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1 Introduction

Outstanding elastic, electronic, transport and
optical properties of a novel layered material C4F,:
first-principles study

Tuan V. Vu, @3 Huynh V. Phuc,® Sohail Ahmad, Vo Quang Nha,® Chu Van Lanh,
D. P. Rai,©9 A. I. Kartamyshev,?® Khang D. Pham,” Le Cong Nhan'
and Nguyen N. Hieu { *k

Motivated by very recent successful experimental transformation of AB-stacking bilayer graphene into
fluorinated single-layer diamond (namely fluorinated diamane C4F,) [P. V. Bakharev, M. Huang, M.
Saxena, S. W. Lee, S. H. Joo, S. O. Park, J. Dong, D. C. Camacho-Majica, S. Jin, Y. Kwon, M. Biswal, F.
Ding, S. K. Kwak, Z. Lee and R. S. Ruoff, Nat. Nanotechnol, 2020, 15, 59-66], we systematically
investigate the structural, elastic, electronic, transport, and optical properties of fluorinated diamane C4F,
by using density functional theory. Our obtained results demonstrate that at the ground state, the lattice
constant of C4F, is 2.56 A with chemical bonding between the C-C interlayer and intralayer bond
lengths of about 1.5 A which are close to the C-C bonding in the bulk diamond. Based on calculations
for the phonon spectrum and ab initio molecular dynamics simulations, the structure of C4F; is
confirmed to be dynamically and thermally stable. C4F, exhibits superior mechanical properties with
a very high Young's modulus of 49319 N m~% Upon fluorination, the formation of C—C bonding
between graphene layers has resulted in a comprehensive alteration of electronic properties of C4F,.
C4F, is a direct semiconductor with a large band gap and phase transitions are found when a biaxial
strain or external electric field is applied. Interestingly, C4F, has very high electron mobility, up to 3.03 x
10% cm? V71 571, much higher than other semiconductor compounds. Our findings not only provide
a comprehensive insight into the physical properties of C4F, but also open up its applicability in
nanoelectromechanical and optoelectronic devices.

to its exceptional properties, including high mechanical
stability,»* extraordinary electronic properties,*” and excellent

Graphene, a single layer of atoms forming a two-dimensional electrical conductivity.®** However, in the semimetal form with
(2D) hexagonal lattice,' has attracted enormous attention due zero band gap, there is some disadvantage for applications of

graphene in electronic devices, such as field-effect transistors.™
Along with finding alternative materials, effective ways to
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chemically-induced surface functionalization is found to be one
of the most powerful methods to modulate the electron states of
graphene.'®” The formation of sp® bonding hybridization due
to the chemical functionalization of the surface has given
functionalized graphene novel physical properties that are not
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thin diamond film (referred to as diamane) by high pressure has
been experimentally reported.’*® Also, diamane can be experi-
mentally obtained by fully surface-hydrogenation of the AB-
stacking bilayer graphene.”>** Previously, electron states of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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hydrogenated bilayer graphene have been predicted by using
density functional theory (DFT).>* Interestingly, a large band
gap is found in the hydrogenated bilayer graphene and its band
gap can be controlled by an applied bias voltage between gra-
phene layers.”® Besides, hydrogenated bilayer graphene C,H is
predicted to have superior mechanical properties with an in-
plane stiffness up to 751 N m~*, quite stronger than both gra-
phene and graphane.”® Diamane based hydrogenated bilayer
graphene has also attracted great attention with a series of
theoretical studies.?>?*

