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Change of Structural Behaviors of Organo-Silane Exposed Graphene Nanoflakes
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The electronic structures of graphene nanoflakes (GNFs) exposed to an organo-silane precursor [tetrameth-
ylsilane, TMS, Si(CH;)4] were studied using electron field emission (EFE), Raman spectroscopy, X-ray
absorption near-edge structure (XANES), X-ray photoelectron spectroscopy (XPS), X-ray emission spectroscopy
(XES), and first-principles calculation. The results of XANES, XPS, and Raman spectroscopy indicate that
the silyl radical strong covalent bonds were formed in GNFs, which induced local structural relaxations and
enhanced sp® hybridization. Comparison of calculated electronic structure, XANES, and XES spectra of Si-
treated GNFs suggests that the Si atom substitutes one 3-fold coordinated C atom in a given graphene layer
and relaxes outward to form sp® bonding with another C atom in the adjacent graphene layer. The EFE
measurements show an increase in the turn-on electric field with the increase of the Si content, which suggests

an enhancement of the nonmetallic sp® bonding.

Introduction

Graphene nanoflakes (GNFs) are quasi-two-dimensional
networks of vertically aligned graphene sheets' and have
morphologies similar to those of nanocarbon materials, such as
carbon nanoflakes*® and nanosheets.* The thicknesses of GNFs
range from 1 to 2 nm (several graphene layers) at the edges to
20 nm at the base. The sharp edges of GNFs are responsible
for low-threshold field emission characteristics, making them
useful as backlights in liquid crystal displays® and in high-
brightness lamps in the form of wires coated with nickel.® With
a combination of edge plane reactivity, special nestlike mor-
phology, and large surface area, GNFs present a distinct
opportunity for the creation of a new class of electrodes with a
wide range of applications in the electroanalytical, biosensing,
and energy storage/conversion sectors’ similar to those of carbon
nanotubes (CNTs). Despite these potential applications, GNFs,
like graphite, are soft and hence mechanically unstable. Silicon
is a highly reactive center that creates opportunities for silylated
GNFs (GNFs:Si) to be used as novel nanodevices, such as
chemical sensors and toxic gas scrubbers.® On the basis of
theoretical studies, substitutionally doped Si atoms in CNTs were
found to relax outward and form sp? bonding.”!° The formation
of sp® bonding in GNFs:Si can be expected to enhance their
mechanical stability. Si atoms chemisorbed on the surfaces of
GNFs or CNTs provide dangling bonds, which may mediate
the formation of other types of materials. On the basis of first-
principles calculations, Song et al. found that Si dopants in CNTs
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behaved as a binding center for preferential attachment of
various atoms or molecules for further graphene functionaliza-
tion.!! Si is preferable to other group IV elements because their
much larger sizes can distort greatly the host network. To
understand the atomic arrangement of Si dopants and the
formation of an sp>-bonding arrangement in graphene networks,
a combination of Raman spectroscopy, X-ray absorption near-
edge structure (XANES), X-ray photoelectron spectroscopy
(XPS), and X-ray emission spectroscopy (XES) measurements
and first-principles calculation have been performed. The present
experimental measurements and theoretical calculation show that
Si treating indeed enhances the sp>-bonding arrangement through
the formation of a local tetrahedral atomic arrangement.

