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Angular and energy dependence of ion bombardment of Mo/Si multilayers
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FOM-Institute for Plasma Physics Rijnhuizen, Edisonbaan 14, 3439 MN Nieuwegein, The Netherlands

S. Abdali
Danish Space Research Institute, Juliane Maries Vej 30, DK-2100 Copenhagen, Denmark

~Received 10 March 1997; accepted for publication 13 May 1997!

The process of ion bombardment is investigated for the fabrication of Mo/Si multilayer x-ray
mirrors usinge-beam evaporation. The ion treatment is applied immediately after deposition of each
of the Si layers to smoothen the layers by removing an additional thickness of the Si layer. In this
study the parameters of Kr1 ion bombardment have been optimized within the energy range 300
eV–2 keV and an angular range between 20° and 50°. The optical performance of the Mo/Si
multilayers is determined by absolute measurements of the near-normal-incidence reflectivity at
14.4 nm wavelength. The multilayer structures are analyzed further with small-angle reflectivity
measurements using both specular reflectivity and diffuse x-ray scattering. The optimal
smoothening parameters are obtained by determining the effect of ion bombardment on the interface
roughness of the Si layer. The optimal conditions are found to be 2 keV at 50° angle of incidence
with respect to the surface. These settings result in 47% reflectivity at 85° (l514.4 nm! for a
16-period Mo/Si multilayer mirror, corresponding to an interface roughness of 0.21 nm rms.
Analysis shows that the interface roughness is determined by ion induced viscous flow, an effect
which increases with ion energy as well as angle of incidence. In order to determine the effect of
intermixing of the Si and Mo atoms, the penetration depth of the Kr1 ions is calculated as a function
of ion energy and angle of incidence. Furthermore, the angular dependence of the etch yield,
obtained from thein situ reflectivity measurements, is investigated in order o determine the optimal
ion beam parameters for the production of multilayer mirrors on curved substrates. ©1997
American Institute of Physics.@S0021-8979~97!04716-6#
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I. INTRODUCTION

Roughness of the interfaces determines to a consider
extent the reflectivity of multilayer soft x-ray mirrors. If th
mirrors are produced with e-beam evaporation, additio
techniques, such as ion bombardment, can be used to re
the interface roughness. The ability to use these techniq
rather independently of the primary deposition process
considered to be an advantage over other deposition t
niques such as sputter deposition. Optimization of the de
sition process as well as modification of the interface rou
ness by ion bombardment can be performed independe
A similar combination of two separate processes for dep
tion and modification of the interfaces is applied in du
ion-beam deposition.1,2

Multilayer mirrors produced withe-beam deposition in
combination with ion bombardment show a reduced interf
roughness.3,4 During the last few years several types of io
have been investigated~Ar1, Kr1).5,6 Other ions, such as
H1 and N1, have been used to modify the chemical comp
sition of the layers.7

For the fabrication of Mo/Si multilayers, Kr1 has been
found to result in a better reduction of the interface roug
ness compared to Ar1.6 An optimal ion energy of 300 eV ha
been found by studying the deposition and ion beam mo
fication of single Mo and Si films.8 In Ref. 8, however, rela-
tively thick layers~over 10 nm! were used compared to th
usual layer thickness in a Mo/Si multilayer~below 5 nm!.

a!Current address: ASM-lithography, Veldhoven. Electronic ma
voorma@rijnh.inl
1876 J. Appl. Phys. 82 (4), 15 August 1997 0021-8979/97
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Such thick layers are not preferred because the morpho
of the layers can change with the thickness deposited. Su
morphology, which changes with increasing thickness,
been reported for Cu as early as 19549 and later for many
other materials, such as Mo10 and Si.11 Moreover, in earlier
studies, such as Ref. 8, the angle of incidence has not b
optimized.

