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Enhanced electron transport and optical
properties of experimentally synthesized
monolayer Si9C15: a comprehensive DFT study for
nanoelectronics and photocatalytic applications†

Yuehua Xu * and Daqing Li

Two-dimensional silicon-carbide (SixCy) materials stand out for their compatibility with current silicon-

based technologies, offering unique advantages in nanoelectronics and photocatalysis. In this study, we

employ density functional theory and nonequilibrium Green’s function methods to investigate the

electronic properties, electron transport characteristics, and optoelectronic qualities of experimentally

synthesized monolayer Si9C15. Utilizing the modified deformation potential theory formula, we unveil

Si9C15’s significant directional anisotropy in electron mobility (706.42 cm2 V�1 s�1) compared to holes

(432.84 cm2 V�1 s�1) in the a direction. The electrical transport calculations reveal that configurations

with a 3 nm channel length demonstrate an ON state when biased, reaching a peak current of 150 nA.

Moreover, this maximum current value escalates to 200 nA under tensile strain, marking an increase of

approximately 100 times compared to the 5 nm channel, which remains in an OFF state. Si9C15 exhibits

high light absorption coefficients (B105 cm�1) and suitable band edge positions for water splitting at pH

0–7. Applying 1–5% tensile strain can tune the conduction band minimum and valence band maximum

closer to the standard redox potentials, enhancing photocatalytic water splitting efficiency. Remarkably,

under illumination at pH 0 and 7, Si9C15 can spontaneously catalyze water splitting, demonstrating its

potential as a highly efficient photocatalyst. Our findings emphasize the importance of strain control and

device length optimization for performance enhancement in nanoelectronics and renewable energy

applications, positioning Si9C15 as a promising material for high-performance field-effect transistors and

photocatalytic water splitting.

Introduction

In recent years, the push for better electronic device perfor-
mance has highlighted the potential of two-dimensional (2D)
semiconductors in applications like field-effect transistors
(FETs) and photocatalysis.1–15 However, despite their promise,
limitations such as low mobility, susceptibility to oxidation,
and unsuitable bandgap ranges pose significant barriers to
broader applications, especially in FETs and photocatalytic
water splitting.16 Specifically, the limited mobility of TMDs like
MoS2 restricts their efficiency in high-speed electronics,17–19

while phosphorene’s propensity for oxidation undermines its
long-term stability.15,20–22 Moreover, the narrow bandgaps of
materials like silicene and germanene curtail their effective-
ness, particularly as the substantial misalignment between
their band edges and the hydrogen or oxygen evolution poten-
tials leads to reduced catalytic efficiency in energy-related
applications.23–26 These challenges call for the exploration of
new materials to overcome existing limitations.

In this context, silicon-carbide (SixCy) materials (x and y
represent the relative content or stoichiometric ratio of silicon
and carbon atoms, respectively) with their unique advantages,
especially their high compatibility with existing silicon-based
semiconductor technology, have shown significant research
and application value.27 This compatibility not only allows for
the easier integration of silicon-carbide materials into existing
silicon-based fabrication processes but also significantly
reduces the research and development costs and complexity
of new devices, accelerating the transition from laboratory to
market. The development of SixCy materials not only highlights
compatibility with existing silicon-based technology but also,

School of Microelectronics and Control Engineering, Changzhou University,

Changzhou 213164, Jiangsu, China. E-mail: yhxu@cczu.edu.cn

† Electronic supplementary information (ESI) available: Fig. S1: evolution of
band-edge positions of Si9C15 as a function of applied uniaxial strain in �5%
to 5% in the direction a and b, respectively. Eqn (S1)–(S12) OER and HER free
energy theory. Table S1 describes the entropy and zero-point energy corrections,
which are utilized to determine the free energy of reactants, products, and
intermediate species that are adsorbed on catalysts. See DOI: https://doi.org/

10.1039/d4cp01456a

Received 9th April 2024,
Accepted 26th July 2024

DOI: 10.1039/d4cp01456a

rsc.li/pccp

PCCP

PAPER

Pu
bl

is
he

d 
on

 3
0 

Ju
ly

 2
02

4.
 D

ow
nl

oa
de

d 
on

 8
/9

/2
02

5 
9:

36
:2

5 
PM

. 

