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X-ray photoelectron spectroscopy, transmission electron microscopy, and and low-angle
X-ray diffraction were used to investigate the diffusion intermixing in multilayer periodic
Mo/Si coatings during manufacturing and heating at 340-380°C. It is shown that the
mixed zones in the initial state consist of MoSi, silicide. Character of mixed zones growth
depends on the interface type (Si on Mo or Mo on Si). At initial stage of annealing, the
activation energy of interdiffusion has been found to vary from 0.1 to 2.1 eV and from
0.7 to 2.1 eV for the 1-st and 2-nd interface type, respectively.

C moOMOUIbI0 PEHTreHOBCKOH (DOTOSIEKTPOHHOM CIIEKTPOCKOIUH, MPOCBEUMBAIOIIEH 2JIeK-
TPOHHON MUKPOCKOINM U MAJOYTJI0BON PEHTreHOBCKON AU(PPAKTOMETPUH MCCAET0BAJIOCE
nudPysuoHHOe IIepeMelIMBAHUEe B MHOTOCHOMHBIX II€PUOAUYECKUX IIOKPBITUAX MO/Si mpu
u3roToBJAeHUM U Tpu Harpere g0 340—380°C. IlokazaHo, UTO B MCXOAHOM COCTOSHUU IIepe-
MeIlIaHHbIE 30HEI COCTOAT M3 craunuga monubrena MoSi,. Habrogaercs pasnmuuHBIN Xapak-
Tep POCTa IIePEeMEIIaHHbIX 30H B 3aBHCHUMOCTL OT THUIIA rpadHuibl pasgena (Si ma Mo mau Mo
Ha Si). VcTaHOBJIEHO, UTO sHepruA axkrtuBauuu sud@ysuy Ha HAUYAJIBHON CTALUHU OTIKUIA
usmensgercsa or 0.1 mo 2.1 3B gaa rpamunsl nepsoro Tuma u or 0.7 go 2.1 3B — mua BToporo
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THUIIA.

Mo/Si multilayer coatings are used widely
in science and engineering as X-ray optics
elements. That is why the multilayer struc-
ture was studied at many laboratories [1, 2].
But in spite of the significant progress in
understanding of important particularities
of Mo/Si multilayer, some features of the
system remain still unexplained. For in-
stance, there are no reliable data on chemi-
cal composition of the amorphous mixed
zones in the as-deposited state. To date,
there are no direct structure researches of
the mixed zones. Features of diffusion mix-
ing in the system have not been explained.
For example, it has been shown [3] that the
mixed zones grow at various speeds during
annealing, but this observation is not ex-
plained yet. In this work, we report data on
the mixed zone chemical composition ob-
tained using X-ray photoelectron spectros-
copy (XPS). Also we attempt to explain fea-
tures of diffusion mixing in this system at
initial stages.

750

The multilayer coating of 10.5 nm period
was obtained by DC magnetron sputtering.
The multilayer structure was studied by
transition electron microscopy of the cross-
sections (TEM) and low angle X-ray diffrac-
tometry (LAXRD) with computer simulation
of diffraction curves, as described in detail
elsewhere [4]. The chemical composition was
investigated by X-ray photoelectron spec-
troscopy with depth profiling using a Per-
kin-Elmer PHI 6900 instrument using a
monochromatic Al Ka source with photon en-
ergy of 1486.6 eV. The photoelectron en-
ergy was analyzed by a hemispherical ana-
lyzer with 23.5 eV energy threshold and
0.025 eV energy resolution. The Mo 3dj 5
line was studied. We did not study Siyg line
because the satellite in the Siyg doublet is
difficult to separate. For depth profiling
analysis, the ion etching was performed
using 1 keV Ar*-ion beam at 75° incidence
angle. The mathematical data processing
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Fig. 1. TEM image of as-deposited Mo/Si multilayer (a) and after annealing at 330°C during 30 min

(b) and 30 h (c).

Table 1. Binding energies of Mo, and Si2p
lines measured for references

Mo MoSi,
Mo 3d;, | Mo 3d; Si 2s
Binding 227.60 227.25 99.6
energy, eV

was performed using standard procedures
from the PHI MATLAB 6 software [5]. For
calibration of XPS spectrometer, several
references were used, namely, bulk Mo, Si,
and 5 pm stoichiometric MoSi, film. The
measured binding energies for the refer-
ences are shown in Table 1. The measured
shift of Mo 3d5/2 binding energy between
pure molybdenum and in silicide is seen to
be of 0.2 eV. This value is close to the data
from [6].

