




high carbon content and presence of oxygen [17]. The non-stoichio-
metry in SiC has caused lowering of absorption coefficient and increase
in threshold of optical damage which can be exploited for high power
and high field applications [18,19]. The physical properties of SiC have
been found strongly dependent on Si/C ratio of the material. The
measurement of optical properties of a series of amorphous SiC samples
indicated that the value of optical band gap widens with increase in
carbon content of the material [20]. Furthermore, the measurements of
exponential absorption edge indicated variation in optical character-
istics and an increase in Urbach energy with increase in carbon content
in SixCx samples.

The stability of single phase SiC has been studied by coarsening of
its powder at 2400 °C [21]. In order to investigate the defects and the
limits, and effects of non-stoichiometry in the material, the samples
having high Si as well as high C ratio were prepared. The structural
analysis indicated that Si rich samples were found 3 C whereas the C
rich samples were having 6 H polytypes. On the basis of measurement
of unit cell volume, molecular weight, density and Si/C ratio within
accuracy level of 1%, it was declared that the samples with both
polytypes are stoichiometric. It was pointed out that native defects are
primarily vacancies, interstitials and antisites with formation energy of
any defect pair larger than 3 eV.

Tai et al. prepared amorphous SixCy films by using precursor com-
prising of different concentrations of argon diluted CH4 and SiH4 in a
plasma enhanced CVD reactor [22]. The fluence CH4/SiH4 was changed
from 70% to 40% in order to change the Si/C ratio in the samples and
the modification in emitting color was monitored in order to investigate
the effects of non-stoichiometry on phosphor properties of the material.
The photograph of the films grown at different values of fluence are
given in Fig. 2. It was concluded that the films can be used as solid-state
phosphor able to produce intense light covering a broad and tunable
emission from visible to about 200 nm. It was observed that, upon
changing the fluence from 40% to 70%, the concentration of silicon
decreases from 70.9% to 58.6% and concentration of carbon increases
from 25.5% to 36.7%.

4.1. Role of synthesis conditions in stoichiometry

The thought that, whenever grown, SiC should be stoichiometric in
nature, changed as a result of several studies. The properties and stoi-
chiometry of any material strongly depends upon synthesis conditions.

Honorato et al. deposited SiC on pyrolytic carbon layer and discussed
the effects of experimental conditions on stoichiometry and mechanical
properties of the material [23]. The samples were grown in CVD reactor
by using precursors methyl-trichloro-silane (MTS) and graphite by
varying the parameters including MTS concentration, deposition tem-
perature and other reactants. It was observed that selection of the
parameters strongly affects the stoichiometry of the coating from SiC +
Si to SiC and to SiC + C. The temperature dependent investigations
indicated that SiC + Si is obtained below 1500 °C which switched to
stoichiometric SiC upon increase in temperature. However, upon fur-
ther increase in temperature above 1500 °C the coating became non-
stoichiometric in the form of SiC + C. The usage of propene in the
reactants however prevented the appearance of access silicon and
caused stoichiometry in the composition even at low temperature of
1300 °C. This study pointed out flexibility of deposition recipe to tune
the stoichiometry of SiC which may be exploited for different applica-
tions.

Cheng et al. have reported plasma enhanced CVD deposition of
SixC1−x films of quartz with different C/Si ratio by monitoring the
fluence of precursor gases SiH4 and CH4 [19]. The changes in fluence

