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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 relief20@2 American Institute of Physics.
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I. INTRODUCTION The details of growth mechanism of the layers, however,
have not been clarified. In this article, experimental results of

Epitaxial growth of silicide layers on Si substrates hasstructural and compositional analyses of the MnSi layers

attracted much attention due to their technological imporgrown by RDE using an Sb flux are reported to elucidate the

tance for microelectronic applicatioh$n addition, semicon- growth mechanism.

ducting silicides have generated interest as new semiconduc-

tor materials> On the other hand, much less attention has

been given to the silicides of the group VII elements in the|| EXPERIMENT

periodic table. MnSi is an intermetallic compound which

shows a magnetic transition a=29.1 K from a paramag- The MnSi layers were grown by simultaneous exposure

netic state to a helicoidal ord®An itinerant metamagnetic ©f Si(111) substrates to Mn and Sb fluxes in a vacuum. The

transition in MnSi has been observddand magnetic prop- details of the growth procedure are'descriped elseV\Pr?gre.

erties of MnSi under high pressure have been investidated. The refsul_tant layers were characterized using conventional

There have been few reports, however, on the growth off@nsmission electron microscopyEM), and alsZ-contrast

MnSi. Growth of the silicides by reactive deposition epitaxy SCaNNing transmission electron microscof®TEM). The

(RDE) or solid phase epitaxy have been performedz'comraSt images were formed_ by scanning a 1.26 .A probe

previously?~1 Such procedures generally lead to the forma-2Cross a specimen and recording the transmitted high-angle

tion of many different polycrystalline silicide phases with an scattering with anlgnnular dgtect(un_ner ar_1g|e~45 mrad. .
. I Under these conditions, the image intensity can be described
undulating interface between the silicide layer and the Si

substrate, which emphasizes the difficulty of growing highaccurately as a convolution between the electron probe and

L : ject functi harpl k h iti f h
quality silicide layers on Si substrates. Recently, Matsudzijm OpJeCt unction Sharply pea ed att © positions of eac
_atomic column, with a strength approximately the mean

er: al. developeo}lc a ng\g ﬁrov?h tﬁchmquer,] m]?f/'lf'esq IR:/D@E' Insquare atomic numbé€g) of the column. Chemical concen-
the presence of an ux for the growth of MnSi 1ayers. 40 profiles at the interface between the layer and Si sub-

Th.en,.th|s grovx_/th procedure was applied to the growth Oftstrate were measured by secondary ion mass spectrometry
epitaxial B8-FeSj, layers and the improvement in structural

(SIMS) using C$ primary ions. Chemical composition and

H 13
quality of the layers was observed by Koggal. electronic states of the grown layer surface were examined
by x-ray photoelectron spectroscopyXPS using
dElectronic mail: tehtats@ipc.shizuoka.ac.jp Model:SSX-100 with a monochromatized A « source
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FIG. 1. Cross-sectional TEM image of the MnSi layer. | D13 =

(hv=1486.6 eV. The chemical composition was obtained
from the corresponding core-level intensity taking into ac-
count the sensitivity factor.

FIG. 3. (a) Z-contrast image of the MnSi/Si interfacéy) intensity profile
measured from the dotted box region across the interface(@natomic

resolutionZ-contrast image of the MnSi layer.
IIl. EXPERIMENTAL RESULTS

Figure 1 shows a conventlonal_cross-sectlona_l .TEM 'M-cate that there is a thin layer containing an element that must
age of the resultant layer following Mn deposition and

reaction with Si11D) at a temperature of 350°C in the be higher atomic number than Mn. The SIMS data suggest

presence of the Sb flux. The diffraction pattern confirms thethat this is Sb. Figure () show_s the intensity p_roﬁle mea-
layer is single-crystal Mn®11) and the interface sured from the dotted box region across the interface. The

is seen to be smooth. The epitaxial relationshio betwee osition of the interface is indicated by an arrow. The two
! . ) prtaxi lonship W ﬁeaks at the interface have much higher intensities than bulk
the MnSi layer and the Si substrate is given by

v Th | 7 MnSi and Si, indicating two monolayers of Sh. Figuke)3s
(111)’[112]'\/'”,5' (111) '[11018_" These results are consis- an enlarged image showing details of the structure of the
tent with TEM images shown in Ref. 12.