In order to explain the formation of interface roughne
of a layer, the growth of that layer is modelled. In oth
studies on layer growth, the roughening term was found
consist of stochastic roughening by the deposition of atom3

The smoothening effects were identified as diffusion and v
cous flow.12 Also, studies have been performed for the mo
fication of bulk materials with ion bombardment, such
SiO2, in which it was found that roughening is caused by t
removal of atoms.13,14

In this work the angular as well as the energy dep
dence of ion bombardment is studied systematically ove
wide range, in order to optimize the ion beam paramet
with layer thicknesses suitable for practical application, fi
of all to the reflection of 13.5 nm radiation at near-norm
incidence. Besides the smoothening and roughening
cesses, several other processes might influence the inte
roughness of the multilayers. Therefore, the etch yield a
the effect of intermixing by ions that penetrate through t
layer are investigated, both as a function of ion energy a
angle of incidence. The angular dependence of the etch y
is important when multilayer coatings are produced
curved substrates for optical systems, because in this cas
angle of incidence of the ions varies across the surface.
/82(4)/1876/6/$10.00 © 1997 American Institute of Physics
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variation of the etch yield across the surface has to be m
mized and the interface roughness has to be equal fo
angles between the ion beam and the curved substrate.

The ion beam parameters, which result in maximum
flectivity, i.e. low interface roughness, are determined on
basis of post-deposition analysis by near-normal-incide
reflectivity using 14.4 nm radiation and specular reflectiv
of small-angle reflectivity measurements using Cu Ka radia-
tion. To investigate the lateral distribution of the interfa
roughness, diffuse x-ray scattering measurements are
formed. The angular dependence of the etch yield is de
mined from thein situ reflectivity measurements, which ar
also used to control the thickness during deposition.

II. EXPERIMENT

A. Multilayer production

The Mo/Si multilayer structures are produced w
e-beam evaporation in a dual chamber coating facility. T
lower chamber is the evaporation chamber, which conta
the electron gun~maximum power 6 kW! and the materials
to be evaporated. The pressure in the lower system du
operation is 131027 mbar. The upper chamber contains
substrate holder, an ion gun, and thein situ reflectometer and
operates at ultrahigh vacuum~UHV! conditions ~531029

mbar!. The entire deposition process is controlled byin-situ
reflectivity measurements using 3.16 nm radiation at 1
with respect to the surface. Thein situ system enables moni
toring of thed spacing and the interface roughness dur
deposition as well as during ion bombardment. The dep
tion system has been described in detail in Ref. 15.

These Mo/Si multilayers are being used for extreme
traviolet lithography using 13.5 nm radiation. For these m
tilayers ad spacing of 7.1 nm is required, in this case t
required thicknesses of Mo is 2.4 nm and for Si is 4.7 nm
this study, 16-period Mo/Si multilayers are produced us
Kr1 ion bombardment of the Si layers. An additional 3.8 n
thick Si layer is deposited on each Si layer, which is la
removed by ion bombardment. The ion beam parameters
vestigated include energies between 300 eV and 2 keV,
angles between 20° and 50° with respect to the subst
The ion beam current was constant~19 mA! during all ex-
periments. During deposition as well as during ion bomba
ment the substrate holder is rotated at 60 rpm. The en
fabrication process is controlled by continuousin situ x-ray
reflectivity measurement.16,17

B. Multilayer characterization

In order to determine the interface roughness, both n
normal-incidence reflectivity and small angle reflectivity a
measured. The near-normal-incidence measurements are
formed at 85° with respect to the surface using waveleng
between 12.4 and 16.0 nm. For these measurements a re
tometer at the Center for X-ray Optics is used.18 The small-
angle reflectivity measurements are performed between
and 5° using Cu Ka radiation (l50.154 nm! at the Danish
Space Research Institute.19