+(CH /CH SiH )4 4 4 strongly affected the deposition rate and physical
properties of the films including the stoichiometry. The C/Si ratio was
observed to change from 0.51 to 1.83 when the fluence ratio was in-
creased from 0.7 to 0.92. It was observed that, at low deposition tem-
perature, SiH4 molecules decompose quickly which is likely to con-
tribute to non-stoichiometry in the material. Upon increasing the
fluence, molecular dissociation energy is reported to decrease which
reduces the decomposition rate of SiH4 to cause decrease in con-
centration of Si in the films. The fluence changes thus provide an en-
vironment to add extra number of deficient atoms which resulted in Si
or C rich non-stoichiometric films having a specific C/Si ratio. The
photograph of semi-transparent films of stochiometric, S rich and C rich
SiC is shown in Fig. 3. The deviation from stoichiometry is observed to
strongly affect the optical properties of the material. The optical band
gap of the films was observed to increase from 1.81eV to 2.50 eV when
film stoichiometry was changed from Si to C rich conditions respec-
tively, as shown in Fig. 3(b). The deviation of band gap from its value of
2.1 eV (stoichiometric sample) is due to the fact that excess C atoms

Fig. 2. Photographs of the amorphous non-stoichiometric SixC1−x films deposited on
Silicon by using fluence ratios of (a) 40%, (b) 50%, (c) 60%, and (d) 70%. [Printed with
permission from RSC License, Ref. [22]].

Fig. 3. (a) Photograph of stoichiometric and non-stoichiometric SiC films (b) Optical
absorption coefficient measured for stoichiometric and non-stoichiometric SiC films
[Printed with permission from RSC License. Ref. [19]].
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aggregate to graphite and diamond polytypes. Since both the graphite
and diamond exhibit different behaviors in trend of band gap mod-
ifications, the changes in band gap of SixC1−x was explained on basis of
variations of C contents in the films.

4.2. Applications of non-stoichiometric SiC

The silicon rich SixC1−x films have been prepared by using Silane
rich environment in a low power plasma-enhanced-CVD reactor [24].
The variation in value of RF power of the plasma appeared to tune the
silicon molar ratio to produce the series of the material having different
Si/C ratio. The films SixC1−x presented an enhanced absorption in
400–600 nm region whereas, the values of the band gap were recorded
in range 2.05–1.49 eV. Furthermore, the performance of the material
was also tested for photovoltaic devices which indicated enhancement
of efficiency, reduction in series resistance and increase in shunt re-
sistance upon reducing the film thickness. The Si-rich SiC thin films
presented an enhanced absorption in visible region of electromagnetic
spectrum showing potential of the material for the devices.

The preparation of SiC ring-wave-guide resonator for use as data-
format-follower and invertor has been reported [25]. The material was
deposited on Si wafer coated with SiO2 in plasma-enhanced CVD re-
actor by using argon-diluted-silane and methane as precursors. The
gaseous composition of the precursors was adjusted in such a way that
atomic concentrations of Si and C were 64.3% and 27.1% which gives
the final product as non-stoichiometric SiC0.42.

In order to test the effects of sintering on stoichiometry of SiC, the
samples in the form of powder have been prepared by high temperature
reaction of silicon and graphite [15]. The Si/C ratio acceded stoichio-
metric composition due to evaporation of Si atoms during high tem-
perature synthesis of powdered SiC samples. The as-prepared samples
in the form of agglomerated powder were sintered at high pressure
using hydraulic press. The sintered samples were found free from
stacking faults, containing low diamond content and exhibited a de-
crease in lattice constant. The decrease in lattice parameter when
compared to its known value points to presence of higher carbon con-
tent in the samples. The observed non-stoichiometry was assigned to
detection of sp3 type C-C bonds related to CSi in the synthesized SiC
powder.

The phenomenon of non-stoichiometry in SiC, keeping growth
conditions into account, can be modeled using first principles methods.
Density functional theory (DFT) based calculations have been carried
out to examine the influence of stoichiometry on the growth mechanism
by considering geometry and electrical properties of 2H-SiC [26]. The
authors of this work used self-consistent charge based tight-binding
DFT (SCC-DFTB) technique to study the surfaces (1010) and (1120) of the
material by considering slab models. It was found that the surfaces
under stoichiometric conditions are semiconducting, whereas some
non-stoichiometric reconstructions are metallic like. In order to pro-
duce non-stoichiometry, all Si (C) atoms in top layer was replaced by C
(Si) atoms to make the material as C-terminating (Si-terminating). The
Si terminating surface was found stable over wide range because Si-Si
bond is longer than Si-C bond due to which Si dimmers are more tightly
buckled. On the other hand, the C terminating surface happened to be
stable only under carbon rich conditions. The Si terminating surface,
exhibiting a silicon related state at 0.5 eV above valance band max-
imum (VBM), appeared to be metallic in nature. On the other hand, the
C terminating surface exhibited a carbon related state at 2.9 eV above
VBM appeared to be semiconducting in nature.

