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ABSTRACT

The formation of axially intruded iron silicide nanowires is investigated for its
potential applications in spintronics research. The ferromagnetic Fe3Si has a 125%
volume increase per silicon atom over the original silicon nanowire, which leads to
significant kinking of the nanowire. The kinetics of silicide formation were also
investigated for intruded nickel silicide nanowires as dependent on nanowire diameter.
Growth rate was found depend on nanowire radius R as 1/Rn where n is at least 0.5 and
more likely 2. Individual differences among the nanowires indicate that in future studies
it would be better to cumulatively anneal a single wire to remove the influence of wire to
wire variability.
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Chapter 1

Background
Thin film transition metal silicide studies have been of increasing interest due to
their applications in modern electronic technologies[1]. Understanding thin film-substrate
interactions is crucial for stable functioning. As the size of circuits decreases, however,
the confinement towards one dimension may affect phase formation and stability in ways
not predicted by thin film studies[2]. Due to their restricted geometry and high surface
area to volume ratio, nanowires have many applications in electronics, including
sensors[3], piezoelectrics[4], and solar cells[5]. Additionally, iron silicide nanowires have
potential applications in the field of spintronics[6, 7].
As silicon transistors approach their intrinsic physical limits as used in modern
technology, the field of spintronics is garnering attention. First outlined by Datta and
Das[6], a spin-based transistor would have on and off states controlled by spin precession
between ferromagnetic contacts. A spin-modulated transistor would be able to control
the current as well as the spin orientation (up or down) of passing electrons. To achieve
efficient spin injection the ferromagnetic contact must be separated from the silicon
channel by either a Schottky barrier or thin tunnel barrier[8]. Surface states and defects at
the interface dramatically reduce the efficiency of spin injection, which has so far been an
area of great struggle.
Recent studies have demonstrated spin transport in silicon at room temperature[9,
10]

and with a variety of ferromagnetic contacts, including Fe3Si[11, 12]. By utilizing

ferromagnetic contacts and specifically tailored interfaces, spin-oriented electrons can be
injected and measured in a variety of test structures. Planar spin transport structures
include a ferromagnetic injector and detector, as well the semi-conducting channel. This
structure can be adapted to semiconducting nanowires, although the interface between the
ferromagnetic contact and nanowire must be carefully controlled.
A potential solution to the interface issue of a spin-based silicon nanowire
transistor would be the formation of a metallic axially intruded silicide of Fe3Si. Fe3Si is
ferromagnetic at room temperature with a Curie temperature (Tc) of 840K, unlike many
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other silicides examined for spin injection, such as MnSi (Tc=29K). Thus Fe3Si can serve
as the deposited ferromagnetic contacts for spin injection and detection and be studied at
room temperature. Based on studies with other transition metals such as nickel,
atomically abrupt[13] interfaces between intruded silicides and the remaining silicon
nanowire are possible. These contacts have also been shown to be rectifying Schottky
contacts[2, 14, 15], which are necessary for efficient spin injection[8]. Large electrical
contacts can then be made to the non-oxide forming silicide, bypassing many of the
current issues in nanowire spin injection.
Although there have been several studies using Fe3Si as a ferromagnetic contact
in planar spin based devices[11, 12, 16-18], there is limited work examining nanowires with
intruded iron silicide[19, 20]. If silicon nanowires are to be applied to spin injection
research, suitable ferromagnetic contacts are crucial. The use of Fe3Si may provide the
required Schottky barrier as well as a clean, abrupt interface if it forms an intruded
ferromagnetic silicide.
Additionally, to incorporate nanowires into electronics, the growth rate of silicide
contacts must be well understood. The growth rate has been predicted to vary with
nanowire diameter as well as orientation[2, 21-23]. Nickel forms atomically abrupt
interfaces between the intruded silicide and the remaining nanowire[2, 13, 24, 25]. This
behavior makes it an ideal element to study the effects of small changes in diameter,
orientation, and annealing temperature on the growth rate of metal silicides.
The current model[21] predict growth kinetics to change regimes based on
geometric factors. Oxide thickness, contact area, and metal diffusivity into the wire can
change growth kinetics from a linear to square root dependence on time. This model also
predicts a growth rate dependence on the nanowire radius, R, which also varies with
growth regime. Separation of growth kinetics on radius or diameter from other geometric
variables such as orientation or contact area is crucial for accurately modeling intruded
nickel silicide growth kinetics.
To date, there has been no systematic study to determine the growth rate as
dependent on diameter, while controlled for other growth conditions: orientation, oxide
thickness, annealing temperature and others.
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Chapter 2

