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Due to its semiconductive properties, silicon has been widely
used and still represents the basis of electronics-related tech-
nologies. Despite having properties often very different from
the pure element, silicon derivatives (e.g., SiO,, SiC, and
silanes) are widely exploited as well in a variety of fields,
ranging from photonic to biomedicine. Besides the tradi-
tional applications, the wide spreading of nanostructures,
with their enhanced and in some respect unexpected proper-
ties, is now opening new perspectives for the possible uses of
silicon and its derivatives. In this thematic special issue, our
purpose was to highlight cutting-edge technologies and most
modern applications related to these materials, especially at
the nanoscale. We are glad to announce that the five original
research papers published here, which we will briefly present
in the following, all perfectly fit with our starting aim.

Two of the papers focus on issues related to the crucial
role of Si and its derivatives for nanoelectronic and nanopho-
tonic applications, clarifying the synthetic aspects which can
substantially improve the features of the final obtainable
structures. In particular, R.B. Beck and K. Ber synthesized
ultrathin silicon layers by the mean of plasma-enhanced
chemical vapor deposition (PECVD), analysing the influence
of each parameter (i.e., type of reactor, presence of specific
gases, timeframe, and temperature) on the final product
quality. The authors elucidated some of the effects and inter-
actions between the studied process conditions, thus provid-
ing useful indications to achieve layers with the desired
properties, especially in terms of crystallinity.

H.-K. Shin and coworkers focused on the electrical and
microstructural properties of Ni/C-faced 4H-n-SiC sub-

strates, analysing the crucial effect of temperature on ohmic
contacts. Briefly, the authors were able to demonstrate that
by optimizing the thermal annealing it is possible to obtain
a vertically oriented NiSi phase allowing the formation of
ohmic contacts; on the other hand, the horizontal-type NiSi
phase obtainable at higher temperatures results in the degra-
dation of ohmic behaviour.

Besides the electronic field, silicon and its derivatives are
now recognized as useful intermediates for surface functiona-
lization, nanostructure synthesis, and decoration. Within this
context, Y. Wang and coworkers contributed to this special
issue with two papers. The authors devoted their efforts to
the development of rapid, efficient, and high-yield ways to
obtain a new silane coupling agent, which was then fully char-
acterized, also in terms of thermal stability. Being able to react
at the same time with metal oxides and organic compounds,
the synthesized thiohydrazide-iminopropyltriethoxysilane
played a key role in the design and preparation of a drug car-
rier based on magnetic nanoparticles. As a proof of principle,
the system was tested for loading doxorubicin and revealed
excellent pH responsiveness for drug releasing.

Finally, within the field of Si for energy production and
storage, P.P. Prosini and coworkers developed an efficient
synthetic strategy for Si nanowires to be used as anodes in
lithium-ion batteries. By growing Si nanostructures directly
on the current collector, the authors were able at the same
time (i) to overcome the problem of the volumetric expan-
sion occurring in the anode during lithium alloying and (ii)
to guarantee an excellent electric contact without adding
conducting binders to the electrode. Despite the linear
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capacity fade observed upon cycling, at different values of the
charging current, the synthetized nanowires showed an
exceptionally high-rate capability.

Due to the importance of the topic and the relevance of
the achieved results, we sincerely hope that the papers pub-
lished in this special issue would be of high interest for all
readers of the journal.
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Silicon (Si) nanowires (NWs) grown on stainless-steel substrates by Cu-catalysed Chemical Vapour Deposition (CVD) have been
prepared to be used as anodes in lithium-ion batteries. The use of NW's can overcome the problems related to the Si volume changes
occurring during lithium alloying by reducing stress relaxation and preventing material fragmentation. Moreover, since the SINW's
are grown directly on the substrate, which also acts as a current collector, an excellent electrical contact is generated between the two
materials without the necessity to use additional binders or conducting additives. The electrochemical performance of the SINW's
was tested in cells using lithium metal as the anode. A large irreversible capacity was observed during the first cycle and, to a lesser
extent, during the second cycle. All the subsequent cycles showed good reversibility even if the coulombic efficiency did not exceed
95%, suggesting the formation of an unstable SEI film and a continuous decomposition of the electrolyte on the silicon surface. The
absence of a stable SEI film was assumed responsible for a linear capacity fade observed upon cycling. On the other hand, the
electrochemical characterization performed at different values of the charging current showed that SINWs possess an

exceptionally high rate capability.

1. Introduction

Rechargeable lithium-ion batteries (LIBs) are considered as
one of the most versatile storage systems to power consumer
electric devices, electric vehicles, and stationary energy stor-
age systems due to their high energy density, long cycle life,
and high-power performance [1, 2]. However, the develop-
ment of new and sustainable electrode materials that can
increase the energy density of LIB is still an open challenge.
State-of-the-art electrode materials for LIBs exhibit a good
capacity retention over many cycles but are characterized
by a relatively low specific capacity (370mAhg' and
180mAhg™ for the anode and cathode, respectively), due
to the limited number of intercalation sites for Li ions. In
recent years, silicon is emerging as a promising candidate to
replace the conventional LIB anode based on graphite,

because it offers an impressive specific capacity (up to
3600mAhg™") and a low delithiation potential (below 0.5V
against Li/Li") [3, 4]. However, its practical application has
some drawbacks such as the poor capacity retention related
to the electrode pulverization promoted by the huge volume
expansion (up to 400%) occurring during the charge/-
discharge cycles [5].

To overcome these disadvantages, great effort has been
aimed at the investigation of alternative silicon structures.
In this context, silicon nanoparticles [6, 7], silicon nanowir-
es/nanotubes [8-10], nanosheets [11-13], nanofilms [14],
and 3D porous structures [15, 16] have been intensely stud-
ied to improve the anode performance significantly. At the
same time, extensive research has been carried out to com-
bine the silicon nanostructures with different carbon mate-
rials [17, 18] such as amorphous carbon [19], conductive
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carbon black [20], carbon nanotubes [21], and graphene
[22, 23]. The insertion of metal nanoparticles has been
also explored in terms of surface modification of the Si nano-
structure to improve overall performance, particularly cou-
lombic efficiency and power capability [24, 25].
Furthermore, polymeric coating has been widely investigated
due to the evident improvement of the electrical conductivity
of the Si-based anode and to the better capability of accepting
the volume change during the charge-discharge processes
[26, 27]. As a result, this kind of anode exhibits an excellent
long-term cycling ability with capacity retention of 83.4%
over 350 cycles at 0.5 C [28].

Among 1D nanostructures, SiNWs have attracted much
attention due to the large specific surface area, short diffusion
path, and reduced internal stress and, especially, because they
have a high cracking strength that can improve their electro-
chemical performance in terms of capacity retention [29]. In
addition, they can be grown directly on the current collector
eliminating the need for binders or conductive materials.
Despite these promising properties, SINWs still suffer from
capacity degradation when the number of charge-discharge
cycles increases. In addition, SINW-based anodes show a
low first cycle coulombic efficiency (about 70%), which has
been attributed to the decomposition of the electrolyte with
the destruction and continuous growth of the SEI layer
[30, 31]. Efficiency increases in subsequent cycles, but the
capacity recovered in the charge is always less than that used
during the discharge process. This aspect can be related to the
enormous increase in volume that silicon undergoes during
the lithiation process. Indeed, many studies have demon-
strated that the large volume change occurring during lith-
ium insertion induces cracking in the SEI that continuously
produces a Si fresh surface leading to Li consumption and
adding new material able to disrupt the previous SEI layer
[32]. Currently, the insertion of various materials into
SiNW-based anodes through metal or metal oxide doping
has clearly shown to be an efficient strategy for the improve-
ment of the electrochemical performances leading to long-
term cycling and an excellent rate performance [33].
Recently, Sadeghipari et al. [34] have demonstrated that the
Al,O;-encapsulated SiNWs can exhibit a high reversible dis-
charge capacity of about 3000mAh g™ at a rate of C/16, and
at a higher rate density, this electrode can deliver a high
capacity of 965mAh g with an excellent capacity retention
of 94% over 120 cycles.

On the other hand, a uniform and complete carbon coat-
ing of SINWs was also found to prevent the nanowire expan-
sion needed to exhibit capacities of 2000mAhg™ over 300
cycles [35, 36].

Unfortunately, despite the evident progress, several draw-
backs still limit the SINW use in LIBs such as low specific
energy density, low mass loading, and high processing cost.

Based on these considerations, in this paper, we have
investigated the electrochemical properties of Cu-catalysed
SiNWs grown directly on a stainless-steel substrate by the
Vapour-Liquid-Solid (VLS) mechanism in a Chemical
Vapour Deposition (CVD) reactor. The CVD method is
widely used to grow SiINWs mainly with Au metal as the cat-
alyst. However, its practical application is limited because of

Journal of Nanomaterials

its high cost and its involvement in parasitic reactions caus-
ing the decomposition of the electrolyte or of the solvent on
the SINW surface leading to the formation of an unstable
SEI layer [9, 37, 38]. Among the alternative catalyst materials,
the use of the less expensive, Si-compatible Cu catalyst could
be advantageous for growing SiNWs for LIB applications.
Another advance to improve the ability of SINWSs to be used
as anodes is the possibility to synthesize crystalline-
amorphous core-shell nanowires. The electrochemical activ-
ity of the amorphous Si shells can be limited by selecting the
lithiation potential. In these conditions, the crystalline core
acts as a mechanical support and electrical conductor while
the amorphous part stores the Li ions. Indeed, the
crystalline-amorphous structure plays a fundamental role in
the SINW technology allowing to obtain high charge storage
capacities (1000 mA/g) with 90% capacity retention over 100
cycles [39]. In this work, we report about the CVD synthesis
on stainless steel of Cu-catalysed SINWs with a well-defined
morphology and core-shell structure. To evaluate their Li
storage properties, the SINWs were used as electrodes in an
electrochemical cell against lithium metal, without using
any binder or additive. The electrodes showed a large capac-
ity and maintained a good reversibility for the first ten cycles.
On the other hand, long-term cycling was considered unsuit-
able for practical applications.

2. Experimental

2.1. Synthesis of SINWs. Among the various methods used to
synthesize SINWs [24], the most popular is surely CVD
based on the VLS mechanism [40, 41]. According to this pro-
cess, we have grown SiNWs directly on 304 stainless-steel
substrates (10 X 10 mm?, 30 ym thick) without using binders
or additives. Before the insertion of the substrates into the
CVD furnace (Lenton, UK), they were decorated with the
Cu catalyst using a commercial suspension (PlasmaChem)
that provides a known density (6 pg/ml) and a known diam-
eter (40 nm) of the primary copper nanoparticles. In order to
obtain a uniform metallic nanoparticle distribution and pre-
vent agglomeration, a modified commercial pneumatic neb-
ulizer for medical use (Chiesi, Clenny A Aerosol) was used.
After the functionalization, the decorated substrates were
inserted into a 1-inch diameter quartz tube using a ceramic
container and placed into the oven.

In order to obtain suitable SINW electrodes for LIBs, an
accurate choice of the growing parameters was performed.
In particular, the influence of the temperature on the SINW
growth was investigated. In fact, although the eutectic tem-
perature of the Cu/Si alloy required for the SINW growth
by the VLS mechanism is 802°C, the synthesis of SiNWs
can also occur at lower temperatures and may be ascribed
to a VSS (Vapour-Solid-Solid) process [42-44]. Based on this
consideration, pure silane gas (used as the Si precursor) was
introduced at a pressure of around 2 Torr with a flux of
6sccm for 12 minutes. In order to investigate the role of the
temperature on the growth, the temperature was varied from
the 500°C up to 800°C.

The quantity of SINWs obtained was accurately deter-
mined by measuring the mass of the sample using a
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FIGURE 1: (a) Low- and (b) high-magnification SEM images of SINWs.

microbalance (Radwag 60/220/X) before and after the
growth. The mass loading of the prepared SINWs was about
1.2 mg/cm?, and this result is consistent with the literature for
Cu-catalysed SINWs grown on stainless steel [45].

2.2. Morphological Characterization. The morphology of the
samples was evaluated by Scanning Electron Microscopy
(SEM, HR-FEGSEM LEO 1525) and Transmission Electron
Microscopy (TEM, JEOL JEM2010). When the growth tem-
perature was set to values above 700°C, the SEM images

clearly showed the absence of SINW and the presence of a
layer of silicon covering the entire surface of the stainless
steel. In fact, at these temperatures, a segregation process that
occurs on the stainless-steel surface and is able to modify the
roughness and surface composition hinders the VLS mecha-
nism preventing the growth of SINW. To avoid the segrega-
tion and favour the SINW growth, the temperature must be
lowered to about 600°C. As a result, a remarkable growth of
SiNWs uniformly distributed on the steel substrate is
obtained. SEM images in Figure 1 show the morphology of



the so-obtained SiNWs. SiNWs have a length of several
microns (Figure 1(a)) and a diameter of about 300nm
(Figure 1(b)).

In order to evaluate the SINW structure, TEM analysis
was performed. The TEM image and the diffraction pattern
of Figure 2 show a core-shell crystalline-amorphous structure
with the presence of a crystalline silicon (c-Si) core having
the same dimension of the copper nanoparticles used as a
catalyst (40nm) and an amorphous silicon (a-Si) shell,
formed by the pyrolytic decomposition of silane on the crys-
talline core. The thickness of the a-Si directly depends on the
growth time and the length of the SINWs. This double mor-
phological character of the SiNWs is crucial for the electro-
chemical performance of the cell. In principle, it should be
possible to use only the a-Si for Li" ion storage employing
the c-Si as an efficient electrical conducting pathway and sta-
ble mechanical support [39]. In this way, it is possible to
improve the performance of the SINW film when used as
an electrode in LIBs.

2.3. Electrochemical Characterization. The SINWs deposited
on the stainless-steel substrate were directly used for the elec-
trochemical characterization. The samples were inserted in a
two-electrode cell formed by a polypropylene T-type pipe
connector closed at the ends with two cylindrical stainless
steel (§S316) acting as current collectors. A glass fiber (What-
man 1820-240, grade GF/A) was used as the separator. The
cell was filled with ethylene carbonate/dimethyl carbonate
1:1 LiPF, 1M electrolyte solution (LP30, Merck, battery
grade). The cycling tests were carried out automatically by
means of a battery cycler (MACCOR 4000). To assess the
electrochemical performance, the electrodes were galvanos-
tatically cycled between 2.0V and 0.005V vs. Li/Li". Cell
assembly, test, and storage were performed in a dry room
(R.H.<0.1% at 20°C).