4.3. Non-stoichiometry at interfaces

The dependence of stoichiometry on growth conditions has also
been tested in case of interfaces involving SiC heterostructures. In order
to produce metal-oxide-semiconductor (MOS) heterostructures, Chang
et al. oxidized the nitrogen doped 6H-SiC samples by annealing at

different conditions [27]. The processing of the samples caused for-
mation of SiO2 layer on the surface of SiC. Though, the top layer SiO2

was found stoichiometric but a transition layer SixC formed at the in-
terface of the structure was non-stoichiometric. The interfacial layer
was silicon rich (having x>1) and its thickness was found pro-
portionally dependent on the oxidation temperature. The electrical
properties and density of interfacial states in the structure SiO2/SiC as a
function of annealing/oxidation and other conditions were also dis-
cussed in detail. In order to explore the microstructure and atomic level
picture of SiC/SiO2 interface, Wang et al. studied, theoretically and
experimentally, the effects of hydrogen [28]. The hydrogenation was
studied by adding hydrogen to the dangling bonds of Si at top of SiO2

and to C atoms in the bottom layer of SiC. It was shown that the density
of interfacial defects decreases upon nitridation and hydrogenation.
The passivation of carbon dangling bonds by H2 and the passivation of
correlated carbon dangling bonds by monoatomic H was predicted on
the basis of theoretical calculations. It was further revealed that the
interface could be best described in the form of Si-C-O bonded inter-
facial layer. The three-fold coordinated carbon atoms in the interface
were held responsible for the defect states in the interlayer.

Another effort to study this interfacial transition layer has been
reported for the structure SiO2/4H-SiC which was prepared by thermal
oxidation of nitrogen doped N-type 4H-SiC [29]. It was observed that
the heterostructure comprises of nanoscale layers on both sides of the
interface whereas the top layer of SiC was found partially amorphous.
Moreover, ternary phase comprising of Si, C and O was formed during
thermal oxidation of the structure. TEM images of the sample exhibited
one transition layers of thickness 5 nm on SiO2 side and another tran-
sition layer of thickness 3 nm on SiC side of the heterostructure. The
ratio of thickness of the two layers was found 0.6. The interfacial layer
was non-stoichiometric having C/Si ratio of 0.6 whereas this ratio be-
came zero at depth of 4 nm into SiO2. Monitoring this ratio indicates
that non-stoichiometry prevails to 4 nm depth of SiC. The non-stoi-
chiometry takes place during oxidation process which is likely to re-
lease Si atoms to produce silicon vacancies and hence C-rich SiC.

The analysis of the interfacial region is very important because trap
centers formed in this region may reduce the carrier mobility and re-
strict the performance of MOS field effect transistor. Biggerstaff et al.
has also studied this interfacial layer to study the effect of this layer on
carrier mobility in the heterostructures [30]. The carbon rich non-
stoichiometric transition layer was formed on SiC side in such a way
that the channel mobility appeared to be inversely proportional to
thickness of this layer. In order to probe any possible formation of ar-
tificial transition layer in the MOSFET, five different samples were
prepared by changing experimental conditions including/excluding the
usage of post-oxidation of NO annealing and Al ion-implantation. The
analysis indicated that the formation of the carbon rich transition layer
is not result of some specific synthesis condition but it is an inherent
characteristic of SiC/SiO2 interface.

