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Abstract

Iron—silicides were grown on Si by reactive deposition epitaxy method and by conventional solid phase reaction. The
morphology of silicides was investigated by optical microscopy, scanning electron microscopy and by atomic force microscopy.
The phases formed were identified by X-ray diffraction. The thickness of the evaporated Fe films ranged from 1.5 to 30 nm and
the in situ heat treatments were carried out between 500 and@08elf-assembled, island like, orientgedFeS) anda-FeSi
were found to grow on $100) substrates under 15 nm initial Fe thickness. The size of the islands was between 20 and 500 nm,
and their shape varied from circular to faceted triangular and quadratic depending on the Fe thickness and on the annealing
Above 20 nm evaporated Fe thickness, the samples show islanflsFe5; phase grown into the FeSi matrix indicating a
nucleation controlled type transition of the FeSiRd-eS} phase.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction has been made to prepare semiconducting epitgxial
FeSi, layers, whilst less work has been done to under-
Thin films of metal silicides have attracted attention stand the basic solid phase reaction of Fe thin film and
because of their scientific curiosity and technical impor- Si substrate. According to the literatuigefs.[7—-10],
tance. They have generally metal like electrical resistiv- the following phases of the Fe-Si equilibrium phase
ity, and exhibit good high temperature stability and diagram have found in thin film reactions, mainly on
oxidation resistancél]. The silicides can be classified, Si(111) substrates: The most Fe-rich silicide is;Fe Si
for example according to their formation kinetics from (DO, type), with cubic structure. Two types of iron
a metallic thin film and silicon substrate conventional monosilicides may appear in thin film form. The first
solid phase reaction. The most important type of kinetics phase ise-FeSi with cubic structure and the second
is the group of diffusion-controlled reactions. All diffu- monosilicide phase is cesium—chloride type cubic FeSi.
sion-controlled reactions have an initial stage under a The iron disilicides, prepared in thin layers, might have
certain thiCkneSS, where they exhibit reaction controlled three different Crysta| structures. The h|gh temperature,
grOWth klnet|CS[2] The next Category of kinetiCS, the metastab|e, tetragona]_FeSL phase may be epitaxia”y
nucleation controlled reactions occur where nucleation stapilized in thin film form on Si substrates. The cubic
is so difficult that it dominates the process of phase .,_Fesj phase is also a metastable structure. At the end,
formation [3]. B-FeSi has orthorhombic structure. All of the above

B-FeSp is an indirect semiconductor, but in some haqes including metastable ones, may be epitaxially
epitaxial configurations on silicon substrate it has a gapilized on the surface of @i11) substrates.

direct band gap due to strain effect$—€. For this " rpe hreparation of artificial low dimensional struc-
reason, it is a potential material of optoelectronic appli- {,-as for electron confinement is one of the most

cations in silicon-integrated technology. A lot of effort challenging research fields of the solid-state technology
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tions [12]. Heteroepitaxial growth of strained monitored by small-heat-capacity Ni—NiCr thermo-
semiconductor structures has attracted great interestouples.

recently, owing to their scientific curiosity and possible  The following groups of samples were prepared on
technical importance as quantum d@is]. The gener-  Si(100) substrates:

ated dots, through the combination of growth kinetics . 15 3, 45 5, 6, and 8-nm thick Fe films were

. . R §
gzdthséril)n i;f?ﬁfirsgfk\g t?a::ther narrow size distribution evaporated by RDE method onto(800) substrates
1op SO . . kept at 600°C, and annealed further for 2 min at
Earlier, a few publications reported island or wire .
. . o ) o the same temperature;
likes aggregation of the silicides on Si substrates.;TiSi ..
. ii. Samples were prepared by RDE method of 5 nm Fe
islands were observed both on(8)0) and S{111) by . . :
: - . evaporation onto Si at 500C, 5 nm Fe onto Si at
Ti deposition at elevated temperatures followed by high o ,
: : 600 °C, and 10 nm Fe onto Si at 80C. All of the
temperature annealinfl4]. CoS} nanostructures were . .
samples were further annealed for 10 min at their

prepared on %i00) by reactive deposition epitaxy reparation temperature. respectively:
(RDE) and their nucleation and evolution were studied ... prep P , [esp Y

during the annealingl15]. Recently, two groups in case - Z\e/amcr)?zte%ect)vr\foe?ogr?] tgpnd egrgtunrg]ﬂggcsﬁnbe:trsat\gsere
of the rare eartiEr, Dy, Ho) silicides[16,17 reported Y P

. . and then annealed at 60Q for 5 min; and
nanowire formation.