Experimental Details

The C K-edge XANES and core-level XPS spectra were
measured using the high-energy spherical grating monochro-
mator and low-energy spherical grating monochromator beam-
lines, respectively, with an electron energy of 1.5 GeV and a
maximum stored current of 200 mA at the National Synchrotron
Radiation Research Center, Hsinchu, Taiwan. The XANES
spectra were obtained in the sample drain current mode, whereas
the core-level XPS spectra were obtained at an excitation energy
of 374.2 eV, with a typical resolution of 0.1 eV at a base
pressure of ~5 x 107!° Torr. The C Koo XES measurements
were made at beamline-7.0.1 at the Advanced Light Source,
Lawrence Berkeley National Laboratory. The resolution of the
XES measurement was set to ~0.35 eV. C K-edge XANES
spectra are normalized using incident beam intensity /, following
pre-edge background subtraction and by keeping the area under
the spectra in the energy range fixed between 315 and 330 eV
(not shown in the figure). The electron field emission (EFE)
measurements for pure GNFs and GNFs:Si were performed
using a Keithley power supply. Raman spectroscopy was
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Figure 1. Electron emission current density (J) as a function of applied
electrical field (E,) of GNFs and GNF:Si at various Si atom %. The
inset (a) shows electron field emission F—N plots: (1/E,) vs (JIEA?) of
GNFs and GNFs:Si at various Si atom %. Insets (b) and (c) show SEM
images of GNFs and GNFs:Si with Si/Si + C = 0.35, respectively.

performed with an excitation energy of 514 nm (2.41 eV) and
a spectral resolution better than 2 cm™!. GNFs with a thickness
of ~1250 nm were synthesized directly on the Si substrate
without catalyst by the microwave-plasma enhanced chemical
vapor deposition (CVD) method and were subsequently sub-
jected to RF-plasma glow discharge with various Ar-to-
tetramethylsilane [TMS, Si(CHs;),] ratios at room temperature
for 5 min.”

Results and Discussion

Figure 1 plots the EFE current density (/) as a function of
the applied electric field (E,). This figure shows the existence
of a threshold electric field, at which J increases from zero
significantly. This threshold electric field, in general, increases
with the increase of the Si content, which suggests that Si
treatment increases the activation energy. For a given GNFs:Si
sample, J increases roughly exponentially beyond the threshold
field. To further demonstrate the existence of a threshold electric
field or turn-on electric field (Etog), Fowler—Nordheim (F—N)
plots are shown in inset (a) of Figure 1. Etor were obtained
with linear curve fitting in the high electric field region and
were found to increase from 9.8 V/um for pure GNFs to 26.3
V/um for GNFs:Si with the highest Si content (Si/(Si + C) =
0.35) by the formation of more sp>-hybridized bonds in GNFs:
Si because Si prefers sp® than sp?> bonding, unlike C (which
prefers sp? bonding). Insets (b) and (c) of Figure 1 present
scanning electron microscopic (SEM) images of pure GNFs and
GNFs:Si with the highest Si content (Si/Si + C = 0.35),
respectively. Pure GNFs shown in inset (b) contain petal-like
graphitic nanoflakes with very sharp edges, which are randomly
interlaced to form a nestlike porous structure with a large surface
area,’ whereas inset (c) shows round nanoflakes in the form of
rod- or tubelike GNFs:Si. The strong preference for sp® bonding
was argued to be related to an outward relaxation of the Si
atom.”!? Therefore, reduction of the EFE current in GNFs:Si is
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Figure 2. Normalized C K-edge XANES spectra of GNFs, Si-treated
GNFs at various Si atom %, and reference graphite. The upper inset
presents the magnified 7z* region of the C K-edge XANES spectra of
GNFs following subtraction by a best-fitted Gaussian line (dashed line).
The bottom panel shows difference XANES spectra of Si-treated GNFs
and GNFs.

due to the decrease of the number of sp? hybridized bonds in
the network of GNFs:Si because sp>-hybridized bonds in GNFs
are responsible for the metallic EFE current.'?

