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X-ray reflectivity investigation of interlayer at interfaces of multilayer
structures: application to Mo/Si multilayers
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Abstract. We report the effect of interlayer on multilayer X-ray reflectivity (XRR) profile using simulations

at 8[047 keV (CuK,) energy. We distinguished the effect of interfacial roughness and in-depth interlayer on
reflectivity profile. The interfacial roughness reduces the intensity of individual peak while the in-depth inter-
layer redistributed the reflectivity profile. We are able to discern the asymmetry in interlayer thickness at two
interfaces if the interfacial roughness is small compared to in-depth interlayer thickness. The limitation is
that, the sensitivity decreases with increasing interfacial roughness. This interlayer model is applied for ele-
ctron beam evaporated Mo/Si multilayers. The Mo—on-Si interlayer thickness is 003 A and Si-on-Mo in-
terlayer thickness is 8+ 0B A. The nature of interfacial compound is identified using X-ray photoelectron
spectroscopy (XPS). The mechanism of interlayer asymmetry is explained on the basis of different heats of
sublimation of Mo and Si.

Keywords. X-ray reflectivity; surfaces and interfaces; X-ray multilayer; X-ray photoelectron spectroscopy.

1. Introduction obtained using X-ray reflectivity, X-ray diffuse scattering
and cross-sectional transmission electron microscopy
The X-ray reflectivity technique provides a non-destructivéBarbeeet al 1985; Lodheet al 1996; Freitag and Clemens
characterization of the internal interfaces of thin film2001; Limet al 2001). The systematic simulation of effect
multilayers (MLs). The specular X-ray reflectivity in of nature of interlayer (interlayer thicknesses, stoichiometry)
glancing incident angle has been effectively utilized ton specular XRR and comparison with experimental data
characterize the interface morphology. XRR yields a deis lacking. Some authors only report the XRR fitted using
sity profile perpendicular to the sample surface (Parrattree and four-layer models (Kiet al 1988; Slaughteet
1954) and modified (Nevot and Croce 1980) for real Mlal 1994). Here, we report systematic studies of the effect
structures. Therefore, specular X-ray reflectivity givesfinterlayer on Mo/Si MLs using simulation of XRR and
information about the in-depth interlayer (i.e. interlayecompare with experimental results.
thickness, density) present at the interfaces of ML struc-Mo/Si MLs are efficient mirrors (Barbeet al 1985;
tures. ML structures are used in a variety of fields, fdooveret al 1991; Toyodaet al 2000) in the soft X-ray
e.g. X-ray optics (Spiller 1994). The main goal of a Mlregion (130-300 A) due to high reflectivity and used in
coating for the soft X-ray and extreme ultra-violet (EUV)echnological applications such as lithography, astronomy,
region is to enhance reflectivity with moderate spectraf-ray microscopy and spectroscopy. The interface quality
resolution in regions of wavelengths and angles of incplays a decisive role in achieving an optimum performance
dence where single surfaces with useful reflectivity aref MLs for X-ray optics. Again the Mo/Si MLs are attracted
not available. The efficiency of any optical devices, i.0 superconductor community due to their superconducting
reflectance and resolution, is most sensitive to ttingp ~ Properties (Nakajimat al 1989). They suggested that the
parameter (Lodhat al 1994). Central to these issues ar§Uperconducting properties of Mo/Si MLs conformed to
to understand the structure and growth of layers and intégsults from amorphous MoSi phase formed in the inter-
faces. In view of optical performance of X-ray multilayef@cial region of the sub-layers. Therefore, the nature of
structures, especially density profile, including informainterfaces (i.e. interlayer thickness, phase and stoichio-
tion on nature of interlayer (thickness, density), interfacé@€try) in Mo/Si MLs is of considerable practical interest.
roughness and distribution of components, is Crucia.Ccordlng to previously available results, Si-on-Mo

: terface is thinner than Mo—on-Si and the interlayer is a
Structural parameters of X-ray multilayers are mostlmixture of Mo and Si observed using TEM (Petforé/-long

et al1987; Stearnst al1992; Ulyanenkov 2000). On the
other hand, by using the same technique, it has been ob-
*Author for correspondence (mnayak@cat.ernet.in) served that amorphous interlayer silicide is found at the
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Mo-on-Si interface but not at the Si-on—Mo interfac8. Results