3. Results and Discussion

In order to investigate the structural transition inside the
SiNWs and understand the role of SINW morphology on
the electrochemical properties, the first and second charge/-
discharge voltage profiles are compared with a more accurate
analysis of the differential capacity dQ/dV (mAh V) curves
as shown in Figures 3(a) and 3(b) and Figures 3(c) and 3(d).
The cell was cycled with a current of 0.14 mA, corresponding
to the C/10 rate. During the first discharge cycle, a large pla-
teau is observed in the region below 0.15V (Figure 3(a),
lower curve) which corresponds to the sharp peak at
140mV identified by the letter A in the dQ/dV curve
(Figure 3(c)). In this phase, two processes are taking place:
the formation of the SEI film on the surface of Si-NWs and
the formation of the lithium/silicon alloy. The latter occurs
in a two-phase region in which crystalline silicon is lithiated
and a partial amorphous lithiated silicon is formed [9, 46, 47].

After this process has completed, a second process starts
at a lower voltage, and it can be identified in the dQ/dV curve
as the sharp peak centred at around 50 mV and identified in
Figure 3(c) by the letter B. This process continues until the
cut-off potential set at 0.05V vs Li*/Li is reached. This peak
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Ficure 2: TEM image of Cu-catalysed SiNWs (a) and diffraction
pattern (b).

can be attributed to a further lithiation step which trans-
forms the amorphous lithiated silicon in a new crystalline
Li,:Si, phase. At the end of the process, the capacity used
for SEI film formation and Si lithiation amounts to about
2500mAh/g. In the following charge curve (Figure 3(a),
upper curve), it is evident that only part of the capacity
(1800 mAh/g) is reversibly extracted from the electrode.
The corresponding dQ/dV curve (Figure 3(c)) shows two
broad peaks at 360 mV and 460 mV (identified by the letters
C and D, respectively) which can be attributed to the extrac-
tion of lithium from two different delithiation degrees of
amorphous lithiated silicon to form amorphous silicon.

During the second discharge cycle, an additional slop-
ing region at about 0.3-0.2V appears in the discharge
curve (Figure 3(b), lower curve). This plateau corresponds
to the peak located at 230mV (A) in the dQ/dV curve
(Figure 3(d)) which is assigned to the lithiation process of
the amorphous silicon coming from the dealloying reaction.
As a result, the discharge capacity is reduced down to about
1900 mAh/g. Similarly, to the first discharge curve, the
second lithiation cycle also shows a sharp peak (B in
Figure 3(d)) at a voltage below 50 mV attributed to a further
lithiation able to transform the amorphous lithiated silicon in
crystalline Li,;Si,. The voltage profile in the second charge
cycle appears similar to the profile exhibited during the first
cycle with the capacity maintaining a stable value of about
1800 mAh/g (Figure 3(b), upper curve). This investigation
has permitted to better understand the role of the
crystalline-amorphous core-shell structure of the SINWs on
the charge and discharge processes. In particular, as
described above, while the reversible process can be attrib-
uted to the lithiation of crystalline Si, the high irreversible
capacity (70%) found in the first cycle can be ascribed to
the formation of a SEI passivation layer on the silicon nano-
wire surface, induced by the reduction of the electrolyte [48,
49]. Some authors showed that a carbon coating or a conduc-
tive polymer used as a binder can drastically reduce this irre-
versible loss [36, 37].

In Figure 4, the discharge/charge capacity versus cycle
number for the SINW electrode together with the charge effi-
ciency (CE) is shown. The CE is defined as the ratio between
the capacity inserted into the electrode in charge and the
capacity released in the previous discharge cycle (Q,/Qy)-
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The first test was conducted at a very low charge-discharge
current (C/10 rate) and included a limited number of cycles
(14 cycles). However, the limited number of cycles was
enough to evaluate the goodness of the SINWs when used
as anodes in LIBs. In fact, SiNWs with inappropriate mor-
phologies exhibit poor cycling just after few cycles due to
the degradation of the Si structure occurring during the
lithiation and delithiation processes [8, 14, 37]. In our case,
all cycles show a discharge capacity (circles) larger than the
charge capacity (squares). After the first cycle, the CE
increases up to 95%, and this value was kept constant in the
subsequent cycles, suggesting that no drastic change of the
core-shell SINW structure occurs and that the SINW's remain
well connected with the stainless-steel current collector. To
evaluate the rate capability of the SINWs, the cell was cycled
at various charge rates. The discharge was always carried out
galvanostatically at 0.2 mA (C/10 rate), and Figure 5 shows
the correspondent voltage profiles. At the lowest charge
current value (C/10 rate), the cell exhibits a specific capacity
approaching 2000 mAh/g. Slightly lower values were
observed when the charging current was increased from

C/10 to the 1C rate. When the current is increased to 2C,
the capacity drops down to 1600 mAh/g. Another notable
decrease in capacity is observed when charging the cell at
3C and 5C. At the 5C rate, the specific capacity goes down
to 1200 mAh/g. From this result, it is possible to state that
the SINWs show good capacity retention with increasing
charging rates, being able to provide 60% of the capacity
exhibited at low current when discharged with a current 50
times higher. Therefore, our SINW electrodes show good
areal capacities also at fast charge/discharge rates (e.g., from
24mAhcm™ at 1C to 1.4mAhcm™ at 5C) although they
have low material loading of 1.2 mgcm ™.

Quantifying the rate performance of the SINWs is possi-
ble by the use of a parameter as proposed by Prosini [50] and
Fongy et al. [51]. They suggested the use of a parameter k (in
hours) to characterize the system response in power. The k
parameter is defined by Q = Q, + kI,,,, where Q is the charge
capacity at the charge current I,, and Q, is the (pseudo) equi-
librium charge capacity (mAh), i.e., the capacity evaluated at
the lower charge rate. The higher is the k parameter, the
worse is the electrode performance in terms of power.
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Figure 6 shows the dependence of the capacity as a func-
tion of the charge current for the SINW electrode. In our case,
a linear behaviour is observed, and it is possible to evaluate
the k value. From the slope of the regression line, the k value
was calculated to be -0.095 h. This value is very low especially
when compared to other active materials used in lithium-ion
technology confirming the high rate capability of Cu-
catalysed SINWs [50, 51].

The cycling of the electrode at various charge rates was
prolonged to evaluate the stability of the SINWSs as a function
of the cycle number, and Figure 7 reports the values of the
capacity at various C rates vs. cycle numbers. Contrary to
what was observed during the cycles conducted at the C/10
rate, a severe capacity fading was observed for all the dis-

charge currents. To explain this behaviour, we hypothesized
that at higher rates, the current distribution is uneven, and
part of the silicon nanowire grows faster than the other parts.
The greater expansion of these parts causes the breakdown of
the SEI film and the detachment of silicon microparticles
from the nanowires. These parts become electrochemically
inactive, hindering the complete lithiation of silicon nano-
wires in subsequent cycles. Bloom et al. [52] demonstrated
that the degradation of the power capability during cycling
of a Li-ion cell can be related to the increase of the cell inter-
nal resistance which can also be related to the properties of
the SEL Therefore, when nanostructured silicon electrodes
are cycled at very high current rates, fresh surface areas are
produced by the silicon expansion during the lithiation, as
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well described by the extension of Pinson’s model shown in
ref. [53]. According to this model, the linear capacity fade
observed during the lithiation/delithiation processes of the
cell can be attributed to the SEI formation on freshly exposed
surfaces [31, 32]. This result confirms the crucial role of the
SEI formation on the capacity fading and cycle life of the cell.

4. Conclusions

In conclusion, SINWs were grown directly on a stainless-steel
substrate by Cu nanoparticle-catalysed CVD. SEM images
show that the so-obtained SiNWs have a length of several
microns and diameter ranging from 200nm to 500nm.
TEM images confirm the core-shell structure of the SINWs
with the presence of a crystalline silicon core of around
40nm (the same dimension of the copper nanoparticles)
and an amorphous silicon shell.

The electrochemical properties of the silicon electrode
have been investigated using lithium foil as the counter and
reference electrode. The high irreversible capacity observed
mainly in the first cycle was attributed to the formation of
the SEI layer on the silicon surface, while the other cycles
have shown good capacity retention with a high charge effi-
ciency above 90%. This result confirms the good electrical
contact existing between the SiNWs and the stainless-steel
current collector. When compared with other active mate-
rials used in lithium-ion technology, the SiNWs exhibited
a high rate capability, being able to provide 60% of the
capacity exhibited at the C/10 rate when discharged with
a 50 times higher current. The SiNW electrodes showed
rapid capacity fade during the lithiation/delithiation pro-
cesses probably attributed to the SEI formation on freshly
exposed surfaces. Further investigations on the mechanism
of the SEI growth can help to limit this fading, improving



the performance of the cell in terms of capacity retention
and long cycle life.
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In this paper, in order to take advantage of the combination between magnetic nano-Fe,O, and surface modifier, a pH-sensitive
drug delivery system that could effectively deliver doxorubicin (DOX) to tumor tissue was constructed. The novel drug delivery
system named Fe;O,-TIPTS-g-(PEI-co-PEG) was prepared through three steps. The first step, a surface modifier with the thiol
group, thiohydrazide-iminopropyltriethoxysilane surface modifier (named TIPTS), was synthesized for the first time. The
second step, Fe;O,-TIPTS was synthesized by treating nano-Fe;O, with TIPTS. The last step, Fe;O,-TIPTS-g-(PEI-co-PEG) was
synthesized in the presence of the Fe;O,-TIPTS, polyethyleneimine (PEI), and polyethylene glycol (PEG) by mercapto-initiated
radical polymerization. Among them, magnetic nanoparticles (MNPs) were used as magnetically responsive carriers, PEG was
the surface-modifying compound, and PEI was the drug loading site which primary amine reacts with doxorubicin (DOX).
Targeted nanoparticles were considerably stabilize in various physiological solutions and exhibited pH-sensitive performance in

drug release. Thence, Fe;O,-TIPTS-g-(PEI-co-PEG) is a promising nanocarrier for targeting tumor therapy.

1. Introduction

In the last few decades, the incidence and mortality of malig-
nancy increased year by year, and it has become the leading
cause of death in humans. Chemotherapy [1] was the most
commonly used clinical treatment for cancers. However, tra-
ditional anticancer drug formulations were nonspecificity [2]
for tumors; especially when used in large doses, severe side
effects were often caused [3]. That is why the development
of efficient delivery systems with the ability to improve
in vivo distribution and significant controlled sustained
release behavior is required. One innovative technological
approach to solve this problem is nanotechnology which
focuses on the transfer of nano-sized biocompatible devices
into the cells [4]. Among different types of nanomaterials,
Fe,O, nanoparticles is one kind of MNPs that have shown
great promise as novel delivery systems and theranostics for

personalized medicine due to their shape controllability and
large specific surface area. And most importantly, their
unique optical, electrical, and superparamagnetic properties
give potential imaging development, targeted delivery, and
synergistic drug therapy, suitable for drug delivery in cells
[5]. Naked Fe,O, NPs are easy to aggregate and oxidize and
thus were often coated by hydrophilic materials and biocom-
patible polymers for targeted drug delivery [6-8].

The mercaptosilane surface modifier [9] is a particular
kind of organosilicon compounds. The mercaptosilane sur-
face modifier contains both a mercapto group reactive with
an organic substance and a silicon functional group reactive
with an inorganic substance. In view of this special molecular
structure, a mercaptosilane surface modifier could be used as
a “molecular bridge” [10] between organic substance and
inorganic substance to prepare composite materials having
excellent performances.
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The surface coating [11] controls the absorption of parti-
cles by different cell types and affects biocompatibility, as well
as the distribution of nanoparticles in the tissues of the
organism [12-14], although many scientists use cationic
bonds [15] to graft polymers onto the surface of nanoparti-
cles as a drug carrier now. However, in the case of a pharma-
ceutical carrier obtained in this manner, cationic binding is
extremely easily deactivated in physiological medium envi-
ronment, resulting in poor stability. For this shortcoming,
we use mercapto (-SH) [16] and polyethylene glycol (PEG)
[17] propose for particle coating by free radical bonding,
which can significantly improve the stability of nanoparticles
in physiological medium environment, prolong the circula-
tion time in the body, and improve the targeted delivery effi-
ciency. PEG [18] in particular is considered to be a very
promising material that protects the nanoparticles from the
immune system, promotes a longer circulation time, and
inhibits removal by the reticuloendothelial system. Although
the application of polyethyleneimine (PEI) is plagued by
their toxicity concerns, modification of PEI with PEG can
address some of these concerns, improve the transfection
efficiency, and enhance the systemic duration [19] at the
same time.

Doxorubicin (DOX) is the most widely used chemother-
apeutic drug. Although it has been standardized as an anti-
cancer drug and has potential diverse toxicities, the clinical
use of DOX is restricted [20]. In order to minimize the side
effects, an efficient strategy is using nanoparticles as carriers
for DOX delivery [21-23]. The novel drug delivery system
in my manuscript is named as Fe;O,-TIPTS-g-(PEI-co-
PEG). PEI and PEG were grafted Fe;O, through TIPTS,
which may load DOX to improve selective cytotoxicity of
the drug to targeted cells and reduce the systemic toxicity
to normal cells.

In normal tissues, the extracellular pH is relatively basic
(pH = 7.4), whereas in tumor tissues, the pH is close to endo-
somes (pH=5.0-6.0) or lysosomes (pH =4.5-5.0) [24].
This difference provides a new idea for cancer treatment,
which is to build a pH-sensitive drug delivery system. In
the present paper, the -NH, group belonging to PEI of
Fe,O,-TIPTS-g-(PEI-co-PEG) reacts with the -C=0O group
of DOX, and the resulting bond is the hydrazone bond. The
hydrazone bond is kept stable in physiological condition;
once the pH value decreases to 4.0-6.0, the hydrazone bond
becomes unstable and then releases massive drugs [25, 26].
This pH-triggered delivery system will improve the efficacy
of DOX while decreasing its cytotoxicity toward healthy cells
(Scheme 1).

2. Experimental

2.1. Materials and Reagents. TIPTS were lab-made by our-
selves. FeCl;-6H,0, FeCl,-4H,O, PEG [Mn =2000], and
DOX were purchased from Aladdin Industrial Corporation
(Shanghai, China). PEI was purchased from Sigma-Aldrich
Industrial Corporation (Shanghai, China). Ethanol was pur-
chased from Tianjin Fuyu Chemical Corporation Limited
(Tianjin, China). N-hexane and NH;-H,O was purchased
from Tianjin Kemiou Chemical Reagent Corporation Lim-

Journal of Nanomaterials

ited (Tianjin, China). Methylbenzene was purchased from
Aladdin Industrial Corporation (Shanghai, China). All of
the chemicals were AR grade and were used as received with-
out any purification. H,O for laboratory experiments used
was obtained after distillation.