Figure 2 displays the C K-edge XANES spectra of GNFs,
GNFs:Si, and reference graphite. These spectra reflect transition
from the C 1s core state to the p-like final states above the Fermi
level (Ep). The m* features associated with sp?-bonding con-
figurations were observed at ~285.5 and 285.8 eV in the
XANES spectra of graphite and GNFs (marked as Aj),
respectively,'>!* whereas the o* features were observed at ~293
eV. The upper inset of Figure 2 shows that GNFs:Si exhibit
double structural features (indicated by two vertical arrows)
centered at ~285.0 and 285.7 eV in the s* region, whose
intensities increase gradually with the Si content. The center of
the st* feature shifts from ~285.7 eV for pure GNFs to the
lower energy of ~285.0 eV for GNFs:Si with the highest (Si/
Si + C) ratio = 0.35. A similar downward energy shift of ~0.7
eV has been observed in Si-treated diamond-like carbon films.'*
The double features in the st* region show the possibility of
the formation of two kinds of bonds, namely, Si—C(:H)/Si—C(:
0) and sp? C—C bonds, which were also observed by Terekhov
et al. in a XANES study of a-Si4Co¢:H composite materials.'®
The general line shape of the C K-edge XANES spectrum of
SiC/B-SiC'>'® is clearly different from that of GNFs:Si, which
indicates the absence of SiC segregations in GNFs:Si. However,
the intensity of the 7* feature decreases significantly for (Si/Si
+ C) ratio = 0.27 and the 7* feature becomes wider for (Si/Si
+ C) ratio = 0.35, as clearly seen in Figure 2 (upper inset).
Similarly broadened double peaks were also observed in CVD
diamond (see ref 15, Figure 6). On comparison with the spectral
features of the CVD diamond,"> GNFs:Si can be concluded to
contain an increased number of sp3-hybridized atoms with
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diamond-like character, consistent with C 1s core-level XPS
results to be discussed later. However, in the spectra of GNFs:
Si, the o* feature essentially disappears and is replaced by a
very broad feature with the leading edge located around 288
eV for Si/(Si + C) = 0.27 GNFs:Si. As for Si/(Si + C) = 0.35
GNFs:Si, this leading edge is further broadened. Beyond the
~288 eV leading edge, which is marked as A, in the spectrum
of Si/(Si + C) = 0.27 GNFs:Si, there are two extremely shallow
and broad features marked as A; and A4. Note that Pacilié et
al. recently observed a feature located at ~288 eV for single
and few-layer graphenes and attributed it to the interlayer state.'”
Because this ~288 eV feature is absent in the spectra of graphite
and pure GNFs, it could be due to a shortened or elongated
interlayer spacing'® and has a different origin from feature A,
observed for GNFs:Si. The XPS compositional analysis also
indicates the presence of the oxygen content, which increases
from 2 atom % in pure GNFs to 24—38 atom % in GNFs:Si.
Thus, there is a possibility of the formation of the Si—C(:0)
bonding in addition to the Si—C(:H) bonding.

The spectral difference between pure GNFs and GNFs:Si
shown in the lower inset of Figure 2 reveals the influence of
Si—C(:H) and/or Si—C(:O) bonding on the electronic structure
of GNFs. In the 7% region presented in the lower inset, the
difference spectra are negative between about 284 and 287 eV
for Si/(Si + C) ratio = 0.27, while in this region, the difference
spectrum rises up and then decreases to become negative for
Si/(Si + C) ratio = 0.35. On the other hand, in the region
between 287 and 292 eV, all difference spectra are positive for
the two Si/(Si + C) ratios and the intensity decreases with the
increase of the Si/(Si + C) ratio. This trend seems opposite to
what one would expect because one would expect that the
deviation of these features from those of pure GNFs should
increase with the Si content. However, one may interpret the
effect of Si dopants by the shift of some states from the
284—287 eV regions to the higher-energy 287—292 eV region.
If one subtracts the area under the positive difference intensities,
which is a measure of the number of states, by that of the
negative difference intensities, the two GNFs:Si samples have
net gains of states in the 284—292 eV regions. The positive
broad features in the 292—305 eV range are similar for GNFs:
Si considered in this study. Overall, Si treating enhances the
number of near-edge unoccupied C 2p derived states.

