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Formation of MnSb during the growth of MnSi layers in the presence
of an Sb flux
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Structural and compositional analyses of a MnSi layer have been performed to elucidate the growth
mechanism. The MnSi layer was grown by reactive deposition epitaxy in the presence of an Sb flux.
The existence of Sb was found at the MnSi/Si interface and on the surface of MnSi layer by
secondary ion mass spectrometry. In addition, x-ray photoelectron spectroscopy measurement shows
that MnSb is formed on the surface of the grown MnSi layer. On the atomic scale, scanning
transmission electron microscopy observations reveal the existence of an Sb–Mn–Sb structure at
the interface between the MnSi layer and the Si substrate. The formation of the MnSb plays an
important role for the improvement of crystalline quality of the silicide layer, acting both as a
surfactant and as a compliant substrate for stress relief. ©2002 American Institute of Physics.
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I. INTRODUCTION

Epitaxial growth of silicide layers on Si substrates h
attracted much attention due to their technological imp
tance for microelectronic applications.1 In addition, semicon-
ducting silicides have generated interest as new semicon
tor materials.2 On the other hand, much less attention h
been given to the silicides of the group VII elements in t
periodic table. MnSi is an intermetallic compound whi
shows a magnetic transition atTC529.1 K from a paramag-
netic state to a helicoidal order.3 An itinerant metamagnetic
transition in MnSi has been observed,4,5 and magnetic prop-
erties of MnSi under high pressure have been investigate6,7

There have been few reports, however, on the growth
MnSi. Growth of the silicides by reactive deposition epita
~RDE! or solid phase epitaxy have been perform
previously.8–11 Such procedures generally lead to the form
tion of many different polycrystalline silicide phases with
undulating interface between the silicide layer and the
substrate, which emphasizes the difficulty of growing hi
quality silicide layers on Si substrates. Recently, Matsu
et al. developed a new growth technique, modified RDE,
the presence of an Sb flux for the growth of MnSi layers12

Then, this growth procedure was applied to the growth
epitaxial b-FeSi2 layers and the improvement in structur
quality of the layers was observed by Kogaet al.13
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The details of growth mechanism of the layers, howev
have not been clarified. In this article, experimental results
structural and compositional analyses of the MnSi lay
grown by RDE using an Sb flux are reported to elucidate
growth mechanism.

II. EXPERIMENT

The MnSi layers were grown by simultaneous expos
of Si~111! substrates to Mn and Sb fluxes in a vacuum. T
details of the growth procedure are described elsewhe12

The resultant layers were characterized using conventio
transmission electron microscopy~TEM!, and alsoZ-contrast
scanning transmission electron microscope~STEM!. The
Z-contrast images were formed by scanning a 1.26 Å pr
across a specimen and recording the transmitted high-a
scattering with an annular detector~inner angle;45 mrad!.
Under these conditions, the image intensity can be descr
accurately as a convolution between the electron probe
an object function sharply peaked at the positions of e
atomic column, with a strength approximately the me
square atomic number~Z! of the column. Chemical concen
tration profiles at the interface between the layer and Si s
strate were measured by secondary ion mass spectrom
~SIMS! using Cs1 primary ions. Chemical composition an
electronic states of the grown layer surface were exami
by x-ray photoelectron spectroscopy~XPS! using
Model:SSX-100 with a monochromatized AlKa source
2 © 2002 American Institute of Physics
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(hn51486.6 eV!. The chemical composition was obtaine
from the corresponding core-level intensity taking into a
count the sensitivity factor.

III. EXPERIMENTAL RESULTS

Figure 1 shows a conventional cross-sectional TEM
age of the resultant layer following Mn deposition a
reaction with Si~111! at a temperature of 350 °C in th
presence of the Sb flux. The diffraction pattern confirms
layer is single-crystal MnSi~111! and the interface
is seen to be smooth. The epitaxial relationship betw
the MnSi layer and the Si substrate is given
(111),@ 1̄1̄2#MnSi//(111),@ 1̄10#Si. These results are consi
tent with TEM images shown in Ref. 12.