2.2. Synthesis Procedure

2.2.1. Synthesis of Fe;O, Nanoparticles. The coprecipitation
method was used to prepare the Fe O, nanoparticles:
FeCl;-6H,0 (16.2g) and FeCl,-4H,0 (8.1g) in a 1:2 molar
ratio were dissolved in distilled water (175 ml) under nitrogen
atmosphere with vigorous stirring. As the solution was heated
to 70°C, NH;-H,O (28 wt%, 25 ml) was added dropwise to the
solution until the pH of the solution is controlled at 10.0,
under vigorous stirring, and the reaction was allowed to pro-
ceed for 5 h at 70°C. And then, the temperature was increased
to 85°C to vapor the residual NH,, then discard the excessive-
iron ions by the magnetic separation procedure and filter.
This part of the experiment process is shown in Scheme 2.

2.2.2. Synthesis of Thiol-Functionalized Fe;O, Nanoparticles
(Fe;0,-TIPTS). Fe,O, nanoparticles were prepared by
FeCl,-6H,0 and FeCl,-4H,0O in a coprecipitation method.
Briefly, 25 ml methylbenzene and 1g Fe O, nanoparticles
were stirred at room temperature for 30 min. This was
followed by the addition of 4 g TIPTS [27] (preparation of a
lab-made novel thiol-containing silane coupling agent TIPTS
was described in reference 39) and further stirring until dis-
solution was complete. Under purified N, atmosphere, this
solution was heated to 65°C in a water bath, stirring for 8 h.
Finally, the resulting product was filtered, washed with dis-
tilled methylbenzene for three times, and dried under vac-
uum for 24 h. This part of the experiment process is shown
in Scheme 3.

2.2.3. Synthesis of Fe;O,-TIPTS-g-(PEI-co-PEG). Fe,O,-
TIPTS (1.77 g) was dissolved in 50 ml methylbenzene and
stirred at room temperature for 30 min. Followed by the
addition of 4.425g PEI dissolved in 10 ml ethanol and 10g
PEG dissolved in 20 ml methylbenzene. This solution was
heated to 55°C in a water bath, continuous flow of nitrogen
into the stream, stirring for 8 h. Finally, the resulting product
was filtered, washed with distilled water for three times, and
dried under vacuum for 24 h. This part of the experiment
process is shown in Scheme 4.

2.2.4. Drug Loading. To load DOX on modified MNPs, 20 mg
dry Fe,O,-TIPTS-g-(PEI-co-PEG) was dispersed in 8ml
DMSO; 3 mg DOX was added and allowed to react with the
nanoparticles for 24 h in the dark. The resulted products were
collected by magnetic decantation and washed twice with
deionized water. The DOX-loaded Fe,O,-TIPTS-g-(PEI-co-
PEG) were freeze-dried and stored in the dark at 4°C. The
amount of unbound DOX was quantified using a UV-Vis
spectrophotometer at 420 nm.

2.2.5. In Vitro Release Studies. Briefly, 0.01 M phosphate
buffer solution (PBS) was prepared at three different pH
values (4.5, 5.5, and 7.4) which each pH was chosen to imitate
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ScHEME 2: The preparation of Fe;O, nanoparticles.

conditions either within tumors or within normal tissues.
10mg DOX-loaded Fe,O,-TIPTS-g-(PEI-co-PEG) was dis-
persed in 3ml PBS and then transferred to a dialysis bag
that was immersed in 50ml of the same medium. At
selected time intervals, 3ml PBS outside the dialysis bag
was removed for analysis and replaced by the same vol-
ume of fresh PBS. The release experiments of each pH
were conducted in triplicate.

2.3. Characterization. The samples compressed with KBr
were analyzed by a FTIR spectrometer (Spectrum Two, Per-
kinElmer Company of United States of America) at room
temperature, the spectral range was 450-4000 cm™, and the
spectral resolution was 4 cm™". The X-ray intensity was mea-
sured in the range of 10° <20 < 80° with a scan speed of
20/min. A Beckman Coulter LS-880 Laser Diffraction Parti-
cle Size analyzer was used in this study. Its measuring range
was 0.01 ym to 2000 yum. With its PIDS (Polarization Inten-
sity Differential Scattering) assembly, lower size limit could
be extended to as low as 0.04 ym. X-ray powder diffraction
(XRD) analysis was performed using Rigaku Dmax2200PC
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FiGURE 1: FTIR spectra of products. (a) Fe;O,. (b) Fe;O,-TIPTS. (c) Fe;O,-TIPTS-g-(PEI-co-PEG).

diffractometer (Rigaku Corporation, Tokyo, Japan) and Cu
K-radiation. The magnetic properties of the products were
determined by a vibrating sample magnetometer (VSM)
(VL-072, Quantum Design Company of United States of
America). UV-vis spectra were measured on a UV-vis spec-
trometer (Lambda 35, PerkinElmer Company of United
States of America).

3. Results and Discussion

3.1. The Preparation of Fe;O,,-TIPTS-g-(PEI-co-PEG)

3.1.1. FTIR Analysis. FTIR spectra of products are shown in
Figure 1. From these curves, the peak could be seen at
589cm’™" attributed to the stretching vibration of the Fe-
O group, the peak could be seen at 1039cm™ attributed
to the stretching vibration of the C-H group, the peak
could be seen at 1171cm™ attributed to the C-C group,
the peak could be seen at 1642cm™ attributed to the C-
OH group, the peak could be seen at 2571cm’™ attributed
to the -SH group, and the peak could be seen at 2856.cm™
and 2922cm™ attributed to the stretching vibration of the
-CH, group.
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From curve (a), curve (b) and curve (c), the peak at
2856cm™! and 2922cm™ could only be seen at curve (b)
and curve (c), not at curve (a), because TIPTS and copolymer
could make nano-Fe,O, organized. The peak at 2571 cm’
could only be seen at curve (b), because the -SH group was
decomposed to obtain free radicals for grafting two polymers
on Fe;0,-TIPTS. The peak at 1642 cm™ could only be seen at
curve (b), because the C-OH group belongs to PEI, which
further indicated that polymers were successful to be grafted
on Fe;O,-TIPTS.

3.1.2. Particle Size Analysis. The particle size spectra for
Fe,O,, Fe;0,-TIPTS and Fe,O,-TIPTS-g-(PEI-co-PEG) are
shown in Figure 2. The results showed that the diameter size
of Fe;O, was 39.6 nm, the diameter size of Fe;O,-TIPTS was
47.6nm, and the diameter size of Fe;O,-TIPTS-g-(PEI-co-
PEG) was 112.8nm. It indicated that the diameter size of
the latter one is gradually larger than the diameter size of
the previous one, because TIPTS by lab-made could modify
Fe,0, in a smooth way. Moreover, TIPTS could also obtain
free radicals for grafting PEI and PEG onto the surface of
Fe,0,-TIPTS. And then, the diameter size results of all prod-
ucts were between 20 and 150 nm, which is beneficial to the
absorption of endothelial reticular system and recognition
of phagocytic cells.

3.1.3. XRD Analysis. The XRD spectra for the products for
Fe,O, and Fe O,-TIPTS-g-(PEI-co-PEG) are shown in
Figure 3. The crystal lattice change of Fe,O, upon grafting
of PEI and PEG was investigated using XRD analysis. The
Fe,0, exhibited several sharp peaks at 18.21 (1 1 1), 29.96 (2
20),3528(311),42.88(400),53.18(422),56.69 (51 1),
62.25 (4 4 0), and 74.62 (6 2 2), respectively, as shown in

(311)
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F1GURE 3: XRD spectra of products. (a) Fe;O,. (b) Fe;O,-TIPTS. (c)
Fe,O,-TIPTS -g-(PEI-co-PEG). (d) Loading DOX onto Fe;O,-
TIPTS-g-(PEI-co-PEG).

Figure 3. The broad peak from 17.58 to 31.88 of the XRD curve
showed that PEI and PEG prepared in the absence of Fe,O,
was amorphous. The reflection peaks of Fe;O,-TIPTS-g-
(PEI-co-PEG) could all be ascribed to the crystal planes of
Fe,O,. The broad weak diffraction peak of PEI and PEG did
not affect the crystal lattice of Fe;O,. This observation indi-
cated that the composite sample had a still ordered arrange-
ment than PEI and PEG owing to the inclusion of Fe;O,.
The performance which was targetable drug delivery of
Fe,O, was not affected by the grafted polymer.
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3.1.4. XPS Analysis. From Figures 4-6, it separately showed
XPS spectra of Fe,O,, Fe,O,-TIPTS, and Fe,O,-TIPTS-g-
(PEI-co-PEG). Every full spectra contained all the distinct
peaks of the elements, and the location was accurate. Peak
separation of each element was obtained by peak separation
and fitting for each element. Every peak separation by Fe of
Fe,0,, Fe,O,-TIPTS, and Fe;O,-TIPTS-g-(PEI-co-PEG)
was exactly the same. Every peak separation by S and O of
Fe,O,, Fe;O,-TIPTS and Fe;O,-TIPTS-g-(PEI-co-PEG)
appeared different, but the fitting results are consistent with
the whole curve. The above results further prove that the
structure of Fe;O,, Fe;O,-TIPTS and Fe,O,-TIPTS-g-(PEI-
co-PEG) prepared by the experiment were accurate.

3.1.5. VSM Analysis. Neither the remanence nor the coerciv-
ity was observed in the three hysteresis curves; therefore, the

magnetization results shown in Figure 7 suggested that
Fe,O,-TIPTS-g-(PEI-co-PEG) was indeed superparamag-
netic and had a strong magnetic response. They exhibited
superparamagnetism with the saturation magnetization
(Ms) values of 68.23, 63.58, and 55.22 emu/g at 25°C, respec-
tively. It indicated that the polymerization did not affect the
magnetic properties of the superparamagnetic nanoparticles
because the structure of the Fe;O, nanoparticles remained
in the polymerization procedure. Therefore, the DOX-
loaded Fe,O,-TIPTS-g-(PEI-co-PEG) can be easily con-
trolled by an external magnetic field to accurately deliver
DOX to the target area. Furthermore, the decrease in the sat-
uration magnetization of the Fe;O,-TIPTS and Fe,O,-
TIPTS-g-(PEI-co-PEG) nanoparticles compared with the
Fe,O, was ascribed to the TIPTS and the copolymer of PEI
and PEG ingredients grafted.
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3.1.6. SEM Analysis. From Figure 8, it showed SEM images of
Fe,O,, Fe,O,-TIPTS, and Fe,O,-TIPTS-g-(PEI-co-PEG),
respectively. From Figure 8(a), the Fe;O, synthesized by the
method in this paper presented a uniform particle size, and
each nano-microsphere is basically in an independent state.
Figure 8(b) shows the higher magnification image of Fe;O,-
TIPTS; it could be seen that TIPTS (a silane surface modifier
with thiols group) was grafted on the surface of Fe,O,.
Figure 8(c) shows the higher magnification image of Fe;O,-
TIPTS-g-(PEI-co-PEG). Under the action of a mercapto
group, branching and cluster polymers were formed by PEI
and PEG grafted onto Fe;O,. And then, the particle size of
Fe,O,-TIPTS-g-(PEI-co-PEG) was uneven due to the differ-
ence in the amount of the graft polymer.

3.2. Drug Loading and In Vitro Release Studies

3.2.1. FTIR Analysis. FTIR spectra of DOX and DOX-loaded
Fe,O,-TIPTS-g-(PEI-co-PEG) are shown in Figure 9. From
these curves, the peak could be seen at 558 cm™ attributed
to the stretching vibration of the Fe-O group, the peak could
be seen at 2851 cm™ and 2920 cm™ attributed to the stretch-
ing vibration of the -CH, group, the peak at 3332cm™' could
be attributed to the O-H groups of PEG and DOX. The peaks
at 1617 cm™ could be attributed to N-H bending. The peaks
at 1280cm™" could be attributed to C-N stretching modes.
The peaks at 1408 cm™ could be attributed to quinine. The
peaks at 1,285cm™ could be attributed to anthracycline.
The peaks at 1730cm™ could be attributed to 13-carbonyl



Journal of Nanomaterials

11

0.6
0.4
'90 0.2 -
=1
=
L
g 00
g
kot
5
& 024
=
-0.4
-0.6
T T T
-20000 -10000 0 10000 20000
Magnetic field (Oe)
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moieties. 1343 cm™ could be attributed to hydrazone bond.
The quinone, anthracycline, and 13-carbonyl moieties were
all in DOX. Through comparison, the peak at 1730 cm™* does
not appear in DOX-loaded Fe,O,-TIPTS-g-(PEI-co-PEG)

and the peak at 1343 cm™ was the characteristic peak only
appear in the curve of DOX-loaded Fe,O,-TIPTS-g-(PEI-
co-PEG). In summary, DOX was successfully loaded onto
Fe,O,-TIPTS-g-(PEI-co-PEG).
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3.2.2. In Vitro Release Studies. The results of vitro release are
shown in Figure 10. In vitro release studies of DOX over time
were studied by monitoring the absorbance at 482nm. In
vitro release of DOX from Fe,O,-TIPTS-g-(PEI-co-PEG)
was simulated at 37°C. Standard curve was calculated at
pH5.5. The relationship between the absorption value
(Abs) and the concentration is derived according to

(1)

Abs = (V w0 +V % ZCi> M gryg-

Thus, the standard curve of vitro release of DOX was

y =25.5216x +0.00887 (R* = 0.99926).

(2)

The result of pH sensitive about vitro release of DOX is
shown in Figure 11. It indicated that DOX onto Fe,O,-
TIPTS-g-(PEI-co-PEG) was relatively stable at blood pH
and more effectively released its payload at pH =4.5 than
pH=5.5 or pH=7.4. The functionalized particles slowly
released DOX over 80h at 37°C under pH4.5 (lysosomes),
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Figure 11: In vitro release of DOX at pH 4.5, 5.5, and 7.4.

5.5 (endosomes), and 7.4(normal tissues) PBS solutions,
which was both time- and pH-dependent; the cumulative
dissolution profiles of nanoparticles are shown in Figure 11.
It indicated that only 21.06% of drug was released from
Fe,O,-TIPTS-g-(PEI-co-PEG) at pH7.4, separately, over
the process of 80h, while at pH5.5, it demonstrated higher
release satisfied with 75.68% and at pH =4.5 up to 80.24%.
The result indicated that nanoparticles under acidic condi-
tions showed higher DOX release rates at endosomal pH
(4.5-5.5) as compared with normal tissues pH (7.4). This
phenomenon could be attributed to the fact that after placing
Fe;0,-TIPTS-g-(PEI-co-PEG) in acidic PBS, the C=N bond
between DOX and Fe,O,-TIPTS-g-(PEI-co-PEG) is attacked
by H', releasing DOX. While from pH 5.5 to 4.5, the release rate
of DOX was also increased slightly. This phenomenon was due
to the protonation of the DOX amino group, which could gave
DOX a positive charge to enhance its solubility in acidic condi-
tions; accordingly, a faster drug release was caused.