Figure 3a shows that Raman spectra of pure GNFs and GNFs:
Si are similar and both have a D band, which is a characteristic
of either a disordered cluster or a small crystallite, and a G band,
which can be attributed to the stretching vibration mode E,, of
single-crystal graphite.!” In addition, a D’ band, which was
attributed to symmetry breaking in the microscopic sp” crys-
tallite, appears as a shoulder of the G band.? It suggests that
there is no significant SiC segregations or clusters in GNFs:Si.
D and G bands are shifted from 1337 cm™' (GNFs) to 1331
cm™! (GNFs:Si) and 1585 to 1580 cm™!, respectively. Broaden-
ing of these bands indicates the formation of a larger number
of sp*>-hybridized atoms in GNFs:Si. Bands in the Raman spectra
correspond to vibration frequencies, which are proportional to
the square root of the force constant of the stretching or bending
vibration. The D, G, and D’ bands with frequencies on the order
of a thousand cm™! are due to stretching vibrations of the C—C
bond in different normal modes. The force constant is propor-
tional to the curvature or second derivative of the stretching
potential well and is usually larger for a deeper potential well
or a greater bond strength. Thus, the slight decrease of the
frequencies of D and G bands of Si-doped graphene flakes
reflects a slight weakening of the C—C bond caused by bonding
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Figure 3. (a) Raman spectra of GNFs and Si-treated GNFs and (b) C
1s core-level XPS spectra of GNFs and Si-treated GNFs.

with the Si atom. This observation is an indication of Si-dopant-
induced partial conversion of the sp? bonding, which is a mixture
of single and double C—C bonds, to the sp? bonding with only
single C—C bonds. Figure 3b shows C 1s core-level XPS
spectra. The peak observed at ~284.4 eV for GNFs can be
assigned as the C—C bond, which is shifted to the higher energy
at ~285.2 eV and became broader for GNFs:Si. Pedio et al.?!
studied the dependence of the formation of Cg, on silicon
surfaces on the annealing temperature using C 1s XPS measure-
ments and found that the C—C bond and C—Si bond features
are located at 284.2 and 282.6 eV, respectively. In the present
case, the spectral features are different and do not have the
signature of SiC segregations in C 1s core-level XPS spectra,
which further confirms enhanced sp* bonding (i.e., diamond and/
or diamond-like carbon) rather than sp® bonding (like graphite
and/or CNTs) and/or C—Si bonding. This result is consistent
with those obtained from Raman and XANES measurements.
The enhancement of sp? bonding and reduction of sp? bonding
improves the reaction activity of GNFs:Si because surface atoms
with sp® bonding have dangling bonds.

Figure 4 presents C Ko. XES spectra of GNFs, GNFs:Si, and
reference graphite obtained at an excited energy (E) of 320
eV. The left upper part of the inset in Figure 4 presents the
experimental geometry used in this work, in which E is the
polarization of the incoming photons and 6 is the incidence
angle. The spectral features of graphite shown in Figure 4 are
consistent with reports available in the literature.”>*® The shape
of the C Kou XES spectrum of graphite was found to depend
strongly on both incident angle and excitation energy due to
the different intensity distribution between 7 and o components
of the emission.??> For XES measurement, the two features near
the 277—284 and 270—277 eV regions of graphite are known
to correspond to occupied 7 and o bands, which are derived
from the transition from 2p, and 2p, states oriented parallel
and perpendicular to the graphite plane, respectively. The spectra
of pure GNFs and GNFs:Si can be divided into p, and p, bands
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Figure 4. C Ko XES spectra of GNFs, Si-treated GNFs, and reference
graphite obtained at an excited energy of 320 eV. The left upper part
of the inset presents the experimental geometry, in which E is the
polarization of the incoming photons, 6 (=20°) is the incidence angle,
and the Fermi level is indicated as Er. The right upper inset highlights
the 7t and o regions of C Ka. XES spectra.

centered at ~278 and 281 eV, respectively, as indicated by the
two solid bars in the right upper inset (Figure 4). These two
bands shift toward Ef, and the overall intensities are greatly
enhanced relative to those of graphite, as shown in the right
upper inset. Though the details of the p, band are quite sensitive
to the Si/(C + Si) ratio, Si treatment does not affect significantly
the overall intensity of the valence band of GNFs:Si, which
implies that Si-derived p states lie dominantly above Ey; this is
supported by the present calculation result. The drastic difference
between the spectra of pure GNFs and grahite, both of which
are composed of graphene layers, can be caused by the random
nestlike porous structure of GNFs, as shown in inset (b) of
Figure 1, because the shapes of C Ka XES spectra depend
strongly on the incident angle of photons.??