Diffuse x-ray scattering has been used to obtain insi
in the lateral distribution of the interface roughness. F
J. Appl. Phys., Vol. 82, No. 4, 15 August 1997
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these measurements a triple axis setup with a 7.5 kW rota
Cu anode~50 kV, 150 mA! is used at the Danish Spac
Research Institute. The detector is a 150 mm wide positi
sensitive detector~2048 channels!, which allows a wide de-
tection angle (;8.5°) with a resolution of 2.7 mdeg/channe
This wide angle enables simultaneous detection of the sp
lar beam and the diffuse x-ray scattering up to the fou
Bragg maximum. The data for the diffuse x-ray scattering
then extracted, which results in data corresponding to a s
parallel to the surface in reciprocal space. This will be
ferred to as transversal scans.19

III. BASIC GROWTH EQUATIONS

Before we discuss the experiments performed, an ex
ing growth model is used, which is able to explain the roug
ening and smoothening processes during deposition and
bombardment. Many models of the growth of single laye
and multilayers have been suggested.12,13,20 We follow the
model in Ref. 11 with several small modifications. In th
model the surface profile of a film at timet is described by a
functionh(x,y,t), whereh is the height at a certain positio
(x,y). The surface profileh(x,y,t) has a spatial frequenc
spectrumh(q,t), and the model describes the evolution
h(q,t) by roughening and smoothening processes in time

These smoothening processes are considered to be
cous flow (F) and surface diffusion (D).14 The rate of
change of the height is expressed by:

duh~q,t !u2

dt
52~Fq1Dq4!uh~q,t !u2. ~1!

The termFq is the rate of relaxation by viscous flow, whe

F5
g

h
, ~2!

and (g is the free energy andh is the viscosity. The factor
Dq4 is the rate of relaxation by surface diffusion, where

D5
2DsgV2n

kBT
, ~3!

andkB is the Boltzmann constant,T is the temperature,Ds is
the surface diffusion coefficient,V is the atomic volume, and
n is the number of atoms per unit surface.

Both diffusion and viscous flow are basically induced
the free energy (g). The difference between these two
found in the spatial frequency dependence: the relaxation
viscous flow has aq dependence, and relaxation by diffusio
has aq4 dependence. This implies that relaxation by diff
sion is effective for small features, while relaxation by vi
cous flow is effective for larger features.

In order to limit the number of fit parameters in th
model, we determine which of the two smoothening ter
dominates. Earlier, the process of ion bombardment has b
described by a local increase of temperature.21 This study
showed that in a small volume around the colliding ion, t
temperature increases and the material is considered to
have like a liquid. Therefore, the Stokes–Einstein relat
(hD 5 kBT/3pL, whereL is the diffusion length, which is
considered to be equal to the nearest neighbor distance o
1877Voorma et al.
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0.234 nm! can be used to compare the effect of diffusion
that of viscous flow. A spatial frequencyq* can be defined at
which the relaxation by viscous flow is equal to that of d
fusion @Fq* 5 D(q* )4#. Using Eqs.~2!, and~3!, a value of
V ~the atomic volume for Si! of 0.054 nm3, and
n51.1631015cm23, the valueq* 5 (3pL/2V2n)1/3 nm23 is
determined to be 4 nm21.22 For values ofq smaller than
q* , the effect of viscous flow dominates over diffusion. T
maximum spatial frequency that can be determined from
fuse x-ray scattering measurements is limited by the angl
reflection, and is in this case 0.2 nm21 at the fourth order
Bragg maximum. Physically, the upper limit is a value
q'p/L, the atomic dimension in reciprocal space, which
Si is determined to be 13 nm21. This limit is close to the
value where the smoothening effects of diffusion and visc
flow are calculated to be equal. From this, the general c
clusion follows that viscous flow dominates over diffusion
the entire spatial frequency range investigated. These ca
lations show why in general only viscous flow has to
taken into account for modifications of a layer with ion bom
bardment, provided the ion energy is sufficiently high~above
100 eV!. These general considerations show that the exp
ments performed earlier for Mo/Si multilayer mirrors have
principle been unnecessary.13,23

Roughness of a surface can arise from two phenom
The first is stochastic roughening, by material deposition
removal described by the terma in Eq. ~4!. This term is
independent of spatial frequency and amplitude, which
why a Poisson-like process is assumed. The second pro
is described by the term (Kq2).24,25 which is the relaxation
caused by ion bombardment, whileK is the etch flow. The
roughening terms in the model of Ref. 12 are expressed

duh~q,t !u2

dt
5a1Kq2uh~q,t !u2. ~4!

