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The mechanism for the high-quality single-phase growth of MnSi
films on Si „111… in the presence of Sb flux
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The microstructures of high-quality single-phase MnSi layers grown on Si~111! by Mn deposition
and reaction with Si in the presence of Sb flux are characterized by Z-contrast imaging. It is found
that there is a transition layer consisting of two Sb monolayers sandwiching a Mn layer in between
the Si substrate and the single-phase MnSi film. This Sb–Mn–Sb sandwich layer effectively
prevents deposited Mn atoms from direct reaction with Si atoms in the substrate to form Mn
silicides. This explains why high-quality single-phase MnSi layers can be grown with remarkably
smooth interface on Si~111! substrates. ©1999 American Institute of Physics.
@S0003-6951~99!01645-9#
ive
.
n
e
a

n
e
a

o
e
er
ce
e
re

S
–
nd
le
n-

o
wn
h-

se
h
n

er

ld at
ux

by

he
ere
and
nu-

lec-
age
he

is

e
con-

se,
nd

the
on
.

ate

th,

-

ch
that
Metal–silicide/silicon interfaces have drawn extens
attention because of their microelectronics applications1,2

While many studies have been carried out on W, Ti, Co, a
Ni silicides,3–5 much less attention has been paid to silicid
of the group VIIA elements, such as Mn. It is reported th
MnSi, a cubic FeS structure, shows a magnetic transitio
Tc529.1 K from a paramagnetic state to a helicoidal ord
Its interesting magnetic properties make it a promising m
terial for use in electronic and optoelectronic devices.6–8

However, there are few reports to date on the growth
Mn-based layers on Si substrates. The main reason is du
the difficulties of growing a high-quality single-phase lay
with a smooth interface. In the most common growth pro
dures, Mn atoms easily react with Si atoms in the substrat
form many different polycrystalline Mn–silicides phases,
sulting in a very rough interface.9–12 Very recently, the
growth of high-quality single-phase MnSi films on Si~111!
has been reported with remarkably smooth interfaces.13,14

The critical factor for the growth is the presence of an
flux. Without the presence of Sb, polycrystalline Mn
silicides form leading to rough interfaces. Thus, understa
ing the effects of the Sb flux during the growth will enab
the growth of higher-quality films. However, so far no co
clusive mechanism has been given.

In this letter, we report our Z-contrast imaging studies
the interfaces of high-quality single-phase MnSi films gro
on Si ~111!, which reveal the growth mechanism for hig
quality films.

The MnSi films were grown on Si~111! substrates by
hot-wall epitaxy. The substrates were solvent degrea
etched in HF solution, and rinsed with de-ionized water. T
oxide layer was etched away by immersing the wafers i
dilute hydrofluoric acid solution (HF:H2O51:10), and dried
prior to loading into the vacuum chamber. Growth was p

a!Electronic mail: yyan@nrel.gov
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formed by simultaneous exposure of the Si substrates, he
a temperature of 350 °C, to Mn and Sb atoms. The Mn fl
used was 231014atom/cm2 s, while the Sb/Mn flux ratio
supplied to the Si surface was 10.

Specimens were prepared for electron microscopy
first mechanical polishing to;100 mm, then dimpling the
central portion of the specimens to;5 mm. Samples were
thinned to electron transparency using a 4 kV Ar ionbeam at
14° inclination and then cleaned at lower voltage~1.5 kV!. A
liquid N2 cooling stage was used in order to minimize t
damage during the ion milling. The Z-contrast images w
formed by scanning a 1.26 Å probe across a specimen
recording the transmitted high-angle scattering with an an
lar detector~inner angle;45 mrad!. The image intensity can
be described accurately as a convolution between the e
tron probe and an object function. Thus, the Z-contrast im
gives a directly interpretable, atomic resolution map of t
columnar scattering cross section in which the resolution
limited by the size of the electron probe.15,16

The quality and orientation of the Mn–Si film and th
smoothness of the interface have been characterized by
ventional transmission electron microscopy previously.13,14

The Mn–Si layer was confirmed to be the single MnSi pha
with the epitaxial relationship between the MnSi layer a
the Si substrate given by (111),@ 1̄1̄2#MnSi i(111),@ 1̄10#Si.
The MnSi/Si interface is remarkably smooth, as seen in
low magnification Z-contrast image of Fig. 1. The electr
beam is parallel to the@ 1̄10# zone axis of the Si substrate
The MnSi layer gives higher intensity than the Si substr
because Mn atoms have a higher atomic number (Z525)
than Si (Z514). It is seen that the interface is very smoo
consistent with previous results.