Theoretical Calculation

To elucidate the bonding arrangement of Si dopants in GNFs:
Si, first-principles calculations of the electronic structure of
GNFs:Si with a 25 atom % of Si have been performed. The
similarity between C K-edge XANES spectra of pure GNFs
and graphite, as shown in Figure 2, indicates that the electronic
structures of GNFs:Si are bulk-like so that a bulk model is
adequate for GNFs:Si. By analogy with previous theoretical
studies of Si-doped nanotubes® ! and that Si dopants were found
to favor the formation of a 4-fold coordinated tetrahedral
bonding arrangement,® here, Si dopants are assumed to substitute
for C atoms in the graphene layers not trapped between the
graphene layers and that the Si dopant is displaced vertically
from the graphene plan so that it forms a 4-fold bonding
arrangement with three C atoms? in one graphene layer (see
Figure 5) and another C atom in the adjacent AB-stacked
graphene layer. It is well-known that the coupling strength
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Figure 5. Side view of the structural model of Si-treated GNFs. The
z axis is perpendicular to the graphene plane, and the y axis is in the
[1010] direction. In the figure, C atoms Cy;, Cy,, Cy3, and C4 are bonded
with Si atom Si;, while C,;, Cy, Cs3, and C,4 are bonded with Si,.
Note that Cy; and Cy, (C,; and Cy,) coincide in the (y,z) plane and C,4
and Cy; refer to different C atoms, though they appear to be the same
in the figure.

between two adjacent graphene layers is very weak and is
negligible. The substitution of a carbon atom in the graphene
layer by a Si atom, which is bonded to three C atoms in the
given graphene layer and a C atom in the adjacent layer, in the
structural model proposed in this study is to replace three C—C
bonds by four single Si—C bonds. Because Si is not likely to
form a graphite-like planar structure with a mixing of single
and double bonds, it is expected that the coordination with four
C atoms is more favorable than with three or fewer C atoms
for the Si impurity atom. Natural bulk graphite can be composed
of graphene layers with AB and AA stacking sequences with
the AB stacking sequence the most common; that is, the AB
stacking sequence is more favorable than the AA stacking
sequence. With a 0.25 atom % Si/(C + Si) composition and a
(2 x 2) unit cell, Si dopants will form a two-dimensional array
of Si chains if an ABAB stacking sequence with a two-graphene-
layer periodicity along the ¢ axis is chosen. To better disperse
Si atoms in order to represent better the randomly distributed
Si dopants, an ABCABC stacking sequence is chosen. Note that
ABCABC stacking does not have any AA stacking between
any two adjacent graphene layers and is structurally similar to
the ABAB stacking. Note that the GNFs:Si sample with a ratio
closest to this ratio is Si/(C + Si) = 0.27. To choose a 0.27
ratio requires a very large unit cell; a ratio of 0.25 has a relatively
small and manageable unit cell with 21 C atoms and 3 Si atoms.
A total energy minimization or relaxation procedure has been
used to obtain the optimized lattice constant, a, graphene layer
spacing, and the Si—C bond length of 2.408, 3.095, and 1.86
A, respectively. The Si—C bond length is close to the sum of
their covalent radii of 1.88 A.>° The lattice constant is about
2% smaller than the experimental one of the bulk graphite of
2.460 A,2° whereas the layer spacing is significantly shortened
relative to the theoretical one of graphite of 3.257 A'® due to
the formation of Si—C tetrahedral bonding. In this proposed
structural model, Si dopants are arranged in an orderly manner.