A transformation of bilayer graphene into diamane by the
high-pressure method may have the problem that after the
pressure has been released, diamane can return to the original
structure of bilayer graphene. Hence, chemical surface-
functionalization is considered the optimal method for multi-
layer graphene diamondization. Previous experiment study
has been demonstrated that chemical surface functionalization
with fluorine atoms is much easier than that with hydrogen
atoms due to the difference in electronegativity between fluo-
rine and hydrogen and carbon.”” Besides, the growth time of
graphene in the chemical vapor deposition (CVD) method for
the case of functionalization with F is shortened than that with
other groups.”® By using first-principles calculations, Odkhuu
et al., demonstrated that fluorination of C atoms at the outer
surface can convert AB-stacking (Bernal-type stacking) bilayer
graphene into sp>-bonded diamane with intralayer and inter-
layer C-C bond lengths being respectively 1.52 A and 1.58 A,
which are close to the sp® bond length in bulk diamond (1.54
A).> This implies that the C-C bond lengths are similar to that
in diamond, suggesting that diamane will possess a large nature
band gap and outstanding mechanical properties. Via first-
principles calculations, Sivek et al. demonstrated that chemi-
sorption on AB-stacking bilayer graphene is the most energeti-
cally favorable and band gap of fluorinated AB-stacking bilayer
graphene (4.040 eV) is larger than that of fluorinated monolayer
graphene by about 1 eV.** Effects of the strain on stability and
electronic properties of halogenated diamane have been inves-
tigated by the first-principles calculations.’>*?

Very recently, a transformation of CVD-grown AB-stacking
bilayer graphene into a fluorinated single-layer diamond
(C4F,) has been experimentally reported.®® Motivated by this
successfully experimental synthesis, in this paper, we system-
atically investigate the structural, elastic, electronic, transport,
and optical properties of F-diamane C4F, by using DFT calcu-
lations. The structural and mechanical stability of C,F, is
carefully investigated. Besides, the influences of strain engi-
neering and electric field on electron states of C,F, are also
focused.

2 Computational details

Optimized atomic structures and calculations for electronic
characteristics are performed by using the first-principles
calculations based on the DFT as implemented in the
Quantum Espresso code.** The project augmented wave (PAW)
method* was used to describe the electron-ion core interac-
tions. We used the generalized gradient approximations with
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exchange-correlation functional of Perdew-Burke-Ernzerhof
(PBE).*® To correct the band structure of investigated systems,
the Heyd-Scuseria-Ernzerhof (HSE06) functional® was also
used. The DFT-D2 method by Grimme?® was performed to treat
the van der Waals interactions in diamane. The plane-wave cut-
off energy of 500 eV is used in our calculations. The Brillouin
zone is sampled by a (15 x 15 x 1) k-mesh. The atomic struc-
tures were optimized until the residual forces on atoms were
less than 10 * eV A~'. We set a vertical vacuum space of 20 A to
limit the interlayer interactions. The phonon dispersion rela-
tions, which are used to examine the dynamical stability of
investigated systems, were calculated using the density func-
tional perturbation theory method*® via the Quantum Espresso
package.** Besides, the ab initio molecular dynamics (AIMD)
simulations were performed based on the Nosé thermostat
algorithm* at room temperature (300 K) for 10 ps with time step
of 1 fs to verify the thermal stability of the systems. The
canonical ensemble (NVT) with fixed particle number, volume
and temperature is used in our molecular dynamic simulations.
A large supercell of 4 x 4 x 1 which contains 96 atoms (64 C
atoms and 32 F atoms) was used for the molecular dynamic
simulations to guarantee the convergence and obtain accurate
results. The dynamical examinations are begun with the opti-
mized structure of C,F, at 0 K. The mechanical stability of
investigated systems was evaluated via calculations for the
elastic constants and then compared with the Born criteria for
mechanical stability.**

3 Stability and elastic properties

Single-layer diamond or diamane can be formed from bilayer
graphene via surface functionalization. Atomic structure of
fluorinated diamane C,F, is shown in Fig. 1. The structure of
C,F, looks like interlayer bonded bilayer graphene but its
interlayer distance is much shorter than that in bilayer gra-
phene. After relaxation, the lattice constant of C,F, is 2.56 A

Side view

Fig. 1 Different views of optimized atomic structure (a, b) and primi-
tive cell (c) for C4F>.
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Table 1 Calculated results for lattice parameter a (A), interlayer C—C bond length d; (A), in-plane C—C bond length ds (A), C—F bond length dc_¢
(A), buckling constant 4 (A), C-C~-C bond angle @ (deg.), binding energy £, (eV), elastic constants C; (N m~Y), Young's modulus Y5 (N m™1), 2D

shear modulus Gop (N m™3), and Poisson's ratio »

a d; d, de-r 4 0 Ey Ci1 Cis Yoo Gsp v
C,F, 2.56 1.55 1.56 1.38 0.50 110.17 —44.132 499.46 55.96 493.19 221.75 0.11