(Slaughteret al1990). The nature of the interlayer (phase

and stoichiometry) obtained using TEM may be erroneo@s1 Hard X-ray reflectivity

if the interface compound is amorphous and very thin,

~1 nm (Bravman and Sinclair 1984). The observation gfhe typical angle dependent reflectivity spectra of Mo/Si
small asymmetry (~2 A) at two interfaces using TEMVLs for N = 4, 10 and 20 are shown in figure 1. The ex-
may be difficult due to poor image contrast between irgerimental data are simulated by two-layer model @&arr
terlayer and pure elements. Some authors have also uge®4) and taking roughness for real ML structures (Nevot
XRR method using trilayer model (Slaugh&gral 1994)  and Croce 1980). The ML structures show Bragg peak up
and four-layer model (Kinet al 1988) to fit experimental to 5th order with distinct Kiessig oscillations between the
data without detailed studies on the effect of nature gf,ccessive Bragg peaks (clearly visible for ML with
interlayer on reflectivity profile and the effec'F or roughnesgmaller number of layer pairs) indicating good quality of
on small interlayer asymmetry value. Using four-layep, tjjayer structures. Figure 1 shows the comparison of
model, Kim et al (1988) reported small asymmetry ofiq intensities of the Bragg peaks between experimental
26 A (Mo-on-Si interlayer, @ A and Si—on-Mo, 2 A) a4 and simulation, taking into account the reduction of

when the roughness was 6 A (greater than the mterla%re intensities due to interfacial roughness in statistical

Wi.dth)' Th'is seems to bg unphysical as the interlay%r roach (two-layer model). The difference between ex-
thickness is smaller than interface roughness. To the b g imental and simulation results indicate the presence of

of our knowledge, thg gffect qf hature of IntPfrlayer.ointerlayer due to inter-diffusion at the interfaces in Mo/Si
specular X-ray reflectivity profile and comparison with

measured data are not reported. MLs. .
: . - . In the subsequent sections, we demonstrate the effect
In this article, we have shown the distinct difference

between effect of interfacial roughness and in-depth SuBf_!nterllayer qnd Its a.symmetry.on Fhe reflect!V|ty proﬁlfe
: L ) using simulations by incorporating interlayer in Parratt’s
nanometer interlayer on X-ray reflectivity profile. We

have been able to determine the atomic scale asymmeft?g/mahsm'

of interlayer thickness at the interfaces and its sensitivity

with respect to interfacial roughness. We have extracted

guantitative information on the nature of interlayer present

in the MLs. The phase of interlayer compound is identifie 10 r——— T T T T T}

using XPS. The experimental results are discussed wi 10 measured L
: - . . g 6 BS fitted with two-layer model 3

respect to XRR simulations. The possible mechanism 10_E 1

asymmetry is suggested.

1
X
X
2. Experimental 1
B

Mo/Si MLs were deposited using an ultra high vacuur

Reflected Intensity (arb. unit)
S
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electron beam evaporation system (base pressurg, ~ 2
10° mbar). The substrates used were super polish 10_3
Si(111) wafers with surface rms roughnéssA, measured 104 «10°
by XRR before deposition of MLs. The thickness wa 10_5
measured using quartz crystal coupled to programmat 10.6
frequency counter (model HM 8122). The MLs were fab 10,7
ricated with a number of layer pairs ranging from 4-2( 10.3
with a modulation period, 100 A. THeratio, which is the ]89 T L
ratio of Mo thickness to the period thickness in the peric 0.0 0.1 0.2 0.3 0.4

was kept constant &t = 029. The top layer was silicon. (A'1)
The deposition rate was kept at ~1 A/min. XRR measur 9z

ments were carried out on a reflectometer (Suedsal

2000) equipped with a sealed Cu tube as source of X-rafggure 1. XRR spectra of Mo/Si multilayers with modulation
The X-ray source was operated at 40 kV and 30 mA. THeriod, 100 A and’ = 029 measured at®47 keV energy. (a)