The modified pseudofunction first-principles method?’ is
employed to calculate the electronic structure and partial
densities of states (PDOS) of the 25 atom % GNFs:Si. The basis
set contains Bloch sums of muffin-tin orbitals with spherical
Hankel and Neumann tailing functions. This calculation method
has been shown to work well for graphite and few-layer
graphenes.'® The 12 special k-points of Cohen and Chadi for a
hexagonal lattice®® are used to approximate the integration over
the first Brillouin zone to obtain self-consistent potentials. The
Monkhurst—Pack special k-point scheme® with g values of 9,
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Figure 6. (a) Calculated PDOS of C 2p (solid line) and Si 3s and 3p
(dashed lines) states of the 25 atom % Si-treated GNFs above the Fermi
level. (b) Calculated PDOS of occupied C 2p and Si 3s and 3p states.

9, and 3 is used to obtain the PDOS. Figure 6a shows the PDOS
of C 2p, Si 3s, and Si 3p states above E;. Features are divided
into Ty, T,, T3, and T4 groups in the calculated PDOS of C 2p
states. These four groups can be correlated, respectively, with
features A; and A, and the extremely shallow and broad features
Az and A4 in the C K-edge XANES spectrum of Si/(C + Si) =
0.27 GNFs:Si, marked by vertical arrows in Figure 6a. The
extreme shallowness and broadness of features A; and A4 may
be caused by disorderly distributed Si dopants and the contribu-
tions of the p-component projection of Si 3s and 3p orbitals
onto the X-ray absorbing C atoms, as shown by the PDOS of
Si 3s and 3p states (Figure 6a). The PDOS of C 2p and Si 3sp
states also suggest that the positive features within the ranges
of 287—292 and 292—305 eV shown in Figure 2 are associated
mainly with C 2p—Si 3sp hybridized states. Calculated distinc-
tive groups of features T; to T, seem to agree reasonably well
with experimental features A; to A4, which suggests that the
positions of the Si dopants proposed in this study might actually
be the case and that Si dopants form a Si-centered local
tetrahedral bonding arrangement.

Figure 6b shows the PDOS of C 2p states below E; for GNFs:
Si with Si/(C + Si) = 0.25. Vertical arrows marked by B, to
B¢ correspond to the five features in the p,- and p,-band regions
shown in the spectrum of the C Ka emission of the Si/(C + Si)
= 0.27 sample shown in Figure 4. These features can be
correlated with the five E, to E4 features in the calculated PDOS
of C 2p states shown in Figure 6b. In this figure, the most
prominent feature, that is, feature E;, has been lined up with
B3, which is the most prominent feature in the spectrum of the
C Ko emission of the Si/(C + Si) = 0.27 sample. The calculated
feature E; is not accounted for in the emission spectra. This
discrepancy may be due to a calculation model with a highly
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ordered Si arrangement and the sensitive dependence of the
spectra on the incident angle. Nevertheless, due to the broadness
of the observed features, especially Bs and Bg, and a 0.35 eV
resolution of XES data, one may say that the positions of
calculated features E, to E¢ agree reasonably well with those in
the C Ka emission spectrum. The PDOS of Si 3s and 3p states
below E; are also shown in Figure 6b, which indicates that
features E; to Eg¢ involve hybridization between C 2p and Si
3sp states.

Conclusion

Present EFE, XANES, Raman, XPS, and XES measurements
reveal that Si treatment alters drastically the electronic structure
of GNFs. EFE measurements show that the turn-on electric field
increases with the Si content, which suggests that Si dopants
induce an increase of activation energy and a reduction of the
metallic sp>-bonding arrangement. The shifts of the features in
XANES, XPS, and Raman spectra show enhancement of
diamond-like sp* bonding in GNFs:Si. Comparison between
experimental measurements and theoretical calculation suggests
that Si dopants substitute C atoms and relax out of the graphene
plane to form sp* bonding with another C atom in the adjacent
graphene plane in a Si-centered local tetrahedral atomic
arrangement.
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