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Interlayer transition zones in Mo ÕSi superlattices
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The formation of interlayer transition zones~ITZs! in sputtered Mo/Si multilayer structures was
studied by means of cross-section electron microscopy and grazing incidence reflectivity
measurements. For the evaluation and calculation of interface effects the multiperiodic design of
Mo/Si structure was used. It was found that the thickness asymmetry of ITZs~Mo-on-Si and
Si-on-Mo! in Mo/Si multilayer structures depends on the degree of perfection of the crystalline
structure of the molybdenum layer. A transition from asymmetrical to symmetrical ITZs with a
disordering of the molybdenum crystalline structure was shown. A model for the formation
mechanism of asymmetrical ITZs at the different interfaces in Mo/Si multilayer structures is
suggested. According to this model, ITZ formation at the Mo-on-Si interface is controlled by the
surface diffusion of Si atoms on the growing molybdenum surface. In contrast, ITZ formation at the
Si-on-Mo interface is determined by the bulk diffusion of Si atoms in textured molybdenum grains.
© 2002 American Institute of Physics.@DOI: 10.1063/1.1487919#
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I. INTRODUCTION

The wide application of transition metal silicides in th
semiconductor industry has stimulated comprehensive s
ies of interaction processes at interfaces in systems
‘‘transition metal-silicon’’~t-Me/Si!.1,2 As a rule, all t-Me/Si
systems have a few silicide phases in binary phase diagr
This fact indicates a high chemical reactivity and miscibil
of the corresponding elements at the interfaces, which a
matically causes an interface broadening with the forma
of interlayer transition zones~ITZs!. The formation of such
ITZs at the first stage of a metal film deposition on sing
crystalline, poly-crystalline or amorphous silicon has be
observed for different deposition technologies. Thus, t
main questions have to be addressed:~i! What is the forma-
tion mechanism and the chemical composition of ITZs? a
~ii ! Is it possible to predict the thickness of ITZs befo
deposition, and what are the factors effecting the ITZ form
tion?

In recent years, a remarkable success in x-ray multila
optics has stimulated additional interest in a detailed und
standing of the above mentioned questions. In particu
multilayer mirrors~MMs! are widely used as effective reflec
tive elements for the extreme-ultraviolet~EUV! and soft
x-ray wavelengths (1 nm,l,40 nm). Due to its high ex-
perimental reflectivity (R.69%) at 13.4 nm,3 Mo/Si is a
promising material combination for MMs to be applied
EUV lithography. The reflective properties of Mo/Si mirro
depend substantially on the structure of ITZs, especially
their thickness and composition. Using high-resolution tra
mission electron microscopy~HRTEM!, Petford-Longet al.4
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discovered the presence of amorphous ITZs between
layers of Mo and Si in superlattices prepared by magnet
sputtering. It has been shown by several authors4–8 that the
Mo-on-Si interface is thicker than the Si-on-Mo one. Som
results of these studies are summarized in Table I. It has t
mentioned that the formation of asymmetrical ITZs is ind
pendent of the deposition technology~electron beam evapo
ration or magnetron sputtering!. The fact that asymmetrica
ITZs have been observed in specimens deposited unde
tremely different conditions implies that it may be an intri
sic property of the Mo–Si couple. Furthermore, it has be
shown that the asymmetry itself can vary significantly w
the substrate temperature8 and substrate bias.9 Moreover,
symmetrical as well as slightly asymmetrical interlayers ha
been observed in different Si-based multilayer systems s
as Ti/Si,10 Ru/Si,7 and Sc/Si.11

Although the interlayers themselves can be well o
served by HRTEM, this method is not sensitive to their pha
compositions.12 The composition of silicides at the interface
can be identified by structure analysis methods~electron or
x-ray diffraction! or by chemical composition analysis met
ods ~Auger spectroscopy, secondary ion mass spectrosc
x-ray fluorescence spectroscopy, etc.!. But all these methods
have considerable limitations if the interlayers are am
phous and very thin (t ITZ;1 nm). Holloway and Sinclair
have demonstrated the faculty of HRTEM as an indir
method for the determination of the phase composition
ITZs in Ti/Si superlattices.10 The method is based on th
analysis of HRTEM images before and after annealing. D
to the activation of interdiffusion processes under heat lo
and corresponding changes in the layer thickness, the p
composition of ITZs can be calculated. Additionally, it h
been confirmed that it is possible to estimate the phase c
position of ITZs for superlattices in the as-deposited stat
il:
6 © 2002 American Institute of Physics
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TABLE I. Growth conditions and thickness~tMo-on-Si and tSi-on-Mo! of interlayer transition zones in Mo/S
multilayers.

