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Low temperature iron thin film-silicon reactions 
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Department of Mining, Metaflurgical and Petroleum Engineering, University of Alberta, 
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Low temperature reactions between Fe thin films and Si substrates have been studied. Iron 
films were deposited by electron beam evaporation onto (1 1 1 ) orientated Si substrates. An 
SiOz capping layer was used to protect the Fe from oxidation during subsequent annealing. 
Samples were annealed at temperatures as high as 650~ for up to several hours. It has 
been shown that FeSi is the initial silicide to form, with 300~ being the lowest formation 
temperature. Fe3Si forms after most of the Fe has been consumed, and forms as a separate 
phase from 0~-Fe and not through a disorder-order transformation. Microstructural evidence 
for nucleation controlled formation of 13-FeSi2 from FeSi has also been given. 

1. Introduction 
There has been considerable interest in iron silicides 
recently, and in particular semiconducting J3-FeSi2. 
The band gap of 13-FeSi2, which has been measured by 
several groups [1-14], with a value of 0.8 0.9 eV re- 
ported in most cases, is potentially suitable for opto- 
electronic applications. It remains to be seen whether 
high quality thin films of 13-FeSi2 can be grown 
on Si, thereby making FeSi2 compatible with existing 
silicon based integrated circuit technology. 

A number of thin film studies have been done on the 
Fe Si system. In most cases the lower temperature 
reactions have been ignored in favour of higher tem- 
perature ones, with the aim of forming 13-FeSi2. Other 
silicides that are thermodynamically stable at low 
temperatures (~< 800~ include FeSi and Fe3Si, 
the latter has two structural variations, al and a2. The 
work that has been done on deposited Fe films on Si 
substrates, which are subsequently annealed, is briefly 
outlined below. 

The most Fe-rich silicide is Fe3Si, which according 
to the Fe-Si phase diagram (Fig. 1) has a wide range of 
stoichiometry. Both forms of FeaSi are cubic; the 
% form has a lattice parameter of 0.5640 nm, while 
a = 0.2840 nm for the ~2 form. FeaSi has been re- 
ported to form during low temperature annealing of 
Fe thin film-Si couples [15-17]. In the study done by 
Lau et al. [17], %-FeaSi is reported to be the initial 
silicide to form through a disorde>order  transition. 

The monosilicide, stoichiometric FeSi, is reported 
to be the initial silicide to form in most low temper- 
ature studies [3, 15, 16, 19-22]. It has a cubic structure 
with a = 0.449 nm and has been reported to form at 
temperatures as low as 200 ~ for thin layers of Fe 
(2nm) deposited under ultra high vacuum (UHV) 
conditions. For  thicker layers ( > 10 rim) and conven- 
tional vacuum levels, the lowest reported formation 
temperature is 400~ At higher annealing temper- 
atures ( >  450 ~ J3-FeSi2 forms at the expense of 
FeSi. This silicide remains stable to ~940 ~ where- 

upon it progressively transforms into the metallic 
~-FeSi2 form, which has an even higher atomic per- 
centage of Si than J3-FeSi2 because ~ 13% of its Ire 
sites are vacant. J3-FeSiz is orthorhombic with lattice 
parameters of a = 0.9863 rim, b = 0.7791 nm and 
c =0.7833nm,  while ~-FeSi2 is tetragonal with 
a = 0.264 nm and b = 0.783 nm. 

Recently, two metastable silicides, ?-FeSi2 and 
FeSi(csca), have been reported in the literature [23-30]. 
7-FeSi2 is cubic with a = 0.5389 nm, which is very 
close to the lattice parameter of Si. FeSi(c~cT? is also 
cubic, with a CsC1 type structure. Both phases grow 
pseudomorphically on Si substrates, only when the 
ratio of interfacial area (with Si) to silicide volume is 
very large, i.e. for thin Fe layers of the order of a few 
nanometres or less. 

Very little has been done on the growth kinetics of 
iron silicides. One of the few studies was done in 1975 
by Lau et al. [17], using Rutherford backscattering 
spectrometry (RBS) to measure the thickness of FeSi 
formed as 100-150 nm thick Fe films on single crystal 
Si were annealed. FeSi growth was found to be diffu- 
sion controlled, with Si being the dominant diffuser, 
and an activation energy for FeSi growth was cal- 
culated from the kinetic data to be 1..67 + 0.15 eV or 
161 + 14kJmo1-1.  Formation rates of FeSi seemed 
to be slightly higher on the Si (1 1 1) substrates than on 
the Si (1 0 0) substrates. More recently, Radermacher 
et al. performed similar experiments to determine the 
growth kinetics of iron silicide films [31]. The main 
procedural difference between the two investigations 
is that Radermacher et al. used rapid thermal an- 
nealing instead of conventional annealing. The acti- 
vation energy for FeSi diffusion controlled growth on 
Si (1 1 1) was determined to be 1.36 ___ 0.25 eV or 
131 + 24 kJ tool-  1, somewhat lower than the result in 
[17]. The choice of annealing procedure was given as 
a possible factor in this difference. 