2.56% 1.55% 1.56% 1.38% — 110.20° — — — — — 0.10°

2.56" 1.55” 1.56° 1.37° 0.50° 110.13° — — — — — —

@ Ref. 30. ? Ref. 31. ¢ Ref. 32.

which is slightly larger than that of hydrogenated diamane (2.53
A).* The C-C interlayer bond length d; and in-plane C-C bond
length in C,F, are found to be 1.55 A and 1.56 A, respectively.
Our obtained result for the lattice parameters is in good
agreement with the previous DFT calculations.*® Clearly, the
C-C interlayer bonding d; in C,F, is much shorter than the
interlayer distance in AB-stacking bilayer graphene (about 3.3
A), implying that the layers in bilayer graphene are held
together by the weak van der Waals force rather than by the C-C
chemical bond. The calculated structural parameters of fluori-
nated diamane C,F, are listed in Table 1.

We next calculate the binding energy to examine the ener-
getic stability. The binding energy Ej, of C,F, can be calculated
via expression as:

Ey = Ec,;r, — (NcEc + NrEp), (1)
where Ec/r is the energy of the single atom C/F, Ec y, is the total
energy of the C,F,, and Ngy is the number of the C/F atoms in the
unitcell. Obtained results demonstrate that the binding energy of
C,F, is E, = —44.132 eV per atom. The negative value of E;, implies
that C,F, is energetically favorable for F to bond with C atoms and
one can fabricate C,F, as free-standing material.

The phonon spectrum of C,F, is also calculated to test its
dynamical stability. The primitive cell of C,F, contains six atoms.
Hence, there are 18 branches in its phonon dispersion relations,
including three acoustic branches and 15 optical branches. The
calculated phonon spectrum along the Brillouin zone of C,F, is
demonstrated in Fig. 2(a). In the phonon spectrum of C,F,, there
is an intersection between acoustic and optical vibrational
branches and both acoustic and optical branches coexist in the
same phonon frequency. This can lead to strong optical-acoustic
scattering and C,F, may possess low-thermal conductivity as
a result of this strong scattering. Also, the highest optical phonon
frequency of C4F, is up to 1300 cm™ ', demonstrating that the C-F
bonds in C,F, is strong. Most importantly, there are no soft-modes
in the phonon spectrum of the considered system. This implies
that C,F, is dynamically stable. If negative frequencies were
present, there would be no restoring forces against the displace-
ment of atoms. Further, the AIMD simulations at room tempera-
ture (300 K) within 10 ps with a time step of 1 fs are performed to
examine the thermal stability of the considered system. In Fig. 2(b)
and (c), we show the calculated results for the fluctuations of total
energy and temperature as functions of heating time. As presented
in Fig. 2(b) and (c), the total energy of C,F, is fluctuated very
slightly, about 0.5 eV, during the 10 ps of heating at room

23282 | RSC Adv, 2021, 1, 23280-23287

temperature. The atomic structure of C,F, is still robust and there
is no structural transition nor bond breaking in the C,F, structure
after being heated for a period of 10 ps as presented in Fig. 2(d). It
implies that the thermal stability of C,F, at room temperature has
been verified and it can be used in physical devices.

It is well-known that carbon nanomaterials have outstanding
mechanical properties. For insights into the mechanical stability
issue, we calculate the elastic properties to examine the
mechanical characteristics of C,F,. We use the standard Voigt
notation for the elastic constants Cj;. For 2D structures, there are
four independent elastic constants, including C;4, Csz, Ci,, and
Css. The elastic constant can be calculated by using DFT calcu-
lations. The angular-dependence of the 2D Young's modulus
Yop(6) (or in-plane stiffness) and Poisson's ratio »(f) can be
directly derived from the stiffness tensor components C;****

CiGCy — Gy’

Y (0) = » (2)

C11Cyy — C1)?
C11A4+C22A4 7A2A2 (2C12 _ %)
66

Cip(4* 4 4%) — AZAZ(CH + Cyp —

CiCy — C122)
, 3)

V(a) _ C()()
4 4 2 12 CllCZZ - C122
Cnd™ + Cpd™ — 4°47| 2C, — — .
66
1400 [~ ~450f )
1200 \% © _u5) ]
= 800
e 435 ‘
§ 600 1200 [ o)
g 400 1 g 90
= oo 1 = 600
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r M r 0 2 4 6 8 10
Time (ps)
(d before heating ﬂ» after heating
10 ps

Fig. 2 Stability of C4F,: phonon spectrum (a), AIMD simulations for
fluctuations of total energy (b) and temperature (c) as a function time,
and snapshots of atomic structure before and after heating at 300 K
within 10 ps (d).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Polar diagram for the Young's modulus and Poisson’s ratio of C4F».

where 4 = sin § and 4 = cos 6. Here, 0 is the angle relative to
the armchair direction.

