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Monolayer fluoro-InSe: Formation of a thin monolayer via fluorination of InSe
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By performing density functional theory-based first-principles calculations, the formation of a thin monolayer
structure, namely InSeF, via fluorination of monolayer InSe is predicted. It is shown that strong interaction of F
and In atoms leads to the detachment of In-Se layers in monolayer InSe and 1T-like monolayer InSeF structure is
formed. Monolayer InSeF is found to be dynamically stable in terms of its phonon band dispersions. In addition,
its Raman spectrum is shown to exhibit totally distinctive features as compared to monolayer InSe. The electronic
band dispersions reveal that monolayer InSeF is a direct gap semiconductor whose valence and conduction band
edges reside at the � point. Moreover, the orientation-dependent linear elastic properties of monolayer InSeF
are investigated in terms of the in-plane stiffness and Poisson ratio. It is found that monolayer InSeF displays
strong in-plane anisotropy in elastic constants and it is slightly softer material as compared to monolayer InSe.
Overall, it is proposed that a thin, direct gap semiconducting monolayer InSeF can be formed by full fluorination
of monolayer InSe as a new member of the two-dimensional family.
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I. INTRODUCTION

Dimensional reduction of layered materials from their
bulk form to a two-dimensional (2D) structure significantly
influence their electronic, dynamical, and optical properties.
Following the synthesis of graphene [1], many other layered
bulk materials successfully transformed into their 2D mono-
layer forms. Recently, monolayers of group-III monochalco-
genides, GaS, GaSe, GaTe, and InSe, have been successfully
added to the library of the 2D family [2–6]. In this class
of layered materials, especially the fundamental properties
of Ga-monochalcogenides were widely investigated and re-
ported [7–17].

Indium selenides, members of the group-III chalcogenides
family, can take a wide variety of structural forms, such
as In2Se3 and InSe, in different crystal structures such as
rhombohedral and hexagonal phases. In2Se3 was reported
to crystallize in rhombohedral crystal symmetry with three
different phases (α, β, and γ phases) which can transform
from one to another under ambient conditions [18–22]. The
monochalcogenide form of indium selenide (InSe), however,
exists in a layered hexagonal structure in nature. Following
its isolation to the monolayer form [6], its bulk and few-
layer properties were widely investigated [23–29]. Bringuier
et al. studied the optical properties of bulk InSe and showed
that it exhibits large optical nonlinearities [30]. In another
study, Jones et al. investigated the optical nonlinearities in
both the bulk and surface of InSe and observed a quadratic
increase in the second harmonic generation signal for thinner
crystals [31]. Recently, Lei et al. investigated the evolution of
electronic band structure of few-layer InSe and reported that
due to the suppressed interlayer electron orbital coupling, the
band gap increases as going from bulk to few-layer thickness
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[32]. Very recently, Bandurin et al. successfully isolated the
2D monolayer form of InSe and demonstrated its device
performance from few layer to monolayer [6]. In addition, by
photoluminescence (PL) spectroscopy measurements it was
reported that a direct-to-indirect band gap transition can be
observed from bulk to monolayer InSe. To clarify the correct
number of layers for such transition, theoretical studies were
also achieved. Mudd et al. showed both theoretically and
experimentally that after the thickness of 20-layer InSe, a PL
intensity can be observed for the band gap measurements [33].

Functionalization of 2D materials by different types of
adatoms such as H, F, Cl, or Li, was both experimentally
and theoretically investigated [34]. Among these atoms, the
F atom with its relatively high electronegativity was consid-
ered for the functionalization of graphene. First, effect of
fluorination on the electronic properties of graphite was in-
vestigated theoretically and possible structural configurations
were reported [35,36]. The first experimental realization of
fluorinated graphene was done by Rahul et al. and it was
reported that fluorographene is an insulator and it is stable
up to 400◦C [37]. Following the experiment, Sahin et al.
investigated different configurations of fluorines on graphene
and showed that different structures of fluorinated graphene
can be formed at different levels of F coverage which are all
dynamically stable [38]. Later, Yang et al. investigated the
Raman spectroscopy of fluorinated graphene structures for
a different number of layers [39] and found that monolayer
graphene is much more susceptible to fluorination. In addi-
tion, it was reported that the fluorination of N-layer graphene
is reversible after vacuum annealing.

Fully functionalized forms of some novel monolayers such
as graphane and fluoro-graphene, have been considered in
both experiments and theoretical studies due to enhanced
properties of the monolayer structures. To our knowledge,
the impact of full-surface fluorination on the properties of
monolayer InSe have not been reported up to date. Here, we
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FIG. 1. For the monolayer InSe crystal, (a) top and side views of the structure, (b) electronic band dispersions, and (c) phonon band
dispersions and corresponding Raman spectrum. The two prominent Raman active phonon modes are shown in the inset of (c).

predict the stability of a thin monolayer structure obtained
by full-surface fluorination of InSe, namely monolayer InSeF.
Our results reveal that the dynamically stable monolayer
InSeF possesses distinctive structural, electronic, vibrational,
and elastic properties as compared to monolayer InSe.