The formation of f3-FeSi2 is generally considered to 
be nucleation controlled [7, 3t, 32]. In a study done 
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Figure 1 Lower temperature, Fe-rich region of the Fe-Si phase 
diagram [18]. 

by Erlesand et al. [32], the activation energy for the 
growth of [3-FeSi2 on amorphous Si was calculated to 
be 1.5 + 0 . 1 e V  or 150kJ _+ 10kJmo1-1. In marker 
experiments, carried out to determine the major dif- 
fusing species during the formation of 13-FeSi2 from 
FeSi, marker displacement was small but appeared to 
demonstrate that Si was the major diffuser. Dimit- 
riadis and Werner [7] have proposed that [3-FeSiz 
forms by an "explosive crystallization" process. The 
heat released during the formation of [3-FeSi2 from 
FeSi travels outward from a nucleation site as a circu- 
lar heat wave, which is not quickly conducted away 
because of the low thermal conductivities of the 
materials involved. 

Radermacher et al. [31] has also determined the 
activation energy for 13-FeSiz formation, although 
thickness measurements were taken from relatively 
thick disilicide films that had passed the nucleation 
controlled stage and moved on to diffusion controlled 
kinetics. The activation energy for the diffusion con- 
trolled growth of [3-FeSiz films on Si (1 1 1) was cal- 
culated to be 2.6 _+ 0.5 eV or 250 _+ 50 kJ tool-  ~ 

The purpose of the present study was to examine 
low temperature (~< 650~ annealing of relatively 
thick (~  40 nm) Fe films on (1 1 1) orientated Si sub- 
strates. The study is focused on initial phase formation 
(FeSi versus F%Si) and obtaining experimental verifi- 
cation for nucleation controlled formation of [3-FeSi2. 

2. Experimental procedure 
Silicon (1 1 1) orientated wafers doped with boron to 
a resistivity of 1.0-10.0 ~ cm - 1 were used. The wafers 
were cleaned in a 10:1 buffered hydrofluoric acid 
solution for about 1 min. They were then thoroughly 
rinsed in deionized water and blown dry with N2. 
Immediately after cleaning, the substrates were loaded 
into the electron beam evaporation chamber and the 
chamber was evacuated. 

Iron films were deposited onto Si (1 1 1) wafers by 
electron beam evaporation from a 99.95% pure Fe 
target, which had been degassed. In the same vacuum 
chamber, a protective capping film of SiO2 was im- 
mediately evaporated on top of the Fe. The capping 
layer has been found to be necessary to prevent oxida- 
tion and agglomeration of the Fe film during ex  situ 

annealing. Base pressures were ~5  x 10 -6 Pa and 
deposition pressures were ~ 4 x  10 .4  Pa for the Fe 
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Figure 2 TEM cross-section image from an as-deposited sample. 

and ~ 7 x 10- 5 Pa for the SiO2. The Fe was deposited 
at a rate of ~ 1.7 nms-1  and the S iO  2 at a rate of 

0.2 nms - 1. Film thicknesses were monitored during 
deposition by a quartz thickness monitor, but were 
more accurately determined later by cross-sectional 
transmission electron microscopy (TEM). The Fe 
layer was found to be ~40  nm thick; the SiO2 was 

120 nm thick. 
Wafers were cleaved into sections about 1 cm 2 and 

annealed in a small quartz furnace in a flowing nitro- 
gen atmosphere. Samples were annealed at temper- 
atures ranging from 300 to 650 ~ for up to 3 h. 

Annealed samples were examined by TEM, using 
both plan view and cross-section specimens. These 
were prepared using standard techniques involving 
a combination of mechanical polishing and ion mill- 
ing. TEM samples were examined in either a Hitachi 
H-7000 or a Jeol 2010 equipped with a Ge ultrathin 
window X-ray detector. Phase analysis was done 
through a combination of imaging, electron diffrac- 
tion and X-ray microanalysis. 