Literature Review

Iron Silicides

There are three stable iron silicides at room temperature: ferromagnetic DO3 type
Fe3Si, cubic FeSi, and orthorhombic -FeSi2. There is some controversy in the literature
over which phase forms first[26-31] for thin iron films on bulk silicon substrates.
In some cases, it is reported that Fe3Si forms first, followed by FeSi and then FeSi2 by subsequent annealing at higher temperatures[26-29]. Other studies claim
formation of FeSi, followed by Fe3Si and then β-FeSi2[27, 33]. Formation temperatures
range varied: 450-600C for Fe3Si, 500-700C for FeSi, and 550-800C for -FeSi2.
Reports for the growth of Fe3Si range from after the Fe pad is consumed[30],
mixed with other silicides[29], to not forming at all[26, 34-37]. Lau et al. reported the
formation of Fe3Si from solid solution via a disorder-order transition[27]
The monosilicide is reported to form between 300C and 500C. The temperature
at which FeSi transforms to -FeSi2 is also shown to be dependent on the thickness of
iron, with reported values ranging from 600C up to 800C[26, 28, 30, 31]. The formation of
FeSi is diffusion controlled, whereas -FeSi2 is nucleation controlled [27, 31, 38]. Without
enough energy to overcome the nucleation barrier, thin film samples do not transform
from FeSi to -FeSi2. For relatively thin films it is reported that there is a critical iron
dose of 5-6ML before any silicides are formed[32, 33].
According to the Walser and Bené rule[34], the first phase to nucleate in a
silicon/TM planar interface is the congruent melting phase next to the lowest temperature
eutectic. According to the Fe-Si phase diagram (Figure 1) the lowest temperature
eutectic is at 1212°C. In the case of congruent melting phases on either side of the
eutectic, the most stable phase (that with the highest melting temperature) is generally the
first to form, which makes FeSi the predicted first phase.
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Figure 1: Binary phase diagram of the Fe-Si system.

However, this rule was only developed for the case of bulk diffusion samples or
thin films on planar substrates[34]. It was noted that nucleation would be dependent on a
variety of factors such as the presence of oxides, defects, etc. and that varying
experimental conditions cannot be expected to match the predicted phases from a clean
system. Thus the influence from the strong curvature of a NW, thin native oxides, or the
increase in surface energy of the wire may affect the order of phase formation in
unknown ways.
There is also disagreement on which element is the dominant diffusing species
(DDS). In some cases, Si was reported as the DDS[27, 32, 36, 42, 43], while in others it was
Fe[33, 44]. Other TM silicides show both Si and the TM can be the DDS, depending on the
element and even the silicide formed.[35]
The effect of oxygen contamination has also been examined for thin films. The
oxygen can originate as a surface oxide [29, 36] or trapped in the metal during deposition
[29, 36]

. In both cases the oxide is found to inhibit the growth of silicides at room

temperatures, but silicides still form at temperatures of 450-580C.
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In studies without the oxide, silicon was found to be the dominant diffusing
species[27, 30, 36]. On the other hand, it was found that SiOx (1x2) acts as a diffusion
barrier to silicon, which allows the diffusion of iron to become dominant. Studies with
oxide confirm the formation of first FeSi and then -FeSi2 between the SiOx and Si [29, 36].
A sufficiently thick oxide layer can prevent the formation of any silicides[36, 45]. No
presence of iron oxides were found[29] despite the fact that oxygen is usually more
reactive with pure iron than pure silicon[37]. In fact, silicon has been shown to
preferentially bond to oxygen, even when in an iron silicide phase[38].
Despite the many studies of iron on planar silicon, there is only one published
report of iron on silicon nanowires[19]. They found that when silicon NW templates were
heated in the presence of iron powder, the iron would dissolve through a surface oxide
shell and react with a silicon NW core. Both FeSi and α-FeSi2 were identified. They
concluded that sufficient Fe results in the formation of FeSi, while limited Fe forms the
α-FeSi2[19]. There are no reports of iron pads over silicon nanowires, as might be seen in
electronic devices.
Despite the lack of research into reaction phases and kinetics of iron silicide
nanowires, similar studies have been done for a number of other transition metals,
including Ni, Pt, and Co, among others. Important information regarding the growth of
silicides can be garnered from these studies.
In the case of Pt, it was observed that the silicide morphology depended on the
SiNW diameter as well as the thickness of deposited metal[39]. Silicides of PtSi or Pt2Si
can form depending on the atomic ratio between available Pt and Si. When Pt and Si
were in approximate 1:1 ratio, uniform wires of PtSi were formed. When the amount of
Pt was in excess of that required to form the monosilicide PtSi, the much larger volume
phase Pt2Si formed. Thus the diameter of the wire, for a given TM thickness, can affect
which silicide phase forms. Additionally, Pt2Si wires were found to bent and kinked,
whereas the initial Si NWs were single crystal[39]. For silicides with smaller volume
differences, even 1.5x that of Si, the kinking was not observed.
The reason for this dramatic morphology change is likely due to the volume
expansion between Si and its respective silicides. By calculating the volume per Si atom
in silicon and its respective silicides, we can predict the volume expansion for a particular
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silicide formation. By taking the volume of a unit cell and dividing by the number of Si
atoms in the cell, we obtain the volume expansion compared to Si as found in Table 1.
Based on these calculations, it can be expected that Pt2Si and Fe3Si are the two phases
most likely to form kinked wires. Thus the resulting Pt2Si phase had a volume 2.28 times
that of the starting SiNW, which is believed to cause a large strain and thus the observed
kinking.

Material % Volume Increase
Si

0

PtSi

48

Pt2Si

128

FeSi

13

Fe3Si

125

NiSi

21

NiSi2

-3

Ni2Si

64

Table 1: Volume expansion per atom of Si of various silicides as compared to silicon.