Figure 2 shows SIMS profiles of Mn and Sb for the lay
grown in the presence of the Sb flux. The result reveals
the MnSi/Si/interface contains a large amount of Sb. It h
been reported that Sb acts as a surfactant element w
effectively suppresses island growth, and that Sb incorp
tion prevents roughening of the interface.14,15In addition, the
existence of Sb on the silicide surface is also found by
SIMS profile, which will be discussed in connection wi
XPS results later.

Z-contrast STEM imaging of the interface revealed th
Sb present at the interface formed a thin layer other t
MnSi.16 Figure 3~a! shows aZ-contrast image of the MnSi/S
interface viewed along the@ 1̄10# zone axis of Si. In
Z-contrast images, the intensity is proportional to the atom
number. The two bright lines at the MnSi/Si interface ind

FIG. 1. Cross-sectional TEM image of the MnSi layer.

FIG. 2. SIMS profiles of Sb and Mn across the MnSi layer.
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cate that there is a thin layer containing an element that m
be higher atomic number than Mn. The SIMS data sugg
that this is Sb. Figure 3~b! shows the intensity profile mea
sured from the dotted box region across the interface.
position of the interface is indicated by an arrow. The tw
peaks at the interface have much higher intensities than
MnSi and Si, indicating two monolayers of Sb. Figure 3~c! is
an enlarged image showing details of the structure of
interface. It is seen that the thin layer at the interface
three planes parallel to the interface. Their intensities sug
that the two planes indicated by larger circles are two mo
layers of Sb. In between, another monolayer is observed
indicated by smaller circles. The intensities of columns
this layer are higher than Si columns in the substrate
lower than Sb columns, indicating that they are Mn colum
This monolayer of Mn is sandwiched by two Sb monolaye
It is noted that the structure of this Sb–Mn–Sb layer o
tained from theZ-contrast image is consistent with a ha
unit cell of the MnSb crystalline lattice. The MnSi film the
grow epitaxially on top of the second Sb monolayer. The t
dark lines in Fig. 3~c! show how two planes of MnSi matc
the Sb–Mn–Sb structure. The first monolayer of Sb modifi
the surface of the substrate. The Si columns at the surfac
longer have dumbbell shape as indicated by the white arr
The small increase of intensities for some Si columns at
Si surface suggests a small occupation of Sb in those
umns.

We now turn to an analysis of the surface of the film
Figure 4 shows chemical composition profiles of the Mn
layer measured by XPS. The depth was estimated by ass
ing the same sputter rate as for SiO2 . It is observed that Mn
and Sb atoms coexist for about 1 nm. This result shows
a MnSb intermetallic compound is formed on the surface
the silicide layer, even though the optimum growth conditi
was chosen for the MnSi layer.12 This has been reporte
previously for the case of high Mn deposition rate or lo
growth temperature.17

XPS valence band spectra of the surface of the M
film after sputtering for 0.1 and 15 nm are displayed in Fi
5~a! and 5~b!, respectively. The spectral features of Fig. 5~a!
are a weak shoulder near the Fermi level (EF) and peaks at

FIG. 3. ~a! Z-contrast image of the MnSi/Si interface,~b! intensity profile
measured from the dotted box region across the interface, and~c! atomic
resolutionZ-contrast image of the MnSi layer.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