Due to hexagonal structure, in-plane elastic constant C;; =
C,, and we can directly calculate the Ce via relationship Ces =
(C11 — Cyp)/2. Tt implies that, for C,F,, there are only two
nonzero elastic constants to be estimated being C;; and Cjs,.

Our calculated results demonstrate that the in-plane elastic
constant of C4F, being C;; = 499.46 Nm™ " and C;, = 55.96 Nm ™.
The obtained values for the elastic constants of C,F,, as listed in
Table 1, satisfies the Born criteria®* for mechanical stability with
Ci;1 > 0 and Cy;® — Ci° > 0. Our calculations indicate that the
elastic constants of C,F, are greater than most other 2D layered
materials, demonstrating the superiority of its mechanical prop-
erties. As listed in Table 1, Y, = 493.19 Nm™ * and G,p = 221.75 N
m ™, which is comparable to that of graphene (340 N m~* and
144 N m ™, respectively).*> Also, the Poisson's ratio of C,F, is 0.11
which is close to that of graphene (0.17).** Obtained results for
elastic constants reflect that C,F, has high in-plane stiffness and
strong bonding. The polar diagram for the Y,p(f) and »(6) of C,F,
are presented in Fig. 3. We can see that the angle-dependence of
Y,p(6) and »(6) of C,F, have perfectly circular shape, reflecting that
C,F, has fully isotropic elastic properties.

4 Electronic properties

Graphene and also bilayer graphene are predicted to be semi-
metal with a zero band gap.*® Surface functionalization is an
effective way to turn the electronic properties of layered mate-
rials. In Fig. 4, we present our calculated results for band

—
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— Total
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i
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Fig. 4 Band structure and partial density of states (PDOS) of C4F,
monolayer.
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structure of C,F,. Obtained results demonstrated that at the
ground state, C,F, is a direct semiconductor with a large energy
gap. Both the conduction band minimum (CBM) and valence
band maximum (VBM) locate at the I" point in the first Brillouin
zone. The estimated energy gap of C,F, by the PBE functional is
4.13 eV, which is larger than that of both graphane (3.5 eV) and
fluorinated graphene (3.1 eV).*” However, the PBE method is
known to be underestimated the energy gap problem of the
semiconductor. Hence, to correct the band structure of the
investigated system, we also perform the calculations for the
band structure of C,F, by using the hybrid functional HSE06.
Obtained results indicate that the estimated band structures of
C4F, by HSE06 and PBE methods have the same profile. At the
HSEO06 level, the energy gap of C,F, is up to 5.75 €V as presented
in Fig. 4. To explore the contribution of atomic orbital to the
band structure formation, we also plot out the partial density of
states (PDOS) as shown in Fig. 4. While the CBM of C,F, is
mainly contributed by F-s orbitals, the VBM is occupied by the
C-p and F-p orbitals. The F-p orbital greatly contributes to the
valence band, especially in the region from — 3 to — 6 eV.