: : or multilayer with a number of layer paifd,= 4, (b) for mul-
XPS measurements were carried out using a phOtoer#;yerwithN =10, (c) for multilayer wittN = 20. Open circles

ctron spectrometer equipped with an OMICRON electroppresent the measured data. The continuous line shows calcu-
analyser (model EA 125). X-ray source used was Al Klated spectra assuming two-layer model. Nor 4, roughness

Argon ion etching gun was used for depth profiling of thef Si and Mo are 4 and 5 A, respectively. For 20, roughness
MLs. of Si and Mo are 10 and 11 A, respectively.
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Material A’
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Material 'g’

Interlayer 2’

Material a4’

Figure 2. A schematic diagram of real multilayer structure with interlayer.
The four-layer model shows imperfect boundaries and interlayer in between
two pure Mo and Si layers.

T T T T T T 3 Figure 2 shows a four-layer model, which incorporates
the interlayer in between pure materials of Si and Mo.
Note that the period of ML id = d; + dy, + dy; + do. The
thickness of the interlayerd;> andd,;, may not be the
same, and such a structure cannot be described Iby the
ratio used in the statistical approach. Thetffel -ratio
(Yakshinet al2002) to take into account the formation of
interlayer with thicknesses;, andd,;, and correspond-
ing refractive indicesd;» andd,4, is
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With roughness=0A  jnterlayer thickness
—0A
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10° E —--10A 1
10° E ; Mo = d1+(d12Wéz+ djyWs) , (1)
10° & ' : . . 3 | |
0.0 0.1 0.2 0.3 0.4 0.5 where the weight factony, for compounds at different
a,(A™1) boundaries is defined as
01,9, 9,1-9,

Figure 3. The simulated spectra of Mo/Si ML for a number of W, = , (2)
layer pairs,N =4 with periodicity, 100 A and” = 029 at
8047 keV energy. (a) Effect of roughness on reflectivity profile

with zero interlayer thickness. As the roughness increases, theandd, are the refractive indices of the high-Z and low-Z
intensity of whole reflectivity profile decreases and its effect igyaterials respectively. In the case of Mo/Si MLs, the

more at higher order Bragg peaks and (b) effect of interlayer : : :
reflectivity profile with zero roughness. As interlayer thicknesi&ur layers consist of Mo and Si layers and two interlayers

increases, the whole reflectivity profile redistributed. of silicide. The structure of the coating can be written as
[Si/Mo,;Si,1/M0o/Mo,.Siy,]n + Si + SiQ. Here N is the
number of periods and last two layers correspond to a
3.1.1 Modeling and simulation partially oxidized top layer of Si. The interlayer which
takes into account the formation of a compound, is taken
The interfaces of any real ML system are imperfect dugs MoSj from our XPS measurements.
to roughness, interdiffusion and chemical reactivity of
materials. The imperfect interfaces can be dealt either Byl.1a Influence of interlayer: The significant influence
statistical approach (two-layer model) or multiple layeof interlayer on the reflectivity profile, compared with
models with the incorporation of interlayer between twetatistical interface roughness is shown in figure 3. We
layer systems. In the statistical approach, the reflectantave simulated at@47 keV energy and compared with
from a multilayer structure with N layers can be calculateglkperimental results. We have taken a small number of
using recursion formalism (Parratt 1954). For an ideddyer pairs of Mo/Si ML coated on silicon substrate to
ML with sharp interfaces the composition is defined by ahow the clear influence on Kiessig oscillations on full
I-ratio. But when a compound material is formed at theeflectivity profile. Figure 3(a) shows the effect of inter-
interface, the interlayer model gives a better fitting to thieice roughness on reflectivity profile assuming zero inter-
reflected profile than the statistical approach. The intetayer thickness (two-layer model). As the interface rough-
layer is due to inter-diffusion at the imperfect boundariesess increases the reflectivity reduces without affecting

y Wop =

51_52 51_52
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Figure 4. The simulation studies of the effect of roughness (open triangles) and interlayer (open
circles) on higher order Bragg's peak fér= 4 MLs. (a) Effect on higher order Bragg peak reflecti-
vity, (b) effect on higher order Bragg peak position and (c) effect on higher order Bragg peak width.