Suemasu and coworkers reported first the aggregation'v' 3—_nr:n thick Fe fllmllwas evar()jorated onto(fmo), |
of monocrystalling3-FeSj islands on the top of @i00) without any annealing to produce a control sample
. X . to see the initial, non-reacted Fe film morphology.
substrate and the sperical transformation of islands
inside a Si overlayef18§]. The silicide phases formed were identified by X-ray
The motivation of the recent study was to demonstrate diffraction using vertical powder diffractometer with a
the possibility of self assembled island formation of reflected beam monochromator. The thinner samples
epitaxial Fe—silicides on 8100) substrates, with the were measured for a long time to collect data for the
long term plan to develop epitaxial, semiconductpre extremely weak peaks. The surface morphology of the
FeS} quantum dots on the surface of Si. We investigated Fe—silicides was investigated by atomic force micros-
the thickness interval, where the stress effects playcopy (AFM) and by scanning electron microscopy
important role during the solid phase reactions, namely, (SEM). In case of the thick Fe—silicides optical micros-
between the monolayer and 20—-30 nm coverage. Thecopy was used to show the morphology.
evolution of aggregated silicide was followed as a
function of the annealing temperature and time and 3. Results and discussion
initial iron film thickness.
The AFM scan of the non-reacted Fe fillsample
2. Experimental (iv)] did not show any aggregation, the layer seems to
be flat without any aggregated island. This means, that
Pieces of n-typd100) oriented Si wafers were used the occasional further silicide island formation was not
as substrates. Before loading the samples into the oilcaused by the initial iron distribution.
free evaporation chamber, their surface was refreshed in  The properties of the reacted films were investigated
diluted HF. The time elapsed after cleaning to reach 1 first as a function of the thickness at the same short
Pa pressure in the vacuum chamber was approximatelytime annealing. After the RDE deposition of the iron
30 min. After evacuation down toX10 ° Pa and prior  films onto S{100) kept at 600°C and annealed further
to evaporation, Si wafers were annealed in situ for 5 for 2 min [sample seriesi)], dots are seen in the AFM
min at 800 °C. Iron ingots of 99.9% purity were images. The density of islands increased with the grow-
evaporated using an electron gun, at an evaporation rateng thickness, but it was not a linear function of the
of 0.01-0.03 nnfis, at a pressure of>810° ¢ Pa. The  available amount of Fe. Around 6 nm evaporated Fe
film thickness was measured by vibrating quartz. The thickness, should have been a critical thickness, above,
major parts of the samples were prepared by reactivethe number of islands suddenly enhanced. These islands
deposition epitaxy methotRDE), where iron particles  are randomly distributed on the surface of th€180D)
were deposited onto heated substrates. After Fe RDE-substrate. The typical size of an island was in the 20—
type evaporation, the samples were further annealed a0 nm range(Fig. 1a,b. According to the extremely
the same temperature for 1-10 min, and then wereweak lines, produced by X-ray diffraction measure-
moved to a cold place inside the vacuum chamber. Forments, botha-FeS}, andp-FeSi, phases were present
comparison, thicker Fe films were deposited onto room in the samples. With the rising thickness of evaporated
temperature Si substrate. Immediately after Fe depositionFe, the lines of metastable-FeS}, gradually vanished,
these layers were annealed in-situ in the vacuum cham-and line (002) of B-FeSi became dominant, which
ber to produce the Fe-silicide. The temperatures wereindicated an oriented growth.
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Fig. 1. AFM images of Fe-silicide islands prepared by RDE method
at 600°C and further 2 min annealing froit@ 6 nm (b) 8 nm iron
layer.

In case of the second sample seri@$, the duration

or quadrangular shapes. The X-ray diffraction pattern
measured on this sample is shown in Fig. 3, curve a.
The pattern showed that both-FeSj and 3-FeSi
phases were present in this sample.

The higher temperature deposition and anned|6ap
°C) of the next sample, with same thickness made
radically changed the SEM imadé&ig. 2b). The size
of aggregated silicides seemed to be similar to the
islands of the previous sample, except some rectangular
wire like islands, whose length reachedsin or more.