In order to explore the origin of formation of carbon rich transition
layer in SiC/SiO2 interface, the potential of first principles calculations
may be utilized. The possible reasons of the formation of the non-
stoichiometric layer may be interstitial carbon Ci, carbon antisite CSi or
their combination. However, the formation of antisite CSi upon trans-
ferring an interstitial carbon atom to a Si site thereby kicking it to some
interstitial site as Sii is less probable due to being energetically ex-
pensive. Shen et al. carried out quantum molecular dynamics simula-
tion to investigate the mechanism of formation of the transition layer
[31]. The authors of this work simulated a 256 atoms supercell of 4H-
SiC having 22% excess carbon atoms in the form of random C-C
dumbbells with one atom as Ci and the other atom at its specified lattice
site. The results of simulation indicated formation of a large complex
which revealed the carbon segregation whereas silicon atoms almost
remained located on their sites. The initial structure showing only the
dumbbells and the resulting structures obtained after MD runs for 6 ps
heating up to 1200 °C (and constant temperature run for 18 ps) and
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then for 2 ps at 2200 °C (and constant temperature run for 18 ps) are
shown in Fig. 4. The authors concluded that at low carbon concentra-
tion, the formation of di-interstitial carbon atoms takes place. On the
other hand, at high carbon concentration, accumulation of carbon
atoms to form clusters takes place which is followed by migration of
silicon atoms away to produce non-stoichiometry in the interfacial re-
gion.

In order to further explore the structure of the carbon rich transition
layer in SiC/SiO2 the depth profiling of the structure have been carried
out by using medium energy ion scattering (MEIS) [32]. The n-type 4H-
SiC was oxidized to produce oxide layer of 200 Å thickness, annealed in
NO environment and then etched to obtain a 50 Å thick oxide layer. The
depth profiling of the samples was carried out by using 100 keV beam
of H+ in channeling configuration by directing it along<0001> axis
of SiC. This report has added into controversy by declaring that the
interfacial layer does not contain excess carbon and Si-C-O as well as Si-
C-O-N are not observed. However, as per experimental details used in
this study, the availability of excess carbon with concentration less than

1.8 × 1014 cm−2 was not ruled out.

4.4. Etching induced non-stoichiometry

The study, removal strategies and exploitation, of defects in the
bulk, surface or interfaces of SiC related structures is an important re-
search area when technological applications of the material are taken
into account. The point defects are unwanted, though they are some-
times useful, but three-dimensional voids are certainly harmful defects
and severely degrade the material's properties by applications point of
view. The formation of voids in SiC, takes place due to inefficient nu-
cleation and networking of pores, is highly likely [33]. There have been
several strategies to prevent from the formation of voids or elimination
of available voids in SiC crystals, but hydrogen etching is found very
resourceful tool for the purpose [34]. Sander et al. has reported the
effects of hydrogen etching on surface morphology of 6H-SiC (0001)
carried out by using a CVD reactor [35]. Their investigations pointed to
dissimilar etching behavior of SiC when observed inside and outside the
hexagonal voids. The etching of flat regions present outside the voids
appeared to leave the material's surface stoichiometric due to removal
of Si and C in equal concentrations. However, on the other hand,
etching of material's regions inside the voids appeared to produce non-
stoichiometric material having high Si concentration. The selective
removal of C from bottom of the voids was interpreted by taking dif-
fusion constant of reaction products and transport mechanism into ac-
count. Considering Kundsen diffusion, hydrogen gas on the flat region
and partial pressures of Si and C are at equilibrium which warrants their
identical etching and hence stoichiometric reconstruction of the sur-
face. On the other hand, inside the void diffusivity of species is not same
and depends upon molecular weight due to which lighter specie, i.e.
carbon, faces preferential removal which causes the non-stoichiometry
in the favor of silicon. This preferential etching has special con-
sequences in terms of material's properties and can be exploited for
device grade applications [36].