4. Conclusion

In summary, our research results have synthesized a DOX-
loaded pH-sensitive magnetic system for targeted drug deliv-
ery. Nano-Fe;O, was modified by the mercaptosilane surface
modifier TIPTS, and block copolymer poly(ethylene glycol-
co-ethyleneimine) grafted Fe;O, to obtain Fe,O,-TIPTS-g-
(PEI-co-PEG). The nano-Fe;O, was a core of Fe,O,-
TIPTS-g-(PEI-co-PEG) which possesses the targeted func-
tion. DOX was bonded with Fe,O,-TIPTS-g-(PEI-co-PEG)
by a hydrazone bond. At different pH, the hydrazone bond
could act as the switch to control the release of the drug
encapsulated, so the potential of DOX-loaded Fe,O,-
TIPTS-g-(PEI-co-PEG) as the carrier for pH-sensitive drug
release is demonstrated. In vitro, DOX was released more
readily at pH4.5, which 80.24% DOX was released within

80h. Therefore, the results demonstrate the versatility of
the DOX-loaded magnetic nanoparticles as a potential anti-
tumor drug delivery system.
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Using carbon disulfide and 3-aminopropyltriethoxysilane as raw materials, a novel silane coupling agent with a terminal group
was synthesized for the first time. The compound was synthesized in two steps in ethanol water solvent under the action of the
catalyst triethylamine and a sulfhydryl-protecting agent. The product was characterized by FT-IR, "H NMR, and mass spectra to
determine and prove its structure. The best experimental scheme was explored by a single factor experiment: a thiol-protecting
agent selected iodomethane, the total reaction time was 2 hours, the two-step reaction temperature was 15°C and 10°C,
respectively, and n(carbon disulfide): n(3 — aminopropyl three ethoxysilane) = 1.4 : 1. Under these conditions, the product
yield was up to 74.28%. Secondly, using the nonisothermal decomposition method, the thermal stability and thermal
decomposition enthalpy of a thiohydrazide-iminopropyltriethoxysilane coupling agent were measured by a differential scanning
calorimeter (DSC). Thereby, the thermal decomposition kinetic parameters and kinetic equations of the thiohydrazide-

iminopropyltriethoxysilane coupling agent were derived.

1. Introduction

The mercaptosilane coupling agent is a special kind of
organosilicon compound [1]. The structural formula can
be represented by OR,-Si-Y-SH [2], wherein Y represents
normally a propyl group and Si-OR, represents a siloxy
group such as a methoxy or ethoxy group. From this, it
was shown that the mercaptosilane coupling agent con-
tains both a carbon functional group reactive with an organic
substance and a silicon functional group reactive with an
inorganic substance. Due to this special molecular structure,
a mercaptosilane coupling agent could be used as a “molecu-
lar bridge” [3] between an organic material and an inorganic
material to prepare an organic polymer composite having
excellent properties. Therefore, mercaptosilane coupling
agents are widely used in batteries [4], coatings [5], pollution
control [6], composite materials, and other fields.

The mercapto group was oxidized easily. In the pres-
ence of free radical-producing substances, sulfthydryl groups
could form sulfur radicals through -S atom transfer and ini-

tiate monomer polymerization [7]. Therefore, sulfonium-
containing silane coupling agents have attracted the interest
of many researchers in the fields of biomedicine [8] and
nanoscience [9]. Chen et al. [10] used the two-component
initiating system of the mercapto group and benzoyl perox-
ide (BPO) to initiate the polymerization of HEMA grafted
on SiO, to study the adsorption of quercetin by SiO,-g-
PHEMA. Motevalizadeh et al. [11] used MPTMS to modify
MNP, the mercapto group, and butylactam and formed a
two-component initiating system to initiate the copolymer-
ization of St and AL, and studied the rate of drug delivery
control. Survant et al. [12] modified organoclay by MPTMS
and initiated free radical polymerization on its surface to
prepare polystyrene-organoclay composites.

However, in the process of silane coupling and modifi-
cation of inorganic materials with polymers, many com-
mon silane coupling agents require the addition of an
initiator to initiate the polymerization of the monomers.
If the silane coupling agent has both a polymerization-
initiating group and a functional group bonded to the
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inorganic nanoparticles, the silane coupling agent can ini-
tiate polymerization of the monomer while modifying the
inorganic nanoparticles, thereby simplifying the reaction
step [13].

Therefore, this paper is devoted to the synthesis of a silane
coupling agent with both coupling and initiating functions. In
this paper, a sulfonyl coupling with a thiol group was prepared
by using carbon disulfide and 3-aminopropyltriethoxysilane
as raw materials. The structure was confirmed and character-
ized by FT-IR, "H NMR, and mass spectra. Through DSC,
the thermal decomposition kinetics of a thiohydrazide-
iminopropyltriethoxysilane coupling agent was investigated,
including thermal stability, decomposition constants (K),
and activation energy (E,), and then the equation of thermal
decomposition kinetics was obtained.

2. Experimental

2.1. Materials. 3-Aminopropyltriethoxysilane (KH550),
carbon disulfide, and triethylamine were purchased from
Aladdin Industrial Corporation (Shanghai, China). Ethanol
was purchased from Tianjin Fuyu Chemical Co. Ltd.
(Tianjin, China). Methyl iodide was purchased from
Shanghai Tanghao Chemical Technology Co. Ltd. (Shanghai,
China). n-Hexane was purchased from Tianjin Kemiou
Chemical Reagent Co. Ltd. (Tianjin, China). All of the che-
micals were AR grade and were used as received without
any purification. H,O used for laboratory experiments was
obtained after distillation.

2.2. Preparation of Thiohydrazide-Iminopropyltriethoxysilane
Coupling Agent. KH550 (1g), 5ml ethanol aqueous solution
(water : ethanol =1 : 17), and 20 ml triethylamine were added
into a three-neck flask, stirred at 10°C under a purified N,
atmosphere. After 20 minutes, carbon disulfide (0.1g) and
methyl iodide (1 g) were added into the three-neck flask. The
reaction was continued also at 10°C for several hours. The pri-
mary product was obtained by cooled to room temperature.

Finally, n-hexane was used to extract and wash the pri-
mary product, and then the final product was collected after
drying in vacuum under 60°C for over 24 hours. The final
product was a liquid. This part of the experiment process is
shown in Scheme 1.

2.3. Characterization. The samples which were compressed
with KBr were analyzed by an FT-IR spectrometer (Spec-
trum Two, PerkinElmer, USA) at room temperature, at a
spectral range of 450-4000cm™, and at a spectral resolu-
tion of 4cm™. A Bruker AV600 "H-NMR spectrometer
(Bruker Technology Co., Ltd., Germany) was used to
record the "H-NMR spectra. Mass spectra was recorded

using a mass spectrometer (Waters Xevo G2 QTof, Waters
Corporation, USA).

5-10 mg sample was added into a crucible and protected
by a high-purity N, atmosphere. The thermal stability and
thermal decomposition dynamics of the product were mea-
sured using a DSC 204-F1 (NETZSCH, Germany), ranging
from 20 to 350°C at a heating rate of 5°Cmin"". The iso-
thermal thermodynamic method was used to obtain the
relationship between heat flow and time under constant
temperature. Thereby, the thermal decomposition kinetics
of the thiohydrazide-iminopropyltriethoxysilane coupling
agent was investigated, including thermal stability, decompo-
sition constants (K ), and activation energy (E,), and then the
equation of thermal decomposition kinetics was obtained [14].

3. Results and Discussion
3.1. Effects of Reaction Conditions on Product Yield

3.1.1. Selection of Mercapto Protective Agent. The sulthydryl-
protective agents mainly include methyl iodide and benzyl
chloride [15]. Between them, methyl iodide can be reused.
The price of methyl iodide is relatively high, but the actual
reaction yield is high, and it can be industrially applied.
Although benzyl chloride is inexpensive, according to the
method described in the literature, it is necessary to carry
out the reaction in a solution of tetrahydrofuran. It has been
found that tetrahydrofuran cannot be miscible with the reac-
tion raw materials required for the experiment, and the entire
experiment cannot be carried out. Therefore, methyl iodide, a
highly effective protective agent, is selected as a sulfhydryl-
protective agent.

3.1.2. Effects of Reaction Temperature on Product Yield.
According to the single-variable method, a chemical reaction
is carried out under the same conditions in addition to reac-
tion temperatures. As could be seen from Figure 1, the yield
reaches the highest at 15°C when different reaction tempera-
tures were increased. When the temperature exceeded 15°C,
the rate of decrease in yield increased as the temperature
increases. When the temperature was lower than 15°C, the rad-
ical substitution reaction in the system was inhibited and the
product yield was affected. Since the hydrolysis of the alkoxy
group attached to the silicon atom (Si-OR) of KH550 made it
an unstable group, the silicon atom could be partially broken
as the reaction temperature was increased, so that the product
was reduced and the product yield was also lowered.

3.1.3. Effects of Reaction Time on Product Yield. Also accord-
ing to the single-variable method, the chemical reaction was
carried out under different reaction times. As could be seen
from Figure 2, as the reaction time reached 2 hours, the prod-
uct yield was the highest. As the reaction time exceeded 2
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hours, the product yield also decreased. The radical replace-
ment reaction was required to be carried out at a certain time,
and an excessively long reaction time caused the bond
between the mercapto group and the carbonyl group to be
broken, resulting in the decomposition of the product, which
greatly reduced the product yield.

3.1.4. Effects of Material Ratio on Product Yield. The chemical
reaction was carried out under different material ratios, as
could be seen from Figure 3.

3.2. Confirmation on the Chemical Structure of
Thiohydrazide-Iminopropyltriethoxysilane Coupling Agent

3.2.1. "TH-NMR Analysis. All the functional groups of the
product were obtained by "H-NMR test, and the results are
presented in Figure 4. "H NMR (600 MHz, DMSO, TMS):
01.10 (m, 9H, OCH,CHj;), 3.43 (m, 6H, OCH,CH,), 0.60

(t, 2H, Si-CH,CH,CH,), 1.62 (m, 2H, Si-CH,CH,CH,), 2.78
(m, Si-CH,CH,CH,), 8.70 (t, 1H, NH), and 9.60 (s, 1H, SH).

3.2.2. FT-IR Analysis. All the functional groups of the
product were obtained by FT-IR test, and the results are
presented in Figure 5. The peaks that could be seen at
2930 and 2886cm™ are attributed to the stretching vibra-
tion of -CH,-, the peak at 2586cm™ is attributed to -SH,
the peak at 1443cm™ is attributed to the hydrocarbon
bending vibration of -CH,, the peak at 1390 cm™” is attrib-
uted to the stretching vibration of -C-C-, the peak at
1073cm™ is attributed to the antisymmetric stretching
vibration peak of C-H, the peak at 1067 cm™" is attributed to
the stretching vibration peak of C=S, and the peak at 798 cm
! is attributed to the stretching vibration peak of Si-O-CH,,
From curve (a) and curve (b), the peaks at 2586 cm’! and
1067 cm™' were only attributed to curve (b). This indicated that
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FIGURE 4: "H-NMR spectra of the thiohydrazide-iminopropyltriethoxysilane coupling agent.

the thiohydrazide-iminopropyltriethoxysilane coupling agent
was successfully synthesized by carbon disulfide and 3-
aminopropyltriethoxysilane in a radical substitution reaction.

In summary, a new reagent has been synthesized, and the
structural formula is shown in Figure (6)

3.2.3. Mass Analysis. As shown in Figure 6, when the product
was broken into pieces by the mass spectrometer, many
molecular ion peaks appeared; however, there were stable
and symmetrical structures, such as the imino group, the
mercapto group, and the ethoxy group. The m/z of 320 was
for the thiohydrazide-iminopropyltriethoxysilane coupling

agent. The results generated from the mass-to-charge ratio
and possible fragments are shown in Table 1. The character-
istic fragment that contained the ethoxy group was identified,
which has an m/z of 163.

3.3. Isothermal Thermodynamic Analysis of Thiohydrazide-
Iminopropyltriethoxysilane Coupling Agent

3.3.1. Thermal Stability. Figure 7 shows the nonisothermal decom-
position curve of a thiohydrazide-iminopropyltriethoxysilane
coupling agent. From Figure 7, since the product struc-
ture contains a mercapto group, the mercapto group
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TaBLE 1: The main fragment of the product analysis.

Mass-to-charge ratio Possible fragments

163 (OC,H,),Si+

205 (OC,H,),Si+C,H,

220 (OC,H,),Si+C,H,NH
264 (OC,H,),Si+C,H,NHSC
298 (OC,H,),Si+C,H,NHSCSH

was thermally decomposed at a certain temperature to
generate a radical which could initiate radical polymeriza-
tion. The decomposition temperature and peak temperature
are shown in Table 2. As could be seen from Table 2, the

thiohydrazide-iminopropyltriethoxysilane coupling agent
was relatively stable before the temperature was 181.6°C,
but as the temperature increases, a significant exothermal
appeared. It was due to the decomposition of the thiol
group. When the temperature reaches 183.7°C, the thermal
decomposition of the thiol group reaches the maximum
extent, and the decomposition rate was the fastest at this
time. When the temperature continues to rise, the DSC
curve could see that its enthalpy value begins to decrease,
the thiol group contained in the product gradually decom-
poses completely, and the heat was in a lost state. Because
the temperature was too high, the thiohydrazide-
iminopropyltriethoxysilane coupling agent was completely
decomposed, so a temperature that was too high was not
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meaningful for us to study its thermodynamic properties.
When the temperature reaches 181.6°C, the heat provided
by the entire environment was sufficient for the
thiohydrazide-iminopropyltriethoxysilane coupling agent
to react rapidly. Therefore, the product was a sulthydryl-
based initiator having thermal initiation properties.

3.3.2. Isothermal Decomposition Kinetic Analysis of
Thiohydrazide-Iminopropyltriethoxysilane Coupling Agent.
The decomposition rate constant of the reaction product
during thermal decomposition is an important parameter
for measuring the reaction rate, which can be obtained by
changing the concentration of the reactant with time. By cal-
culating the decomposition rate constant, the amount of
change in the concentration of the reactant can be obtained,
and further, the relative data such as the half-life of the reac-
tant can be obtained by calculation.