) 5 oh il ’ 4'Sh for the | interface. It is seen that the thin layer at the interface has
Figure 2 shows SIMS profiles of Mn and Sb for the layer ¢ planes parallel to the interface. Their intensities suggest

grown in the presence of the Sb flux. The result reveals thaﬁwat the two planes indicated by larger circles are two mono-

the MnSi/Si/interface contains a large amount of Sbh. It hasf yers of Sb. In between, another monolayer is observed as
been reported that Sb acts as a surfactant element Wh'q dicated by smaller circles. The intensities of columns in

effectively suppresses island growth, and that Sb incorporgpg |ayer are higher than Si columns in the substrate but
tion prevents roughening of the interfatté.”In addition, the lower than Sb columns, indicating that they are Mn columns.
existence of Sb on the silicide surface is also found by thel’his monolayer of Mn is sandwiched by two Sb monolayers.
SIMS profile, which will be discussed in connection with ; is hoted that the structure of this Sb—Mn—Sb layer ob-

XPS results later. i i f the interf led th tained from theZ-contrast image is consistent with a half
Z-contrast STEM imaging of the interface revealed that,is co| of the MnSh crystalline lattice. The MnSi film then

Sb p_rleese'nt at the interface formed a thin layer other tha@row epitaxially on top of the second Sb monolayer. The two
MnSi.”® Figure 3a) shows aZ-contrast image of the MnSi/Si dark lines in Fig. &) show how two planes of MnSi match
interface viewed along th¢110] zone axis of Si. N he Sh_Mn—Sb structure. The first monolayer of Sb modifies
Z-contrast images, the intensity is proportional to the atomighe gyrface of the substrate. The Si columns at the surface no
number. The two bright lines at the MnSi/Si interface indi- longer have dumbbell shape as indicated by the white arrow.
The small increase of intensities for some Si columns at the
Si surface suggests a small occupation of Sb in those col-

107
_ F . umns.
.‘é 106 F MnSi/Si Interface We now turn to an analysis of the surface of the film.
s l Figure 4 shows chemical composition profiles of the MnSi
2 10°F layer measured by XPS. The depth was estimated by assum-
& 104 ing the same spultter rate as for $iQt is observed that Mn
Z and Sb atoms coexist for about 1 nm. This result shows that
§ 103 | Mn a MnSbh intermetallic compound is formed on the surface of
(3 102 the silicide layer, even though the optimum growth condition
- 3 was chosen for the MnSi lay&t. This has been reported
= 10l 3 previously for the case of high Mn deposition rate or low
L growth temperaturé’
0 50 100 150 200 250 XPS valence band spectra of the surface of the MnSi
Depth (nm) film after sputtering fgr 0.1 and 15 nm are displayed _in Figs.
5(a) and 8b), respectively. The spectral features of Fi(p)5
FIG. 2. SIMS profiles of Sb and Mn across the MnSi layer. are a weak shoulder near the Fermi levié}) and peaks at
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FIG. 4. Depth profile showing chemical composition of the MnSi layer
deduced from XPS.

FIG. 6. Z-contrast image of the MnSb/Si interface showing the presence of
interfacial dislocations.

about 4 and 10 eV belok . On the other hand, the spec-
trum in Fig. §b) shows a strong density of stateskat and
a peak at about 9 eV. The valence band spectra of pure MnSl. DISCUSSION
and MnSi compounds were measured by XPS to compare
with the spectra shown, respectively, in Figéa)sand 5b)
and are in good agreement with previous repttts.The
features of Figs. @ and 5b) closely resemble those of
MnSb and MnSi, respectively. A calculated band structur
for MnSb (Ref. 19 is close to the spectra of Figs(ap and
5(c). The shoulder neaEg corresponds to a cutoff in the

Recently, it has been reported that high quality MnSi
layers with a smooth film/substrate interface can be grown in
the presence of Sb flu¥ We believe that the improvement

in the crystalline quality and interface morphology is due to
&he action of the Sb as a surfactant during growth and in the
formation of Sbh-based intermetallic compounds. In this

. study, the surfactant element Sb was chosen for the following
Mn 3d density of states and the two peaks at about 4 eV anfha5ons. A surfactant should have a high vapor pressure and

10 ev correspond to a maximum in the dens.ity of Mh_3 show a strong tendency to form intermetallic compounds.
upspins and Sb$states, respectively. For MnSi, theoretical Then it will bind to metallic atoms and the formation of

calculation showed that the peak at about 9 eV can be agjgh-mn silicides will be avoided. Furthermore, the interme-
cribed to Si 3 states and the broad band at about 0-3 eMgjlic compound should have a low formation energy com-
below Er is due to Si $ and Mn A states. This is in good pared to the silicide, but should be stable at the silicide
agreement with the spectral features in Figh) &nd 8d).  growth temperature. Group V-based intermetallic compounds
This result together with those from Fig. 4 suggests thakeet these criteria.