Not only does the diameter of the NWs potentially affect the silicide formed, but
also the rate of formation[21, 23, 40]. This behavior suggests that silicide formation for other
transition metals is dependent on surface diffusion or a surface reaction controlled
process[23, 40]. In addition, the increased presence of oxygen can retard the formation
rate[25, 36].
The presence of oxygen in platinum silicides was also studied for NWs. It was
found that the presence of oxygen not only resulted in a rough morphology with
protruding silicide grains, the formation temperature was increased significantly (from
250°C to 400°C)[39].
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Nickel Silicides

In contrast to the case of iron silicide, there is an immense amount of research
examining nickel silicides. Several studies have also examined nickel silicide nanowires
for their applications in electronic circuits[2, 14, 24, 41].
Silicide intrusion length is generally found to have an inverse relation to the
radius, i.e., larger radius wires show shorter silicide lengths at a given time and
temperature than narrower wires[2, 23, 50]. However, the exact relation is still somewhat
unclear, usually due to the scatter in the data. The model by Yaish et al.[21] predicts a
dependence of 1/R0.5 for the parabolic growth regime, which is limited by diffusion of
nickel along the surface of the silicided nanowire, and a dependence of 1/R for the linear
regime, one cause of which is limited diffusion from the reservoir into the NW. The
dependence has also been proposed as 1/R2 as a volume diffusion effect (through the
cross section of the wire)[2].
Published studies on the rate of formation vary widely[13, 25, 42]. Additionally, a
dependence of intrusion length on diameter was observed[2], and growth rates compared
to the inverse of diameter and diameter squared. The growth rate was observed to
decrease with increasing NW diameter.
A model for the growth kinetics was developed that describes a transition between
linear and square root growth rates[21]. There are three main diffusion processes in
silicide formation: Ni diffusion from the contact, through any surface oxide, to the SiNW
surface; Ni diffusion long the surface of the NW; and Ni diffusion along the Si/silicide
interface.
According to Yaish et al.[23], if the diffusion is limited along the surface of the
NW, parabolic growth is expected. If the diffusion limiting step is along the
reservoir/silicide interface or the Si/silicide interface, linear growth is expected. This
explains the observed square root growth kinetics[20, 43, 44] as diffusion limited growth
along the nanowire surface as modeled by Yaish. It also explains the several observances
of linear growth rates[14, 20].

8

Figure 2: Model for the diffusion of nickel in intruded metal silicides. From Yaish et al.[21]

A basic description of their model for the kinetics of intruded silicide growth is as
follows. The flux of nickel from the reservoir into the SiNW is given by

J con  Dtr

Cres  C0  S
h

con

(1)

where Dtr is the diffusion coefficient through the contact layer, Ω is the atomic volume, h
the contact area thickness, and Scon the contact area. Cres and C0 are the dimensionless
concentrations of nickel at the reservoir and the silicide/SiNW interface, respectively.
Similarly, the flux of nickel along the surface of the nanowire is given by

J dif  Ds

(C0  C f )

L

2R

(2)

Here Ds is the diffusion coefficient of nickel along the surface of the silicide, Cf the
dimensionless nickel concentration at the silicide/SiNW interface, L the intruded silicide
length, R the nanowire diameter and δ the near-surface diffusion layer width, which they
define as 2-3 atomic layers. The diffusion of silicon is neglected, as nickel is the DDS.
By using these equations and solving for the silicide growth rate, dL/dt, they find

L(t )  A t  (   L0 / A ) 2   )

where A is

(3)

8Ds (C res  C f ) / R and τ is transition time from linear to square root

behavior, and depends on a geometric factor. In the case of t«τ this leads to

L(t ) 

4 Dtr t S con
(C res  C f )
R SRh

(4)

and for t»τ
L2 (t )  8Ds t (C res  C f )


R

(4)
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This means that for t«τ the growth rate is linear, and for t»τ it is parabolic. The value of τ
depends on the contact area, the thickness of the surface oxide, and the diffusivity across
the interface from the Ni reservoir to the SiNW. Theoretically, a point contact between
the Ni reservoir and the SiNW would result in linear growth for full NW silicidation[21].
Yaish's calculated values of τ were generally very large or very small, meaning
the t«τ and t»τ approximations hold well. Plots were also made with calculated A and τ
values. In terms of radial dependencies, the model assumes no other constants have a
dependence on the nanowire diameter.
A large number of wires were examined, leading to a model that shows a
transition from the generally observed linear growth regime to a length dependence on
the square root of time, dependent on a geometric factor. This factor includes all
experimental variability such as transparency of the nickel/silicon interface, nanowire
diameter, oxide thickness, metal thickness, the degree to which the metal wraps around
the nanowire, etc. Thus there are potentially three separate growth regimes: linear
growth limited by diffusion of Ni out of the reservoir, parabolic growth limited by
diffusion of nickel along the surface of the nanowire, and linear growth limited by the
reaction of nickel at the silicide/SiNW interface.
Large variability in growth rates for similar wires means silicide formation is
dramatically dependent on the exact nature of the contact between the metal pad and the
NW surface. Yaish et al. found their calculated geometric factor varied over three orders
of magnitude for similar wires under identical annealing conditions[21]. Therefore, a large
amount of variability in the data may be due to differences in individual NWs, even given
identical processing.
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Chapter 3