3.  R e s u l t s  a n d  d i s c u s s i o n  
A TEM cross-section image of the as-deposited 
sample is shown in Fig. 2. The Fe layer thickness was 
calculated from micrographs to be about 40 nm, with 
an average grain size of ~ 10 nm. This initial Fe layer 
contains many voids though, because of the low tem- 
perature and rapid rate at which it was deposited. By 
measuring the thickness of completed [3-FeSi2 layers 
(from annealed samples) and knowing the unit cell 
volume of the disilicide and Fe, the as-deposited layer 
was found to be equivalent in Fe content to a fully 
dense layer of about 35 nm. 

The lowest annealing temperature studied was 
300~ with samples annealed for up to 3 h. From 
cross-section specimens (Fig. 3a), it appears as though 
no reaction has occurred; the only layer visible is a-Fe. 
Silicon diffusion has begun, however, as a significant 
amount of Si is dissolved in the Fe (Fig. 3b). Close 
examination of a selected area diffraction (SAD) 
pattern taken from a plan view specimen reveals that 
there are three additional diffuse rings that cannot be 
attributed to a-Fe (Fig. 3c); the spots are due to the Si 
substrate. These rings do not correlate with super- 
lattice lines from either ~1- or ~2-F%Si, but can only 
be attributed to (1 1 1), (2 1 0) and (2 2 1) planes of FeSi. 
If al-F%Si were present, a reflection at d = 0.283 nm 
should be present, but is missing. For clarity the 
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Figure 3 (a) Cross-section image of sample annealed at 300 *C for 
2 h, (b) EDX spectrum from the ~-Fe layer in Fig. 3a, and (c) SAD 
pattern taken from a plan view section of the same sample. 

diffraction data is tabulated in Table I, which shows 
that the match with FeSi is quite good. Clearly, FeSi 
and not Fe3Si, is the first phase to form at the Fe-Si 
interface. The volume of material observable in cross- 

section specimens is extremely small, relative to that 
in plan view specimens, which would account for the 
absence of an FeSi layer in the cross-section sample 
of Fig. 3a. 

The silicide formation sequence at 400 ~ is illus- 
trated in a series of cross-section micrographs in 
Fig. 4. SAD patterns from plan view specimens are 
included with some of the micrographs; the SAD data 
is also tabulated in Table II, as many of the weak 
reflections are difficult to see in the SAD patterns. 
After 30 min of annealing, two distinct layers are vis- 
ible (Fig. 4a). These were identified primarily through 
SAD analysis, with verification through energy disper- 
sive X-ray (EDX) analysis. The most intense rings 
in the SAD pattern of Fig. 4a are from ~-Fe (the 

30 nm thick layer in Fig. 4a), while the faint rings 
correspond to FeSi ( ~ 1 0 n m  thick inner layer in 
Fig. 4a). FeSi exhibits preferred orientation with re- 
spect to the Si substrate. 

I 

(1 1 1) VeSi I[ (1 1 1)Si [1 0 i ]  VeSill [2 1 1] Si 

At least some preferential growth of FeSi on Si was 
achieved for FeSi thicknesses up to 40-50 nm. For 
thicker FeSi layers, random orientations were ob- 
tained. Preferred growth of FeSi has been reported 
previously [9, 25, 33-35] for FeSi films thinner than 
10 nm. 

From the SAD data in Table II, it is clear that Fe3Si 
only forms at the longer annealing times (2 h), when 
most of the a-Fe has been consumed. At shorter an- 
nealing times, one could argue that many of the reflec- 
tions for Fe3Si and a-Fe have similar d spacings 
(see Table II), which would suggest that Fe3Si may be 
present. However, if Fe3Si were indeed present, addi- 
tional reflections not common to ~-Fe would also be 
present, e.g. (2 0 0) with d = 0.2830 nm. This is not the 
case. In addition, Fe3Si is not just an ordered form of 
the ~-Fe solid solution, as small grains of Fe3Si (iden- 
tified as al) are present between the FeSi layer and the 
few remaining islands of ~-Fe (not visible in Fig. 4c, 
2 h anneal at 400 ~ The two phases are microstruc- 
turally separate and distinctly different in composi- 
tion, as demonstrated in the EDX spectra taken from 
a-Fe, Fe3Si and FeSi (Fig. 5). The number of counts in 
the EDX spectra is not high, due to the thin nature 
of the layers, so only qualitative comparisons can be 
made. However, it is quite evident that Si levels in 
Fe3Si are significantly higher than in ~-Fe. The Si 
concentration is approximately constant in Fe3Si as 
well, suggesting that Fe3Si is stoichiometric. These 