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0001-8776-3112
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp01456a&domain=pdf&date_stamp=2024-08-05
https://doi.org/10.1039/d4cp01456a
https://doi.org/10.1039/d4cp01456a
https://rsc.li/pccp
https://doi.org/10.1039/d4cp01456a
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026032


21790 |  Phys. Chem. Chem. Phys., 2024, 26, 21789–21800 This journal is © the Owner Societies 2024

due to their inherent electronic and optical property diversity,
research indicates that SixCy, depending on the chemical
stoichiometry and type of bonding, can be semiconductors,
insulators, or semimetals with a variety of electronic and optical
properties.27 For instance, 2D monolayer SiC, with its wide
bandgap of 2.56 eV28 achieved through chemical vapor deposition
(CVD) and ultrasonication methods, has become a leading mate-
rial for high-power electronics and high-temperature applica-
tions;29,30 g-SiC2, with a bandgap of 1.1 eV,27 shows potential for
optoelectronic applications; likewise, variants such as SiC3, Si3C,
SiC2, and SiC7, with predicted bandgaps ranging from 0.5 to 3 eV,
are anticipated to find broad applications in electronic and
optoelectronic devices.27,31 Overall, SixCy and its related struc-
tures, due to their excellent performance and broad application
prospects, are considered key materials for advancing future
semiconductor technology. Gao et al. recently synthesized high-
quality monolayer Si9C15 with a honeycomb structure on Ru(0001)
and Rh(111) substrates on a large scale. This material exhibited a
bandgap of approximately 1.9 eV, indicating distinct semiconduc-
tor properties.32 Through a high-temperature reaction process
applied to graphene, they transformed it into a dynamically stable
Si9C15 layer, elucidating its formation mechanism. Si9C15 demon-
strated remarkable environmental stability, retaining its lattice
structure and electronic properties with minimal changes even
after 72 hours of exposure to air. The potential applications of
atomic monolayer Si9C15 are diverse, including in nanoelectro-
nics, nanophotonic, and other advanced technological fields. Its
exceptional properties make it a promising candidate for devel-
oping new functional materials and devices in areas such as
sensors, catalysis, and energy storage.

In addition, researchers are not only focused on discovering new
2D materials but are also committed to changing and optimizing
the performance of existing 2D materials through methods such as
applying strain,33–35 forming heterostructures,11,36,37 doping with
n-type or p-type dopants,38–41 and introducing atomic defects.42–44

Applying strain, as one of these methods, has been proven to be
an effective means of controlling the bandgap, expanding the
application prospects of 2D semiconductors in nanoelectronics
and optoelectronic devices.45,46 For silicon-carbide materials like
Si9C15, studying the changes in their electronic properties under the
influence of strain is crucial for improving their performance in
FET current switch ratio, light absorption coefficient, and photo-
catalytic water-splitting efficiency. Such studies not only deepen our
understanding of the physical behaviours of SixCy materials but
also lay the foundation for designing and developing new types of
2D semiconductor devices with enhanced performance, promoting
the importance of SixCy and related structures in future applica-
tions in electronics and optoelectronics.

In this study, we investigate the electronic properties, elec-
tron transport characteristics, and optoelectronic properties of
Si9C15, an emerging 2D semiconductor material. Using density
functional theory (DFT) and nonequilibrium Green’s function
(NEGF) methods, we confirm the direct bandgap of Si9C15 to be
1.84 eV as calculated by the Perdew–Burke–Ernzerhof (PBE)
method and 2.54 eV according to the Heyd–Scuseria–Ernzerhof
(HSE06) approach, consistent with both experimental data and

previous theoretical estimates. In order to better predict the
carrier mobility of monolayer Si9C15, we utilized the modified
deformation potential (DP) theory formula introduced by Lang
et al.47 This enhanced formula considers additional factors like
carrier scattering mechanisms and phonon vibration modes,
resulting in more accurate calculation results compared to the
traditional DP formula. We reveal Si9C15’s pronounced directional
anisotropy in electron mobility, notably higher in the a direction
(706.42 cm2 V�1 s�1) than for holes (432.84 cm2 V�1 s�1). The
electrical transport calculations reveal that configurations with a
3 nm channel length (Lc) demonstrate an ON state when biased,
reaching a peak current of 150 nA. Moreover, this maximum
current value escalates to 200 nA under tensile strain, marking
an increase of approximately 100 times compared to the 5 nm
channel, which remains in an OFF state. Furthermore, Si9C15

exhibits high light absorption coefficients (B105 cm�1) and suita-
ble band edge positions for water splitting at pH 0–7. Applying
1–5% tensile strain can tune the conduction band minimum
(CBM) and valence band maximum (VBM) closer to the stan-
dard redox potentials, enhancing photocatalytic water splitting
efficiency. Remarkably, under illumination at pH values of
0 and 7, Si9C15 can spontaneously catalyze water splitting,
highlighting its potential as a highly efficient photocatalyst.
Our findings emphasize the importance of strain control and
device dimension optimization for performance enhancement
in nanoelectronics and renewable energy applications, posi-
tioning Si9C15 as a promising material for high-performance
FETs and photocatalytic water splitting.