the distribution of individual peak. Figure 3(b) shows th8.1.1b Effect of asymmetry:An intrinsic property of as
zero interface roughness and the effect of interlayeleposited Mo/Si ML is that, the formation of interlayer
thickness on reflectivity profile. As the interlayer thick-viz. Mo—on—Si and Si—on—Mo, is asymmetric. Figure 5
ness increases, the reflectivity of Bragg peaks decreastmws the effect of atomic scale asymmetry in interlayer
as well as the peak position shifts due to change in refrabickness for different roughness values. Figure 5(a)
tion correction term. The figure also indicates the higheshows that the small in-depth interlayer thickness asym-
order Bragg peaks where intensity reduces more withetry (~2 A) is clearly identified in MLs with small
increasing interlayer thickness as compared to interfaceughness. The effect is more at larggvalue. Again as
roughness. This is because of a decrease in refractiméerfacial roughness increases (as can be seen in figures
index in contrast to formation of interlayer. It is to bes(a)—(c)), the sensitivity of interlayer asymmetry decreases.
noted here that the interlayer leads to redistribution &¥e have observed an ambiguity in the asymmetry of inter-
reflectivity curve, which is not the case when no interlaydayer for ML if interfacial roughness is comparable to the
is present. Therefore, figure 3 provides clear informatiomterlayer thickness as shown in figure 5(c). In this case,
about the difference in effect of interfacial roughness arir simulation values give almost the same results as when
in-depth sub-nanometer interlayer on reflectivity profilethe two interlayer thicknesses are exchanged. This also
A comparison of simulation study of the effect of roughhas been observed experimentally and is discussed in §4.
ness and interlayer on higher order Bragg peak reflectivity,

peak position and peak width is shown in figure 4. It i8.1.1c Application to Mo/Si multilayer: We have
clear that the effect of interlayer is significantly comparedimulated for all possible stoichiometric combinations for
to roughness on higher order Bragg peak reflectivity, pedko and Si at the interfaces. The best result indicates that
position and peak width. This is because the higher ordat the interface MoSi ratio is 1 2. Figure 6 shows the
Bragg peaks appear at higlggrvalues. experimental data fitted with incorporation of interlayer.
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This model results in best fits up to all the higher ordatue to formation of interlayer. The quantitative numbers
Bragg peaks indicating real structure in the ML stackg$or individual layer thickness, interface roughness, inter-
The inset of figure 6 clearly shows the distinct Kiessitayer thickness and optical constant deduced from best fit
oscillations up to 1st Bragg peak which indicates wells tabulated in table 1. The measured thickness values of
defined multilayer structure with good control over depahe Si and Mo layers are expected to be smaller than the
sited thicknesses. The decrease in intensity of the highresminal value, since the measurement includes formation
order peaks, compared to a two-layer model, arises #-interlayer at the interfaces due to inter mixing of Mo
cause of poor refractive index contrast at the interfacaad Si during deposition. The Mo—on-Si interlayer thick-
nessis 1& 05 A whereas Si—on—Mo interlayer thickness
is 8+ 05 A. In figure 7(a), the scattering length density is
T T DIV RIL 2 plotted as a function of depth of ML fbf= 4, as obtained
from fitting of experimental data. The distance between
centre of two successive maxima (pure Mo) or twares-
sive minima (pure Si) corresponds to period of ML. In
figure 7(b), dashed line (----) corresponds to the observed
interface region arising due to the combination of silicide
interlayers and layer roughness, whereas the dotted line
(.....) represents the calculated profile without the Gau-
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107 F 3 ssian roughness. The interlayer regions as marked in figure
10"k () 1 7(b) on two sides are asymmetric. Also figure 7(b) indi-

£ E cates the presence of native oxide (~10 A) at the top of
10" F MLs.
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0.0 0.1 0.2 0.3 0.4 0.5 3.2 X-ray photoelectron spectroscopy