Iron Silicides

Experimental Procedures

Two methods were used to examine the formation of iron silicides. One method
used horizontal wires with evaporated iron pads while the other used vertical, as-grown
wires.
In both cases, nominally doped silicon wafers were coated with 100 nm of lowpressure chemical vapor deposition (LPCVD) grown silicon nitride. This layer forms an
electrically insulating barrier as well as a diffusion barrier between our silicon wires and
the base wafer. Since the wires were examined in the TEM, the wafer was processed to
create electron-transparent windows suitable for TEM samples.
Lithography procedures for all the photoresist used in these experiments followed
the same procedure. The wafer was pre-baked at >100°C to remove any residual
moisture. The resist was then spun using the recipe S20/40/45. This recipe corresponds
to a static dispense, acceleration of 200rpm/s, followed by a constant spin of 4000 rpm
for 45 seconds. Baking conditions were 10 minutes at 175°C for LOR2A and 1 minute at
95°C for 3012.
To prepare the wafer for etching, one side of the wafer was coated with 3012
using the standard procedure outlined above. The backside of the wafer was then also
coated with 3012 using the same procedure.
Patterning was completed using a contact aligner with a wavelength of 365nm for
eight seconds followed by development in MF-CD26 (tetramethylammonium hydroxide)
for one minute. This method provides a solid etch mask on one side of the wafer and a
patterned etch mask on the other.
The nitride was then etched away on the patterned side using reactive ion etching
(RIE). The etch uses CF4:O2 45:5 with 200W and 200 mTorr. Afterwards, the
photoresist was removed using n-methyl pyrrolidinone (Remover PG). The cleaned
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wafer was then submersed in sufficient quantities of 40% by weight potassium hydroxide
(KOH). KOH preferentially etches silicon over nitride and anisotropically etches along
(111). After etching for between 4 and 6 hours, the silicon was etched through the
thickness of the wafer, leaving a thin square nitride pad exposed. The windows could be
pre-fabricated and stored for months before using.
The silicon wires were grown by the CVD method using gold catalyst. These
wires were provided as-grown for this experiment. The expected length was 20µm and
they were nominally undoped. To prevent reaction at high temperatures, the gold catalyst
tip was removed with a 20s etch in Aurotemp 24 gold etchant.
In the first procedural case with horizontal wires, the wires first were released
from the growth wafer by means of sonication. To release the wires, a small sample of
the as-grown wafer is cleaved and placed in a solution vial. Isopropyl alcohol (IPA) is
added to the vial as a sonication fluid, as well as a dispersion agent. Because the alcohol
evaporates rapidly, wires in solution can be deposited onto the TEM windows and ready
for further processing in a matter of seconds. The vial of IPA is then sonicated three
times for approximately one second each time. This releases the wires from their growth
wafer and suspends them in the IPA. Further sonication has been shown to destroy the
wires rather than significantly increasing the yield.
The wire-rich solution is pipeted in increments of 4 μL onto the surface of the
nitride windows and allowed to dry. Depending on the concentration of wires, the
solution may be pipeted between three and six times onto a particular set of windows.
Generally three or four increments of 4μL was sufficient. The windows were examined
under an optical microscope to confirm that a reasonable concentration of wires were
located across the electron-transparent regions.
After wire dispersal, photoresist was spun in preparation for the metal deposition.
Since the thin nitride windows would crack under suction, the sample must be carefully
adhered to a scrap wafer; double-sided tape worked well. The scrap wafer was then
subjected to the vacuum for resist spinning. Two layers of photoresist were used for
metal patterning and lift off, LOR2A followed by 3012. Both were processed using the
standard photolithography procedure outlined earlier.
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The resist was again patterned by contact aligner then developed in CD26 for one
minute. Prior to loading in the evaporator, the sample was dipped in dilute hydrofluoric
acid (HF) for 20 seconds to remove the native oxide. The solution concentration was 5%
10:1 BOE by weight. After a quick rinse in de-ionized water and nitrogen blow dry, the
sample was rapidly loaded into the evaporator. Drying the windows must be done gently
and at significant angle to avoid breaking the thin nitride.
80nm of iron was deposited by e-beam evaporation under a vacuum of less than
4x10-6 Torr. After removal from the system, the excess iron was lifted off, leaving small
pads over the nitride windows. Samples were then annealed in a rapid thermal annealing
furnace (RTA) at temperatures varying from 600°C-800°C for 1-3 minutes in an argon
atmosphere.
In the second processing method, wires were left as-grown on the wafer and
placed directly in the evaporator after a dilute HF etch and quick rinse to remove thwe
native oxide. Because the wires were then oriented in-line with the crucible, natural
shadowing effects cause the iron to only deposit on to one end of the wire. In this case,
100nm of iron was deposited to guarantee a sufficient quantity after potential tapering
from the shadowing effect.
After iron deposition, the wires were annealed using the same method as before.
However, only temperatures of 725°C and 750°C were explored due to the limited
reactions observed from the first series of tests. After annealing the wires were sonicated
by the same method as outlined previously. The finished wires were drop-deposited onto
pre-fabricated windows and examined in the TEM.
Examination of all samples in the TEM was done under both bright-field imaging
and diffraction mode using a limited beam. Phases were identified by diffraction patterns
from more than one zone axis, when possible. Due to the size of the wires and the
limited tilt range of the sample holder, not all segments could be imaged along two zone
axes.
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Results