Calculational method
Details of structure optimization and electronic structure

The geometric optimization and electronic structure calcula-
tions of monolayer Si9C15 were carried out on QuantumATK
software (version S-2021.06-SP1)48 based on DFT. The PBE
functional accurately predicts structural parameters and pro-
vides precise geometric structures for various materials. There-
fore, in the geometry optimization calculations, the PBE was
utilized, employing the linear combination of atomic orbitals
(LCAO) method and substituting the full atomic electron
potential with PseudoDojo pseudopotentials. The cutoff energy
for the real-space density grid was set at 55 Hartree. A 6 � 6 � 1
k-point grid was used to sample the first Brillouin zone.
Structural optimization converged when the force on each atom
was below 0.01 eV Å�1.

The precise determination of bandgap values is essential for
identifying the exact position of the absorption edge in optical
absorption spectra and understanding the influence of band
edges on photocatalytic efficiency and their response to stress
variations. In the study, the HSE06 hybrid functional was
employed to enhance the accuracy of electronic structure
calculations. A 6 � 6 � 1 k-point grid was utilized to effectively
sample the first Brillouin zone while maintaining consistency
in the remaining parameters and geometry optimization. This
approach, which combines PBE for structure optimization and
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HSE06 for electronic structure calculations, is a common
practice in scientific research.49–51

Given the substantial computational demands of HSE06
calculations compared to PBE and the demonstrated ability of
PBE to yield a band gap approximation approaching GW values
under heavily doped scenarios in device simulations, the
selection of PBE for evaluating electron transport features like
carrier mobility52,53 and current–voltage (I–V) characteristics
are deemed appropriate.54 In the computation of photocatalytic
energy diagrams, the key stages entail optimizing the adsorp-
tion geometric structure and evaluating the adsorption energy.
The PBE functional is commonly utilized to determine the
chemical adsorption energy, delivering credible findings for
various photocatalytic systems.55–57 Consequently, the determi-
nation of these material properties will rely on the continued
use of the PBE functional for electronic structure calculations.
The parameters utilized in electronic structure calculations are
consistent with those used in geometry optimization.

The calculational method of carrier mobility

To more accurately predict the carrier mobility of monolayer
Si9C15, we employed the modified deformation potential (DP)
theory formula proposed by Lang et al.47 Compared with the
traditional DP formula, this improved formula takes into
account more factors, such as carrier scattering mechanisms
and phonon vibration modes, thereby enhancing the reliability
of the calculation results. The formula is as follows:

ma ¼
e�h3 5Ca þ 3Cbð Þ

8

kBTm
�
a

3
2mb

�1
2 9E1a

2 þ 7E1aE1b þ 9E1b
2

� �
20

(1)

mb ¼
e�h3 5Ca þ 3Cbð Þ

8
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�
a

1
2m�b

3
2 4E1a

2 þ 7E1aE1b þ 9E1b
2

� �
20

(2)

where ma, mb are the carrier mobilities in the a and b directions,
respectively, E1a and E1b are the deformation potentials along
the a and b directions, m*a and m*b are the effective masses

along the a and b directions, T is the temperature, Ca and Cb are
the elastic constants in the a and b directions, respectively.

The calculational method of carrier transport properties

We utilized the NEGF method based on DFT, focused on the carrier
transport characteristics in the channel region (sub-5 nm). In DFT
calculations, Again, the electronic exchange–correlation ener-
gies were still described using PBE functional, and PseuDodojo
pseudopotentials were employed for calculating carrier trans-
port. To balance computational efficiency with accuracy,
the cutoff energy for the real-space density grid was set to
55 Hartree. For sampling in the first Brillouin zone, a 95 � 2 � 1
k-point grid was utilized to compute the I–V characteristic curves
in the a direction. The calculation formula for the I�V curves in a
two-electrode system are derived from the Landauer–Büttiker
formula:58

I Vbiasð Þ ¼ 2e

h

ð
T E; eL; eRð Þ � fR E; eRð Þ � fL E; eLð Þ½ �dE (3)

where Vbias is the bias voltage added to both sides of the electrodes
and is calculated as: eVbias = eR� eL. eR and eL are the Fermi energy
levels of the right and left electrodes, respectively. T represents the
carrier transport coefficient, and fL(E, eL) and fR(E, eR) represent
the Fermi Dirac distribution of the left and right electrodes,
respectively.