c-

n
a

f
ur

e
an

a
a
e

ha

Si
in

t
to
the
is
ing
and

ds.
f
e-
m-
ide
nds

at

-

i

-

o-
as

ly
s

red
the

n of
f
ce
ss

er

e of

4934 J. Appl. Phys., Vol. 91, No. 8, 15 April 2002 Matsuda et al.
about 4 and 10 eV belowEF . On the other hand, the spe
trum in Fig. 5~b! shows a strong density of states atEF and
a peak at about 9 eV. The valence band spectra of pure M
and MnSi compounds were measured by XPS to comp
with the spectra shown, respectively, in Figs. 5~a! and 5~b!
and are in good agreement with previous reports.18,19 The
features of Figs. 5~a! and 5~b! closely resemble those o
MnSb and MnSi, respectively. A calculated band struct
for MnSb ~Ref. 19! is close to the spectra of Figs. 5~a! and
5~c!. The shoulder nearEF corresponds to a cutoff in th
Mn 3d density of states and the two peaks at about 4 eV
10 eV correspond to a maximum in the density of Mn 3d
upspins and Sb 5s states, respectively. For MnSi, theoretic
calculation showed that the peak at about 9 eV can be
cribed to Si 3s states and the broad band at about 0–3
below EF is due to Si 3p and Mn 3d states. This is in good
agreement with the spectral features in Figs. 5~b! and 5~d!.
This result together with those from Fig. 4 suggests t
MnSb is formed on the surface of the MnSi film.

FIG. 4. Depth profile showing chemical composition of the MnSi lay
deduced from XPS.

FIG. 5. XPS valence band spectra from the layer after sputtering~a! 0.1 nm
and~b! 15 nm, and from bulk~c! MnSb and~d! MnSi, respectively. Dotted
lines in ~c! and~d! also show experimental XPS spectra~after Refs. 18 and
19!, respectively.
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IV. DISCUSSION

Recently, it has been reported that high quality Mn
layers with a smooth film/substrate interface can be grown
the presence of Sb flux.12 We believe that the improvemen
in the crystalline quality and interface morphology is due
the action of the Sb as a surfactant during growth and in
formation of Sb-based intermetallic compounds. In th
study, the surfactant element Sb was chosen for the follow
reasons. A surfactant should have a high vapor pressure
show a strong tendency to form intermetallic compoun
Then it will bind to metallic atoms and the formation o
high-Mn silicides will be avoided. Furthermore, the interm
tallic compound should have a low formation energy co
pared to the silicide, but should be stable at the silic
growth temperature. Group V-based intermetallic compou
meet these criteria.

In the Mn–Sb system, both MnSb and Mn2Sb interme-
tallic compounds exist. However, it is known th
MnSb~0001! epitaxial layers can be easily grown on Si~111!
substrates in an Sb rich environment.20 MnSb has a hexago
nal NiAs-type crystal structure with lattice constants ofa
50.4128 nm andc50.5789 nm. On the other hand, MnS
has a cubic FeSi crystal structure (a50.4556 nm!. The
atomic spacing of the epitaxial MnSb along Si@112̄#, dMnSb

5 A3/2aMnSb50.358 nm, is larger than that of Si,dSi

5 A6/4aSi50.333 nm and also of the MnSi,dMnSi

5 A2/2aMnSi50.322 nm. The thin Sb–Mn–Sb layer ob
served in theZ-contrast image Fig. 3~b! is a half of a unit cell
of the MnSb crystalline lattice. In addition, interface disl
cations are visible between this layer and the substrate
shown in Fig. 6, which means that the MnSi layer is large
relaxed~except presumably for thermal mismatch stresse!.
The mechanism of the silicide growth is therefore conside
to be as follows. The presence of the Sb flux means that
substrate surface is saturated with Sb before depositio
Mn. During the initial deposition of Mn, an epitaxial layer o
the intermetallic MnSb is formed. This has a large latti
mismatch with the Si substrate, with a critical thickness le

FIG. 6. Z-contrast image of the MnSb/Si interface showing the presenc
interfacial dislocations.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



th
e
y
h
t

ew
er
su
ri
ye

rs
v
th

m
en
-
tio

lib
si-
an
-

th
r
b
e
ly

on
tti
n
tly
ex
a
l

o
w
id
S

is

pl
.
n

r-

uc
o

onal
eri-
n-
f a
ic
d

is

en
po-

nSi
e-

ree
ace
rfa-
ad-

ns
iza-
a-
he
er
to

s
r.

ys.

Jpn.

D.

a-

ev.

pn.