First the samples with patterned iron pads were examined. For annealing
temperatures of 700C and lower, the majority of the wires remained unreacted with the
iron pad. A representative wire is shown in Figure 3. Diffraction patterns show no
indication of silicide formation.
When annealed at 725C, all the wires showed an identical behavior. The asdeposited iron film adhered to the SiNW, but showed a de-wetting of the nitride surface.
Selected area diffraction patterns along the length of the wire illustrated that there was in
fact no reaction between the silicon and iron, but only a coating of iron around the SiNW
(Figure 4).
Figure 4 displays selected area diffraction patterns (SADP) taken along the SiNW
near the Fe/SiNW contact region. All reflections can be indexed as the [011] Si zone axis
pattern, with the exception of some additional spots which can be indexed as

Figure 3: TEM image of a SiNW with a <111> growth direction annealed at 700C for 2min. There is no
apparent reaction between the NW and the iron pad.
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Figure 4: Si <111> wire annealed at 725C for 2min. SADP show a predominant silicon pattern along the
length of the wire with no signs of iron silicide. The rings in part e were added to show diffraction spots
from bcc iron.

Figure 5: Reacted <111> SiNW at 750°C for 2min. The silicide is identified as Fe3Si at all points.
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polycrystalline rings of body centered cubic (BCC) Fe. These spots have been identified
as Fe (011) and (002), and are indicated by the rings dawn in Figure 4.
After annealing at 750C, a reaction between the iron and silicon was first
observed. Some of the wires look identical to those annealed 725C, and these wires tend
to have larger diameters, of 150nm or more. Some of the thinner wires, around 100nm in
diameter, showed a kinked silicide. As seen in Figure 5, it was not the smooth, single
crystal silicide seen in the nickel case, and the silicide growth has caused kinking of the
nanowire.
The silicon is indexed along [011], with (111) spots oriented along the wire
growth direction, confirming that it is a <111> wire. Figure 5 b-e shows diffraction data
taken from grains along the length of the silicide, while subset a is from the SiNW.
Figure 5 b and c index conclusively to Fe3Si along the [111] zone axis. Image d
could be Fe3Si along [131] or FeSi along [258]. Both zone axes have nearly identical
diffraction angles, and the measured spot distance lies between the given values for Fe3Si
[131] and FeSi [258]. Due to the consistent over-measurement seen in the other data,
within the 2% calibration error, the identification of Fe3Si would be favored over FeSi.
Image e once again conclusively matches Fe3Si, this time along [131]. Thus it has been
concluded that Fe3Si is the proper identification for the grain in image d and has been
indexed as such.
At 775C, again most wires showed only uneven coatings of iron without any
reaction. The wires that did react to form a silicide did not kink, but instead broke early
in the reaction and prevented any further silicide from forming down the wire.
Diffraction patterns taken of the various grains all conclusively index as Fe3Si along
various zone axes. Figure 6 shows the indexed patterns. Insets a and b are taken of the
same grain but along different zone axes. The only material that can match both patterns
is Fe3Si. In the case of b, the dim spots are kinematically forbidden (111) reflections.
These spots cannot be attributed to double diffraction, but may be due to defects from the
ideal crystal structure such as substitutional atoms or a large number of vacancies.
This general kinking behavior was observed for several wires at 750 and 775C.
In every case the iron and silicon have reacted to form Fe3Si. If the iron and NW are
unreacted there is no evidence of kinking. There is no observed case of the formation of
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Fe3Si without significant kinking or breaking of the wire. This behavior is likely due to
the increase in volume per silicon atom between silicon and Fe3Si, as calculated in Table
1.
Upon increasing the annealing temperature to 800C, we observed yet another
behavior. Instead of reacting with the SiNW to form a silicide or forming a rough
coating, the iron balled up and stuck to the SiNW in distinct patches. This behavior is
similar to the behavior seen for Pt. A representative wire is shown in Figure 7. All the
diffraction patterns show strong peaks belonging to polycrystalline bcc iron. There is no
evidence for a silicide formed under the iron coating.
In short, most wires do not react to form an iron silicide, but instead build a
polycrystalline BCC iron coating. Thinner wires can react to form an extruded silicide,
but kink or break from stresses during silicide formation. Although not all the collected
diffraction patterns can be uniquely identified as Fe3Si, it is the only silicide that can
match all the patterns. Since it seems unlikely that the silicide would change from grain
to grain along the reacted wire, we conclude that the kinked silicide is completely Fe3Si.
Kinking was also observed in the formation of platinum silicides on VLS grown
SiNWs[39]. They observed that the silicide morphology depended on the SiNW diameter
as well as the thickness of deposited metal. When the amount of Pt was in excess of that
required to form the monosilicide PtSi, the much larger volume phase Pt2Si formed. The
resulting silicide had a volume 2.29 times that of the starting SiNW, which is believed to
cause a large strain and thus the observed kinking. For silicides with smaller volume
differences, even 1.5x that of Si, the kinking was not observed.
In the case of iron silicides, the volume of Fe3Si is 2.24 times larger than that of
the initial silicon volume. This behavior corresponds with the observed results from
platinum silicidation[39]. Additionally, the iron-rich phase was seen only on thinner
wires. As Liu et al. [39] observed, thicker metal pads with thinner wires formed metal-rich
phases. This in in contrast to the nickel silicides where the volume difference is less than
50%, and thus did not form kinked segments.
Although the majority of the literature for thin films show limited formation of
Fe3Si as compared to FeSi and other silicides, our small diameter nanowires showed
conclusive Fe3Si diffraction patterns without evidence of other silicide phases. We
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believe that the abundance of iron to silicon favored the formation of the iron rich Fe3Si,
and the significant volume difference between the phases caused kinking of the nanowire.