(1) Decomposition Constant (K4). Based on the isothermal
decomposing data, K could be calculated through the AH
of decomposition [16]. The reaction is a first-order reaction
expressed as follows:

-dC
dt

In the DSC isothermal decomposition mode [17], the
change in reactant concentration was unknown and the con-

version calculation was performed using thermal enthalpy:

-dC _ dAH<C, @)
dt — AHyedt’
dAH-C,

= —_—> 3

ac= "3 (3)
Co AH,

C ~ AH,-AH’

C

Combining equation (5) with the decomposition equa-
tion (4), a new equation (equation (6)) was developed as
follows:

L N ) (6)

AH, - AH_,

The half-life and reaction activation energy [18] were
determined by a DSC isothermal decomposition mode. It
could be seen from Figure 8 that the decomposition rate
was the fastest at the initial stage of the isothermal reac-
tion, the heat release was rapidly increased, and then the
heat release tended to be stable. At different temperatures,
the thiohydrazide-iminopropyltriethoxysilane  coupling
agent is decomposed for 10 min, 30 min, and 40 min, and
the corresponding AH is shown in Table 3.

As in equation (6), the data of Table 3 was substituted
into this equation. The thermal decomposition rate constant
of the thiohydrazide-iminopropyltriethoxysilane coupling
agent at different temperatures and different times, respec-
tively, is shown in Table 4.
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TaBLE 3: Isothermal decomposition kinetics DSC data of the
thiohydrazide-iminopropyltriethoxysilane coupling agent.

AH, AH,; (10min) AHj; (30min) AH,, (40 min)

190°C 2909])/g  37.6)/g 104.6]/g 135.9]/g
195°C 299.9]/g  38.4]J/g 107.1]/g 139.3]/g
200°C 315.7]/g  45.8]/g 136.3]/g 173.9]/g
205°C 327.0J/g  75.0]/g 213.9]/g 281.6]/g

TaBLE 4: The thermal decomposition rate constant of the product at
different temperatures.

AK 410 min AK 430 min AK 449 min Average Ky
190°C 0.0138 0.0149 0.0157 0.0148
195°C 0.0137 0.0147 0.0156 0.0147
200°C 0.0157 0.0188 0.0200 0.0182
205°C 0.0260 0.0353 0.0494 0.0369

The Arrhenius equation equation (7) is as follows:
Eq
andz—ﬁ+lnAd. (7)

By plotting 1/T and In Ky, as shown in Figure 9, it could
be seen that these points were discrete, and the applied
Arrhenius empirical formula is a linear function, so these
data points are idealized by linear regression [19].

(2) Linear Equation Fitting. In the obtained equation, the
intercept [20] represents the logarithm value In A of the pre-
factor in the Arrhenius empirical formula, and the slope rep-
resents the negative ratio of the decomposition activation

energy to the gas molar constant —E4/R in the Arrhenius
empirical formula. Therefore, the activation energy of the
decomposition reaction is E;=108.155 kJ/mol, and the
preexponential factor is Ay =4.773x 10%. The thermal
decomposition kinetic equation of the final thiohydrazide-
iminopropyltriethoxysilane coupling agent is as follows:

—-108.155

InK, = +1n (1.998 x 10'°). (8)

4. Conclusion

The thiohydrazide-iminopropyltriethoxysilane coupling agent
was synthesized by using carbon disulfide and KH550. The
optimal scheme was obtained by a single-factor experiment:
the sulthydryl-protecting agent was methyl iodide, the reac-
tion time was 2 hours, the reaction temperature was 15°C,
and n(carbon disulfide): n(KH550) =1 : 1. Under these con-
ditions, the product yield was up to 74.28%. The product
was characterized by infrared absorption spectroscopy, 'H
NMR nuclear magnetic resonance spectroscopy, and mass
spectrometry. The product was identified as a novel silane
coupling agent with the mercapto group.

The thermal decomposition kinetics of the thiohydrazide-
iminopropyltriethoxysilane coupling agent was investigated.
The thermal stability and thermodynamic parameters were
analyzed and calculated by the isothermal decomposition
mode. It was found that the decomposition temperature of
the thiohydrazide-iminopropyltriethoxysilane coupling agent
was between 181.6°C and 187.2°C. Combining the first-order
reaction equation and the thermodynamic kinetic equation,
the data of the thiohydrazide-iminopropyltriethoxysilane
coupling agent under a constant temperature were analyzed,
and the calculated decomposition rate constant and tempera-
ture value were calculated by the linear fitting method. The
decomposition reaction was activated with E;=108.155
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kJ/mol, and the preexponential factor was A; = 1.998 x 10'°.

The thermal decomposition kinetic equation of the
thiohydrazide-iminopropyltriethoxysilane coupling agent
was In K4 =—108.155/RT +In (1.998 x 10'7).

4.1. The Potential of Thiohydrazide-Iminopropyltriethoxysilane
Coupling  Agent. ~We named the thiohydrazide-
iminopropyltriethoxysilane coupling agent as TIPTS. Modifi-
cation of Fe;O, nanoparticles by TIPTS obtained Fe,O,-
TIPTS. Among fixed-point modifying groups, the site-
nucleophilic activity of the thiol group had higher activity
than the carboxyl group, the hydroxyl group, the disulfide
bond, and so on. Moreover, when Fe,O, nanoparticles were
modified by a fixed-point modifying group for the carboxyl
group and the hydroxyl group, the disulfide bond could
destroy site-nucleophilic activity and the thiol group could
retain the site-nucleophilic activity. Then, grafting Fe,O,-
TIPTS by polyether-imide (PEI) and polyethylene glycol
(PEG) obtained Fe;O,-TIPTS-g-(PEI-co-PEG). Inside, mag-
netic nanoparticles (MNPs) were used as magnetically
responsive carriers, PEG was the surface-modifying agent,
and PEI was the drug-loading site with which primary
amine reacts with doxorubicin (DOX). Targeting nanoparti-
cles were quite stable in various physiological solutions and
exhibited a pH-sensitive property in drug release. Therefore,
Fe,0,-TIPTS-g-(PEI-co-PEG) is a promising nanocarrier for
targeting tumor therapy in vivo.
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In this work, the ohmic contact mechanism of Ni electrodes on C-faced 4H-n-SiC was investigated by evaluating the electrical and
microstructural properties in the contact interface as a function of annealing temperatures ranging from 950 to 1100°C. We
determined that Ni-silicide, especially the NiSi phase, plays a key role in the formation of ohmic contacts rather than an
increase in carbon vacancies in the C-faced SiC substrate. A vertically oriented NiSi phase was observed in the thermally
annealed sample at the optimized temperature that behaves as a current path. A further increase in annealing temperature leads
to the degradation of ohmic behavior due to the formation of horizontal-type NiSi in the Ni-rich Ni-silicide/NiSi/SiC structure.

1. Introduction

Many technical challenges need to be overcome to
improve the performance of 4H-SiC-based power devices,
such as Schottky barrier diodes (SBDs) and metal-oxide-
semiconductor field-effect transistors (MOSFETSs). One of
them is the reproducible formation of low resistance ohmic
contacts. Nickel metallization, which has the lowest specific
contact resistance (p,_), has been frequently used for this pur-
pose [1-8]. For example, p,. on Ni contacts to Si-faced 4H-n-
SiC epitaxial layer is between 2.8 x 10 and 1.1 x 10 Q-cm”
under the high temperature annealing at ~1000°C, depending
on the process technique and doping concentration [2, 6-8].
The thermal annealing at high temperature, however, can
damage the oxide and SiC/SiO, interface, which is unde-
sirable for device fabrication. In that sense, Ni-based
metal structures have been also studied in order to form
the low resistance ohmic contact even under the low tem-
perature annealing process. With low annealing tempera-
ture at 750°C or 950°C, the ohmic contacts have low p

values, respectively, of 8 x 10* and 4.2 x 10° Q-cm® and
were achieved by using Ni/Ti/Al and Ni/Ti/Al/W metal
schemes [9, 10].

The development of ohmic contact can be possible based
on the sufficient understanding of the formation mechanisms
of Ni contact on Si-faced 4H-n-SiC. In the case of Si-faced
4H-n-SiC, carbon accumulation at the interface and donor-
like carbon vacancies (V) that can lower the barrier height
(@y) and reduce p _ have been suggested as a possible mech-
anism for ohmic contact formation [2-5]. In addition, the
formation of Ni-silicide by thermal treatment may play a pre-
dominant role in the formation of ohmic contacts [5-8].
Indeed, it is highly desirable to optimize the ohmic contact
on the SiC substrate, particularly on C-faced 4H-SiC for ver-
tical device structures. However, the mechanism for ohmic
contact formation in C-faced 4H-n-SiC has not yet been
completely elucidated.

In this study, we investigated the ohmic contact mecha-
nism on Ni/4H-n-SiC substrate (C-faced) interfaces. The
electrical properties of contacts were evaluated using the
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FIGURE 1: (a) I-V characteristics of Ni/n-SiC substrate contacts as a function of annealing temperature (d =5 ym). (b) I-V curves of
1050°C-annealed sample as a function of d. The inset shows the total resistance Ry - d plot.

transmission line model (TLM). The formation and degrada-
tion mechanisms of ohmic contacts with the annealing process
were investigated by current-voltage-temperature (I-V-T)
measurements, scanning transmission electron microscopy
(STEM), and energy-dispersive X-ray spectroscopy (EDS).

2. Experimental Methods

For this study, we use commercially available 4° off-axis
n-type 4H-SiC substrates with a resistivity of 0.02 Q-cm
from Cree, USA. Hall-effect measurements were performed
for five SiC substrate samples using the van der Pauw
method and yielded an average electron carrier concentra-
tion (N) of 3.28 x 108 + 6.14 x 10" cm™ and a Hall mobil-
ity (4) of 90.8 + 0.12 cm?/V's. Prior to metal deposition, the
samples were cleaned with H,SO,:H,0,=3:1, NH,OH:-
H,0,:H,0=1:1:5, and buffered oxide etchant solutions
for 10, 10, and 1 min, respectively.

To investigate the ohmic contacts on C-faced 4H-SiC,
namely, the backside of the SiC substrate, TLM patterns with
circular geometry (diameter of the inner circle was 200 ym,
and the distance between inner and outer circles was d =5,
10, 15, 25, 35, and 50 ym) were defined using photolithogra-
phy, as shown in the inset of Figure 1(a). As a contact metal,
150 nm thick Ni was deposited on the patterned SiC substrate
using an e-beam evaporator. After the lift-off process, rapid-
thermal annealing (RTA) was performed at 950, 980, 1020,
1050, and 1100°C for 1 min in N, ambient in order to stimu-
late a reaction between Ni and the 4H-SiC substrate. All
electrical characteristics of the contacts were evaluated in a
vacuum chamber (<0.02Torr) equipped with a variable-
temperature chuck system using a parameter analyzer
(HP 4156A). I-V-T measurements were performed to char-
acterize the contact properties in the temperature range of
300-420 K. STEM and EDS were also performed to investi-
gate the structural properties of the contacts using a JEOL
JEM-2100F.

3. Results and Discussion

Figure 1(a) shows the I-V characteristics of Ni contacted to
the bottom of the n-type SiC substrate as a function of
annealing temperature. The current and voltage were
measured from adjacent TLM pads with a d of 5um. It is
shown that the I-V curves are significantly dependent on
the annealing temperature. For example, the I-V curve of
the 950°C-annealed sample exhibited a rectifying characteris-
tic; however, the I-V curves of samples annealed at tempera-
tures equal to and higher than 980°C were linear indicating
the formation of ohmic contacts. Using the TLM method
[11], the 1050°C-annealed sample was computed to have
the lowest p (5.67 x 10* Q-cm?®) and sheet resistance
(Ry) of 13.6Q/sq (Figure 1(b)). Note that p_ for
1020°C-annealed sample (9.63 x 10* Q-cm?) is higher than
that of the 1050°C-annealed sample, and the reliable contact
parameters for 980°C-annealed sample could not be obtained
due to the nonlinear relation between the total resistance
(Ry) and d (not shown here). Thus, 1050°C was determined
as the most optimized annealing temperature. One interest-
ing result was that thermal annealing at only 1100°C led to
a decrease in current values at the relevant voltages and an
increase in p (8.0x10* Q-cm®). A possible explanation
for degradation of electrical properties is discussed in more
detail in the last section.

Prior to this work, it was unclear whether the Ni-silicide
formed at the contact interface or the out-diffusion of C
atoms played a key role in the formation of ohmic contacts
when Ni was deposited as an ohmic metal on n-type SiC
[2-8]. According to previous studies [2-5], the out-
diffusion of carbon leads to V, which acts as a donor,
causing an increase of N underneath the contact interface.
Therefore, if an out-diffusion of carbon was critical to the
formation of ohmic contacts, both the increase of N and
decrease of @y should be observed simultaneously [2]. To
investigate if the origin of ohmic contact formation was
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FIGURE 2: p__ vs. 1000/T plot for a 1050°C-annealed sample.

dominated by the increase of N due to an out-diffusion of
carbon atoms in the contact interface on C-faced 4H-n-SiC,
p,. values for the 1050°C-annealed sample were plotted as a
function of annealing temperature (Figure 2). The therm-
ionic field emission (TFE) model [11] was used to calculate
p.. since the N value predicts that the TFE model would
provide a good approximation, i.e., TFE dominates when
0.5< Eyy/kT <5. Here, E,, is given by E,, = (qh/4m)
(N/e;m*)'?, where m* is the electron effective mass
(m* =0.36m,) and ¢, is the dielectric constant of 4H-SiC
(e,=9.66) [5]. With N=3.28x10"® cm™ and T'=300 K,
the calculation shows that E,/kT was as low as 0.695 which
lies in the TFE regime [11]. p,. was calculated using

_ coth!”(Eg/kT) cosh (Eg/kT) . AP +V,)  qV,

Puc (qA*" 1K) P (EOO coth (Egy/kT) kT )

(1)

where A** is the Richardson constant (146 A/cm? K?) [5] and
V, is the energy difference between the conduction band
edge (E.) and the Fermi level (Ep). From the successful
theoretical fit of experimental data using Equation (1) as
shown in the broken line of Figure 2, @y of 0.62¢eV, E,,
of 0.019¢V, and N of 3.7x10'® cm™ were obtained.
Note that @y was lower than the theoretically expected
value (@ = Dy; (5.15eV) - X, sic (3-6eV) =1.55¢eV) [12],
whereas N evaluated by the TFE model was nearly constant
compared to the value determined by Hall-effect measure-
ment. Therefore, the above results suggest that a more
dominant factor other than the generation of V, should be
used to explain the formation of an ohmic contact at the
Ni/C-faced 4H-n-SiC interface.

According to the literature [2-8], various Ni-silicide
phases are formed at the interface of the Ni-based contacts
on 4H-n-SiC during thermal annealing. For example,
Ni-rich regions, typically comprised of Ni;,Si;, and Ni,Si
phases, are formed under a low annealing temperature of
600°C. The Ni;,Si;, hexagonal phase, which is mainly
formed at a considerably low temperature, has little effect

on the reduction of p__ [5, 8]. As the annealing temperature
is increased (> ~900°C), the Ni-silicide phases recrystallize
at the contact interfaces, i.e., a full transformation of Ni,; Si;,
into the Ni,Si orthorhombic phase [3, 8]. Several studies have
shown that this Ni,Si phase plays a key role in determining
the electrical transport characteristics at the contact inter-
faces, namely, the recrystallization into the Ni,Si phase leads
to a reduction of p__ and a decrease in @y, [6, 8]. If this model
is valid, both the uniform distribution of Ni and Si atoms at
metallic regions and the linear increase of current with
applied bias should be observed for the sample annealed
at 950°C.