The Mo 3 core level spectra of pure Mo and Mo located

Figure 5. The simulation spectra of the effect of asymmetr@t the interface region of Mo/Si systems are shown in
interlayer thickness on reflectivity profile & = 4 MLs for
different roughness values.
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az(A™) Figure 7. Scattering length density profile obtained after fit-

ting of experimental data using interlayer. (a) Maxima and mini-
Figure 6. The Mo/Si MLs measured reflectivity data of figurema correspond to layers of pure Mo and Si, respectively. In
1 is re-plotted along with four-layer model fitting. Open circlebetween are the interface region arising from the formation of
represent the measured data. The continuous line shows calsilicide interlayer and layer roughness and (b) the dashedl (
lated spectra with four-layer model: (a) for MLs with= 4, (b) line represents actual profile used for fitting assuming interla-
for MLs with N = 10 and (c) for MLs wittN = 20. The inset yers with Gaussian roughness. The dotted (.....) line represents
shows the distinct Kiessig oscillations up to 1st Bragg peak.the profile without Gaussian roughness.
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Table 1. The best fit XRR experimental results fitted with four-layer model for Mo/Si MLs.

No. of layer pairs  Layer Thickness (A) Roughness (A)  IndisekX®  Absorption* < 10°°)

4 Si 58+ 03 4 a3 [759] 015 [0173]
Si—on—-Mo 8t 0B 4 193 [20944] 118 [1248]

Mo 24+ 03 5 283 [288] 114 [188]
Mo—on-Si 10 03 4 193 [20944] 118 [1248]
10 Si 58+ 03 7 a3 [759] 015 [0173]
Si—on-Mo 8t 0B 7 193 [20944] 118 [1248]

Mo 24+ 03 8 283 [2838] 114 [1[88]
Mo—on-Si 10 03 7 193 [20944] 118 [1248]
20 Si 58+ 03 10 63 [789] 015 [0173]
Si—on—-Mo 8t 0B 10 193 [20944] 118 [1248]

Mo 24+ 03 11 283 [2838] 114 [1[88]
Mo—on-Si 10 03 10 193 [20944] 118 [1248]

*In square bracket the tabulated values of optical constants (indices and absorption) fronetH&r{k893).

binding energy side for the curve recoded at the interface.
Similarly, the Si  core level spectra of pure Si and Si
located at the interface region of Mo/Si systems are
shown in figure 8(b). In pure Si film, Sp2ine appears at
99119 eV whereas at interface region ilthe appears at
9939 eV. In this case, Sip2line shifts by @ eV to
higher binding energy side for curve recorded at interface.

Mo in Mo/ interface () Siin Mo/Siinterface ()

4. Discussion

Table 1 shows that the Si—on—Mo interlayer thickness is
8+ 0B A whereas Mo—on-Si is 05 A. The error
may be due to the uncertainty in the estimation of the
weight factor,w, for the composition of compound at the

\ boundaries. It is important to indicate that, Mo—on-Si
i interlayer thickness is higher than Si—on—Mo interlayer
' and is clearly observed fod = 4 andN = 10 layer pair

\ MLs in figures 6(a) and (b), but fax = 20 layer pair

': MLs in figure 6(c), we have observed an ambiguity in the

\

Pure Mo fi Pure Si film

m
Mo 3d5/o

Intensity (Arb. Unit)

Intensity (Arb. Unit)