Note that strain engineering is the best way to turn the
electronic properties of 2D layered materials. Here, we investi-
gate the dependent-biaxial strain of the electronic properties of
C,4F,. The dependent-biaxial strain is quantitatively investigated
via the expression as ¢, = (@ — ay)/ao. Here, a and a, are the
lattice constants of the investigated system with and without
strain, respectively. In the present study, a large range of biaxial
strain from —10 to 10% is applied to the system (minus sign
stands for the compressive case). Band structure of C,F, at
several values of ¢, is shown in Fig. 5. In the compressive strain
case (ep < 0) as illustrated in Fig. 5(a), direct semiconductor
characteristic of C,F, is preserved, however, its band gap is
significantly changed (decreased) when the compressive strain
is applied. Interesting takes place in the case of tensile strain (e,
> 0) where the direct-indirect gap transitions are observed as
illustrated in Fig. 5(b). We can reveal that the CBM tends to
move from I" to M point and vice versa when the tensile strain
was introduced. Consequently, the indirect-direct gap transi-
tions take place at ¢, = + 4% and ¢, = + 10%. At &, = + 4%, C4F,
becomes the indirect semiconducting material with the CBM at
the M-point and the indirect semiconductor characteristic of
C,F, is prevented in the strain range from +4 to +8% and the
indirect-direct energy gap transition occurs again at ¢, = +10%
the CBM returns to the original point (I'-point) and the C,F, is
the direct semiconductor at &, = +10%.

Along with mechanical strain, the electron states of layered
nanomaterials can be modulated by electric gating. In this
paper, an electric field E is perpendicularly applied to the
surface of investigated material (along c-axes). A plus sign of the
electric field E indicates that the E direction coincides with the
positive direction of the c-axis and vice versa. The band struc-
tures of C,F, under the E are shown in Fig. 6. Obtained results
reveal that the band structure of C,F, depends greatly on the E.
In the presence of the E, there is the redistribution of charge
due to the electric field and the polarization of effective charges
in the electronic bands will also respond to the external field.
Consequently, the electron states of materials can be altered by

RSC Adv, 2021, 11, 23280-23287 | 23283
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the external field. Obtained results indicate that the transition nm~™ . However, the energy gap reduces quickly with the

from semiconducting to metallic behavior is found in C,F,
when the E was introduced. In the presence of the E, the energy
gap of C,F, decreases slightly when the FE varies from 0 to 2 V
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<
~

continued increase in the electric field. Consequently, The
semiconductor-to-metal transitions are found at E = £5 V
nm '. At E = +5 V nm ™, as presented in Fig. 6, the highest
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subband of the valence band and the lowest subband of the
conduction band intersect at the Fermi level (the Fermi level is
set at zero) and C,F, becomes a metal. Both the VBM and CBM
are always at the I'-point in the presence of the electric field,
implying that C,F, is a direct semiconductor (except the phase
transition point at 5 V nm™"). The E- and ¢,-dependent band
gap of C,F, is depicted in Fig. 7. The energy gap of C,F,
decreases quite rapidly (about 32%) in the case of ¢, < 0, from
4.13 eV at equilibrium (e, = 0) to 2.81 eV at ¢, = —10%. For the
&, > 0 case, the band gap of C,F, slightly increases and then
linearly decreases with tensile strain as shown in Fig. 7(a). The
electronic properties of 2D nanomaterials are very sensitive to
the altering in their structure. When the strain is applied, the
bond lengths between atoms in materials are changed, leading
to a change in their hopping energy which plays a key role in the
modulation of electron states of materials.** The semi-
conductor-metal transition in C,F, due to the external field as
shown in Fig. 6 and 7(b) is an important characteristic that
makes C,F, promising for applications in
electromechanical devices.

nano-

5 Transport properties

The carrier mobility is a key factor determining possibility
applicability of materials to electronic devices. The carrier
mobility can be studied by using deformation potential
approximation.” For 2D systems, the carrier mobility u,p is

50,51

given by:

_ €h3C2D
kB Tn’l*I’T’lEdz ’

Hap (4)
where e is the electron charge, T is the temperature, C,p and Eq4
are respectively the elastic modulus and deformation potential
constant, m* and m = m;m; are the carrier effective and
average effective masses, respectively.
The effective mass of the carrier is also an important
parameter of materials. The carrier effective mass m* is given
1 19E(k)
Vol = h ok
vector k at the CBM/VBM. Our obtained results show that, at the
CBM, the lateral electron effective masses m, along I'-K and T'-
M of C,F, are 0.55m, and 0.55m,, respectively. Here, m, is the
free mass of an electron. Meanwhile, at the VBM, the lateral

with E(k) is the electron energy at a wave
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hole effective masses m; along I'-K and I'-M are obtained to be
—1.04m, and —0.97m,, respectively. Consequently, the carrier
mobility of C,F, is predicted to be high due to the low carrier
effective masses and high elastic modulus C;;. At room
temperature of 300 K, the electron mobility u. of C,F, is found
to be 3.03 x 10® em® V™' 57, Clearly that the electron mobility
of our calculated results for the electron mobility of C,F, is
comparable with a previous study (2.73 x 10> em®> V' s ). It
is clear that the electron mobility of C,4F, is much higher than
that of compounds with similar band gap.*