4.5. Non-stoichiometry in amorphous SiC

Amorphous SiC due to its distinctive properties offers applications
in (resistive, protective, antireflection) coating, passivation, sensors,
microelectronics, optoelectronics, telecommunication, medical etc
[37,38]. The synthesis of SiC in amorphous phase is carried out by
suitable selection of growth conditions. A number of research efforts
describing the effects of growth parameters and synthesis techniques on
the production of amorphous SiC appeared in literature.

The preparation of hydrogenated SiC films in amorphous phase by
using plasma synthesis technique has been reported [39]. The precursor
in the form of hydrogen diluted silane along with methane plasma was
utilized to deposit carbon rich SiC:H amorphous films on different
substrates including crystalline silicon, corning glass and fused silica.
The dilution with hydrogen played important role in production of
carbon rich films having high band gap, stronger photoluminescence
and good photo-electronic properties. The deposited films presented
high band gap with values up to 3.3 eV. The annealing behavior of the
films was found dependent on composition. The annealing at high
temperatures exhibited silicon crystallites in silicon rich films and
graphite clusters in carbon rich films. The FTIR results indicated that
the frequency of Si-C and Si-H bands increases upon increase in carbon
content in the films. Another report on production of amorphous SiC:H
films having variable stoichiometry is found in literature [40]. The
films with C/Si ratio of 1 and 5 were deposited on silicon substrate by
using methyl-silane, phynyl-silane, helium and hydrogen as precursors
in plasma enhanced CVD chamber. In order to test the sensitivity of the
material to moisture assisted cracking, the fracture properties of the
films were tested. These properties were examined by monitoring the
transition from cohesive to adhesive fracture and the values of cohesive
energy were studied as a function of density. The films exhibited low

Fig. 4. MD simulations carried out on SiC under different conditions (a) The initial
structure showing only the dumbbells (b) The post-simulation structure obtained after
MD run for 6 ps heating up to 1200 °C followed by constant temperature run for 18 ps (c)
The post-simulation structure after MD run for 2 ps at 2200 °C followed by constant
temperature run for 18 ps. [Reprinted with permission from AIP License. Ref. [31]].

A. Majid Ceramics International 44 (2018) 1277–1283

1281



sensitivity which was assigned to the formation of Si-O-Si bonds via
hydration and the condensation at SiHx.

The plot of measured fracture energy versus density for stoichio-
metric and non-stoichiometric a-SiC:H films is shown in Fig. 5. It can be
observed that transition from cohesive to adhesive fracture takes place
at density of 1.63 g cm−3. Furthermore, the value of cohesive energy
was found proportional to the density in case of stoichiometric films.
On the other hand, non-stoichiometric films having low density ex-
hibited deviation from the standard trend and shown very high cohe-
sive fracture energy when compared with organo-silicate and silica
glasses [41,42]. The increase in cohesive fracture energy was inter-
preted in terms of crack-tip-plasticity and dependence of fracture en-
ergy on thickness of films.

The same group has investigated the possibility of tuning of plas-
ticity in non-stoichiometric amorphous hydrogenated SiC with C/Si
ratio of 5 [43]. They assigned the plasticity in the films to sp3 hybrid
chains CHx which has been added into glass via decomposition of
precursors. The plasticity was controlled by varying the content of
phenyl porogen in the films whereas it was found that the involvement
of plasticity to cohesive fracture strength depends upon molecular
structure of the chains. The observation by changing the number of the
chains pointed out that the cohesive fracture energy varies inversely
whereas yield strength changes in direction proportion to porogen
concentration in the precursor.