Results and discussion
Structural and electronic properties of Si9C15

The structure of monolayer Si9C15, as shown in Fig. 1, consists
of a hexagonal primitive cell belonging to the P3 space group.
The in-plane lattice parameters are a1 = b1 = 10.02 Å, and the
vacuum direction length c is 20 Å. In the structure, Si and C atoms
arrange themselves into hexagons in two distinct forms. The first
form consists of hexagons with alternating Si and C atoms at their
vertices, where the Si–C bond lengths are 1.77 Å and 1.79 Å. The
bond angles in the C–Si–C configuration are 116.771, 125.581, and
117.291. The second form comprises hexagons made up of C–C–C
and Si–C–Si bonds, with the C–C bond length being 1.50 Å, and the
Si–C bond lengths measuring 1.84 Å and 1.79 Å, respectively. All
these structural parameters are approximately the same as the

Fig. 1 (a) Top view of the hexagonal unit cell, (b) side view of the hexagonal unit cell, (c) orthogonal supercell of Si9C15.
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previous theoretical calculations.59,60 Previous experiments and
theoretical calculations have shown that monolayer Si9C15 is
dynamically stable.32,60 To facilitate mobility calculations, we con-
verted the hexagonal primitive cell into an orthogonal cell, shown
in Fig. 2, with lattice constants a = 10.02 Å and b = 17.35 Å.

As shown in Fig. 2, our calculations indicate that Si9C15 is a
direct bandgap semiconductor, with both the CBM and VBM
located at the G point. The bandgap values are 1.84 eV using the
PBE method and 2.54 eV with the HSE06 method. As is well
known, PBE suffers from self-interaction error, leading to an
underestimation of the band gap, while HSE06 partially cor-
rects this error by introducing a certain proportion of exact
exchange. Therefore, HSE06 typically provides more accurate
band gap values. The band gap value has a significant impact
on the accurate position of the absorption edge in subsequent
optical absorption spectra, as well as the band edge position
and its variation with stress, which affects the efficiency
of photocatalysis. Therefore, these types of calculations and
analyses are all based on the electronic structure of HSE06.
For electronic transport and photocatalytic step diagram calcula-
tions, we use electronic structures based on the PBE functional
to balance computational efficiency and accuracy, as stated in
the calculational methods section. These findings are also in
close proximity to earlier theoretical calculations,59,60 indicating
that Si9C15 is a semiconductor with a moderate bandgap. It is
noted that the experimentally measured band gap of 1.90 eV was
obtained for Si9C15 on Ru(0001) and Rh(111) substrates. The
interaction between Si9C15 and the substrate reduces the band-
gap of the former. This is because the HSE06 method appears to
overestimate the bandgap. It has a bandgap greater than 1.23 eV,
making it well-suited for application as a photocatalytic material
for water splitting.

Anisotropic carrier mobility

Through calculations, we discovered that Si9C15 exhibits distinctive
anisotropy in the direction of carrier mobility (Table 1). In the a
direction, the electron mobility significantly surpasses that of holes,
reaching 706.42 cm2 V�1 s�1 and 432.84 cm2 V�1 s�1, respectively.
This electron mobility not only substantially exceeds that of MoS2 at
23 cm2 V�1 s�1 (ref. 53) and Zr2CO2 at 260 cm2 V�1 s�1 (ref. 47) but
also is comparable to Ga2S3 at 657 cm2 V�1 s�1;52 concurrently, its

hole mobility surpasses Sc2C(OH)2 at 20 cm2 V�1 s�1 (ref. 47) and is
similar to CdPSe3 at 435.7 cm2 V�1 s�1.61 Additionally, in the b
direction, the mobilities of electrons and holes are not significantly
different, recorded at 475.53 cm2 V�1 s�1 and 436.01 cm2 V�1 s�1,
respectively, where the electron mobility exceeds that of GeSSe at
132.31 cm2 V�1 s�1 (ref. 62) and BCN at 128 cm2 V�1 s�1,63

approaching that of GeCH3 at 510 cm2 V�1 s�1;47 while the hole
mobility exceeds ZnPSe3 at 310.82 cm2 V�1 s�1 (ref. 64) and GaInS3

at 350 cm2 V�1 s�1,65 nearing BC2N at 390 cm2 V�1 s�1.47 Analyzing
from the perspective of carrier types, starting with electrons, the
mobility in the a direction is greater than that in the b direction;
from the perspective of holes, the mobilities in the a and b
directions are similar, indicating anisotropic electron mobility.
The difference in carrier mobility between the a and b directions
implies that Si9C15 could serve as a directional channel material
with selective advantages in designing electronic devices such as
FETs. It also offers a new avenue for regulating the separation and
mobility of electrons and holes during photocatalytic reactions,
potentially enhancing photocatalytic efficiency by optimizing the
material’s directionality.