Figure 6: SiNW annealed at 775C for 2min. Diffraction patterns have been identified as Fe3Si, consistent
with results from 750°C.

4

2 µm
Figure 7: SiNW annealed at 800C for 2min. The iron has agglomerated on the wire without reacting to
form a silicide.
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Based on the results from the patterned iron pads, only selected temperatures were
examined for the iron deposited on as-grown wires. Only samples annealed at 725°C and
750°C for times of 2-3 minutes were prepared.
At 725°C, no reaction was observed. Even wires significantly smaller than
100nm in diameter showed no silicide formation. TEM images with an objective
aperture illuminate several features of these samples. The deposited iron was
polycrystalline and the wires remain single crystal. However, there was a clear oxide
layer between the NW and the iron. This layer measures at least 3nm in width, which is
larger than the estimated 1-2nm of native oxide that forms on silicon.

Figure 8: Iron deposited on as-grown wires, annealed at 725°C for 2 minutes. There is a clear oxide layer
between the nanowires and the iron.
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Since silicide formation was observed at these same temperatures, the lack of any
reaction is potentially due to the presence of oxygen. Since oxygen will preferentially
bond with silicon in the Si/Fe system, this oxide was identified as SiOx. The mass
contrast from the TEM image concurs that the oxide is lighter than silicon.
Increasing the annealing temperature to 750°C did not yield silicide formation.
Depending on the rotation of the nanowire, two main types of images were obtained. In
one type, the electron beam looks down on the iron/SiNW stack as a top-down view,
making visual recognition of a reaction impossible. In the other, the image clearly shows
the SiNW/oxide/iron as a side view; we can thus visually see the lack of any reaction.
Examples of both types are shown in Figure 9 and Figure 10, respectively.

Figure 9: Diffraction patterns of 100nm Fe deposited on as-grown Si NWs. All diffraction patterns
identify as bcc Fe along [012]. The beam was tilted between grains.
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In the case of Figure 9, three wires are visible, but only the middle wire is shown
in the top-down orientation. It is not immediately clear from the bright field image if a
silicide has formed. SADP however conclusively identifies the material as BCC-iron
with no presence of any silicides. Diffraction patterns a-c were taken at different beam
tilts, and all identify as BCC-iron along the [012] zone axis. The extra spots are
consistent with the SiNW underneath, but there are not enough to be conclusive.
In Figure 10 the electron beam looks down the side of the wire and its iron
coating. Bright field images show a clear contrast between the iron film and the SiNW
underneath. While under close examination there was some mottling in the contrast near
the interface, no evidence could be found that this was due to silicide formation and not
particulates of iron wrapped around the wire.
Diffraction patterns taken along the length of the wire show a consistent
diffraction pattern of Si along [011]. One series of (111) spots are aligned with the BF
image of the NW, confirming that our wires are indeed <111> oriented. The coating was
confirmed as BCC-iron with no trace of silicides. Additionally there was no evidence for
Si migration, which would be expected due to Si being the DDS in an Fe/oxide/Si
environment.
Using the iron deposited on as-grown wires did not yield a single case silicide
formation, nor the formation of a kinked wire. Even thin wires with a diameter of 50 nm
or less did not react. Oxide layers with a thickness greater than the native silicon oxide
were observed, indicating oxygen contamination during processing. Since no silicide
formation was observed at all, it is likely that silicide phase formation has a strong
dependence on preparation methods as well as the surface conditions. Controlling the
surface, as well as the presence of oxygen, is critical to observing any silicide formation.
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Figure 10: Diffraction patterns of 100nm Fe deposited on as-grown Si NWs and annealed at 750°C for 2
min. All patterns identify as Si [011] and the beam tilt was not changed along the length of the wire.
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Chapter 4

Nickel Silicides

Experimental Procedures

To measure the kinetics of nickel silicide growth, measurements can be made in
the FESEM as opposed to the TEM. This approach simplifies sample fabrication. Scrap
silicon wafers of any orientation and nominal doping were coated with 100 nm of
LPCVD grown silicon nitride. Our standard lithography procedures were used to pattern
alignment pads across the wafer. The pads themselves were made by the evaporation of
80 nm of silver.
As grown silicon <111> wires deposited over the alignment pads while an AC
current of 5 V was applied. The same sonication/dispersal methods were used as outlined
for the iron silicide case. The oscillating current creates a potential difference across the
narrow gap between alignment fingers. Wires then preferentially line up across these
fingers.
Lithography was performed again to pattern the same alignment pads over the top
of the silver pads. After opening up the resist, the wires were held down by resist over
the gap between alignment fingers. The wafer was dipped in Aurotemp 24 gold etchant,
which also removes silver, without affecting the silicon wires. After a 30 s etch the wafer
is rinsed in DI water.
Similar to the iron case, prior to loading in the evaporator, the sample was dipped
in dilute hydrofluoric acid (HF) for 20 seconds to remove the native oxide. After a quick
rinse in de-ionized water and nitrogen blow dry, the sample was rapidly loaded into the
evaporator. 80nm of nickel was deposited and lifted off.
The wafer was then cleaved and samples were annealed in argon atmosphere.
Samples were annealed at 400°C, 450°C, and 500°C for 2, 4, 8, or 12 min. Intrusion
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lengths were measured in the FESEM along with nanowire diameters. Only wires with
clear faceting indicating a <111> growth direction were included in this study, as growth
methods allow for some variability in the wires, and to limit possible geometric factors.