The value ofK is dependent on the angle of inciden
u and the azimuth anglew of the ions with respect to the
surface. Since the sample is rotated in the azimuth pl
during ion bombardment as well as during deposition,K is
averaged over the azimuth angle. ThereforeK reduces to:

K5
a f

r
Y0~u!, ~5!

where f is the ion flux,a is the average penetration dept
r is the density of atoms, andY0(u) is the sputter yield
averaged over the azimuth angle during rotation.

The power spectral density function~PSD! of the height
variation of the surface is defined asPSD(q,t)
5 ^h(q,t),h* (q,t)&. Combining both the roughening, Eq
~4!, and smoothening terms, Eq.~1!, results in a PSD func-
tion of a single layer:

PSD1~q!5a
$12exp@2b~q!t#%

b~q!
1exp

@2b~q!t#PSDsub~q!, ~6!

where

b~q!5Fq2Kq2, ~7!
1878 J. Appl. Phys., Vol. 82, No. 4, 15 August 1997
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in which b(q) represents the relaxation by viscous flow a
by ion bombardment. The PSD1 is composed of contribu-
tions by the layer growth on an ideal smooth surface@the first
term in Eq.~6!# andPSDsub, the PSD of the substrate@part
of the second term in Eq.~6!#. The latter is attenuated by
factor exp@-b(q)t#. By using this equation recursively, th
PSD of each layer of a multilayer can be determined. In
similar way the total PSD function consists of contributio
by ion bombardment~PSDion) and growth~PSDgr)

26

PSD~q!5PSDion~q!1exp@2bion~q!.t#PSDgr~q!.
~8!

For the analysis of the data we thus have three fit parame
Fgr , F ion andK ion . It is obvious thatKgr50, because during
growth only stochastic roughening occurs. It is noted that
distinction is made between the growth of Si and Mo, imp
ing that only average values are determined over the pe
of growth. Also Eq.~8! can be used recursively in order t
determine the PSD of each layer of the multilayer.26 The
PSD of the entire multilayer from the diffuse x-ray scatteri
measurements is further determined using the method
scribed in Ref. 27. It is concluded that the model used in t
study has only three parameters~Fgr , F ion andK ion), because
the effect of diffusion is negligible compared to visco
flow.

IV. RESULTS AND DISCUSSION

A. Ion etch yield

The etch yield determines whether the atoms are
moved during ion bombardment or moved across the surf
In Sec. III it has been shown that moving atoms around,
diffusion or viscous flow, smoothens the layers while remo
ing the atoms roughens the layers.

The frequency dependent roughening term, Eq.~5!, is
dependent on the etch yield, the penetration depth, and
flux of ions. From thein situ reflectivity measurements th
etch yield is determined. In this experiment the addition
thickness deposited is 3.8 nm, and the time needed to rem
this excess layer is measured. Separate experiments
been performed to determine the flux of the ions for all e
ergies and angles of incidence by measuring the electr
current on a 1 cm2 probe on the position of the sample, whi
keeping the ion beam current constant~19 mA!. The flux of
ions decreases with the angle of incidence, which is a g
metrical effect. The flux also decreases up to 30% go
from 300 eV to 2 keV, because of better defocusing prop
ties at the higher ion beam voltage of the ion gun. This
consistent with the specifications of the ion gun.

