponds to their atom per-
centage (at.%). With the Ar pressure changing from
1.0 mTorr to 5.0 mTorr, the atom percentage of Ar,

Table 1.
as determined from RBS measurements.

W and Si measured by RBS and their corresponding
weight percentage are listed in Table 1. These results
measured by RBS have an error of £5.0%. The sys-
tematic difference observed between the concentra-
tions determined by RBS and EPMA is very proba-
bly due to the fact that in EPMA the concentrations
have been estimated from a model considering homo-
geneous samples and not the multilayer structure of
the stacks.
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Ar concentration (at.%) incorporated

pressure.

3.3 X-ray reflectivity at 0.154 nm

The experimental results of X-ray reflectivity of
these five multilayers for Cu Ko are plotted in Fig. 4
against the grazing incident angle. The fitted result
of each reflectivity curve is also plotted accordingly.
The multilayer structural parameters are listed in
Table 2.

In Fig. 4, 11 Bragg peaks can be observed in the
reflectivity curves of samples prepared at 1.0, 2.0 and
3.0 mTorr, respectively, 8 can be observed for 4.0
mTorr, and only 6 can be observed for 5.0 mTorr,
indicating that the multilayer quality of the sample
prepared at 5.0 mTorr is the worst and then that
prepared at 4.0 mTorr. The fitted parameters listed

The Ar, W and Si concentration incorporated within the multilayer prepared at different Ar pressures

Ar concentration

W concentration Si concentration

Ar pressure/mTorr

at.% wt% at.% wt% at. % wt%
1.0 5.140.26 2.68 33.3541.67 72.13 61.5543.08 25.19
2.0 4.840.24 2.53 33.241.66 72.02 62.043.1 25.45
3.0 4.5540.23 2.39 33.541.67 72.31 61.9543.1 25.30
4.0 3.840.19 2.01 33.24:1.66 72.11 63.043.15 25.89
5.0 3.540.18 1.73 37.141.85 75.37 59.44:2.97 22.89
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Table 2. Structural parameters of each W/Si multilayer sample.
Ar pressure/mTorr d-W/nm d_Si/nm o (W-on-Si)/nm o (Si-on-W)/nm
1.0 2.28 4.60 0.38 0.27
2.0 2.20 4.53 0.38 0.27
3.0 2.18 4.58 0.39 0.28
4.0 2.18 4.51 0.49 0.32
5.0 2.42 4.12 0.51 0.41

in Table 2 can serve to illustrate the above results.
The interface roughness (o) increases quickly at both
W-on-Si and Si-on-W interfaces when the Ar pres-
sure is higher than 3.0 mTorr. This can be explained
by the increasing collision probability with increasing
Ar pressure, as the average kinetic energy of the sput-
tered atoms is decreased and thus the surface mobility
of the adatoms is decreased, resulting in the layer be-
ing loosened, the interface width increased, the spec-
ular reflectivity reduced and the multilayer quality
deteriorated. The slight asymmetry of the W-on-Si
and Si-on-W interlayers is mainly due to the mixing
resulting from energetic bombardment [3, 17].

Iy
1 |
o { 4 i %
_ W A\ [ S . 1.0 mTorr
4:;: | 4 ‘ i . gif v ."L‘Vﬂvﬂ‘fmx'& Fied )
~ B . P ‘i ‘ it
= 7 2.0 mTorr
Z s T
= i . ' 3.0 mTorr
g ﬁ g . V.| ; R N 1
TV ' f e sngined Bl B g i
: i Y 3 “ 4.0 mTorr
; , 1y sadh . Em‘:ﬂ' sy b
\ % 5.0 mTorr
1 I " (e bl - ol % H11 8
e -
0 1 2 3 4 5 6 7 8
grazing incident angle/(°)
Fig. 4. Grazing incident X-ray reflectivity at

0.154 nm, measured and fitted, for five W/Si
multilayer samples.

By fitting these GIXR curves, the density of W
or Si also can be determined. As shown in Fig. 5,
the density change for W increases from 90% to 93%,
while that for Si decreases from 107% to 96%, with
the increase of Ar pressure. This is mainly due to two
reasons: (1) Ar content decreases with Ar pressure
increasing and thus the effect of Ar decreases accord-
ingly, resulting in the density of W and Si approach-
ing their bulk value. (2) the number of Ar atoms
increases in the vacuum chamber with Ar pressure
increasing, resulting in the decrease of the mean free
path of gas molecules and the increase of the collision
probability for sputtered particles prior to arrival at
the substrate. Due to the collisions increasing, the av-
erage kinetic energy of Ar atoms which are not ionized

increases while that of the backscattered Ar™ ions
and sputtered W and Si atoms decreases, resulting
in their layers loosened and their density decreased.
Affected jointly by these two reasons, the density of
W increases slowly (from 90% to 93%) while that of
Si decreases quickly from 107% to 96%.
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Fig. 5. Density changes of W and Si comparing

with their bulk values (100%).

3.4 EUV reflectivity

To further characterize the performance of these
multilayers prepared at different Ar pressures, the
near-normal incidence EUV reflectance measure-
ments are carried out. Fig. 6 shows the reflectivity
curves of four samples prepared at 1.0, 2.0, 3.0 and 4.0
mTorr, respectively, and their corresponding fitting
curves. The peak reflectivity is 34.0%, 34.4%, 33.8%
and 32.7%, respectively, for the above four samples in
the series. The result demonstrates that with Ar pres-
sure increasing by more than 2.0 mTorr, the reflec-
tivity of the W/Si multilayer decreases accordingly,
mainly due to the decrease of the surface mobility of
adatoms and the increase of the interface roughness
with increasing Ar pressure. The peak shift is mainly
due to the difference of layer thickness among these
samples.

By fitting these EUV reflectivity curves, the
change of the decrement of the refractive index 9 for
W and Si with Ar pressure can be determined, shown
in Fig. 7. The change trend for W or Si is almost the
same as that of the density shown in Fig. 5, i.e. the
change in the decrement of the refractive index for
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W increases while that of Si decreases with the Ar
pressure increasing, and both tend to for their bulk
values, which also might be caused by the Ar content
within the W/Si multilayers prepared at different Ar
pressure.

035 - 1.0 mTorr
1.0 mTorr: fitting
0.30 - 2.0 mTorr
2.0 mTorr: fitting
025 - 3.0 mTorr
2 3.0 mTorr: fitting
2 0.20 = 4.0 mTorr
Q
2 015 4.0 mTorr:
5]
0.10
0.05
0
1
12.5 13.0 135 14.0 14.5 15.0
wavelength/nm
Fig. 6. EUYV reflectivity curves of samples pre-

pared at 1.0, 2.0, 3.0 and 4.0 mTorr, respec-
tively, and their corresponding fitting results.

108 95
—=—Si
106 =W B - 94
7 104 | {03 %
: :
5 s
2, 102 / -4 92 )
f= f=1
<
] =
S o S
100 ~ 91
D/
98 | | | | 90
0 1 2 3 4 5
Ar pressure/mTorr
Fig. 7. Change in the decrement of the refrac-
tive index for both W and Si compared with
their bulk values (100%) versus the Ar pres-
sure.
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