asymmetry of interlayer because our experimentathcf
values give almost the same results when the two interlayer
values are exchanged. This is becauseNer 20 layer
y pair sample interfacial roughness is comparable to in-
depth interlayer thickness as shown in table 1. Therefore,
when the roughness is comparable to interlayer thickness,
roughness effect dominates and it becomes difficult to
observe the small asymmetry (~2 A) in the interlayer.
This also agrees with our simulation results shown in
Figure 8. XPS spectra using Al Ksource. (a) Mo @ core figure 5. Using fou.r—llayer modelz Kimt al (1988) repor-
level spectra recorded for pure Mo film (dash) and Mo at intef€d that Mo—on—Si interlayer thickness i A whereas
faces of Mo/Si MLs and (b) Sip2core level spectra recorded that of Si—on—Mo is 2 A (asymmetry®A) with rough-
for pure Si film (dash) and Si at interfaces of Mo/Si MLs.  ness, 6 A (greater than interlayer thickness). As per their
best-fit XRR figure, the fitted data do not reflect the real
structure in their MLs. In their XRR fitting, the authors
figure 8(a). In pure Mo film, Mo &, and 33, lines appear might have used interlayer thickness value from their
at 2279 and 23102 eV, respectively. At the interface TEM results without any detailed fitting. Hence, we con-
region, Mo s, and 3z, lines appear at 225 and clude that small asymmetry (=2 A) in interlayer thickness
23081 eV, respectively. Although the shape of line of th@ill be able to discern using specular XRR, when the
spectra is similar, a shift of@ eV is observed to lower roughness is small as comparable with the interlayer
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thickness that we observed theoretically and experimecause of asymmetry. If the kinetic model plays a role in
tally. Our value of interlayer thickness agrees well withhe formation of interlayer at the interfaces, then evapo-
that observed previously (Bapt al2001). However, our rated MLs would not show interlayers. This is because,
results of interlayer thickness differ significantly withthe energies of evaporated and sputtered atoms & eWV0
those observed by TEM and XPS (Petford-logtgal and ~10 eV, respectively (Petford-loegal 1987; Stearns
1987; Stearnst al1990; Jdiyaowet al 1992). This may be et al 1992), whereas the cohesion energies of amorphous
due to use of different characterization techniques. 18i and Mo are ~3 eV and ~7 eV (Kittel 1976), respecti-
TEM, the error in small atomic scale asymmetry of intervely, which are greater than energy of the evaporated
layer thickness may be due to poor image contrast batom. Interlayer in as deposited Mo/Si MLs is independent
tween interlayer and pure elements. Whereas in XPS, tbke deposition process. Therefore, we feel the kinetic
error in interlayer asymmetry is due to poor thicknessiodel would not play a role in formation of interlayer in as
resolution during depth profiling. We have extracted indeposited Mo/Si multilayers. Silicon is the predominant
terlayer composition in the mixture of M&i as 12 diffusant in Mo—Si binary system (Murarka 1983). In the
from optical constant of best-fit XRR data. To conforniMo/Si system, an intensive atomic intermixing takes
stoichiometry of interlayer, we have observed interlayaslace at the boundary during deposition because of a low
phase and stoichiometry from XPS measurements. Frautivation energy of surface diffusion for Si (Steaghal
figure 8, a shift of —@ eV of Mo 3 line for curve re- 1992) (~02 eV) and local temperature effect. The asym-
corded at interface and a shift of &V of Si D line for metry in the interlayer is due to difference in heat of sub-
curve recorded at interface reveals formation of MoSlimation of Mo and Si. This affects diffusion of Si in Si—
phase at the interface (Slaughtdral 1991). We have on-Mo and Mo—-on-Si cases differently. The initial in-
done detailed investigation of Mo/Si interface using XP&rmixing would be a thermally activated process by the
which will be reported elsewhere. Therefore, the compamegative thermodynamic heat of mixing, because any pro-
sition extracted from XRR best-fit data well agrees witltess involving condensation from the vapour will release
XPS results. In table 1, the value of optical constants (itatent heat. The latent heat of sublimation (Brandes and
dices and absorption) for Si, Mo and Me$mterlayer Brook 1992) of Mo and Si is 6@tand 450 KJ g-atorn’,
obtained from XRR best fit are slightly different fromrespectively. The thermal conductivity of Mo is higher
tabulated value in square bracket from Heekal (1993), than Si. So, the heat produced on the Si surface by the
and is attributed to density change. Mo adatoms will be large and diffuse slowly due to lower
Different authors suggest the possible mechanism tifermal conductivity compared to that of Si deposition on
asymmetry in as deposited Mo/Si MLs. Some authofdo surface. This may lead to a higher local temperature
(Petford-longet al 1987; Ulyanenkowet al 2000; Bajitet in Mo—on-Si case and hence more probability of surface
al 2001) proposed kinetic model (different momentum diffusion for silicon. When the interlayer thickness reaches
Si and Mo) in the role of formation of interlayer duringl0+ 05 A, it becomes a barrier for further surface diffu-
deposition in Mo/Si multilayers. Some authors (Wiatlt sion of Si. Similarly in Si—on—Mo case, the local rise in
al 1992) proposed the initial formation of amorphousemperature may be lower. Since Si is the dominant dif-
interlayer due to Si diffusion processes, in which the Siusant in Mo/Si system, therefore, after arrival of Si on
atoms tend to migrate, as the Mo atoms are depositédo surface, Si has to diffuse through bulk diffusion in
while some authors (Slaughtet al 1994) estimated the the Mo layer. Since the coefficient of bulk diffusion for
activation energy using dhenius analysis of the varia- Si is very low in low temperature range (Yulet al
tion of silicide thickness from TEM data. From estimate@002) and local rise in temperature is low, so, there is less
activation energy, they suggested a surface diffusigarobability of bulk diffusion and hence a thin interlayer of
process rather than bulk diffusion process. On the othéirickness, & 05 A, is formed at Si—on—Mo interfaces.
hand, it has been suggested that (Steatr@d1990) Mo When the interlayer thickness reaches A, it be-
atoms get easily embedded into relatively open and disordemes a barrier for further bulk diffusion of Si. There-
amorphous Si than Si into more closely packed crystdire, interlayer thickness is independent of number of
line Mo lattice. The same authors (Steaetsal 1992) layer pairs as given in table 1. Therefore, at the interface
observed that interlayer thickness variation with temperaegion the supply of metal atom is limited due to thermal
ture is consistent with a process that is atleast partffects that favour the transport of Si atoms over Mo atoms
thermally activated. It has also been proposed (Ligten which in turn energetically favoured Si-rich stoichio-
al 1997) that the asymmetry in sputtered deposited Mo/8ietry (Murarka 1983) as we observed using XPS.
MLs is due to thermally activated processes by consider-
ing different thermal conductivities of Si and Mo. Also it
has been tried (Morgan and Boercker 1991) to explain the Conclusions
mechanism of asymmetry using molecular beam dynamics
study. They suggested that different degrees of penetratdfe have demonstrated presence of interlayer at the inter-
and interdiffusion of the adatoms during deposition is thf@ces of Si-based multilayer structures using XRR inves-
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tigation. A detailed simulation study has been done on tiétel C 1976 Introduction to solid state physi¢dlew York:
effect of in-depth interlayer thickness and its asymmetry Wiley)