The etch yield, normalized per incident ion, is display
in Fig. 1 for several angles of incidence as a function of i
energy. The values are averaged over 10 periods. The g
shows that the etch yield increases with increasing ion
ergy and decreasing angle of incidence of the ions. For
fabrication of a multilayer on a curved substrate the ad
tional layer thickness deposited has to vary over the surf
to compensate the different etch rate due to variations of
etch angle. This additional layer can be calculated using
experimentally determined values for the etch yield and
Voorma et al.
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geometry of the mirrors. In the experiments described in th
study the substrates are flat. For the fabrication of multila
ers on curved substrates the effect of redeposition could
different compared to flat substrates. This effect will have
be addressed in future experiments.

B. Penetration depth

If the penetration depth of the ions becomes compara
to the Si layer thickness, the ions might cause intermixing
Mo and Si. Therefore, the penetration depth and the late
spread of collisions of the ions are calculated as a function
ion energy and angle using theTRIM-95 code.28 The average
penetration depth of the ions in a Si layer is calculated to
less than 3.5 nm for all energies and angles of inciden
However, the maximum penetration depth could be as hi
as 6.5 nm for ions with an energy of 2 keV at 50° angle. Th
lateral spread of ions is determined to be equal to the p
etration depth corrected for the geometrical effect of th
angle of incidence. These calculations also yield the dist
butions of the Si and Mo atoms after bombardment. T
fraction of intermixed atoms can be calculated using the
distributions as well as the etch rate and the ion flux. In t
case of 2 keV Kr1 ions at 50° angle of incidence, the frac
tion of Si atoms that penetrate into the Mo layer is found
be 5% at 0.2 nm from an ideal interface. The fraction of M
into the Si layer is 8% at 0.2 nm at the reverse side of t
interface. Because for all other ion energies and angles
penetration depth is less, the effect of intermixing can
neglected, on the scale of typical roughness values in
cases investigated.

C. Growth parameters

1. Roughening effect

First the frequency dependent roughening factor,K, is
determined using in Eq.~5! the experimentally determined
values for the etch yield and ion flux, and the calculate
values for the penetration depth. The results are plotted
Fig. 2. The value ofK increases with increasing energy an
angle of incidence. This indicates that with increasing ener

FIG. 1. The measured etch yield of Si atoms as a function of ion energy a
angle of incidence.
J. Appl. Phys., Vol. 82, No. 4, 15 August 1997
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and angle the roughness also increases, supposing that th
smoothening terms for all energies and angles are equa
However, in the next section it will be shown that the
smoothening terms are dependent on energy and angle.

It is noted that tabulated values for the atomic densities
are used. In previous experiments however, we have ob
served a large free volume in the Si layer deposited at room
temperature without ion bombardment.29 We suggest that the
free volume decreases during ion bombardment, in agree
ment to extended x-ray absorption fine structure experiments
on similar samples.30 This implies that the accuracy of the
value for the Si density is approximately 15%, which also
determines the accuracy of the value ofK.

2. Smoothening effect

A few assumptions have been made in order to deter-
mine the values for the viscous flow (F). It is assumed in Eq.
~8! that during growth the time for viscous flow is limited to
the time needed for deposition of one period plus excess
layer, which is 360 s (610%! for all samples. The value for
this viscous flow is considered to be constant for all samples
deposited. During ion bombardment the time for viscous
flow is limited to the time needed for removal of the excess
layer. The values for the viscous flow have to be determined
experimentally by fitting the diffuse x-ray scattering data of a
modelled multilayer to the measured data. The input param-
eters for the model are thed spacing, the thickness ratio of
Mo and Si, the multilayer materials, and the PSD of each of
the interfaces, as has been explained in Sec. III.

For the fit procedure for this type of measurement we
use an existing method.25 The calculated diffuse x-ray scat-
tering is then corrected for beam attenuation, and the mea
sured reflectivity data is normalized to a constant sample
volume. Fits to the measured diffuse x-ray scattering are
only performed at the third order Bragg maximum, because
of a higher accuracy than with the first and second order
Bragg maxima. In Fig. 3 an example, of the transversal scan
and the simulated diffuse x-ray scattering at the third order
Bragg maximum of a sample~2 keV, 40°) is plotted. From

nd

FIG. 2. Calculated values ofK using measured data on the etch yield and a
calculated penetration depth.
1879Voorma et al.
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the graph it is concluded that the diffuse x-ray scattering da
of the modelled structures fit accurately to the measur
data.