Figure 2~a! shows a higher-magnification Z-contrast im
age of the MnSi/Si interface viewed along the@ 1̄10# zone
axis of Si. The lattice image of Si is clearly seen, in whi
the bright spots correspond to atomic columns. It is seen
4 © 1999 American Institute of Physics

o AIP copyright, see http://ojps.aip.org/aplo/aplcpyrts.html.
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the MnSi/Si interface is atomically smooth. It is surprisin
that the first two planes of the grown film are much brigh
than either the Si or the MnSi layer. Figure 2~b! shows the
intensity profile measured from the dotted box region acr
the interface. The position of the interface is indicated by
arrow. The two peaks at the interface have much higher
tensities than bulk MnSi or Si. This strongly suggests that
atoms have segregated to the interface. This is consis
with SIMS measurements showing Sb segregation on
interface.17

Figure 3 is an enlargement of the image showing det
of the structure of the interface. The Si dumbbells~pairs of
atomic columns with a separation of 0.136 nm! are clearly

FIG. 1. Low-magnification Z-contrast image of an epitaxial MnSi fil
grown on Si~111! showing a very smooth interface.

FIG. 2. Higher-resolution Z-contrast image of the MnSi/Si interface sho
ing a narrow band of Sb segregation at the interface.
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visible. Also seen is a monolayer of Sb atoms bound to
atoms on the~111! surface of the substrate~indicated by
larger circles!. The separation of two adjacent Sb columns
the same as that of two adjacent dumbbells. The first mo
layer of Sb modifies the surface of the substrate: the Si
umns at the surface no longer have the dumbbell shap
indicated by the white arrow. The small increase of inten
ties for some Si columns at the surface suggests a s
occupation of Sb in those columns. Above the first mon
layer of Sb is another monolayer as indicated by sma
circles. The intensities of columns in this layer are high
than Si columns in the substrate but lower than Sb colum
indicating that they are Mn columns. This layer of Mn
sandwiched by two Sb monolayers. The MnSi film th
grows epitaxially on top of the second Sb monolayer. T
two dark lines show how two planes of MnSi match t
Sb–Mn–Sb structure.

It has been reported that Sb–Si adsorption can ea
occur on Si surfaces even at low temperature.18 The desorp-
tion of Sb on Si~111!, i.e., the breaking of Sb–Si bonds
takes place only above a peak temperature ofTp5950 °C.
This indicates that the Sb–Si bonds on the Si~111! surface
are energetically very stable. Since the Sb/Mn flux ratio s
plied to the Si surface was 10, it would greatly enhance
formation of Sb–Si bonding. The substrate temperat
~350 °C! is too low to break the Sb–Si bonds. Thus, a mon
layer of Sb can easily form and firmly cover the Si~111!
surface. However, it is known that the free energy of form
tion of MnSi ~7.25 kcal/g atom! is significantly higher than
that of MnSb ~3.25 kcal/g atom!.19 Thus, the formation of
MnSi is thermodynamically favored as compared w
MnSb. A thick layer of MnSb is therefore not expected at t
interface. This is consistent with the fact that only a S
Mn–Sb sandwich layer is observed at the interface.

It is believed that reaction between deposited Mn and
in the substrate is responsible for the formation of ma
different polycrystalline Mn–silicide phases that lead
rough, wavy interfaces. The growth mechanism for the hi
quality MnSi films on Si~111! in the presence of Sb flux ha
not so far been understood. However, it is now seen from

-

FIG. 3. High-resolution Z-contrast image of the MnSi/Si interface show
the Sb–Mn–Sb sandwich structure at the interface.
o AIP copyright, see http://ojps.aip.org/aplo/aplcpyrts.html.
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above observations, that in the presence of the Sb flu
Sb–Mn–Sb sandwich structure forms and covers the sur
prior to growth of the MnSi film. This Sb–Mn–Sb structu
prevents the diffusion of Mn into the substrate to react w
Si and form Mn silicides. This forces the epitaxial growth
the single MnSi phase with an atomically smooth interfa
Thus, it is clear that the mechanism for the growth of hig
quality single-phase MnSi film with a smooth interface is t
formation of the Sb–Mn–Sb sandwich structure as a re
of the presence of Sb flux during the growth. This is ve
similar to the recent report on the growth of Ge on Si:20,21

With the presence of Sb as a surfactant, the inner diffusio
epitaxial Ge atoms into the Si substrate is greatly suppres
leading to the formation of a very abrupt Ge/Si interface.
both cases, excess surfactant floats on the surface o
growing film. In our case, however, some is used to form
Sb–Mn–Sb sandwich structure at the film/substrate in
face.

In conclusion, we have studied the structure of hig
quality smooth MnSi/Si interface using Z-contrast imagin
We found that the formation of a Sb–Mn–Sb sandwich la
on the Si~111! surface is the reason that high-quality sing
phase MnSi films can be grown with atomically smooth
terfaces.

The work at NREL was supported by the U.S. Depa
ment of Energy under Contract No. DE-AC36-98GO 1033
at ORNL the work was sponsored by the Division of Ma
rials Sciences, U.S. Department of Energy, under Cont
No. DE-AC05-96OR22464 with Lockheed Martin Energ
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