Results

Immediately upon observing the annealed nanowires, several things became
apparent. The first was that there were several clear classifications of reaction behavior,
and that diameter had a dramatic dependence on the overall silicide growth. The second
was that even for a given relatively narrow diameter range, for which growth kinetics
should have been similar, there was also a wide spread of intrusion lengths and growth
behaviors.
In some cases, such as Figure 11, the NW showed significant deformation. Only
wires with diameters under 80nm showed any deformation. Because the samples were
analyzed in an FESEM, we were unable to conclusively identify which phase was
responsible for the bowing. However, it seems likely it was a large volume phase that
was responsible.

Figure 11: 64nm diameter nanowire annealed at 450°C for 8min. The wire shows two silicide phases as
well as significant deformation.

24

Figure 12: Representative nanowires annealed at 500°C for 12 minutes. From left to right: nickel pad,
silicide phase one, silicide phase two, SiNW.

In addition, many of the wires demonstrated formation of more than one silicide.
Although Katsman's model can be applied to the simultaneous growth of more than one
phase, measuring the growth kinetics of a particular phase becomes difficult. This
situation is in contrast to the observations of Dellas et al.[13], who reported dual silicide
formation for [112] wires but only a single silicide for [111] wires. Their study did
observe a phase transformation from NiSi2 at 450°C to NiSi at 700°C for [111] wires,
although no simultaneous silicide growth was observed. While there was one observed
case of dual silicide formation after annealing at 450°C for 2 min in our data set, the
majority of wires demonstrating simultaneous growth of two silicides were annealed for
longer times or temperatures greater than 450°C.
A majority of the wires had clear silicide growth without any deformation. A
representative image is shown in Figure 12. The vast majority of wires were measured
with diameters ranging from 40 nm to 170 nm. After removing any wires with an
orientation other than [111] as well as broken wires, the total growth rate was plotted as a
function of diameter. The results are shown in Figure 13. The data from 400°C had too
much scatter to fit a particular 1/Rn dependence, although it too fit an inverse relation
between growth rate and nanowire diameter.
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It is clear that there is a dependency of growth rate on diameter. Trendlines are
shown for silicide length ~1/R and ~1/R2. In the case of 450°C the data seems to fall
somewhere between the two trends. This is in part due to the scatter in the data, although
it could also be due to the fact that more than one growth limiting mechanism was
measured. For 500°C the trend appears stronger than a 1/R2 dependence. It seems
unlikely that diffusion would then be limited along the nanowire surface which is
predicted to have a 1 / R dependence. In both cases, the trendline has at best a r2≈0.60
(coefficient of determination), meaning only 60% of the data can be predicted using the
approximation.

1/R
1/R2

1/R
1/R2

Figure 13: Total growth rate as a function of diameter for wires annealed at (a) 450°C and (b) 500°C.
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Despite measuring hundreds of nanowires at a wide range of diameters and
annealing for four different times and at three temperatures, the data shows far too much
scatter to extract any clear silicide growth rate as a function of diameter. It is likely that
the geometric factor described by Katsman, τ, still varies even among similar wires
processed together. For this reason, any future studies examining growth kinetics should
examine the growth rate of a single wire over cumulative annealing.
Cumulative annealing means that the geometric factor for a particular data set will
be removed as a source of variation, as the same wire is measured multiple times. In this
way the growth rate as a function of diameter for wires can be more accurately measured.
Data can also be analyzed for a narrow diameter window to determine the limiting
growth step. By limiting the effects of diameter, growth rate should depend only on
which step is diffusion limiting.
For example, wires with diameters of 60-70 nm annealed at 450°C are displayed
in Figure 14. A linear fit is shown with a dashed line, while square root growth is
depicted with a solid line. Both trends match the collected data, but only square root
growth extrapolates to L=0 for no annealing. The parabolic fit matches with r2=0.92,
compared to the linear fit's r2=0.86.
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Figure 14: Silicide growth as a function of time for samples annealed at 450°C. Only wires with a
diameter between 60 and 70 nm are shown. The dashed line shows a linear fit, while the solid line depicts
square root growth.
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Similar plots can be constructed for all annealing temperatures and diameter
ranges, though the results are similar for diameters under about 120 nm. Most of the data
show too much scatter to definitively identify one growth mechanism, but linear trends
do not extrapolate to L=0. If this observation can be taken as evidence for square root
dependence, as done by Appenzeller et al.[2], it appears that our wires are limited by
diffusion at the silicided nanowire surface.
For diameters larger than 120 nm, a different behavior is observed. In this case,
the behavior is clearly linear, as shown in Figure 15, with an r2 value of 0.64. As
predicted by Yaish, linear growth is indicative of diffusion limited between the metal
reservoir and the SiNW, or at the silicide/Si interface. Because only 80nm of nickel was
deposited on a wire of at least 120 nm diameter, complete coverage of the wire seems
unlikely. Small contact area is one of the contributing factors to large τ; it seems most
likely that the observed linear growth is due to diffusion limited growth at the contact
between the nickel reservoir and the SiNW.
The extrapolated growth rate predicts that for annealing times under 1.5 minutes
there is no silicide growth. This delay before phase formation is known as the incubation
time. Although the accuracy of this intercept is unknown, fatter wires showed very little
growth at two minutes of annealing. Additionally, the data do not include any wires
observed with negligible silicide growth, which may artificially increase the observed
growth rates. By ensuring that all wires have full metal coverage, large diameter wires
may demonstrate increased silicide formation or a transition from linear to square root
growth kinetics. Without achieving full metal coverage by depositing a metal pad of
thickness at least equal to the nanowire diameter, only linear growth is reasonably
expected by Yaish's model due to decreased contact area[21].
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Figure 15: Silicide length as a function of time for large diameter wires annealed at 450°C. All wires had
a diameter larger than 120 nm. The x-intercept is approximately 1.5 minutes.
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Chapter 5