The value found for the viscous flow during growth i
less than 0.03 nm/s for all samples, which is negligib
small. In Fig. 4 the calculated values for the viscous flo
during ion bombardment are shown. This clearly indicat
that the smoothening effect by ion bombardment is increa
ing with ion energy and angle. This also indicates that pro
ably even larger values for the viscous flow can be obtain
for ion energies above 2 keV and larger angles th
50°, both being currently the practical limits of the coatin
facility.

The value ofa, the stochastic roughening term, is als
obtained from the fit, and is found to be 531026nm4/s. The
value ofa only scales the value of the diffuse x-ray scatte
ing, because it has no frequency dependence.

3. Correlation length

From the transversal scan the correlation length of t
interface roughness can also be determined using the met
described in Ref 23. The correlation function used is
Lorentzian function. For all samples investigated a corre

FIG. 3. The transversal scan at the third~1! Bragg maximum for the sample
produced with 2 keV Kr1 ions at 40°. The solid line represents the fit.

FIG. 4. The values ofF calculated from the diffuse x-ray scattering mea
surements.
1880 J. Appl. Phys., Vol. 82, No. 4, 15 August 1997
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tion length of 50610 nm is found. A distinction for the cor-
relation length between the different ion beam parameter
could not be obtained from the fit of the correlation function.
More precise values might be obtained using high resolutio
diffuse x-ray scattering31 or atomic force microscope~AFM!
measurements.

D. Interface roughness

The different values for the sputter yield and the viscous
flow result in differences in the interface roughness of the
multilayers. These differences are determined from the
specular reflectivity measurements using Cu Ka radiation,
and are displayed in Fig. 5. The interface roughness de
creases with increasing angle and ion energy. The effect o
intermixing and the removal of atoms by ion bombardment is
negligible compared to the smoothening effect by viscou
flow.

The near-normal-incidence reflectivity measurements ar
plotted in Fig. 6. The minimum value of the interface rough-
ness~0.21 nm! coincides with the maximum value measured
for the near-normal-incidence reflectivity~47% at 85° and

FIG. 5. The interface roughness determined from the specular reflectivit
measurements with Cu Ka reflectivity measurements.

FIG. 6. The measured near-normal-incidence reflectivity at 87° and 14.4 nm
radiation. The values are corrected for small variations of thed spacing.
Voorma et al.
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and
l514.4 nm! for the 16-period Mo/Si multilayers produce
with ion bombardment at the optimal settings. These val
coincide with the roughness values obtained from
Cu Ka reflectivity measurements.

V. CONCLUSIONS

Mo/Si multilayer x-ray mirrors have been produced u
ing e-beam evaporation and additional ion bombardmen
ion energies between 300 eV and 2 keV and angles of i
dence between 20° and 50° with respect to the surface. F
near-normal-incidence reflectivity measurements it is c
cluded that the optimal ion beam parameters within this
rameter range are 2 keV and 50° angle of incidence. Th
settings result in a minimum value of the interface roug
ness. From diffuse x-ray scattering measurements it is c
cluded that the effect of viscous flow during ion bomba
ment dominates the change of the interface roughness, w
the effect of intermixing as well as ion-induced sputteri
are found to be negligible. The correlation length of the
terface roughness is found to be 50 nm, which indicates
the effect of viscous flow is larger than the lateral spread
collisions caused by the colliding ion. This lateral spread
almost equal to the penetration depth, which is several
nometers depending on the energy and angle of inciden

For the production of multilayers on curved substrat
the values for the ion beam parameters described above
also optimal, because the angular dependence of the
yield and the variation of the interface roughness is minim
in this case. For the production of multilayers on curv
substrates also the effect of redeposition has to be taken
account. This might be different for flat and curved su
strates, because of the different geometry.
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