6 Optical properties

Besides electronic properties, C,F, possesses interesting optical
characteristics that could be useful in performance optical
devices. The parameters of optical characteristics can be esti-
mated via the dielectric function, which is written as &(w) =
&1(w) +iey(w). Here, ¢1)5(w) and ¢,(w) is the real/imaginary part of
¢(w) at the incident photon frequency w, respectively. The ¢,(w)
is given by****

4752(32 / /
&(w) = Voke? (kna|p;|kn' o) (kn'o|p;|kna)
X fin(1 = ft )0(Epy — Ein — hw), (5)

where m and e are respectively the mass and charge of an
electron, |knp) is the wave-function of the crystal with the
momentum operator p, V is the unit-cell volume, and f, is the
Fermi distribution function. We then can obtain ¢;(w) by using
the Kramers-Kronig transformation.>®

The absorption coefficient A(w) is given by*”

_ V
a C

A(w) [ e1(w) + e(0) — & (u))] 1/2. (6)

The calculated results for the ¢(w) and A(w) of C4F, by both
PBE and HSEO06 approaches are presented in Fig. 8. The static
dielectric constant ¢,(0) of a semiconductor depends strongly
on its band gap. This relationship can be described via the Penn
model.*® According to the Penn model, the &(0) is inversely
proportional to the direct energy gap of the semiconductor. The
&(0) of C,F, is 1.53 (PBE) and 1.27 (HSE06). As presented in
Fig. 8, there is no absorption in the visible light region. This is
due to the large band gap of C,F, as above-presented. The

: : : 8 : : :

- 2.0r@ ¢ PBE HSE | ()
2 TN e TE 6 — PBE
2 1.5 3] —— HSE
e )
21.0 = 41
= ~
5 g
505 <2y
A K

0.0 : : 0 : :

0 5 10 15 20 0 5 10 15 20
Photon energy (eV) Photon energy (eV)

Fig. 8 Calculated dielectric function (a) and absorption coefficient (b)
of C4F; by the PBE and HSEO6 methods.
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optical absorption of C,F, is activated in the ultraviolet region,
at 4.13 eV and 5.70 eV respectively by the PBE and HSE06
methods, which is consistent with its direct band gap of C,F, as
above-mentioned. After activation, the intensity of the optical
absorption of C,F, increases rapidly as presented in Fig. 8(b).
C,F, exhibits to have very high absorption intensity in the
ultraviolet region. At the PBE level, the maximum absorbance of
C4F, is 6.59 x 10° ecm™ ' at the incident photon energy of
12.30 eV. It is noted that the Bethe-Salpeter equation (BSE) on
top of the one-shot GoW, -calculations (GoW, + BSE
method),*”**® which both the electron-electron and electron-
hole interactions are taken into account, is considered as the
best method to investigate the optical properties of 2D mate-
rials. The previous study indicated that the first absorption
peak, which is caused by the interband transition, appears at
the incident photon energy of 5.47 €V in the absorption spec-
trum of C4F, by GoW, + BSE method.** These results are
comparable to our results by the HSE06 calculations.

7 Conclusion

In summary, we have systematically considered the typical
properties of fluorinated diamane C,F, by using the DFT
calculations. Our findings demonstrated that C,F, is a stable
structure with both C-C interlayer and intralayer bond lengths
that are similar to C-C bonds in bulk diamond. C,F, exhibits
superior mechanical properties with quite high Young's
modulus. Also, C,F, has high optical absorbance in the near-
ultraviolet light region with a maximum value up to 6.59 x
10°> cm ™. Interestingly, C,F, is found to be a semiconductor
with a large band gap up to 5.75 eV at the HSE06 level and we
can alter its band gap by strain engineering or electric field,
especially the semiconductor-metal phase transition is found at
E = £5 V nm™~ ' which opens up many possibilities for the
application of C,F, in electronic devices.
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