Band gap and effective mass response to strain

We subjected monolayer Si9C15 to uniaxial strains ranging from
�5% to 5% to observe its bandgap response (Fig. 3). The results
demonstrated that the bandgap increases under compressive
stress and decreases with tensile strain, irrespective of whether
it is in the a or b direction. Notably, under strains from �2% to
2% in the a direction, Si9C15 retained its direct bandgap nature,
with the bandgap value adjusting from an unstrained 2.54 eV/
1.84 eV (HSE06/PBE) to 2.73 eV/1.95 eV (HSE06/PBE) under
�2% compression and to 2.45 eV/1.72 eV under 2% tension

Fig. 2 Band structure of Si9C15 calculated using the (a) HSE06 functional and (b) PBE functional. The inset in (a) shows the Brillouin zone.

Table 1 The deformation potential E1, elastic constant C2D, effective
mass m* and carrier mobility m of Si9C15 were calculated at room
temperature 300 K

Carrier E1 (eV) C2D (N m�1) m* (m0) m (cm2 V�1 s�1)

e(a) �2.74 97.90 0.57 706.42
e(b) �2.77 98.48 0.84 475.33
h(a) 3.15 97.90 0.70 432.84
h(b) 3.06 98.48 0.71 436.01
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(HSE06/PBE); beyond this range of strain, it transitioned to
an indirect bandgap, with bandgap values near the G point
changing by less than 0.15 eV (Ei

g o Ed
g o Ei

g + 0.15 eV).66 In the
b direction, similar maintenance of the direct bandgap
was observed for strains from �4% to 2%, with the bandgap
value shifting from an unstrained 2.54 eV/1.84 eV (HSE06/PBE)
to 2.75 eV/2.00 eV under �4% compression and to 2.40 eV/
1.72 eV(HSE06/PBE) under 2% tension respectively; when the
strain in the b direction exceeded this range, Si9C15 also
exhibited an indirect bandgap, with values concentrated near
the G point, but the change was no more than 0.15 eV (Ei

g o
Ed

g o Ei
g + 0.15 eV). The modulation of the bandgap with applied

uniaxial strain from �5% to 5% not only highlights the
tunability of Si9C15 but also offers new pathways for perfor-
mance optimization in potential applications. For FETs, the
strain-induced bandgap enlargement could enhance the switch
ratio and reduce leakage currents, thereby lowering power
consumption, which is beneficial for high-performance and
low-energy electronic devices. Conversely, a reduction in the
bandgap may lower the threshold voltage, essential for applica-
tions requiring rapid switching and high conductivity. Regarding
photocatalytic performance, the bandgap adjustment affects
Si9C15’s light absorption range. A decrease in the bandgap,
especially an extension into the visible light region, can enhance
material utilization of light energy, thereby improving the effi-
ciency of photocatalytic water splitting. While an increased
bandgap might limit visible light absorption, for certain photo-
catalytic reactions, a larger bandgap can enhance selectivity or
stability. Thus, by controlling the strain applied to Si9C15, not
only can its bandgap be precisely tuned to meet different
application needs, but this property can also be leveraged to
optimize the electronic performance of FETs or enhance the
efficiency and selectivity of photocatalytic processes.

As shown in Fig. 4, when tensile strain is applied in the a
direction, the electron effective mass m�e undergoes an initial
increase followed by a decrease, changing from 0.57 m0 to
0.73 m0 and finally dropping to 0.42 m0, while the hole effective
mass m�h continuously decreases from 0.70 m0 to 0.50 m0. The
application of compressive strain in a direction initially leads to
a reduction in the m�e to 0.39 m0, followed by an increase to

approximately 0.50 m0, whereas the m�h increases from 0.70 m0

to 1.50 m0 before finally reducing to 1.16 m0. In the b direction,
tensile strain leads to a fluctuation in the m�e from 0.84 m0 to
0.55 m0, while the m�h varies from 0.71 m0 to around 0.61 m0.
Under compressive strain, the m�e changes from 0.84 m0 to 0.50
m0, and the m�h experiences a variation from 1.59 m0 to 0.77 m0.
For electronic devices such as FETs, a smaller effective mass m*
is advantageous. Therefore, in FET applications, especially
those pursuing high current densities and fast response times,
the reduction of m* in Si9C15 along specific directions (e.g.,
the a direction) is generally considered a favorable change
for enhancing device performance. However, in photocatalytic
applications, the impact of m* changes in performance
are more complex. Smaller m* can accelerate the separation
and migration of photogenerated charge carriers, potentially
improving photocatalytic efficiency. Nevertheless, in some
cases, larger m* may help increase the localization ability of
charge carriers, reduce carrier recombination, and thus
enhance the material’s utilization of light energy and boost
photocatalytic activity. Consequently, the tuning of m* in Si9C15

offers the possibility to optimize specific photocatalytic

Fig. 4 The effect of strain along a and b direction on the effective masses
of electrons m�e and holes m�h in Si9C15.