References Deposition
method

Period,
d ~nm!

Substrate
temperature~°C!

tMo-on-Si

~nm!
tSi-on-Mo

~nm!

A. K. Petford-Longet al.a dc-magnetron 7.0–1.2 20 1.7~60.3! 1.0~60.3!
K. Holloway et al.b Mo-dc, Si-rf 13.0 20 1.9 1.1
D. G. Stearnset al.c rf-magnetron 11.0 20 1.0 0.7
D. L. Windt et al.d dc-magnetron 6.8–7.5 20 1.2 1.0
M. B. Stearnset al.e e-beam 12.9 20 1.5~60.3! 0.6~60.3!

evaporation 9.2 200 1.8~60.3! 0.7~60.2!
8.6 300 2.3~60.2! 0.5~60.3!

aSee Ref. 4.
bSee Ref. 5.
cSee Ref. 6.
dSee Ref. 7.
eSee Ref. 8.
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~i! the deposition rates are precisely known, and~ii ! the
thicknesses of all layers are measured by means of HRT
images. As a result, an atomic ratio of 1:2 for Ti and Si
the ITZ composition in the as-deposited Ti/Si superlatt
has been determined.10 Similar HRTEM studies have bee
performed for Sc/Si superlattices.11 It has been found tha
slightly asymmetrical ITZs of ScSi composition are form
at the interfaces in the Sc/Si superlattice.

The Mo/Si multilayer structure differs from othe
t-Me/Si systems in the strong thickness asymmetry of IT
~Table I!, and in the big difference in the behavior of Mo
on-Si and Si-on-Mo interlayers under heat load.5 In previous
work13 it was suggested that a transition from the asymme
cal to the symmetrical type of ITZs in Mo/Si superlattic
takes place in the case of a disordering of the crystal
structure of the Mo layer. The goal of current research is
present additional arguments for understanding the imp
tance of structural effects on ITZ formation.

II. PREPARATION AND CHARACTERIZATION
OF SAMPLES

The Mo–Si periodic structures were deposited
dc-magnetron sputtering on single-crystalline Si~111! wafers.
The alternate layers of Mo and Si were deposited by suc
sive exposure of the substrate under Mo and Si targets
an Ar pressure of 231023 Torr. The thicknesses of the de
posited Mo and Si layers were controlled by varying t
power applied to the magnetron sources and the time of
substrate exposure under the corresponding target.

The Mo and Si deposition rates were estimated by
deposition of a double periodic multilayer system on t
ug 2002 to 141.35.250.52. Redistribution subject to A
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same substrate.14 Low angle x-ray diffraction of CuKa ra-
diation of the double periodic multilayer system shows tw
sets of Bragg peaks, one for each multilayer periodic sta
The material rate can be calibrated accurately if t
multilayer stacks differ from each other only by the depo
tion time of one material. For the determination of both M
and Si rates two double periodic multilayer systems w
deposited and investigated. After that a special multiperio
structure was designed and deposited so that the bilaye
riod ~d! increases from stack to stack and the thickness r
G (G5tMo /d) remains constant for all stacks. A similar d
sign was first used for studies of the material interaction
Mo2C/Si superlattices by Barbee and Wall.15 The design pa-
rameters of the multiperiodic structure are shown in Table

Ultrathin specimens for the HRTEM study were pr
pared by a two-step process of mechanical polishing
ion-beam milling as proposed by Bravman and Sinclai12

Ar1 ions with energies of about 6 keV at the first stage a
Xe1 ions with energies of 2 keV at the final stage were us
for the ion-beam milling of the specimens. All HRTEM stud
ies were performed using a PEM-U electron microscope w
a minimum line resolution of 0.2 nm. HRTEM images of a
stacks were obtained with the same magnification~x
420 000!, which was calibrated by a superlattice with know
period. All images were obtained with a defocus of the o
jective lens of;20 nm. This defocus value supports a si
nificant improvement of the ITZ contrast and does not p
duce artifacts like Fresnel contours. Parallelism of t
electron beam and interfaces was provided with a gonio
eter and controlled by the minimum measuredG value and
TABLE II. Design of the multiperiodic structure. Period multilayerdD , Mo layer thicknesstMo
D , number of

periodsN and thickness ratioGD , which were designed.