on reflectivity profile. The interlayer, which takes intobim Y C, Westerwalbesloh T, Aschentrup A, Wehmeyer O,
account the formation of compound in the interface, causedi@ind! G, Kleineberg U and Heinzmann U 208apl. Phys.
the redistribution of reflectivity patterns whereas thg Arz 121

. . iwen W, Wei S, Wang B and Liu W 1997 Phys.: Condens.
roughness parameters reduce the reflected intensity. Ofpatter 9 3521

multilayer with sm_all roughngss, the smal_l interlayt_a[_odha G S, Yamashita K, Suzuki T, Hatsukade I, Tamura K,
asymmetry (~2 A) is clearly discernible. This model is Ishigami T, Takahama S and Namba Y 199sbl. Opt.33
applied for e-beam evaporated Mo/Si multilayers. The 5gg69

best-fit data reveal that the interlayer is asymmetric. Th&dha G S, Pandita S, Gupta A, Nandedkar R V and Yamashita
Mo—on-Si interlayer thickness is #0005 A whereas Si— K 1996 Appl. Phys A62 29

on—Mo interlayer thickness is#805 A. XPS measurement Morgan W L and Boercker D B 19%4ppl. Phys. Lett59 1176
indicates formation of MoSiphase at the interfaces. TheMurarka S P 1983ilicides for VLSlapplications(Orlando:

mechanism of asymmetry is due to different heats of sub-Academic) o
limation of Mo and Si. Nakajima H, lkebe M, Muto Y and Fujimori H 1989 Appl.

Phys.65 1637
Nevot L and Croce P 198Rev. Phys. Appll5761
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