Fig. 3 The bandgap variation of Si9C15 after applying �5% to 5% strain along the (a) a direction and (b) b direction, where the white and orange regions
represent the strain ranges corresponding to direct and quasi-direct bandgaps, respectively.
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reactions by precisely controlling its electronic and photoelec-
tric properties.

Anisotropic I–V characteristics

We calculated the I–V characteristics curves in two-electrode
systems of Si9C15 with 3 nm and 5 nm Lc along the a direction.
As illustrated in Fig. 5, the two-electrode model employs
undoped Si9C15 as the channel and n-type heavily doped
Si9C15 as the electrodes, to avoid the influence of factors such
as metal–semiconductor contact. To prevent the electrode
doping concentration from impacting carrier transport perfor-
mance, an electron doping concentration of 1.10 � 1014 cm�2

was chosen. This sets the Fermi level of the Si9C15 electrodes
0.16 eV below CBM, fulfilling two main requirements: provid-
ing sufficient carriers in both electrodes and achieving experi-
mentally feasible doping concentrations. As depicted in
Fig. 6(a), under a bias range of �0.6 V to 0.6 V, the two-
electrode system with the 3 nm Lc shows an ON state, with
the current increasing to approximately 150 nA at �0.6 V bias,
while the 5 nm one remains in an OFF state, with an ION/IOFF

ratio of 102. This aligns with the theoretical understanding that
shorter Lc leads to better performance. Furthermore, we ana-
lyzed the effect of Lc on current magnitude from the perspective
of effective barrier height (FB) (Fig. 7). The calculated local

density of states (LDOS) indicates that the FB = 0.316 eV for a
5 nm channel is higher than FB = 0.188 eV for a 3 nm channel.
A higher FB impedes electron transport, resulting in the 3 nm
channel exhibiting an ON state, while the 5 nm channel
remains in an OFF state. We then investigated the impact of
uniaxial strain on the I–V characteristics in the a direction, this
study selected two configurations that maintained a (quasi)
direct bandgap with significant bandgap value changes: 5%
tensile and 5% compressive strain. The corresponding I–V
characteristic results are presented in Fig. 6(b). Under bias
conditions from �0.6 V to 0.6 V, a 5% tensile strain in the a
direction, reducing the bandgap, increased the current com-
pared to the unstrained state, particularly at 0.6 V bias, where it
reached about 200 nA, 1.85 times the unstrained state’s current.
Conversely, the configuration with a 5% compressive strain in
the a direction, leading to an increased bandgap value, exhibited
a decrease in current, with the current about 35 nA at a 0.6 V
bias being only about 0.29 times that of the unstrained state,
which is equivalent to approximately 0.18 times that of the 5%
tensile state.

Light absorption coefficient

Besides carrier mobility, the optical absorption rate is another
key parameter for materials, reflecting their potential

Fig. 5 The schematic diagram of two-electrode system with Lc of 5 nm and 3 nm, including (a) the top and (b) the side views of the 5 nm configuration,
(c) the top and (d) the side views of the 3 nm configuration.

Fig. 6 The I–V characteristic curves of Si9C15, including (a) those along the a direction for Lc of 3 nm and 5 nm without applied strain, and (b) those for a
Lc of 3 nm along the a direction with applied strains of 5% and �5%.
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applications in optoelectronic devices. The magnetic suscepti-
bility tensor can be calculated using the Kubo–Greenwood
formula67 using HSE06 functional:

wij oð Þ ¼
e2

�hm�2e V

X
nmk

*

f
mk
* � f

nk
*

o2
nm k

*
� �

onm k
*
� �
� o� iG=�h

h ipinm k
*
� �

pjmn k
*
� �

ð4Þ

where pnm
ihn

-

k|-pi|m
-

ki represents the i-th component of the
momentum operator between electron states n and m, m�e is
the effective mass of the electron. V is the volume, G is the
energy broadening, fnk is Fermi function. �honm = En � Em

signifies the energy difference between the states. The relation-
ship between the relative permittivity er and the magnetization
intensity is given by er(o) = 1 + w(o). The refractive index n and
extinction coefficient k were calculated from the real (e1) and

imaginary (e2) parts of the dielectric constant:68

n ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e12 þ e22

p
þ e1

2

s
; k ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e12 þ e22

p
� e1

2

s
(5)