Fraga et al. has reported the preparation of non-stoichiometric
amorphous SixCy on silicon substrate in a PE-CVD reactor by using SiH4

and CH4 gases as sources of Si and C respectively [44]. The films were
deposited by varying SiH4 flow rate 1–4 sccm) and fixing CH4 rate
(20 sccm) in order to ensure non-stoichiometry in the favor of carbon
(i.e. x< y). The increase in the ratio SiH4/CH4 promoted the silicon
content in the carbon rich films. The study of plasma etching of the
films was carried out in the presence of mixture of SF6 and oxygen gases
which indicated an increase in etch rate with increase in oxygen content
in gas mixture. The etch rate was observed reduced when carbon con-
tent in the deposited films was higher with indicates resistance of
carbon rich SiC against etching [40]

4.6. Non-stoichiometry in low dimensional SiC

Tello et al. have utilized atomic force nanolithography to restrict
electrochemical reaction in nanometer-sized ethanol meniscus which
produced nano-bridge [45]. After formation of the nano-cells, electric
field migrate the ethanol molecules to silicon where electrochemical
reaction takes place to produce carbon rich SiC nanostructures. This
method has been developed to produce nanometer-sized carbide

structures by utilizing the formation of electric field driven ethyl al-
cohol nanometer-sized bridges. The production of carbon rich SiC/H
with stoichiometry 2.5:1 could be either due to formation of carbon rich
termination surface or due to substitution of H on Si sites. The chemical
reaction involving the production of carbon rich SiC nanomaterial
having stoichiometry parameter x was described as;

+ − → + +Si x CH CH OH SiC xH x H O
2 2x3 2 2 2

The investigation of dielectric properties of Si rich non-stoichio-
metric SiC nanoparticles has been reported [46]. The samples in the
form of powder were synthesized by using laser pyrolysis technique and
annealed at different temperatures. The dielectric and impedance
measurements of the samples were carried out in widespread range of
frequency and temperature. The EPR measurements revealed that the
nanoparticles have reactive surface owing to availability of dangling
bonds. In order to obtain the non-reactive surface, carbon terminated
SiC nanoparticles should be realized. The measurement of electrical
properties of the samples revealed an increase in dc-conductivity when
annealing temperature was increased. The polarization at the surface
was found whereas the EPR electronic centers appeared to contribute to
reduce the polarization strength.

The study of intrinsic defects in SiC nanoparticles, prepared by using
carbon and active silicon, have been conducted by using electron-
paramagnetic-resonance (EPR) and pulsed-electron-nuclear-double-re-
sonance (ENDOR) spectroscopies [47]. The measurements revealed four
paramagnetic centers with g-values of 2.0043, 2.0029, 2.0031 and
2.0037 which were assigned to carbon vacancy in α-SiC, carbon va-
cancy in β-SiC, carbon dangling bonds in C-rich phase and three-fold
coordinated silicon atom in Si-Si2N bond respectively. The analysis of
microstructure of SiC nanoparticles and EPR measurements helps to
explore the intrinsic defects available in the crystalline phase of the
material. The stabilization of carbon rich phase involves dangling bonds
whereas crystalline phases are monitored by charged vacancies.

5. Summary

The deviation from stoichiometry in compounds is often observed
and is strongly dependent upon synthesis and post-growth processing of
the materials. The non-stoichiometry appears to modify materials
properties in terms of manipulating conductivity, inducing spin polar-
ization, engineering of band gap, optical and electronic properties. This
phenomenon has often been observed in SiC owing to its large number
of polytypes and offers tailoring of its properties for devices and other
applications. The non-stoichiometric SiC has been found offering good
mechanical properties thereby exhibiting high resistance against
cracking and fracture along with transition from adhesive to cohesive
energy. The etching produces deviation from stoichiometry whereas
this phenomenon has strong impacts on interfaces and low dimensional
SiC. Despite, synthesis and utilization of SiC for several decades, the
phenomenon of non-stoichiometry in this material has not been prop-
erly understood and offers challenge to the community to explore the
basic mechanism responsible for it. The absence of established knowl-
edge on non-stoichiometry in SiC restricts full utilization of this mate-
rial for applications.
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