Parameter

Stack

1 2 3 4 5 6 7

dD ~nm! 26.4 17.8 13.4 10.25 8.03 5.88 3.74
tMo
D ~nm! 5.9 4.0 3.0 2.3 1.81 1.33 0.85

GD 0.223 0.225 0.224 0.224 0.225 0.226 0.227
N 10 10 15 20 25 30 50
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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the symmetry of Fresnel contours on opposite interfaces
each stack.

III. RESULTS

HRTEM images of all stacks are shown in Fig. 1. O
can see that the measured ratio of the absorber layer th
ness~containing Mo atoms! to multilayer periodGM5(tMo

1t ITZs)/dM ~where dM is the period which was measure
directly from HRTEM images! changes significantly with a
decreasing superlattice period. The dependenceGM5 f (d)
~Fig. 2! demonstrates the considerable intermixing betw
pure components at the interfaces. Without intermixing, t
dependence would be a straight line withGD'0.23 as de-
signed according to Table II~GD is the designed ratio!. At the
same time, a contraction indM ~Fig. 1! in comparison to the
designed valuesdD ~Table II! was found. The observed con
traction ofdM associated with the intermixing of Mo and S
suggests that ITZs are composed of a denser phase tha
equivalent combination of Mo and Si bulk phases.

The HRTEM images of the various stacks differ in co
trast. For stacks withdM>9.7 nm~stacks 1–4 in Fig. 1!, the
periodic structure consists of amorphous silicon~bright! and
crystalline molybdenum~dark! layers. Mo grains are wel
highlighted by means of diffraction contrast and have
strong nonaxial shape. The grain dimension in the direc

FIG. 1. HRTEM images of different stacks in the Mo/Si multiperiodic stru
ture. Measured period values for different multilayer stacks are shown.
Downloaded 06 Aug 2002 to 141.35.250.52. Redistribution subject to A
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of the periodic structure is restricted by the Mo layer wid
while in the lateral direction the length of some grai
reaches;40 nm. Mo grains are textured, and they are
stricted by close-packed~110! plains oriented parallel to the
interface. An axial texture is seen on the selected area
fraction pattern in the form of pronounced arcs on the d
fraction circle, which corresponds to the most vivid bcc r
flections from $110% planes. On the HRTEM images, th
asymmetrical amorphous interlayers which are brighter t
pure molybdenum and darker than pure silicon can be cle
seen between Mo grains and amorphous Si. Measuremen
ITZ thicknesses were performed for stacks 1–4~Table III!.

With decreasing multilayer period~dM<7.43 nm: stacks
5–7 in Fig. 1!, a remarkable difference in the layer structu
has been observed. First, there is an obvious dispropor
between the measured and designed (GD'0.23) thickness
ratios of the components~Fig. 2!. Second, the Mo grains
show no diffraction contrast, which means that Mo laye
have a noncrystalline structure. And finally, the images
stacks 5 and 6 show a weak-contrast dark stripe in the mid
of the molybdenum layer~Fig. 1!. This contrast can be ex
plained by remaining molybdenum which is not participati
in the silicide formation reaction. Additionally, it should b
mentioned that no similar contrast~dark stripe! was observed
in the MoSi2 /Si superlattices.16 According to the Mo–Si bi-
nary phase diagram,17 the MoSi2 and Si components canno
react with each other by the formation of solid solutions a
transition phases. If our assumption is correct, the ITZs
stacks 5 and 6 should be nearly symmetrical. A simil
though rather faint contrast can be distinguished in the m
lybdenum containing layers of stack 7 with a designed thi
nesstMo50.85 nm~see Table II!. Apparently, a considerable

FIG. 2. DependenceG5 f (d) in case of the real structure~with intermixing!
~s! and a structure without intermixing effect~d!.

TABLE III. The measured thickness~from HRTEM images! of interlayer
transition zones for Mo-on-Si and Si-on-Mo interfaces in stacks 1–4.

Thickness
~nm!

Stack

1 2 3 4

tMo-on-Si
M 1.260.25 1.260.23 1.160.26 1.360.26

tSi-on-Mo
M 0.760.25 0.760.23 0.660.26 0.560.26
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE IV. Comparison between designed~dD , tMo
D , andGD! and calculated~dC , tMo

C , andGC! multilayer
parameters for two kinds of interlayers~of MoSi2 composition!: 1. The thicknesses of Mo-on-Si and Si-on-M
interfaces are 1.2 and 0.6 nm, respectively. 2. The thicknesses of Mo-on-Si and Si-on-Mo interfaces are
1.2 nm, respectively.