The TEM image of as-prepared Mo/Si
multilayer is shown in Fig. la. The coating
consists of ¢-Mo and a-Si layers. There are
amorphous mixed zones between pure Mo
and Si. These zones formed during deposi-
tion are asymmetrical. When Mo is depos-
ited onto Si (Mo-on-Si interface), the mixed
zone is 0.95 nm thick. In case of silicon
deposition onto molybdenum (Si-on-Mo in-
terface), the mixed zone thickness is
0.45 nm. The thickness and density of layers
obtained from TEM and LAXRD are pre-
sented in Table 2. On XPS depth profile, os-
cillations of signal intensity are seen (Fig. 2).
These oscillations correspond to periodical
structure of the multilayer coating. The
profile tailing is due to the large escape
depth for photoelectrons. The NIST Data-
base [7] gives the escape depth value about
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Fig. 2. XPS depth profile of as-deposited vir-
gin Mo/Si multilayer.

Table 2. Layer thicknesses and densities in
as-deposited Mo/Si multilayer obtained by
TEM and LAXRD

h, nm p, g/cm?
Si 6.19 2.3
Si-on-Mo 0.5 6.2
Mo 3.6 9.6
Mo-on-Si 0.95 6.2

3 nm for electron kinetic energy in the ana-
lyzed range. Fig. 3 displays the energy
cross-section near Mo 8dj /9 line correspond-
ing to the points A (Fig. éa) and B (Fig. 3b)
of the depth profile. These characteristic
points correspond to the middle of molybde-
num and silicon layers. In our case, due to
the large escape depth, in any point of the
depth profile, we see the sum of the lines
from pure element (Mo or Si) and the ele-
ment in chemical compound (in mixed
zones). Fig. 3 shows the curve fitting of Mo
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Fig. 8. Intensity of Mo 8dy,, line (energy
cross-section) after etching during 12 (a) and
17 min (b).

3d5/2 peak for A and B points using Gauss-
Laurence function. The peak consists of two
components being peaks from molybdenum in
the Si-on-Mo zone and pure Mo (point A). In
the point B, this is the sum of the pure Mo
peak and the peak in Mo-on-Si zone. In both
cases, the binding energies of the components
correspond to those of the references.

The shift of energy peak between points
A and B is about 0.1 eV. This change of the
total peak position is caused by change of
intensity ratios of the components. The en-
ergy of the components is the same for
point A and B. This means that chemical
state of both mixed zones is identical and
this is molybdenum silicide MoSi,. The dif-
fusion mixing in Mo/Si multilayers becomes
appreciable at annealing temperatures above
300°C. The thickness reduction of molybde-
num and silicon layers and increasing thick-
ness of the amorphous mixed zones is ob-
served. It is well visible when comparing
the TEM images in the initial condition
(Fig. 1a) and after annealing (Figs. 1b and
lc). Diffusion of silicon atoms occurs
through silicide layers (the mixed zones).
Then, the chemical reaction of formation of
MoSi, silicide [1] occurs at the mixed
zone/molybdenum interface. This reaction
proceeds with reduction of specific volume
(volume of the generated silicide is less
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Fig. 4. Mixed zone thickness vs. annealing
time for mixed zones: Si-on-Mo (a) and Mo-
on-Si (b). Annealing temperature (°C): 340
(1), 360 (2), 380 (3).

than total volume of molybdenum and sili-
con spent in the reaction). This results in
reduction of the multilayer period.

A series of isothermal anneals has been
performed at temperatures 340, 360, and
380°C. In Fig. 4, dependences of the mixed
zone thickness vs. annealing duration are
plotted. These dependences show some spe-
cific features. A considerable delay of Si-on-
Mo mixed zone growth rate is observed
after first several hours of annealing at all
temperatures. It is possible to suppose that
at reaching of some critical thickness, the
growth of the Si-on-Mo zone practically
stops, and this critical thickness increases
as the annealing temperature rises. At the
same time, the thickness of Mo-on-Si mixed
zone continues to increase, and such sharp
growth rate reduction is not observed at
this interface. A specific feature of these
dependences consists in that it is impossible
to describe them using the classical expres-
sions for diffusion, such as A2 ~ Dt (diffu-
sion-controllable kinetics) or 2 ~ kf (nuclea-
tion controlled by the chemical reaction
rate) [8]. We did not manage to select any
analytical expression which would describe
well those dependences. This can be treated
as a consequence of diffusion coefficient
variations during annealing. As the diffu-
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Fig. 5. Interdiffusion activation energy vs.
annealing time for mixed zones Si-on-Mo (a)
and Mo-on-Si (b).

sion coefficient depends on many parame-
ters [8], any changes occurring in mixed
zones at initial stages of annealing may re-
sult in a strong dependence of diffusion co-
efficient on the annealing time.