II. COMPUTATIONAL METHODOLOGY

For our first-principles calculations, we employed the
plane-wave basis projector augmented wave (PAW) method
in the framework of density-functional theory (DFT). The
generalized gradient approximation (GGA) in the Perdew-
Burke-Ernzerhof (PBE) form [40,41] was employed for the
exchange-correlation potential as implemented in the Vienna
ab initio Simulation Package (VASP) [42,43]. The electronic-
band structure calculations were performed Heyd-Scuseria-
Ernzerhof (HSE06) [44] screened-nonlocal-exchange func-
tional of the generalized Kohn-Sham scheme on top of GGA.
The vdW correction to the GGA functional was included by
using the DFT-D2 method of Grimme [45]. Analysis of the
charge transfers in the structures was determined by the Bader
technique [46].

Electronic and geometric relaxations of the monolayers
of InSe and InSeF were performed on 4- and 6-atom unit
cells, respectively. The kinetic energy cutoff for plane-wave
expansion was set to 500 eV and the energy was minimized
until its variation in the following steps became 10−8 eV.
The Gaussian smearing method was employed for the total
energy calculations and the width of the smearing was chosen
as 0.05 eV. Total Hellmann-Feynman forces in the primitive
unitcell was reduced to 10−7 eV/Å for the structural opti-
mization. 21 × 21 × 1 � centered k-point sampling was used
for the primitive unit cells. To avoid interaction between the
neighboring layers, a vacuum space of 25 Å was implemented
in the calculations. Phonon dispersion curves were calculated
by using the small displacement method as implemented in

the PHON code [47]. The phonon frequencies and the cor-
responding off-resonant Raman activities were calculated at
the � point of the Brillouin zone (BZ) by using the same
methodology. A detailed theoretical explanation can be found
in our previous reports [48,49].

III. MONOLAYER InSe

Crystal structure of monolayer InSe consists of 2-Indium
layers sandwiched between Se layers in the Se-In-In-Se or-
der [see Fig. 1(a)]. For the rest of the paper we define the
monolayer InSe in such a way that it is formed by the covalent
bonding of two In-Se layers. The lattice constants (a=b) are
calculated to be 3.94 Å which is slightly larger than the other
to Ga-monochalcogenides (3.58 and 3.75 Å for monolayers of
GaS and GaSe structures, respectively) [17] due to the larger
atomic radius of the In atom. The In-In bond length is found
to be 2.77 Å while that of In-Se is slightly smaller (2.65 Å).
The Bader charge analysis reveals that each In atom donates
its 0.6 e to a Se atom indicating the mostly covalent character
of the In-Se bonds. Moreover, the work function of monolayer
InSe is found to be 5.70 eV which is slightly smaller than that
of GaSe (5.59 eV) [17] due to lower ionization energy of the
In atom than that of the Ga atom.

The calculated electronic band structure of monolayer InSe
is shown in Fig. 1(b). The valence band maximum (VBM) lies
between the �-K points while the conduction band minimum
(CBM) is located at the � point in the BZ. The calculated
indirect band gap is 2.85 eV which is slightly smaller than the
experimentally reported band gap (∼2.9 eV) [6]. Despite very
close energies of two valence band edges, the monolayer InSe
is certainly an indirect gap semiconductor due to its weak PL
intensity [6].

As shown in Fig. 1(c), the monolayer InSe does not exhibit
any imaginary frequency through the whole BZ suggesting its
dynamical stability. As given by the first-order off-resonant
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Raman spectrum [on the right panel of Fig. 1(c)], the mono-
layer InSe exhibits two prominent Raman active modes which
are attributed to the out-of-plane vibration of the In and Se
atoms in two different configurations as shown in the inset of
Fig. 1(c). The frequency of the A1

1g phonon mode is calculated
to be 101.6 cm−1 and its Raman activity is smaller than that
of A2

1g. The A1
1g phonon mode demonstrates the breathing

vibrations of each In-Se layer. Notably, the chemical bonding
between In atoms from top and bottom layers results in a
phonon hardening for the A1

1g phonon mode as compared
to weakly interacting layers. On the other hand, the A2

1g
phonon mode indicates the opposite out-of-plane vibration of
In and Se atoms, respectively, and its frequency is found to be
236.4 cm−1. Apart from the two out-of-plane phonon modes,
there are also three doubly degenerate in-plane Raman active
modes which have much smaller Raman activities than those
of prominent modes.