Parameter

Stack

1 2 3 4 5 6 7

dD ~nm! 26.4 17.8 13.4 10.25 8.03 5.88 3.74
tMo
D ~nm! 5.9 4.0 3.0 2.3 1.81 1.33 0.85

GD 0.223 0.225 0.224 0.224 0.225 0.226 0.227
dM ~nm! 25.15 16.78 12.78 9.71 7.43 5.44 3.49

1. dC ~nm! 25.82 17.45 13.45 10.38 8.1 6.11 4.16
tMo
C ~nm! 5.53 3.72 3.02 2.39 2.39 2.03 1.36

GC 0.21 0.21 0.225 0.23 0.3 0.33 0.33

2. dC ~nm! 8.33 6.34 4.39
tMo
C ~nm! 2.02 1.66 0.99

GC 0.24 0.26 0.23
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fraction of molybdenum in this stack has reacted with Si
the formation of amorphous silicide.

IV. DISCUSSION

The results of processing the data extracted from
HRTEM images~Fig. 1! are summarized in Table IV. Th
key goal of our calculations was to obtain from measu
HRTEM data (dM ,tMo

M ,...) thecalculated values fordC , tMo
C

and GC5tMo
C /dC , assuming that there is not a chemical i

teraction between Mo and Si. In Table IV these values
compared with the designed ones. Considering the resul
the direct measurement of ITZs for stacks 1–4~see Table
III !, we assumed in our calculations that the ITZ thicknes
1.2 nm for the Mo-on-Si and 0.6 nm for the Si-on-Mo inte
face. Due to the low ITZ contrast of stacks 5 and 6, it is n
possible to measure their thickness precisely, but the p
ence of the darker stripe in the middle of the molybdenu
containing layer allows us to assume a similar thickness
ITZs of both interface types. Thus, for stacks 5–7, the IT
for both interface types were assumed to be of equal th
ness (tMo-on-Si5tSi-on-Mo51.2 nm). It was also supposed th
all ITZs have a phase composition close to MoSi2 ~addition-
ally, Mo5Si3 and Mo3Si have been tested!. This does not
contradict the Walser-Bene´ rule.18 In addition it was found5,6

that during annealing of Mo/Si/Mo...superlattices, the IT
crystallize into Mo2Si silicide. It has also been demonstrat
by Auger spectroscopy that amorphous silicide of the co
position MoSi2 forms at the surface at the beginning of M
deposition~first 0.4 nm! on the Si substrate at a temperatu
of 60 °C,Tsub,200 °C. 19

If the densities of the pure components and silicides
known, it is possible to calculate the values ofdC , tMo

C and
GC . For our calculations we used the following densitie
rSi52.3 g/cm3, rMo510.2 g/cm3, and rMoSi2

56.24 g/cm3

(rMo5Si3
58.24 g/cm3 andrMo3Si58.97 g/cm3!. In Table IV,

for stacks 5–7, the parametersdC , tMo
C , andGC are shown

for the asymmetrical (tMo-on-Si51.2 nm,tSi-on-Mo50.6 nm)
and symmetrical (tMo-on-Si5tSi-on-Mo51.2 nm) types of ITZ
with a fixed MoSi2 composition. The dependenceGC
ug 2002 to 141.35.250.52. Redistribution subject to A
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5f(dC) for the symmetrical and asymmetrical ITZ types
shown in Fig. 3. As it is seen from Table IV, and Fig. 3, th
calculated values thetMo

C andGC values are much closer t
the designed values if the formation of symmetrical ITZs
MoSi2 composition is assumed for stacks 5–7. For oth
silicides ~for example Mo3Si or Mo5Si3!, the same calcula-
tions yield a less good agreement between the calculated
designed values.