Therefore, the light absorption coefficient can be calculated
by the following equation:69

a ¼ 2
o
c
k (6)

As shown in Fig. 8, under no strain conditions, the absorption
coefficient of Si9C15 in the visible and ultraviolet light regions
reaches the magnitude of 105 cm�1, comparable to other
potential 2D photocatalytic materials. After applying a 5% tensile
strain along the a/b direction, which results in a reduced
bandgap, there is an observed increase in the maximum absorp-
tion coefficient in both the visible and ultraviolet light regions.

Photolytic water

The redox capability of photocatalytic water-splitting materials
can be assessed by comparing the relative positions of the CBM,
VBM, and the redox potentials of water. Therefore, as stated in
the Calculational methods section, our calculations and sub-
sequent analysis are based on the electronic structure obtained
from the HSE06 functional. An effective catalyst should func-
tion across a broad range of pH values. According to the Nernst
equation: E(H+/H2) = �4.44 + pH � 0.059 eV, E(O2/H2O) =
�5.67 + pH � 0.059 eV,70 the redox potentials at pH = 7 are
�4.03 eV for H+/H2 and �5.26 eV for O2/H2O, indicating that
the redox potential for water splitting increases with pH value.
As illustrated in Fig. 9, without any strain applied, the redox
potential for water splitting falls between the CBM and VBM of
Si9C15 across pH values from 0 to 7, meeting the requirements
for photocatalytic water splitting. Additionally, upon applying
uniaxial strain ranging from �5% to +5% in both the a and b
directions (excluding +4% and +5% tensile strains in the b
direction), Si9C15 continues to meet these photocatalytic
requirements by facilitating the reduction and oxidation of
water into O2 and H2.

Fig. 7 The calculated LDOS for two-electrode configurations with Lc of (a) 3 nm and (b) 5 nm under a bias voltage of 0.4 V. FB denotes the effective
barrier.

Fig. 8 The light absorption coefficients of Si9C15 under no strain, when
stretched by 5% along the a direction, and when stretched by 5% along the
b direction.
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Previous analysis reveals that the closer the positions of the
CBM and VBM are to the standard redox potential, the higher
the efficiency of water splitting, assuming their bandgap satis-
fies photocatalytic criteria.71 Fig. S1 (ESI†) shows that applying
a uniaxial compressive strain of 0 to �5% in either the a or b
direction causes the CBM to shift upwards and the VBM
downwards, moving away from the standard redox potential
and potentially lowering the efficiency of photocatalytic water
splitting. Conversely, applying a uniaxial tensile strain of 0 to
+5% in these directions results in a downward shift of the CBM
and an upward shift of the VBM, bringing them closer to the
standard redox potential. This proximity becomes even more
significant as the pH value increases from 0 to 7, suggesting a
potential increase in catalytic efficiency for water splitting.
Overall, Si9C15 exhibits robust photocatalytic activity within
the pH range of 0 to 7, capable of simultaneously producing
hydrogen and oxygen gases. Importantly, the efficiency of water

splitting catalysis is enhanced under conditions of uniaxial
tensile strain in either the a or b direction.

In practical applications, achieving water splitting with
photocatalytic materials without the use of sacrificial reagents
and co-catalysts presents significant challenges.72,73 Therefore,
we conducted an in-depth study on the overall reaction process
of water splitting under visible light irradiation, that is, under
conditions driven by photogenerated carriers. Based on the free
energy theory proposed by Nørskov and others, we calculated
the catalytic activity of Si9C15 in different pH environments,
including the changes in free energy for the HER and OER
processes of water splitting in neutral (pH = 7) and highly acidic
(pH = 0) environments, with details provided in the ESI†
(eqn (S1)–(S12) and Table S1).74,75

Firstly, we examined the HER reaction (Fig. 10(a)), including
the two-step reaction process and electron transfer, described
by eqn (S1) and (S2) (ESI†), with the energy change calculations
presented in S7 and S8. At pH = 7, with an external potential
energy of Ue = 0.77 eV, the free energy changes of the two-electron
reaction were DG1 = 0.15 eV (endothermic reaction) and DG2 =
�1.69 eV (exothermic reaction). The barrier for the first step was
0.15 eV, below the spontaneous chemical reaction threshold of
0.2 eV,49,76,77 indicating that the HER reaction can proceed
spontaneously under neutral conditions with illumination. At
pH = 0 and an external potential energy of Ue = 1.18 eV, the free
energy changes for the HER reaction were DG1 = �0.26 eV and
DG2 =�2.10 eV, with the entire process showing a negative energy
change, indicating a spontaneous HER reaction.