TABLE I Indexed SAD results for 300 ~ sample 

d (nm) Intensity Si ~-Fe FeSi 
d(nm) hkl  d(nm) hkl  d(nm) hkl  

0.2529 Weak, prefer 0.2591 (1 1 1) 
0.2035 Strongest 0.2027 (1 10) 
0.1978 Weak 0.2008 (210) 
0.1920 Spots 0.1920 (220) 
0.1485 Weak 0.1496 (221) 
0.1433 Strong 0.1433 (200) 0.1419 (310) 
0.1177 Strong 0.1170 (211) 0.1199 (321) 
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Figure 5 Energy dispersive X-ray (EDX) spectra taken from sample 
annealed at 400 ~ for 2 h: (a) a-Fe grain, (b) F%Si grain, and 
(c) FeSi layer. 

Figure 4 Cross-section images and SAD patterns of samples an- 
nealed at 400 ~ (a) 30 min, (b) 60 min, and (c) 2 h. The FeSi and 
F%Si reflections in the SAD patterns are labelled. 
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results seem to be contradic tory to the findings of Lau  
et al. [17], where F%Si was reported to form from 
~-Fe through a disorder order  transformation.  How-  
ever, their X R D  results were inconclusive, as the re- 
flections at tr ibuted to Fe3Si could have been due to 
a-Fe, i.e. the (4 2 2) and (4 4 0) reflections for ~l-Fe3Si 
have about  the same d spacings as (2 1 1) and (2 2 0), 
respectively, for ~-Fe. Recent work  by the authors  on 
the bulk Fe-Si  diffusion couples seems to confirm the 
above, as thick layers (several tens of micrometres) of 
Fe3Si were found to be stoichiometric and microstruc- 
rurally separate f rom ~-Fe [36]. 

That  FeSi forms initially seems logical f rom a ki- 
netic standpoint,  given that  Si is the major  diffusing 
species in low temperature reactions. Once the solubil- 
ity limit for Si is reached in ~-Fe, FeSi, being more  
Si-rich than F%Si, would form. [3-FeSi2 does not  form, 



TABLE II Indexed SAD results for 400~ samples 

d (nm) Intensity Si c~-Fe %-F%Si FeSi 
d(nm) hk l  d(nm) hk l  d(nm) h k l  d(nm) h k l  

30min at 400~ 
0.3185 
0.2548 
0.2239 
0.2025 
0.1920 
0.1844 
0.1485 
0.1442 
0.1332 
0.1208 
0.1174 

Weak, prefer 
Weak 
Weak 
Strongest 
Spots 
Fair, prefer 
Weak 
Strong 
Weak 
Weak 
Strong 

0.1920 (220) 
0.2027 (1 10) 0.2000 (220) 

0.1433 (200) 0.1415 (400) 

0.1170 (211) 0.1156 (422) 

0.3174 
0.2591 
0.2243 
0.2008 

(110) 
(t 11) 
(200) 
(210) 

0.1832 (21 1) 
0.1496 (221) 
0.1419 (3 10) 
0.1353 (3 1 1) 
0.1199 (321) 

2 h at 400 ~ 
0.3190 Medium, prefer 
0.2834 Medium 
0.2590 Medium, prefer 
0.2249 Medium, prefer 
0.2004 Strongest 
0.1922 Points 
0.1837 Strong, prefer 
0.1707 Weak 
0.1640 Weak 
0.1603 Weak 
0.1508 Weak 
0.1438 Weak 
0.1417 Strong 

0.1920 (220) 

0.2830 (200) 

0.2027 (110) 0.2000 (220) 

0.1706 (31 1) 
0.1632 (222) 

0.1433 (200) 0.1415 (400) 

0.3174 (1 10) 

0.2591 (111) 
0.2243 (200) 
0.2008 (21 O) 

0.1832 (21 1) 

0.1587 (220) 
0.1496 (221) 
0.1419 (310) 

as discussed below because of its large nucleation 
barrier. As the FeSi layer thickness increases, the Si 
flux would decrease, eventually reaching a critical 
value, where the formation of F%Si becomes kineti- 
cally favourable. 