On the basis of the data presented here, and with
published results taken into account, different formati
mechanisms for the ITZs at the Mo-on-Si and Si-on-Mo
terfaces can be suggested. Due to the high formation he
the transition metals silicides, a strong interaction betwe
molybdenum and silicon films and a layer-by-layer grow
mode can be expected. Slaughteret al.19 have shown by the
use of low-energy electron diffraction that the diffractio
from single-crystalline Si completely vanishes after a de
sition of only ;0.2 nm Mo on the Si substrate. This fa
indicates that the surface becomes amorphous under
deposition, i.e., that amorphous silicide grows in a layer-
layer mode. The predominating diffusant in the Mo–
binary system is silicon.1,2 For a long time it was unclea

FIG. 3. DependenceGC5 f (dC), with the assumption that asymmetrica
interlayers with 1.2 and 0.6 nm thicknesses~s! and symmetrical interlayers
of 1.2 nm fixed thickness~n! are formed~all interlayers are of MoSi2

composition!. GD'0.23 ~d! is shown for comparison.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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how Si atoms can break the strong covalent bonds and
fuse into the growing metallic layer at such low temperatu
(T,200 °C). Using tunneling microscopy, Bedrossian20 has
shown that the Mo atoms penetrate into certain crysta
graphic positions of single-crystal~100! Si and assist in
breaking the Si covalent bonds. In this case, the Mo ato
cover the surface of amorphous silicon homogeneously,
the released Si atoms diffuse along the growing Mo film.
it has been shown, a low activation energy of the surf
diffusion of Si ~;0.2 eV!8 stimulates in an intensive inter
mixing between Mo and Si. The presence of nanosc
roughness on the free surface of amorphous silicon21 also
assists in the breaking of Si covalent bonds and atomic
termixing. When the atomic ratio of the pure components
a local area reaches 1:2, clusters of amorphous disilicide
formed. A molybdenum layer of about 0.5 nm will be enou
for the formation of ITZ with a thickness of 1.2 nm. Whe
the thickness of the silicide layer reaches about 1.2 nm
becomes a diffusion barrier for Si atoms. A further increa
of the ITZ thickness at the Mo-on-Si interface is possib
only due to silicon bulk diffusion through the silicide laye

The ITZ at the Si-on-Mo interface is formed under com
pletely different conditions if a Mo layer with a good textu
is already formed. In our experiments, the transition from
amorphous to the polycrystalline textured structure of
Mo layers is observed fortMo

D >2.3 nm. In this case, the S
atoms arriving at the molybdenum surface can penetrate
the textured Mo grains mainly due to bulk diffusion. Th
bulk diffusion coefficient is very low for the Si atoms in th
low-temperature range. As a result, a thin and homogene
ITZ with thickness tSi-on-Mo'0.6 nm is formed at the Si
on-Mo interface.

When tMo
D ,2.3 nm, the molybdenum layer structure b

comes amorphous~or nanocrystalline! with a high density of
defects. It is possible to predict higher diffusion coefficien
for Si atoms inside the disordered~amorphous! Mo layer
than inside high-textured molybdenum. Due to higher dif
sion coefficients, thicker ITZs with a thickness oftSi-on-Mo

'1.2 nm are formed. When the ITZ reaches a thickness
tSi-on-Mo>1.2 nm, this layer becomes a diffusion barrier f
Si atoms.

It is clear that the final ITZ thickness in the Me/Si sy
tem is determined by the penetrability of the silicide layer
the diffusing components in certain deposition conditio
This penetrability depends on the substrate temperature
the energy of the atoms arriving at the surface. That is
reason why the ITZ thickness is different for the differe
Me/Si superlattices, and as a rule it is larger if the metal
a lower melting temperature.

V. CONCLUSION

A helpful HRTEM-based method for an estimation of t
chemical composition of amorphous intermixed zones in
deposited Mo–Si superlattices has been developed. A m
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for the formation mechanism of asymmetrical ITZs at t
different interfaces in Mo/Si superlattices has been s
gested. According to this model, the ITZ formation at t
Mo-on-Si interface is controlled by the surface diffusion
Si atoms on the growing molybdenum surface. In contra
the ITZ formation at the Si-on-Mo interface is determined
bulk diffusion of Si atoms in perfectly textured molybdenu
grains. As a result, asymmetrical ITZs with thicknesses
tMo-on-Si'1.2 nm andtSi-on-Mo'0.6 nm are formed, given a
molybdenum thickness oftMo>2.3 nm. The atomic ratio of
components inside both ITZs is close to 1:2 for Mo and
respectively, and corresponds to disilicide molybdenu
Symmetrical ITZs with a thickness oftMo-on-Si5tSi-on-Mo

51.2 nm and a MoSi2 phase composition are formed on bo
interfaces when the structure of the Mo layer becom
strongly disordered (0.9 nm,tMo,2.3 nm).
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