Next, we evaluated the OER reaction (Fig. 10(b)). The OER
proceeds through a four-electron reaction, as shown in eqn (S3)
and (S6) (ESI†), with the energy changes calculated using
eqn (S9)–(S12) (ESI†). At pH = 7, with external potential energy
of Uh = 1.77 eV, the free energy changes for the four-electron
reaction process were DG1 = �1.67 eV, DG2 = �0.9 eV, DG3 =
�2.06 eV, and DG4 = �1.06 eV, with the entire process exhibit-
ing negative energy changes and a downhill trend for the free
energy of the intermediate states, indicating that the OER

Fig. 9 The band edge positions relative to the vacuum energy level of
Si9C15 using HSE06. The green and blue dashed lines represent the
reduction potential and oxidation potential at pH = 7, 0, respectively.

Fig. 10 Free energy diagrams for the (a) two-electron pathways of the HER and (b) four-electron pathways of the OER in the Si9C15 at pH = 0 and 7 and
different external potential energy.
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reaction can proceed spontaneously under these conditions. In
conditions of pH = 0 and external potential energy of Uh = 1.36 eV,
the free energy changes for the OER four-electron reaction process
were all negative, showing a downhill trend, indicating an
exothermic reaction and that the OER reaction can spontaneously
proceed. In summary, Si9C15 can achieve spontaneous complete
water splitting under conditions of pH = 0 and 7 with sunlight
irradiation without the need for sacrificial reagents and co-
catalysts, providing important guidance for the development of
efficient photocatalysts for renewable energy.

Conclusions

In conclusion, our comprehensive study using DFT and the
NEGF method reveals the remarkable electronic, electrical
transport, and photoelectric properties of monolayer Si9C15.
The calculated bandgap of 1.84 eV (PBE) and 2.54 eV (HSE06) is
consistent with the experimental value of 1.9 eV32 and the
previous theoretical value of 1.82 eV (PBE), validating our
approach. Si9C15 exhibits significant anisotropy in carrier
mobility, with electron mobility (706.42 cm2 V�1 s�1) being
much higher than hole mobility (432.84 cm2 V�1 s�1) along the a
direction, providing insights for device design. The bandgap can
be tuned within the range of 1.72 to 2.00 eV under �5% to 5%
strain, while the effective mass of electrons and holes can be
modulated within 0.39–1.00 m0 and 0.50–1.59 m0, respectively
under strain �4% to 4%, which is crucial for optimizing the
performance of FET devices and photocatalytic processes. The
electrical transport calculations reveal that configurations with a
3 nm Lc demonstrate an ON state when biased, reaching a peak
current of 150 nA. Moreover, this maximum current value esca-
lates to about 200 nA under tensile strain, marking an increase of
approximately 100 times compared to the 5nm channel, which
remains in an OFF state. Furthermore, Si9C15 exhibits high light
absorption coefficients on the order of 105 cm�1, and its band
edge positions satisfy the redox potential requirements for water
splitting within the pH range of 0 to 7. Applying tensile strains
from 1% to 5% can shift the CBM and VBM of Si9C15 closer to the
standard redox potentials, enhancing the efficiency of photocata-
lytic water splitting. Under illumination at pH = 0 and 7, Si9C15

can spontaneously catalyze water splitting. Our strategic use of
HSE06 and PBE functionals allows us to balance accuracy and
computational efficiency. HSE06 provides accurate electronic
structure and bandgap predictions, which are crucial for deter-
mining optical absorption spectra and photocatalytic band edge
positions. On the other hand, PBE offers reliable results for carrier
mobility and transport I–V characteristics, particularly in highly
doped electrodes, as well as for photocatalytic step diagrams. This
approach ensures robust and comprehensive insights into the
material’s electronic, transport, and photocatalytic step diagrams
while acknowledging the limitations and strengths of each
method. Our findings highlight the potential of Si9C15 as a
high-performance channel material for FETs and a catalyst for
photocatalytic water splitting. Strain engineering allows tuning
of its properties, opening up possibilities for advanced nano-

electronic devices and sustainable energy applications. Future
research should focus on device optimization, stability studies,
and practical application exploration to fully harness the potential
of Si9C15.
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