It was interesting, that the rectangular and triangular
islands were ordered in specific directions, which were
perpendicular to each other according to thé180)
substrate’s cubic lattice. X-Ray diffraction pattern meas-
ured on this sample showed sharper linesoefFeSj

and B-FeSj, (Fig. 3, curve B. The separation of these
two phases in the pattern was not easy, because the
strongest(001) line of orienteda-FeS}, coincided with

the (200) line of oriented3-FeSi, . To give the estimated
rate of the phase quantities from the diffraction results
was impossible, since the phases were more or less
epitaxial with specific diffraction lines and intensities.

The SEM micrograph of the sample, made by RDE
from 10 nm Fe at 800C and annealed further at the
same temperature for 10 min, can be seen in Fig. 2c.
Two form of aggregated Fe-silicide were detected on
this sample, the dominant islands were triangularly
faceted big(approx. 0.5.m) grains in two directions,
and between them smaller nearly circular ones. The X-
ray diffraction pattern of this sample contained only two
lines namely the(112) and (224) lines of B-FeSi,
showing a specially oriented epitaxial relation with
Si(100) substrate. It is worth to mention that these lines
coincide with the(111) and (222) lines of Fg Si. The
solid phase thin film reaction of Fe and Si does not
allow the existence of a Fe-rich phase at 80D
annealing, probably nor in epitaxially stabilized form.
However, from geometrical considerations regarding the
shapes of the islands, orthorhomtgeFeS, was sug-
gested to be present on the surface dfl80).

On Fig. 4, can be seen an optical microscopy image
of the sample that was evaporated at room temperature
with 30 nm Fe and then was annealed at 8Q0for 5
min. According to X-ray diffraction samples contained

of the annealing was kept constant after RDE deposition FeSi andpB-FeS}, phases. The bi§-FeSi, nuclei were
of samples, that had different thickness and annealingembedded into the FeSi base layer. It showed that the
temperature. The SEM image of the sample, made byFeSi= B-FeS, phase transformation is a nucleation-

RDE from 5 nm Fe at 500C and annealed further at

controlled process. The nucleation controlled solid phase

the same temperature for 10 min, can be seen in Fig.reactions produce rough surfaces as a consequence of
2a. The islands were much bigger than in case of shortthe coalescence of growing nuclei from different spots.
time annealed samples and their size varied from 50 toTo avoid the rough film morphology, the reactive dep-

300 nm. The shape of smaller island was typically

osition epitaxy(RDE) method was suggested to prepare

circular, while the bigger ones had distorted triangular thick B-FeS} films also.
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Fig. 2. SEM images of Fe silicide islands prepared by RDE method and further 10 min heat treatment of éantples Fe and 500C, (b)

5 nm Fe and 600C, (c) 10 nm Fe evaporation and 80C annealing.

4, Conclusion

Iron—silicide islands were grown on(300) by reac-
tive deposition epitaxy method and by conventional

u)

Intensity (a

Fig. 3. X-Ray diffraction patterns of Fe silicide islands prepared by
RDE method and further 10 min heat treatment of samfd¢$ nm
Fe and 500°C, (b) 5 nm Fe and 600C, (c) 10 nm Fe evaporation
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and 800°C annealing.

solid phase reaction. Self-assembled, island like, orient-
ed B-FeS} anda-FeSi, were found to grow on &i00)
substrates under 15 nm initial Fe thickness. Generally
two phases occurred together on samples, and their
appearance depended on the evaporated Fe thickness,
on the temperature and duration of the annealing. The
size of the islands was between 20 and 500 nm, and
three main shapes of aggregates appeared: circular to
faceted triangular and quadratic. The triangular shape
was connected to the specially oriengdreS}, islands.
The circular shape could be occurred at lower tempera-
ture annealing and in thinner layers, where the mixed
phases had polycrystalline like character. The quadratic
shapes were found in samples, where the Fe-silicide

Fig. 4. Optical micrograph of 30 nm evaporated Fe annealed at 600
°C for 5 min. The image shows the FeSB-FeS}, nucleation con-
trolled solid phase thin film transformation.
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phases have rather monocrystalline like structure. Above
20 nm evaporated Fe thickness, the samples show

islands of B-FeS} phase grown into the FeSi matrix
indicating a nucleation controlled type transition of the
FeSi top-FeS} phase. The separationffeSh islands

and their production with homogeneous distribution, and

appropriate size, and orientation, needs a lot of experi-

ment to develop epitaxial, semiconductiv@-FeSi
islands for Si based optoelectronics.
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