To investigate the predominant ohmic mechanism in
terms of structural changes, STEM and EDS measurements
were performed. Figure 3 shows the STEM images and the
corresponding EDS elemental mapping for the samples
annealed at 950, 1050, and 1100°C. The interface between
the SiC substrate and contact metal is clearly distinguishable
in the 950°C-annealed sample (Figure 3(a)). Figures 3(c) and
3(d) show that Si and C atoms out-diffused toward the con-
tact metal region and were evenly distributed, indicating a
transformation into the single Ni-silicide phase, which was
expected to be Ni,Si. However, the I -V curve of the
950°C-annealed sample was strongly rectifying as shown in
Figure 1(a). Therefore, we can conclude that the formation
of Ni-rich Ni-silicide (NNS), especially Ni,Si, is not the major
factor in forming ohmic contacts on C-faced n-SiC. Indeed,
this result is supported by Han et al. who reported that the
@y, of Ni-silicide, comprised of Ni,Si, is higher than Ni metal
on n-type SiC [2]. Interestingly, the distinct difference
between the 950°C-annealed sample and the samples with
higher annealing temperatures was observed in elemental
mapping images. As indicated by the superimposed white
lines in Figures 3(h) and 3(I) directed by white arrows, a
C-rich region was formed after thermal annealing at
1050°C or more, in which the composition of Ni-silicide
in this C-rich region corresponds to NiSi [2, 7]. From a
thermodynamic point of view, the formation of NiSi is
valid since the difference in Gibbs free energy for NiSi at
950°C is negative (AGys,c = -34.4 kJ/mol) [7, 13]. Moreover,
according to previous research, the formation of the NiSi/SiC
system contributes to the significant reduction in contact
resistance. Considering our and previous results mentioned
above, it is likely that the formation of ohmic contacts is also
related to the formation of NiSi phases rather than Ni,Si even
in the case of C-faced SiC. Thus, an ohmic contact for the Ni
metallization on C-faced 4H-n-SiC can be achieved by the
formation of C-rich areas corresponding to the NiSi phase.

It is also necessary to investigate why the ohmic proper-
ties degraded with annealing beyond the optimized tempera-
ture. One possible factor that increases p,_ value might be the
change of the C-rich region thickness. However, the thick-
ness of C-rich region varies between 20 and 36 nm as shown
in Figures 3(h) and 3(1). Therefore, the electrical properties at
the contact interface have little to no correlation with the
thickness of the C-rich region. Another possible explanation
for ohmic contact degradation is the structural change in the
C-rich area. Indeed, ohmic behavior was observed in both
the 1050°C- and 1100°C-annealed samples. Although C-rich
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respectively.

regions were observed in both samples, the corresponding
structures were clearly formed with different shapes. For
example, for samples annealed at 1050°C, the C-rich region
was formed vertically (Figure 3(h)), indicating that the cur-
rent path with low resistance between the SiC and the top
electrode was well formed. When the annealing temperature
was increased by 50°C, i.e., in the case of 1100°C-annealed
sample, C-rich areas were formed horizontally as well as ver-
tically, as shown in Figure 3(1). In addition, NNS was formed
just above the horizontal C-rich region, ie., a Ni,Si or
a Niy, Sij,/NiSi/SiC structure was formed. As mentioned
before, the formation of NiSi/SiC structures has the effect of
reducing p,_, compared with the NNS/SiC system [2, 7]. On
the other hand, the formation of NNS/NiSi contacts could
negatively affect the current flow. Due to the work function
of NiSi (~4.5eV) and NNS (~4.8 eV) [14], there is a contact
potential difference (qAV = @yys - Pnigi) of 0.3 eV between
the NNS/NiSi structure. Therefore, to produce the same cur-
rent value for the NNS/NiSi/SiC and NiSi/SiC structures, an
additional voltage of 0.3V should be applied to the former
structure. Eventually, the increase in p . of the contact
annealed above the optimized temperature was due to the
horizontal formation of the C-rich region causing the
NNS/NiSi/4H-n-SiC structure. Indeed, it is evident that the
formation of the horizontal C-rich area restricts current flow

although the exact origin of ohmic contact degradation on
Ni/C-faced 4H-n-SiC should be further investigated.

4. Conclusions

The ohmic contact mechanism of Ni contact to C-face and
n-type 4H-SiC can be characterized as follows:

(1) The carrier concentrations extracted from Hall-effect
and I - V - T measurements for the sample annealed
at optimized conditions (1050°C) are nearly constant.
This proves that V, acting as donors, have little con-
tribution to the formation of ohmic contacts

(2) The evidence for the formation of various Ni-silicide
phases after thermal annealing was confirmed
from EDS elemental mapping. It was shown that
the C-rich area corresponding to the NiSi phase plays
akey role in the formation of ohmic contacts since the
linear I - V' curve was observed only for the samples
having C-rich regions, especially, vertically shaped
C-rich regions

(3) The degradation of ohmic contacts by annealing at
higher temperatures beyond the optimized tempera-
ture can be explained in terms of the structural
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change of the C-rich area. After annealing at the opti-
mized temperature, the C-rich area formed vertically,
acting as an electron pathway. Above the optimized
temperature, the ohmic contacts degrade because a
horizontal C-rich region was developed in the con-
tact metal region, leading to an increase in contact
resistance due to the formation of NNS/NiSi
contacts. However, the detailed effect of the Si-rich
Ni-silicide and the horizontal C-rich region needs
further investigation
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Application of low-temperature PECVD is a very tempting option for formation of ultrathin silicon layers for nanoelectronic and
nanophotonic applications, as followed by annealing of this layer, regardless if executed as individual process performed in
controlled ambient or during following high-temperature processes, allows for phase and content changes in the silicon layer.
Understanding complex changes that can take place during such process, which depend on its temperature, conditions (e.g.,
oxygen availability), and timeframe, is a fundamental requirement for conscious application of such technology. It is worth
realizing that nanodevices with their unprecedented variety of structures and devices require many different fabrication
technologies. Hence, depending on the application in mind, different results of ultrathin silicon layer annealing may appear
advantageous. During high-temperature processing (e.g., annealing) of PECVD ultrathin silicon layer, three competing effects
have to be taken into account. These are amorphous silicon recrystallization and oxidation of amorphous and crystalline
(as-deposited or just recrystallized from as-deposited amorphous phase) silicon (both of which by nature exhibit different
kinetics). So far, most of attention has been paid to silicon recrystallization, which was justified by the fact that under
experimental conditions studied (silicon multilayers) oxidation was certainly of less importance. In certain applications, the
required device structure consists of single (and not multiple) ultrathin silicon layer, and thus, oxidation effects certainly have to
be included into considerations. Understanding dynamics and very complex relations between these individual effects is thus
mandatory for using consciously this technique and achieving needed properties of the layer. It has to be stated clearly that
although the achieved results, presented in this study, refer to the silicon layers fabricated under certain conditions (particular
type of PECVD reactor and process parameters), they can, however, be easily extrapolated for similar cases too. The presented
below results are, to our knowledge, the first successful attempt to address these issues.

1. Introduction

Silicon nanocrystals have been investigated very intensively
for more than two decades. Many potential applications have
been considered and many methods of their formation stud-
ied. For very broad (216 references) and recent review of
these issues, see [1].

In many applications, we find double oxide barrier
structure  (ultrathin layer stack—oxide/silicon/oxide).
Depending on application, different requirements on the
physical structure and properties of silicon ultrathin layer
in this stack can be requested. The most intriguing case is

the possibility of obtaining silicon nanocrystals (nanodots)
in the dielectric (oxide) matrix, which can be achieved by
very carefully achieved combination of recrystallization and
oxidation processes. As both of these processes require high
temperature, they can take place at the same time, simulta-
neously, providing appropriate conditions are satisfied. It is
worth realizing that the main difference between the condi-
tions needed for them is the availability of oxygen, which is
indispensable for the oxidation process, while not needed
for recrystallization.

In reality, oxygen-free conditions can only be obtained in
high-temperature annealing process in case of complete lack
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FIGURE 1: Schema of the (a) used process flow and the (b) fabricated structure.

of oxygen source in the reactor, i.e., no oxygen in supplied gas
nor oxygen is released (e.g., outdiffussed) from any layer that
the annealed structure consists of. While the former condi-
tion is relatively easy to provide, the latter one is not (as it will
be shown in this paper).

So far, many studies on amorphous silicon recrystalliza-
tion ignored silicon oxidation and its potential effect on
high-temperature recrystallization process (e.g., [2-4]). This
approach was justified in some of these works by the fact that
in the multilayer structure (some tens of ultrathin silicon
layers located in between silicon oxide layers) with high-
temperature stoichiometric thermal oxide used in these
investigations, the probability of releasing oxygen from the
oxide layers was very low. At the same time, most of the
silicon layers in the stack were far beyond diffusion length
of oxygen from ambient gas during high-temperature
annealing. Hence, measured by photoluminescence, Raman
or XRD signals averaged across the whole stack could not
identify changes in SiO, content.

In the studied case of single ultrathin silicon layer
behavior, where quantitative data were needed, spectroscopic
ellipsometry was used for the investigation of changes in
phase and thickness of ultrathin PECVD silicon layer.

This detailed study is believed to provide grounds for
practical use of annealing and/or oxidation of PECVD
ultrathin silicon layers to fabricate different nanoelectronic
and nanophotonic devices.

2. Experimental

2.1. Sample Preparation and Technology. In the experiments,
Si (100) 5-9 Qcm boron-doped wafers were used as sub-
strates. In order to achieve atomically flat silicon surface after
standard RCA-based (HF-last) cleaning, the wafers under-
went so-called “sacrificial oxidation” followed by selective
oxide etch (as shown in Figure 1). This allowed to achieve
atomic flat silicon and defect-free monocrystalline surface
(confirmed previously by TEM observations).

Basing on previous results presented in [5], which have
proved that the recrystallization process is practically not
influenced by direct contact of PECVD layer with monocrys-
talline silicon substrate, and on a spectroscopic ellipsometry
study presented in [6] proving that an ultrathin silicon
PECVD layer can be successfully analyzed on Si substrate,

in this work, the ultrathin silicon was PECVD deposited
directly onto the monocrystalline silicon wafer.

For the PECVD processing, the Oxford Plasma Tech-
nology 80+ system was used. The silicon PECVD process
optimized for low deposition rates as reported previously
in [5, 7, 8] has been used. Deposition of silicon PECVD
layers was performed using SiH, (2%): He diluted in 5N
purity argon (150sccm and 50sccm, respectively); the
deposition temperature is 350°C and the R.F. power is
25W.

Within this study, two types of samples were fabricated.
They differed by thickness of PECVD Si layer only (the same
deposition parameters were used except for deposition time)
and will be referred to hereafter as “thin” and “thick”
(as-deposited layer thicknesses were 53 A and 84 A, respec-
tively). These two types of samples with differing thicknesses
of Si PECVD layer appeared to be indispensable, as will
become clear in Section 3 of this paper, for analysis of rea-
sons of oxide growth saturation during high-temperature
annealing.

High-temperature annealing was performed in typical
semiconductor high-temperature furnace in quartz tube.
Argon of 5N (99.999%) purity was used for this purpose.
In order to have fair comparison of results of annealing, the
wafers were divided into quarters for annealing. The anneal-
ing conditions and times were chosen based on the previous
experiments and were set to 700°C, 800°C, 900°C, and 1000°C
and 1, 2, 3, and 5 minutes, respectively.

2.2. Characterization Method of the Obtained Structures and
Results of Annealing. The results of structure manufacturing
were then examined by spectroscopic ellipsometry study.
This method was already proved (e.g., in [5-11]) to be very
sensitive and reliable, while fast and nondestructive.

For spectroscopic ellipsometric studies UVISEL-NIR by
Jobin-Yvon and supplied with this equipment modelling
software has been used. It allows performing ellipsometric
measurements within wide range of wavelengths, i.e., from
190nm to 880nm, if necessary under different angles of
beam incidence. As a rule, measurements and then fitting
were performed in the whole allowed by the tool wave-
length spectrum. The enclosed to this tool materials’ data
base and several optical models to choose from allow for
nondestructive and very sophisticated characterization of
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FIGURE 2: Schemas of optical models used for analysis of spectroscopic ellipsometry data: (a) for the as-deposited single PECVD Si layer
parameter determination and (b) for evaluation of structure properties after annealing process. In order to differentiate the two silicon
oxides, the oxide phase in the silicon layer will be referred to as “SiO, in PECVD Si,” while continuous oxide layer as “SiO, on top”.

TasBLE 1: Thickness and phase composition of as-deposited “thin” and “thick” PECVD layers.

Phase thickness (4)

“Thick” layer
Composition (%) Phase thickness (A)

“Thin” layer
Composition (%)
a-Si 49
c-Si 30
Sio, 21
Total for PECVD silicon layer 100

26 68 57
16 15 13
11 17 14
53 100 84

single and multiple layers. When used carefully, it allows
not only to determine individual layer thickness (even in
the multiple layer stack) but also (with some limitations)
to study phase compositions of the layers. For more infor-
mation on these models, see [12]. Formally, content of up
to three phases or compounds within a single layer is pos-
sible to be evaluated from this optical model. These fea-
tures have been fully explored in this study. The validity
of this approach has been already proved and discussed
in more details in [6].

In order to discuss and compare the behavior of each of
individual phases in PECVD silicon layer during the studied
high-temperature processes, the concept of “phase layer
thickness” will be used hereafter. This concept has already
been introduced and discussed in our previous works
(e.g., in [5, 6, 8]). The multiphase PECVD silicon layer
is described in optical models used in this study by its
physical thickness and its composition expressed in per-
centage of the layer. The used hereafter terms “phase
thickness” (a-Si phase thickness, c-Si phase thickness, or
SiO, phase thickness) are, thus, obtained by multiplying
overall physical thickness of the layer by composition per-
centage of the particular phase. As a result of this, the
overall PECVD S§i layer thickness (as evaluated from ellip-
sometric measurements using the assumed optical model)
is equal to the sum of these “phase layer thicknesses.”
The advantage of this approach is that using these param-
eters one can independently follow possible changes in
both, in physical layer thickness and in its composition.

It should be stressed, however, that phase thickness con-
cept neither assumes nor provides information on location of
particular phases constituting the layer (as has already been
discussed in [8]).

