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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 ¢t13) 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 Sil11) substrates. ©1999 American Institute of Physics.
[S0003-695(199)01645-9

Metal-silicide/silicon interfaces have drawn extensiveformed by simultaneous exposure of the Si substrates, held at
attention because of their microelectronics applicatiohs. a temperature of 350 °C, to Mn and Sb atoms. The Mn flux
While many studies have been carried out on W, Ti, Co, andised was X 10'*atom/cnts, while the Sb/Mn flux ratio
Ni silicides®~> much less attention has been paid to silicidessupplied to the Si surface was 10.
of the group VIIA elements, such as Mn. It is reported that ~ Specimens were prepared for electron microscopy by
MnSi, a cubic FeS structure, shows a magnetic transition &irst mechanical polishing te-100 um, then dimpling the
T.=29.1K from a paramagnetic state to a helicoidal ordercentral portion of the specimens te5 um. Samples were
Its interesting magnetic properties make it a promising mathinned to electron transparency ugia 4 kV Ar ionbeam at
terial for use in electronic and optoelectronic devit&s. 14° inclination and then cleaned at lower voltddes kV). A
However, there are few reports to date on the growth ofiquid N, cooling stage was used in order to minimize the
Mn-based layers on Si substrates. The main reason is due amage during the ion milling. The Z-contrast images were
the difficulties of growing a high-quality single-phase layerformed by scanning a 1.26 A probe across a specimen and
with a smooth interface. In the most common growth procerecording the transmitted high-angle scattering with an annu-
dures, Mn atoms easily react with Si atoms in the substrate t@r detectorinner angle~45 mrad. The image intensity can
form many different polycrystalline Mn—silicides phases, re-be described accurately as a convolution between the elec-
sulting in a very rough interfacE™ Very recently, the tron probe and an object function. Thus, the Z-contrast image
growth of high-quality single-phase MnSi films on @il1)  gives a directly interpretable, atomic resolution map of the
has been reported with remarkably smooth interfd2e$. columnar scattering cross section in which the resolution is
The critical factor for the growth is the presence of an Shiimited by the size of the electron probe!®
flux. Without the presence of Sb, polycrystalline Mn—  The quality and orientation of the Mn—Si film and the
silicides form Ieading to rOUgh interfaces. ThUS, Understandsmoothness of the interface have been characterized by con-
ing the effects of the Sb flux during the growth will enable yentional transmission electron microscopy previodsf
the growth of higher-quality films. However, so far no con- The Mn-Si layer was confirmed to be the single MnSi phase,
clusive mechanism has been given. with the epitaxial relationship between the MnSi layer and

In this letter, we report our Z-contrast imaging studies onine Si substrate given by (111[),_12]Mn8i (111) [TlO]Si.
the interfaces of high-quality single-phase MnSi films grownthe MnSi/Si interface is remarkably smooth, as seen in the
on Si (111, which reveal the growth mechanism for high- |0\, magnification Z-contrast image of Fig. 1. The electron
quality films. beam is parallel to thg110] zone axis of the Si substrate.

The MnSi films were grown on Sil1l) substrates by The MnSi layer gives higher intensity than the Si substrate

hot-wall epitaxy. The substrates were solvent degreasegyecause Mn atoms have a higher atomic number 23)
etched in HF solution, and rinsed with de-ionized water. Thenan Sj (z=14). It is seen that the interface is very smooth,

oxide layer was etched away by immersing the wafers in &gnsistent with previous results.

dilute hydrofluoric acid solution (HF:}0=1:10), and dried Figure 2a) shows a higher-magnification Z-contrast im-
prior to loading into the vacuum chamber. Growth was Perage of the MnSi/Si interface viewed along t[\?lO] zone
axis of Si. The lattice image of Si is clearly seen, in which
3Electronic mail: yyan@nrel.gov the bright spots correspond to atomic columns. It is seen that
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Si (11)

FIG. 3. High-resolution Z-contrast image of the MnSi/Si interface showing
FIG. 1. Low-magnification Z-contrast image of an epitaxial MnSi film the Sb—Mn-Sb sandwich structure at the interface.
grown on S{111) showing a very smooth interface.

visible. Also seen is a monolayer of Sb atoms bound to Si

the MnSi/Si interface is atomically smooth. It is surprisin
y b gatoms on the(11l) surface of the substraténdicated by

that the first two planes of the grown film are much brighterI cles. Th ) f di b col .
than either the Si or the MnSi layer. Figurép? shows the arger circles. The separation of two adjacent Sb columns is

intensity profile measured from the dotted box region acrosfhe saTeSgs thg_tf_of tvﬁo adjz?cent (;Iuhmbbeltl)s. The_ f'r:St g_]oml)-
the interface. The position of the interface is indicated by al ayer o modifies the suriace of the substrate: the S col-
arrow. The two peaks at the interface have much higher intmns otk surfacg no longer have thg dumbbell ghape_as
tensities than bulk MnSi or Si. This strongly suggests that S&ndm?ted by thgwhltle arrow. Tﬁe sm?ll increase of |ntenS|-”
atoms have segregated to the interface. This is consistefS 0" Some Sl columns at the surface sugge;ts asma
with SIMS measurements showing Sb segregation on th ccupation of Sb in those columns. Above the first mono-
interfacel’ ayer of Sb is another monolayer as indicated by smaller

Figure 3 is an enlargement of the image showing detail§irdes' The intensities of columns in this layer are higher
of the structure of the interface. The Si dumbbépairs of than Si columns in the substrate but lower than Sb columns,

atomic columns with a separation of 0.136 )nare clearly indicat?ng that they are Mn columns. This 'ayef O.f Mn is

sandwiched by two Sb monolayers. The MnSi film then
grows epitaxially on top of the second Sb monolayer. The
two dark lines show how two planes of MnSi match the
Sb—Mn-Sb structure.

It has been reported that Sb—Si adsorption can easily
occur on Si surfaces even at low temperafréhe desorp-
tion of Sb on Si(11)), i.e., the breaking of Sb—Si bonds,
takes place only above a peak temperaturd pf 950 °C.
This indicates that the Sb—Si bonds on theg&i1) surface
are energetically very stable. Since the Sb/Mn flux ratio sup-
plied to the Si surface was 10, it would greatly enhance the
formation of Sb—Si bonding. The substrate temperature
(350 °Q is too low to break the Sb—Si bonds. Thus, a mono-
layer of Sb can easily form and firmly cover the @il1)
surface. However, it is known that the free energy of forma-
tion of MnSi (7.25 kcal/g atomis significantly higher than
that of MnSb(3.25 kcal/gatom®® Thus, the formation of
MnSi is thermodynamically favored as compared with
MnShb. A thick layer of MnSb is therefore not expected at the
interface. This is consistent with the fact that only a Sbh—
Mn—Sb sandwich layer is observed at the interface.

It is believed that reaction between deposited Mn and Si
intorface in the substrate is responsible for the formation of many
b different polycrystalline Mn-—silicide phases that lead to
rough, wavy interfaces. The growth mechanism for the high-

FIG. 2. Higher-resolution Z-contrast image of the MnSi/Si interface show-duality MnSi films on Si(11Y) in the presence of Sb flux has
ing a narrow band of Sb segregation at the interface. not so far been understood. However, it is now seen from the
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