At 500 ~ the early stages of the silicide growth 
sequence progress much faster. A sample, shown in 
Fig. 6a, annealed for only 15 min, contained a single 
layer of FeSi ( ~ 7 5 n m  thick) with no Fe3Si. The 
silicide layer was the thickness expected for FeSi 
by mass balance considerations. Samples annealed for 
30 rain, 1, 1.5, 1.75 and 2 h all looked much like the 
15 min sample; a continuous layer of FeSi. No evid- 
ence for [3-FeSi2 formation could be found in plan 
views and diffraction analysis indicated no phase 
other than FeSi. The reason for this contrast in forma- 
tion times, very short for FeSi and long for [3-FeSi2, is 
explained by the differences in formation kinetics. 
FeSi grows as a diffusion controlled layer, whereas the 
formation of [3-FeSi2 is considered to be nucleation 
controlled [-7, 31, 32]. Subcritical 13-FeSi2 nuclei have 
been found at 500 ~ however, at annealing times as 
short as 1 h (Fig. 6b). The tiny [3-FeSi2 protrusions 
between the FeSi and Si were found by searching for 
grain-to-grain contrast  effects while slowly tilting the 
T E M  specimen stage. The [3-FeSi2 grains are smaller 
than almost all the FeSi grains and occur at the 
FeSi-Si interface with their longest dimension aligned 
along the interface, presumably to take advantage of 
the interracial surface energy available. By compari-  
son, individual FeSi grains usually extend through the 
entire thickness of the film. EDX analysis confirmed 

Figure 6 Cross-section image of a sample annealed for (a) 15 min 
at 500 ~ and (b) 10 min at 500 ~ A subcritical ~-FeSi2 nucleus is 
indicated by the arrow. 

that the protrusions were significantly higher in Si 
content than the main FeSi layer. 

Annealing at 600 ~ as at 500 ~ produced com- 
pleted FeSi layers within 15 min. Unlike the lower 
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Figure 7 Plan view image of sample annealed at 600~ for 1 h. 
A J3-FeSi2 colony is visible in the FeSi matrix. Note the difference in 
grain size between FeSi and [3-FeSiz. 

temperature anneals, however, the 600~ samples 
produced the first growing 13-FeSi 2 colonies after only 
about 1 h of heating. Fig. 7 shows one of these colo- 
nies in a plan view section. J3-FeSi2 Covers a circular 
area and is easily identified by its grain size, which is 
much larger than that of FeSi. There were only about 
a dozen colonies like one pictured on the entire 
sample. The distances separating them were typically 
at least ten times the width of the colonies. 

Although it is generally thought that [3-FeSi2 grows 
by nucleation controlled kinetics, these are believed 
to be the first micrographs taken of [~-FeSi2 colonies. 
These pictures give more direct and graphic evidence 
of the way that this silicide grows than previous ex- 
perimental support has offered. 

The [3-FeSi2 colonies which form at 600~ grow 
radially outward through the silicide film until they 
contact one another. After 2 h, a small fraction of the 
film is still FeSi. Only a few tens of grains of FeSi were 
found in an entire plan view sample after 2.5 h of 
annealing. 

Small 13-FeSi2 colonies are found in plan view sam- 
ples annealed for as little as 7 min at 650 ~ The initial 
reaction product was FeSi, which was virtually 
all consumed by J3-FeSi2 after 1 h of annealing at 
650 ~ 

Fig. 8a, b shows high magnification images of 
the FeSi and J3-FeSi2 grain structures, respectively, 
formed in 650 ~ samples, illustrating quite clearly the 
difference in grain size and morphology between the 
two phases. FeSi reaches a maximum grain size of 
~40 nm compared with ~220 nm for [3-FeSi2. FeSi 
grains are much more equiaxed and uniform in size 
relative to [3-FeSi2. Note, also, the profusion of Moirb 
fringes in the FeSi grains, a result of slight mismatches 
between the crystallographic spacings-orientations 
of the overlapping FeSi grains and the Si substrate. 
Many of the [3-FeSi2 grains in Fig. 8b possess internal 
structure, which has been documented recently by 
Zheng et  al. [37] as twinlike structures running along 
[1 0 0] directions in 13-FeSi2. These lamellae were re- 
ported to be 0.5-3.0nm in thickness and highly 
strained. 

36 

Figure 8 Plan view micrograph, showing (a) FeSi microstructure, 
of sample annealed at 650~ for 10min, and (b) J3-FeSi2 sample 
annealed at 650 ~ for 1 h. 

4. Conclusions 
Two major conclusions can be drawn from the pre- 
sented work. 

1. First of all, it is clear the FeSi forms initially 
during the annealing of Fe-Si thin film couples. Fe3Si 
does form, but not until almost all the ~-Fe is con- 
sumed, and forms as a distinct phase separate from 
~-Fe and not through a disorder-order transfor- 
mation. 

2. Clear microstructural evidence was presented 
that J3-FeSi2 forms through a nucleation controlled 
process. 
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