S.

nd

th,

H.

ys.

4935J. Appl. Phys., Vol. 91, No. 8, 15 April 2002 Matsuda et al.
than one monolayer, so the layer relaxes immediately by
introduction of mismatch dislocations. Then, with subs
quent deposition of Mn, a MnSi silicide layer is formed b
interdiffusion of the MnSb layer and the Si substrate. T
soft MnSb layer can easily adjust its lattice parameter
match that of MnSi without the need to introduce any n
dislocations in MnSi. This explains why we observe int
face dislocations only at the MnSb/Si interface. Excess
factant atoms are reevaporated from the layer surface du
the silicide growth. Thus, the surface and the interface la
are maintained rich in Sb.

As mentioned herein, the high quality silicide laye
with a smooth interface have been grown, and the impro
ment in structural quality of the layer can be attributed to
following phenomena:

~1! Reduction in the migration distance of deposited ato
leads to the formation of a smooth layer, as with conv
tional surfactant growth.14,15 The surfactant atoms sup
press the migration of deposited atoms and the forma
of islands.

~2! The phase formation depends not only on the equi
rium formation energy but also on interfacial compo
tion and lattice mismatch between the silicide phase
Si matrix.21 The high crystallographic symmetry be
tween the Si~111! and predeposited MnSb~0001! en-
hances the formation of the MnSi phase. Generally,
Mn5Si3 phase is expected to be the first phase fo
Mn–Si couple when Mn is deposited without an S
flux.22 In this case, nucleation of Mn-rich silicides at th
initial stage of the growth leads to a sequence of po
crystalline phases.9 Here, the MnSb~0001! encourages
the formation of MnSi on Si~111! instead of other sili-
cide phases.

~3! The MnSb is the initial phase formed on Mn depositi
because of the excess Sb flux. Because of the high la
mismatch the critical thickness of MnSb is less than o
monolayer; misfit dislocations can be introduced direc
at the interface as the monolayer islands of MnSb
pand, so the film relaxes as it forms. Then, it can act
a compliant substratefor the subsequent epitaxia
growth of MnSi. As the MnSi layer is formed, it to
rapidly exceeds the critical thickness and again gro
relaxed over the MnSb. This mechanism therefore avo
the generation of threading dislocations in the Mn
leading to a layer of high crystal quality.

~4! The interfacial plane between two different crystals
generally the one with low interface energy. The Si~111!
plane is the closed packed plane and the Si~111! inter-
face often appears between the silicide and Si cou
This means that the Si~111! plane is energetically stable
Moreover, hexagonal MnSb has a stable basal pla
namely MnSb~0001!. This accounts for the smooth mo
phology after the silicide growth.

The growth procedure shown in this study is clearly s
cessful as far as structural properties are concerned. H
ever, the incorporation of surfactant atoms into the host m
Downloaded 29 Apr 2002 to 128.219.47.178. Redistribution subject to A
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terials must also be considered. For the case of conventi
surfactant epitaxy, heavy incorporation of surfactant mat
als into grown semiconductor layers makes it difficult to co
trol their electronic properties. In addition, the existence o
thin intermetallic interfacial layer might effect the electron
property of the silicide. Further investigation will be require
to clarify the possibility of device applications using th
growth procedure.

V. CONCLUSION

Surfactant-mediated RDE for silicide growth has be
proposed and developed, furthermore structural and com
sitional analyses have been performed. Growth of the M
layer is accompanied by the formation of a MnSb interm
tallic compound on the surface of the silicide layer, and th
monolayers of this MnSb phase is also found at the interf
between the silicide layer and Si substrate. This thin inte
cial layer at the interface acts as a compliant substrate le
ing to a relaxed MnSi film free from threading dislocatio
and a smooth film/substrate interface. Further character
tion of grown layers, however, will be required for applic
tions to devices. This growth method would be useful for t
growth of single-phase high quality epitaxial layers of oth
multiple phase alloys and may allow other new materials
be grown as thin films.
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