Conclusions

Iron Silicides

In these experiments, very limited silicide was observed. Thick wires of 100 nm
diameter or larger never reacted to form any silicide. Thin wires under thick iron pads
did form Fe3Si in some cases. These samples had an excess of iron compared to silicon
at the interface. No silicides were observed at temperatures of 700°C or below, which is
much higher than reported formation temperatures in the bulk case.
There were no observed cases of the formation of Fe3Si without the presence of
significant kinking or vice versa. Based on calculated volume per Si atom, a transition
from Si to Fe3Si would be a 125% volume increase. Our results indicate that formation
of ferromagnetic Fe3Si via iron pads on Si NWs does not yield wires suitable for spin
injection studies. Formation of Fe3Si for future spin injection studies may be more easily
achievable from annealing FeSi wires in the presence of iron[38].
The Walser and Bené rule predicts FeSi to form first in the bulk condition,
although may not perfectly apply to the nanowire case. Additionally, for bulk planar
silicon the majority of the literature predicts the formation of first FeSi, followed by
Fe3Si after the consumption of the majority of iron. Our data did not match these results.
Instead, the observed behavior was far more similar to the case of platinum nanowire
silicides as observed by Liu, et al.[39] where the presence of excess metal leads to the
preferential formation of metal-rich silicides.
Additionally, despite an etch step to remove native oxide, thin layers of oxide
consistently appear between the silicon and the deposited iron. Because iron is not the
DDS in a Fe/O/Si system, this impairs silicide formation. Compared to other transition
metals such as Ni, Fe does not easily form silicides due to its higher melting temperature,
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and may not always be the DDS which limits its applications in intruded nanowire
silicides.
The lack of reaction from the as-grown NW samples indicates an extremely
strong dependence of silicide formation on growth conditions, sample preparation, and
surface conditions. The same batch of NWs, deposited with evaporated iron, reacted
differently at the same annealing times and temperatures with only a difference of sample
preparation. It is thus possible that another experimental method may also produce Fe3Si
or the predicted first phase of FeSi.

Nickel Silicides

Silicides were easily formed and generally resulted in two-phase silicide growth
along the length of the wire. In some cases the silicide formation resulted in a deformed
nanowire. Deformation was not observed for wires over 80 nm in diameter.
A general inverse relation was observed between nanowire diameter and silicide
growth rate, i.e., thicker wires formed silicide slower and vice versa. The dependence
was found to be at least as strong as ~1/R and possibly as strong or stronger than ~1/R2.
For narrow diameter windows, the intrusion length could show linear or square root
growth rates. However, only square root growth extrapolates to zero silicide formation
without annealing, which would indicate growth limited by diffusion at the nanowire
surface.
For thicker wires of 120 nm diameter or larger, the growth rate appears to only be
linear. This behavior could be diffusion limited from the Ni pad to the SiNW or along
the silicide/Si interface. Because the wire diameter is larger than the total thickness of
nickel deposited, growth could be dependent on the limited nickel supply. The thin
deposition of nickel compared to the nanowire diameter could lead to incomplete
coverage of the wire under the pad, or diffusion of additional oxygen. Both factors
would contribute to limited nickel supply to the SiNW and thus linear growth.
After examining hundreds of wires it is clear that Katsman's geometric factor, τ,
has an even greater impact on silicide formation than previously expected. To accurately
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extract diameter dependence of growth rates, individual wires must be cumulatively
annealed to remove variability in the geometric factor. Controlling data for nanowire
diameter and orientation was not enough to extract definitive trends over growth
dependence on τ.
Future studies should include thicker nickel layers to fully cover the SiNW to
allow us to accurately measure reaction kinetics of thicker nanowires. Additionally,
wires should be cumulatively annealed to control for variability in the geometric factor, τ.
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