Each of the produced samples has been measured in at
least 3 points in order to avoid that some local behavior arte-
fact may be misinterpreted as a characteristic feature of the
tested sample. Providing the difference in results of analysis
performed in each of all the measured points was acceptably
small, the average values were then calculated and used for
the analysis and discussion. In few occasions only, where
the data scatter on the sample was considered unacceptably
high, the statistics of the measurements was improved by
measuring at more individual locations.

Such an approach is justified by the fact that spectro-
scopic ellipsometer spot size is by far greater than that of
the expected nanocrystals. This means that this measurement
method is, by nature, providing information on average char-
acter over the spot area in the sample.

3. Results and Discussion

3.1. Characterization of As-Deposited PECVD Si Layers. The
ellipsometric analysis of the as-deposited PECVD Si films
was performed using an optical model shown schematically
in Figure 2(a). In this model, three phases are expected in this
single layer, namely, amorphous silicon phase (a-Si), nano-
crystalline silicon phase (c-Si), and silicon oxide phase
(Si0,). It allows to evaluate the initial content of the layer
and hence allows to follow changes in phase composition of
this layer resulting from the studied annealing processes.

The obtained composition of the as-deposited “thin” and
“thick” PECVD layers is shown in Table 1.

It is interesting to realize that although the main contri-
bution to the as-deposited PECVD layer thickness (volume)
comes (as expected) from a-Si, there already exist also nano-
crystalline silicon (c-Si) and silicon oxide (SiO,) phases. The



difference in thickness between the “thin” and “thick” layers
is primarily due to the difference in amorphous phase con-
tent, while ¢-Si and SiO, phases change only a little. Another
intriguing fact is that c-Si seems to decrease with PECVD
time (is thinner for thick layer). This behavior is in agree-
ment with observations obtained for high-temperature
annealing which will be discussed below. While the presence
of both phases of silicon is obvious, the origin of the SiO,
phase is, at the first glance, not.

Although no oxygen is used in PECVD of silicon layer,
one has to remember that humidity is very difficult to
pump down in vacuum reactor chambers, so (unless load-
lock system is used) its presence in the reaction chamber
has to be taken into account. On the other hand, bare sil-
icon surface is exceptionally reactive when exposed to
ambient atmosphere and natural oxide grows on such a
surface in a matter of minutes. Hence, it is reasonable to
attribute the detected in as-deposited layer SiO, phase to
thin natural oxide spontaneously grown on silicon wafer
surface after wafer cleaning procedure prior to PECVD
process and some SiO, particles resulting from reaction
of deposited Si with oxygen leftovers present in the reac-
tion chamber during PECVD.

It should be stressed that fittings of the optical model pre-
sented in Figure 2(a) to experimentally obtained spectro-
scopic ellipsometry data were very good (RMS <0.1 (RMS
(Root Mean Square) deviation error in this case is represent-
ing the accuracy of fitting theoretical optical model to the real
results of ellipsometric measurements, hence confidence level
to evaluate this method parameter of the optical model
(whether it is thickness, thickness and/or optical properties,
or thickness and/or composition).) for the whole measured
spectrum), thus should be considered as reliable.

During high-temperature annealing, especially in high
purity gases (in our case Ar 5N better than 99.999% was
used), it is expected that (depending on temperature and
time) only annealing process leading to reduction of defect
density in the as-deposited silicon layer (PECVD Si) or this
layer recrystallization, resulting in the formation of silicon
nanocrystals, takes place. In extreme situation, there poten-
tially exists a possibility of complete recrystallization of as-
deposited silicon layer, i.e., formation of a single crystal
(monocrystalline) layer across the wafer. The situation differs
significantly if there is oxygen available during the annealing
process and whether its source is limited or unlimited. Under
such conditions, we can expect competing (with annealing)
process of oxidation. Consequently, depending on the
amount of oxygen available for oxidation, we can expect
either continuous, unlimited growth of silicon oxide phase
or its saturation due to consumption of all available oxygen
in the system.

For this reason, in the studies on the results of annealing
experiments (similarly as in [5]), a slightly different optical
model of the structure for spectroscopic ellipsometry data
analysis was used. It differs by additional oxide layer placed
on top of the silicon layer (defined exactly as for as-
deposited silicon PECVD layer) and is shown schematically
in Figure 2(b). In order to distinguish in the discussion below
the oxides, the additional one will be hereafter referred to as
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FIGURE 3: Schema of effects competing during high-temperature
processes for PECVD silicon ultrathin layer containing structures.

“SiO, on top,” while the one present in the silicon layer as
“SiO, in PECVD Si.”

3.2. Silicon Oxidation. As this has been already mentioned
above, there already exists SiO, phase in the as-deposited sil-
icon layer. Further changes in oxide phase content strongly
depend on the additional availability of oxidant species dur-
ing high-temperature annealing processes. Few more poten-
tial sources of oxygen that can fuel silicon oxidation can be
named. Summarizing, we could expect them to be as follows:

1. Natural silicon oxide layer located between the silicon
monocrystalline substrate and PECVD Si

2. Water vapor adsorbed on sample surfaces before their
loading into a high-temperature furnace

3. Water vapor adsorbed on reactor walls during its loa-
ding/unloading and, thus, present during PECVD Si
(this can be prevented by using loadlock system in
PECVD reactor)

4. Diftusion through the wall of quartz tube in the high-
temperature furnace used for annealing (which can,
potentially, be prevented fully only by double wall
quartz tube system and is strongly quartz tube temper-
ature history dependent)

Under these circumstances during high-temperature
annealing, along with the processes mentioned above (defect
annealing, recrystallization), we also have to take into
account the process of oxidation of amorphous silicon a-Si
(represented in Figure 3 as “oxidation#1”). We also have to
consider another oxidation path, which consumes nanocrys-
talline silicon c-Si (represented in Figure 3 as “oxidation#2”).
It should be underlined that these two processes can poten-
tially have different kinetics, due to difference in crystalline
structure of silicon consumed for thermal oxidation. It also
has to be remembered that kinetics of both processes is
highly dependent on availability of free silicon (either a-Si
or c-Si for “oxidation#1” and “oxidation#2,” respectively)
and of free oxygen. The specificity of the structures under
consideration is that providing all silicon from the PECVD
Si layer is already consumed, oxidation can continue further
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by consumption of silicon from monocrystalline substrate. In
order to be able to take into account this effect, two series of
samples were fabricated, i.e., with “thin” PECVD Si and
“thick” PECVD Si.

The complexity of results of high-temperature annealing
of PECVD Si layer can be schematically presented as shown
in Figure 3.

Consequently, in order to understand the experimentally
obtained results of annealing of structure of interest, we have
to compare the kinetics of all three processes potentially
involved. It should be realized that in many potential applica-
tions the ultimate goal of processing would be formation of
silicon nanocrystal (nanodot) matrix suspended within the
oxide volume. Depending on their relative rate, this final
aim may or may not be possible to achieve by annealing or
annealing/oxidation process. Hence, even more important
is careful analysis of these competing processes.

The following part of this paper describes the experi-
ments and analysis of the results aimed at fulfilling this
requirement.

3.3. Silicon Recrystallization. Recrystallization of amorphous
silicon thin layers in high-temperature treatments formed
by various methods has already been reported before (e.g.,
[1-5, 12-18]).

In the preceding study experiments, we have experimen-
tally verified a wide range of annealing temperatures and
times, i.e., temperatures from 350°C up to 1100°C and times
from few minutes to a quarter of an hour. The obtained
results have already been published in [8]. Basing on the
results in this study, values of these parameters have been
narrowed to temperature range between 700°C and 1000°C
and limited annealing time to 5 minutes only for current
experiments. In order to remove from the studied system dif-
ficult to control source of oxygen while not affecting recrys-
tallization process (as it was already determined in [5]), in
the current study, no SiO, layers were fabricated below and
top of the PECVD silicon layer.

Using two types of samples, “thin” and “thick,” was also
advantageous from the perspective of study of recrystalliza-
tion effects. They allowed us to verify if recrystallization
behavior is dependent (within examined range) on the initial
thickness and volume of amorphous silicon layer.

3.4. Oxidation and Recrystallization Kinetics: Temperature
Dependencies. The obtained results are presented in
Figures 4 and 5. Comparing the results obtained for “thin”
and “thick” PECVD S§i film annealing, one can realize that
although there are some differences between them, some uni-
versal characteristic features can also be noticed. In fact, we
can realize that the “thick” case copies the behavior of all
the annealed layers under study of the “thin” one, but in a dif-
ferent timeframe. It is interesting to realize that some things
seem to happen much slower for the “thin” than for the
“thick” case. This has already been reported in numerous
papers in respect to crystallization process and attributed to
difference in stress in the layers (e.g., [3, 13, 14]). In this
study, this refers not only to the qualitative behavior of sili-
con phases but also to oxides. In both cases, we can see that

the lowest annealing temperature (700°C) is too low to get
recrystallization effects within the PECVD Si film (see
Figures 4(a) and 5(a)). This is in agreement with the results
of studies presented before for various methods of layer
deposition (e.g., [13]). On the contrary, during the first min-
ute, the originally observed crystalline phase of this layer (c-
Si) disappears (completely for “thick” and almost completely
for “thin” case). It is intriguing to realize that this trend is
similar to the one observed for low-temperature annealing
(350°C) that takes place in situ during PECVD itself. As
already reported above, as-deposited “thick” silicon layers
contained less (percentagewise) c-Si phase content than the
“thin” one (deposited shorter, hence exposed shorter to
raised deposition temperature).

Interestingly, the silicon oxide phase within the PECVD
Si (“SiO, in PECVD Si”) layer remains almost constant dur-
ing annealing, while oxide on the top of the structure grows.
The oxide growth is slow and tends to saturate for annealing
times longer than 3 minutes. This can be explained either by
typical for this temperature range behavior of kinetics of sil-
icon oxidation (see [15]) or exhausted already (at this
moment) source of free oxygen needed to continue the oxida-
tion process.

For 800°C, we still can see the initial period (first minute)
during which c-Si disappears (see Figures 4(b) and 5(b)). In
this case, however, from this moment noticeable (for “thin”
case) and almost complete (for “thick” case) recrystallization
of silicon phase occurs. The kinetics of this process differs
significantly depending on the original thickness of the sili-
con layer. For the “thick” one, recrystallization rate is very
high, much higher than that for the “thin.” Within a minute
(between 1 and 2 minutes of annealing), it reaches its final
state (for which more than 90% of free silicon is nanocrystal-
line). This is not the case for the “thin” silicon layer, for
which recrystallization is relatively slow and it takes 5
minutes to achieve approximately 75% of c-Si phase content
in free silicon. This observation can be considered as sup-
porting report of Zacharias and Streitenberger [19] in which
they have shown that crystallization temperature is strongly
dependent on initial a-Si layer thickness and it abruptly
increases with decreasing silicon layer thickness. It should
be noticed, however, that according to [19] the crystallization
temperatures for Si layer of similar thickness to the ones in
our study, i.e., approximately 5nm and 8 nm (corresponding
to “thin” and “thick” cases), are approximately 1050°C and
1000°C, respectively, thus are significantly higher than those
observed in our study.

Considering the influence of internal stress in a-Si layers
on recrystallization behavior (among others, temperature),
which has been shown and discussed by Zacharias and Strei-
tenberger in [19], one could draw then indirect conclusion
that PECVD a-Si layers fabricated in our study exhibit far less
internal stress than those studied by Zacharias et al. It should
be kept in mind, however, that while in [19] a-Si thermal
recrystallization was performed using multilayer stacks in
which each of the a-Si layers was located in between two
SiO, (plasma oxidized) layers, in our study, a-Si was depos-
ited directly on monocrystalline silicon substrate with poten-
tially only natural oxide at its both interfaces. Also, the
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Figure 4: Individual layer and phase reaction to annealing in pure argon at (a) 700°C, (b) 800°C, (c) 900°C, and (d) 1000°C of “thin” PECVD
Si layer. PECVD Si layer consists of a-Si, ¢c-Si, and SiO, in PECVD Si phases. SiO, on top is determined as a separate layer.

method of a-Si layer formation was different in [19], as mag-
netron sputtering (presumably with no external heating dur-
ing deposition) was used for this purpose in this work.

As can be seen in Figures 4(b) and 5(b), in this tempera-
ture, oxide formation is also slow and in both cases oxide
thickness saturation can be observed. In fact, oxide thick-
nesses are very similar for both groups of samples.

The recrystallization process behaves differently for
900°C. In both cases (“thin” and “thick,” see Figures 4(c)
and 5(c), respectively), we do not observe any more amorphi-
zation of the initial c-Si phase (reported above for the begin-
ning of annealing at lower temperatures). Instead, we can see
that in this temperature both “thick” and “thin” silicon layers
get practically completely recrystallized during this first min-
ute of annealing. As regards oxide formation, in this temper-

ature, oxide thickness is similar in both cases. This is not
surprising as although recrystallized silicon phase is decreas-
ing during the annealing after the first minute, even for “thin”
silicon layer some c-Si are left and can potentially undergo
oxidation providing there is still some free oxygen available
in the system. The oxide growth is slightly higher than for
800°C, which is consistent with oxidation process kinetics
temperature dependence. More detailed discussion on the
oxidation issues are to be found below.

In 1000°C, alike in 900°C, recrystallization of amorphous
silicon for both “thick” and “thin” cases is completed within
the first minute of annealing (see Figures 4(d) and 5(d)). We
can, however, observe very high consumption rate of silicon
(after the first minute) by oxidation, which at 1000°C is very
fast indeed. In fact, for the “thin” case, free silicon is



Journal of Nanomaterials

120

@ 700°C

—~

100

(=)} (o]
(=} (=]

Individual layer thickness (A
S
S

[So3
(=]

(=)
—

2 3 4
Annealing time (min)
Il SiO, on top
[ SiO, in PECVD Si
Bl c-Si
B aSi

(a)

w

Individual layer thickness (A)

120
@ 900°C

100
80

60

40

Individual layer thickness (A)

20

(=}
—_

2 3 4

Annealing time (min)
Il SiO, on top
[ SiO, in PECVD Si
B S
B a-Si

(©

wl

Individual layer thickness (A)

120

@ 800°C

100

o
(=]

(o))
(=}

'S
S

=]
S

0 1 2 3 4
Annealing time (min)

Il SiO, on top

[ SiO, in PECVD Si

Bl cSi

I a-Si

wu

(®)

120

100 @ 1000°C

0 1

2 3 4
Annealing time (min)
Il SiO, on top
[ SiO, in PECVD Si
B S
I a-Si

w

(d)

F1GuRE 5: Individual layer and phase reaction to annealing in pure argon at (a) 700°C, (b) 800°C, (c) 900°C, and (d) 1000°C of “thick” PECVD
Si layer. PECVD Si layer consists of a-Si, ¢c-Si, and SiO, in PECVD Si phases. SiO, on top is determined as a separate layer.

consumed almost completely during the first 2 minutes,
while for the “thick” layer case this takes only one minute
longer (at 3 minutes).