MnSb is formed on the surface of the MnSi film. In the Mn—=Sb system, both MnSb and bﬂb interme-
talic compounds exist. However, it is known that
MnSh(000)) epitaxial layers can be easily grown or(13il)
substrates in an Sb rich environméiMnSb has a hexago-
nal NiAs-type crystal structure with lattice constants af
=0.4128 nm andc=0.5789 nm. On the other hand, MnSi
has a cubic FeSi crystal structur@=0.4556 nm. The
atomic spacing of the epitaxial MnSb alond Bi2], dyasp

= \/3/2ays,=0.358 nm, is larger than that of Sig;

= 6/4a5=0.333 nm and also of the MnSidys

(a) Sputtered 0.1 nm

YN\

20 15 iEll‘:ergy-(seV) Ep 520 5 El‘l’ergy'(sev) Ep 5 = \/5/2§1Mn5i=0.322 nm. The thin Sb-Mn-Sb layer ob-
i served in theZ-contrast image Fig.(8) is a half of a unit cell
(c) MnSh (d) MnSi l of the MnSb crystalline lattice. In addition, interface dislo-

ty (arb.unit) Normalized Intensity (arb.unit)

cations are visible between this layer and the substrate as
----- shown in Fig. 6, which means that the MnSi layer is largely
relaxed(except presumably for thermal mismatch stresses
The mechanism of the silicide growth is therefore considered

20 -15 -10 -5 Ex 5-20 -15 -10 -5 Ep 5

Energy (eV) Energy (eV) to be as follows. The presence of the Sb flux means that the
G 5. XPS val band com the | « ol substrate surface is saturated with Sb before deposition of

. 0. valence pan spectra rom the ayer arer sputt nm H HSREA H H H

and(b) 15 nm, and from bulkc) MnSb and(d) MnSi, respectively. Dotted Mn. _Durlng the_ initial deposmon of Mn’. an epltaX|aI Iayer (.)f
lines in(c) and(d) also show experimental XPS spectedter Refs. 18 and th? 'mermet_a"'c Mn_Sb IS formed: This has a I_arge lattice
19), respectively. mismatch with the Si substrate, with a critical thickness less

Normalized Intensi
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than one monolayer, so the layer relaxes immediately by theerials must also be considered. For the case of conventional
introduction of mismatch dislocations. Then, with subse-surfactant epitaxy, heavy incorporation of surfactant materi-
guent deposition of Mn, a MnSi silicide layer is formed by als into grown semiconductor layers makes it difficult to con-
interdiffusion of the MnSb layer and the Si substrate. Thetrol their electronic properties. In addition, the existence of a
soft MnSb layer can easily adjust its lattice parameter tahin intermetallic interfacial layer might effect the electronic
match that of MnSi without the need to introduce any newproperty of the silicide. Further investigation will be required
dislocations in MnSi. This explains why we observe inter-to clarify the possibility of device applications using this
face dislocations only at the MnSh/Si interface. Excess surgrowth procedure.

factant atoms are reevaporated from the layer surface during

the silicide growth. Thus, the surface and the interface laye¥. CONCLUSION

are maintained rich in Sb. _ o Surfactant-mediated RDE for silicide growth has been
_As mentioned herein, the high quality silicide layers ron0sed and developed, furthermore structural and compo-

with a smooth interface have been grown, and the improves;tiona| analyses have been performed. Growth of the MnSi

ment in structural quality of the layer can be attributed to thelayer is accompanied by the formation of a MnSb interme-

following phenomena: tallic compound on the surface of the silicide layer, and three
(1) Reduction in the migration distance of deposited atomgnonolayers of this MnSb phase is also found at the interface
leads to the formation of a smooth |ayer, as with Convenbetween the silicide Iayer and Si substrate. This thin interfa-
tional surfactant growtﬁ‘_‘vls The surfactant atoms sup- cial Iayer at the interface acts as a Compliant substrate lead-
press the migration of deposited atoms and the formatiofd to a relaxed MnSi film free from threading dislocations
of islands. and a smooth film/substrate interface. Further characteriza-
(2) The phase formation depends not only on the equilibtion of grown layers, however, will be required for applica-
rium formation energy but also on interfacial Composi_ tions to devices. This grOWth method would be useful for the
tion and lattice mismatch between the silicide phase an@rowth of single-phase high quality epitaxial layers of other
Si matrix?* The high crystallographic symmetry be- multiple phase alloys and may allow other new materials to
tween the Sil11) and predeposited Mn&B00) en- be grown as thin films.
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