The value of activation energy could
specify indirectly the one or another diffu-
sion type. Unfortunately, as experimental
dependences are not describable by the clas-
sical diffusion equation, we cannot deter-
mine the diffusion coefficient and construct
the Arrhenius plot. However, assuming that
D varies only slightly within each hour of
annealing, it is possible to divide depend-
ence into 1l-hour sections and to approxi-
mate each one by a k2 ~ Dt dependence. Bas-
ing on these data, the Arrhenius plots for
each mixed zone have been constructed, and
dependences of activation energy on the an-
nealing time for the Si-on-Mo and Mo-on-Si
mixed zones have been obtained (Fig. 5). It
is seen that the activation energy value for
both zones varies considerably within first
six hours of annealing. At initial stages,
the activation energy values are 0.2 and
0.7 eV for the thin and thick mixed zones,
respectively. Then the activation energy in-
creases up to 2.1 eV, and do not change any
more. The obtained diffusion activation en-
ergy value at late stages of annealing
(2.1 eV) is close to the data from [3] (2.2—
2.4 eV).

The observed dependence of activation
energy can be due to a process which can be
characterized as relaxation of an initial
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state. The multilayer is formed by flow of
high-energy particles in nonequilibrium con-
ditions (deposition onto a cold substrate).
So, formation a great number of nonequili-
brium defects can be formed in layers, and
especially at interfaces. At the initial an-
nealing stages, when the mobility of inter-
stitial atoms and vacancies increases, the
ordering processes (recombination of vacan-
cies and interstitials, etc.) occur. As a re-
sult, the concentration of wvacancies de-
creases down to the equilibrium value. As
diffusion in Mo/Si system occurs according
to the vacancy mechanism, the ordering re-
sults in an increase of diffusion activation
energy. It is of interest that the initial en-
ergy of activation for the thin mixed zone
is essentially lower than for the thick one.
This means that concentration of vacancies at
the Si-on-Mo interface is essentially higher
than at the Mo-on-Si one. This is obviously a
consequence of different growth conditions at
these interfaces. In case of amorphous silicon
growth on polycrystalline molybdenum, much
more defects (vacancies) are formed than
when nanocrystalline molybdenum grows on
amorphous silicon.

Thus, the chemical composition of amor-
phous mixed zones in Mo/Si multilayer coat-
ings after deposition has been analyzed. It
is shown that the mixed zones consist of
MoSi, silicide. The of diffusion mixing in
MoSi multilayer has been investigated. The
distinction of mixed zones growth rate has
been demonstrated. It can be explained by
difference of Si-on-Mo and Mo-on-Si inter-
face structure in as-deposited state. This
difference appears as different activation
energy of diffusion mixing for Mo-on-Si and
Si-on-Mo interfaces.
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Oco6auBocti nudysiiiHOrO0 MepemMimyBaHHS
y O0araromapoBux nmokpurrax Mo/Si

A.B.lIlenvkos, J.JI.Boponoe, A.IO./[egizenko,
A.I''Ilonomapenko, E.H.3yb6apes

3a JI0IIOMOTOI0 PEHTreHiBChKOI (POTOENEeKTPOHHOI CIEKTPOCKOIIil, mMpocBiuyBaIbHOI eleK-
TPOHHOI MIKPOCKOIIl Ta MaJIOKyTOBOI peHTreHiBchbKOi mudpaxromerpil mocuaimxeno audysiii-
He nepeMimryBaHHs y 6araromapoBux nepiogmuamx noxpurrax Mo/Si npm Burorosiaenni Ta
"arpisauui go 340-380°C. IlokasaHo, 110 Y BUXiTHOMY CTaHi mepeMimiaHi 30HU CKJIaJai0Th-
ca 8 curimuay moni6reny MoSi,. Crocrepiraersca BinminmicTs y XapaxTepi pocty mepemima-
HUX 30H y sajexHocTi Bix tumy mex moxiny (Si ma Mo a6o Mo ma Si). Beranosieno, mio
e”eprig axrusauii xudysil Ha mouarkoBuxX craxiax Bigmaay smimroersca Bix 0.1 mo 2.1 eB
aasi Mmexi meprmroro Tuny Ta Bim 0.7 po 2.1 eB — gaa gpyroro Tuiry.

754 Functional materials, 12, 4, 2005