It is interesting to realize that for all temperatures lower
or equal to 900°C, the oxide growth is attributed by optical
model to the continuous “SiO, on top” layer, while “SiO, in
PECVD Si” holds almost completely stable within the whole
range of examined annealing times. This is no more true for
1000°C for which (in both cases) “SiO, on top” is at some
moment of annealing “replaced” by “SiO, in PECVD S§i.”
For the “thin” case, this happens in between the first and sec-
ond minutes of annealing, while for the “thick” case some-
time between the third and fifth minutes of annealing.

In order to try to understand better the effects leading to
the results described above, one should draw attention to few
more facts.

For more in-depth analysis of oxidation process, a differ-
ent representation of the obtained experimental data is
advantageous. For this purpose, it is better to consider total
oxide thickness (“SiO, on top” plus “SiO, in PECVD §i”)
and total free silicon (a-Si plus ¢-Si) in the studied systems.
The obtained time dependencies for all studied temperatures
and both “thin” and “thick” cases are shown in Figure 6.

From Figure 6(a), it becomes clear that for 800°C and
below, for both “thin” and “thick” cases free silicon behaves
similarly. We observe saturation of its consumption by oxi-
dation and it remains even for the longest annealing times
used in the experiment. The situation for 900°C, however,
depends on the initial thickness of the annealed layer. For
the “thin” case, free silicon disappears almost completely,
while for the “thick” case a lot of it remains still available in
the layer. We can see that the rate of silicon consumption
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FiGure 6: Changes during high-temperature annealing for two types of samples with “thin” PECVD Si layer (dashed lined and empty
symbols) and with “thick” PECVD Si layer (full lines and symbols) of (a) total free silicon (a-Si+c-Si) and (b) total oxide thickness (“SiO,

on top”+“SiO, within PECVD S§i”).

in both cases seems almost independent on initial silicon
thickness. For annealing at 1000°C, the rate of silicon con-
sumption by oxidation differs at first glance dramatically.
Careful look allows, however, to realize that the kinetics of
free silicon consumption at the beginning stages of annealing
is similar (compare the “thin” case up to 1min and the
“thick” case up to 2 minutes), while the main difference is
that it takes at least one more minute to consume free silicon
in the “thick” PECVD Si layer. In fact, practically all the free
silicon is consumed within 2 minutes of annealing for “thin”
and 3 minutes for “thick” cases at this temperature. If oxida-
tion kinetics would be controlled by silicon availability, the
oxide growth should completely stop after 2min for “thin”
and after 3min for “thick” PECVD Si layer annealing. In
Figure 6(b), we can see that this is not the case. Oxide growth
does take place in this time regime and its rates are very sim-
ilar (see also Figure 7). This leads clearly to a conclusion that
oxidation kinetics is controlled by oxygen and not by silicon
availability. Once free silicon originating from PECVD Si
layer is not available any more for the oxidation process, sil-
icon from the silicon substrate layer is consumed. This effect
cannot be recognized in by ellipsometric measurements and
available optical models.

Looking at the presented kinetics of oxide formation in
Figure 6(b), one can realize that the starting point for “thin”
and “thick” layers differs by few Angstroms. Taking this into
account, results in oxidation rate (see Figure 7) for annealing
temperatures up to 900°C of both “thick” and “thin” cases are
being practically the same (with the exception of one point at
3 minutes for “thick” one, which will be discussed in more
details below). Interesting effect occurs for 1000°C, where at
the beginning of annealing oxidation rates differ significantly,
with gradual slowdown in time for “thick” layers and abrupt
for “thin” ones. Still, both oxidation rates meet at the end of

Oxidation rate (A/min)
— 3%
(=] (=)
1 1

0
0 1 2 3 4 5
Annealing time (min)
Thick & thin annealing

& - <& @1000°C
—A— - A @900°C
—0— - O @800°C
—a— -0 @700°C

Ficure 7: Oxidation rates (calculated from data shown in
Figure 6(b), attributed to the center of each of time slots) during
high-temperature annealing for the two types of samples, with
“thick” and “thin” PECVD Si layers (full symbols/solid lines and
open symbols/dashed lines, respectively).

the examined annealing time range, i.e., between 3 and 5
minutes. This can potentially be a consequence of the obser-
vation referred already above (see also Figure 6(a)) that at
1000°C free silicon is consumed in the “thin” layer already
by the end of the second minute of annealing, while for the
“thick” layer it takes one more minute (no free silicon is prac-
tically available after the third minute of annealing). Hence,
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Ficure 8: Total oxide thickness (“SiO, on top”+“SiO, within
PECVD Si”) changes during high-temperature annealing for the
two types of samples: with “thin” PECVD Si layer (full lines and
open symbols) and for standard RTO (data from [20]) (full
symbols).

at this temperature, we can divide the examined annealing
time range into three stages:

(1) Oxidation consumes only free silicon from the
PECVD Si layer (this takes place during the first min-
ute of annealing for “thin” layers and 2 minutes for
“thick” ones)

(2) Transition period, during which free silicon from the
PECVD i film does not provide enough silicon for
oxidation (this takes place during the next 1-2
minutes range for “thin” and 2-3 minutes range for
“thick” (see Figure 6(a)))

(3) Oxidation can take place only by consuming mono-
crystalline silicon substrate (takes place from the
2nd minute for “thin” and the 3rd minute onwards
for “thick” layers)

All the presented discussion on oxidation kinetics has not
so far referred to the problem of limitation of availability of
oxygen during the annealing process. In order to address
this issue, it is suggested to compare experimentally
observed oxide growth during annealing with kinetics of
oxidation performed with unlimited supply of oxygen
(Rapid Thermal Oxidation (RTO) [20]). The comparison
for two temperatures, namely, 900°C and 1000°C, and
the “thin” case is shown in Figure 8. It can be clearly seen
that oxidation rates behave significantly different for both
temperatures compared.

For 1000°C, oxide growth during the first two minutes is
almost identical for rapid thermal oxidation (RTO) and oxi-
dation during PECVD silicon layer annealing. Only after-
wards, oxidation rate during RTO exceeds that for

annealing. Taking into consideration that for the “thin” case
for annealing times longer than 2 minutes, oxidation takes
place by consumption of monocrystalline silicon substrate
(see discussion above), exactly as in the case for RTO, this
difference can only be attributed to the limitation of oxygen
in the reaction chamber of annealing furnace. In conse-
quence, this observation fully supports the conclusion pre-
sented in this study that oxidation rate is controlled by the
deficiency of free oxygen in the system. It has to be realized
then that depending on the nature of oxygen source in the
experimental system oxidation may continue or can ulti-
mately stop. The moment it happens, as well as the degree
of oxygen limitation (hence also oxidation rate) is strictly
individual, as according to our discussion above, the poten-
tial sources of oxygen in the system can vary significantly
between different procedures and equipment used in partic-
ular laboratories.

For 900°C, the situation is different. The overall oxide
thickness (sum of “SiO, on top” and “SiO, in PECVD S§i”)
resulting from the annealing in this temperature is much
higher than that achieved during RTO (see Figure 7). At first
glance, this seems to be nonsense. How can the actual oxida-
tion rate be higher than the thermal oxidation rate under
standard conditions (i.e., with unlimited silicon and oxygen
supply) at the same temperature? This effect can be explained
by the following fact. Standard thermal oxidation takes place
at the already formed oxide-silicon substrate interface due to
oxygen supplied from the ambient atmosphere to this plane
by means of numerous mechanisms (highly dependent on
the current thickness of the oxide layer, see [21]). Thus, in
typical process, we have a chemical reaction that takes place
primarily at a certain plane. In our case, on the contrary to
the typical situation, we have oxygen atoms not only in the
ambient atmosphere but some of them are already incorpo-
rated in the PECVD Si layer volume. Hence, oxidation in
the studied case does not take place at a single “reaction
plane,” but in the whole volume of PECVD S§i layer. This
way, oxide growth higher than that for the typical process is
possible and justified. This hypothesis can be also supported
by an observation that as oxidation time increases and
according to our mentioned above observations, availability
of free oxygen becomes reduced, the difference between oxi-
dation behavior of PECVD Si and RTO process becomes
smaller and it seems reasonable to expect that will become
negligible for longer annealing times.

It also has to be pointed out that for both “thick” and
“thin” cases for 900°C, “SiO, in top” prevails “SiO, in
PECVD Si,” while for annealing times longer than 2 minutes
at 1000°C it is the other way round. One has to realize that
these two types of oxides are not the same in at least two
ways. While “SiO, on top” is assumed to be a continuous
layer on top of the sample, “SiO, in PECVD Si” may not
be. From the optical model point of view, it is one of the
phases present in the layer on top of silicon substrate and
covered by continuous “SiO, on top.” Once “SiO, in PECVD
Si” prevails free silicon content (sum of the other two phases
in this layer, i.e., a-Si+c-Si), it becomes reasonable to assume
that the remaining silicon is located in this layer in one of the
two forms shown schematically on Figure 9. Under these
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FIGURE 9: Schematic view of two potential interpretations of complex composition in PECVD Si layer: (a) continuous crystalline silicon
“sublayer” and (b) matrix of silicon nanocrystals, both within the oxidized PECVD Si layer.

circumstances, one can potentially have either very thin, con-
tinuous crystalline silicon layer (Figure 9(a)) or silicon nano-
crystals surrounded by silicon oxide (Figure 9(b)). These two
forms cannot be distinguished by means of ellipsometry due
to averaging effect resulting from size of ellipsometric spot
(of the order of hundred micrometers) compared to a size
of silicon nanocrystals (of the order of nanometers). If we
realize that for 1000°C both “thick” and “thin” cases exhibit
only few Angstroms of c-Si phase left, then oxide matrix with
some intrusions of silicon nanocrystals seems to be by far a
more probable option. For 900°C, however, there is a signifi-
cant difference between the “thin” and “thick” cases. The
“thin” case reminds situation observed for 1000°C, with only
few Angstroms of silicon remaining after the first minute of
annealing. For the “thick” case, however, even for 5 minutes
annealing, there remains most of the initial silicon phase
thickness. This can be explained by considerable oxidation
kinetics slow down for annealing times above 2 minutes
observed in Figure 6(b) (or Figure 7). As a consequence, it
seems justified to claim that in temperatures around 900°C,
we can independently control recrystallization and oxidation
process by means of annealing time. Choosing appropriate
initial silicon PECVD layer thickness provides opportunity
to control nanocrystal size under these conditions. Further
optimization is needed to establish precise dependencies
between these parameters. It is important to realize that
due to stress dependency of crystallization behavior, any
change in PECVD silicon deposition process which may
change the internal stress in this layer will inevitably influ-
ence the temperature and time dependence of the optimum
annealing conditions.

4. Summary

The comprehensive study presented above allowed to obtain
important observations and draw from them numerous con-
clusions that are potentially of great interest for considerations
on methods of fabrication of different types of structures and
devices for electronic and photonic applications.

Within this study, it has been proved once again how
valuable spectroscopic ellipsometry-based analysis can be
for providing information on structure and phase composi-
tion of complex ultrathin layers and studies on their variabil-
ity and changes during processing. Using consequently the
same optical model along the annealing process analysis pro-
vided unique opportunity of straightforward following com-
plex processes taking place during this high-temperature
annealing.

The obtained results proved that the proposed dual path
between free silicon and silicon oxide phase (path via recrys-

tallization and then oxidation in parallel to direct oxidation
of amorphous phase of silicon) allows to represent, analyze,
and explain complex events that take place during high-
temperature annealing of primarily amorphous PECVD sili-
con layer.

Providing ultrapure neutral gas (e.g., 5N purity) for high-
temperature processing does not ensure oxygen-free ambient
atmosphere during it. There exist numerous sources (limited
and unlimited in time) that have to be taken into consider-
ation when analyzing results of the high-temperature pro-
cess, especially in nanoscale. This is particularly true for
silicon due to exceptionally quick growth of natural oxide
even at room temperature.

The oxygen present within the ultrathin layer can change
significantly the behavior and kinetics of the events taking
place during high-temperature processing. In this study, it
has led, for example, to oxidation rates higher than that for
standard oxidation (with unlimited supply of oxygen).

The discussed results in this paper proved very high
dependence of both oxidation and recrystallization process
on temperature. From the perspective of recrystallization
process, 700°C is too low to observe this effect, while
1000°C is too high (recrystallized silicon is almost instantly
consumed by oxidation).

The process of silicon recrystallization in lower tempera-
tures studied (i.e, 700°C and 800°C) is preceded by the
decomposition of silicon crystals regardless of the initial
thickness, while for temperatures above (ie., 900°C and
1000°C) amorphization process cannot be noticed. Nanocrys-
talline silicon phase replaces amorphous silicon very quickly
(regardless of the initial deposited layer thickness) and its
content decreases in time due to the oxidation process.

Recrystallization rate and its temperature dependence are
also strongly affected by the method and formation condi-
tions (deposition parameters) used for silicon layer fabrica-
tion, which can be explained by different internal stress in
the layer.

Similar to recrystallization, for oxidation, lower tempera-
tures (i.e., 700°C and 800°C) are not sufficient to consume
free-silicon phase in the deposited layer. On the contrary,
annealing at 1000°C leads very quickly to complete consump-
tion of free-silicon phase in the layer.

From the perspective of potential applications, the most
interesting are temperatures around 900°C, for which,
depending on the initial silicon layer thickness, one can
achieve either completely recrystallized silicon phase in the
form of nanocrystals (alternatively atomic thin silicon layer)
suspended within the oxide.

Oxidation process, after certain time, becomes controlled
(limited) additionally by oxygen availability in the reactor
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and in the deposited silicon layer. This makes it sensitive to
the methods of silicon layer deposition and preprocessing
(chemistries and their sequence).

Choosing appropriate initial thickness, annealing tem-
perature, and time while controlling oxygen supply sources
(also on the level of silicon substrate preprocessing and depo-
sition method and its conditions) should allow achieving
repetitive results of otherwise very difficult to obtain
structures.

It has to be underlined that this requires individual
optimization process, as the kinetics of nanocrystalline
phase oxidation at some moment begins to depend on
the used methods of silicon layer deposition and prepro-
cessing steps.

It also seems justified to conclude that PECVD Si ultra-
thin layers manufactured for the purpose of this study exhibit
much smaller internal strain than the ones fabricated by
magnetron sputtering method. This, in turn, results in lower
crystallization temperature favoring this process vs. oxida-
tion and in consequence increasing the technological window
for separation of recrystallization from oxidation in temper-
ature and time domains.
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