IV. INTERACTION OF MONOLAYER InSe WITH
SINGLE FLUORINE

The adsorption is an efficient way to tune the structural,
electronic, and magnetic properties of 2D materials. Fluorine
atom is a potential candidate for such functionalization with
its relatively high electronegativity (3.98 with respect to the
Pauling scale). Among 2D monolayer materials, adsorption
of the F atom on graphene layer (fluoro-graphene) was theo-
retically predicted and experimentally demonstrated. In order
to functionalize the monolayer InSe, first the interaction of a
single F with the InSe surface is investigated on a 36-atom
supercell. Four different adsorption sites, the top of the In
atom (TIn), that of the Se atom (TSe), bridge (B), and hollow
(H) sites [see Fig. 2(a)], are considered. Among these sites, TIn

is found to be the energetically most favorable site for the ad-
sorption of an F atom. As listed in Table I, the corresponding
binding energy of the F atom is calculated to be 2.38 eV which
is smaller but close to that of on graphene (2.71 eV) [38]. The
In-F bond length is found to be 2.04 Å which is much longer
than a typical C-F bond and other F bonds. Since the F atom
has a high electronegativity, a remarkable amount of charge
(0.7e) is donated from an In atom on which it is adsorbed.
Strong interaction between the In and F atoms causes the In
atom to be destroyed towards the F atom as seen in Fig. 2(c).

Adsorption of a single F atom on the monolayer InSe
preserves the semiconducting nature of InSe with induced
midgap states arising from In atoms [see Fig. 2(d)]. Single
F adsorption on the monolayer InSe introduces a magnetic
ground state with a local magnetic moment of 1 μB. As seen
in Fig. 2(b), when a single F atom is bound to an In atom, the
inversion symmetry of the monolayer InSe (z → -z) is broken
and the lower In atom has unoccupied pz orbitals which results
in the magnetic ground state. Notably, as discussed in the case
of graphene that most of the adsorbed atoms on graphene layer
induces a local magnetic moment of 1 μB which is universal
and created by direct bonding between the adatom and C atom
[50,51]. As it was reported, the F atom is such a candidate for
the creation of such a local magnetic moment due to its strong
bonding on the C site resulting in sp3-type hybridization. A
similar situation holds for the monolayer InSe when a single
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FIG. 2. (a) Schematic representation of the possible adsorption
sites for the single F atom. (b) Increasing charge density is shown
by a color scheme from blue to red with linear scaling between zero

(blue) and 7.7 e/Å
3

(red). (c) Top and side views of the single F
adsorbed monolayer InSe. (d) The corresponding partial density of
states (PDOS).

F atom is adsorbed on top of an In atom and the induced In-F
bonding destroys the hybridization in the InSe structure. In
addition, the analysis of partial density of states shows the
contribution of In orbitals to the net magnetic moment in the
single F-adsorbed monolayer InSe [see Fig. 2(d)].

TABLE I. For the adsorption of a single F atom on the monolayer
InSe, calculated vertical distance of the F atom to the surface h, the
bond length between F and In atoms dF−In, the amount of donated
charge from the In atom to the F atom �ρ(In − F), that to the
Se atom �ρ(In − Se), the amount of donated charge from the Se
atom to the F atom �ρ(Se − F), the local magnetic moment of the
F-adsorbed monolayer InSe μ, and binding energy of the F atom to
the surface Eb.

Binding h dF−In �ρ �ρ �ρ μ Eb

site (In-F) (In-Se) (Se-F)
(Å) (Å) (e) (e) (e) (μB) (eV)

TIn 2.10 2.04 0.7 0.6 – 1.0 2.38
TSe 1.90 – – 0.6 – 1.0 2.06
H 1.25 – – 0.6 – 1.0 2.09
B 1.63 – – 0.6 0.6 1.0 2.14
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FIG. 3. Calculated phonon-band structures of (a) fully fluori-
nated monolayer InSe and (b) In-Se-F layer. The insets show the top
and side views of the crystal structures. The red solid lines represent
the phonon branches which display imaginary frequencies in the BZ.

V. FULL FLUORINATION OF MONOLAYER InSe

Following the analysis of the interaction of the single F
atom on the monolayer InSe, we investigate the effect of
full fluorination of the monolayer InSe on its properties. As
mentioned in Sec. IV, energetically the most favorable site is
the top of the In atom for the adsorption of a F atom. Thus,
for full-surface fluorination, we systematically saturate each
In atom with a F atom. The optimized geometry reveals that
In and F atoms tend to form In-F pairs which are linked by
Se atoms to form a hexagonal 1H structure. It is clear that the
strong In-In dimer bonds are broken by the adsorption of F
atoms on In sites. In the final structure, two weakly coupled
In-Se-F layers are formed which are found to be dynamically
unstable. Moreover, an isolated layer of In-Se-F compositions
is also found to possess dynamical instability [see Figs. 3(a)
and 3(b)].

As shown in Fig. 3(a), four phonon branches dis-
play mostly imaginary frequencies through the whole BZ
indicating its dynamical instability. Three of these phonon
branches are acoustical phonons while the other one is at-
tributed to the in-plane shear vibration of each In-Se-F layer.
The latter mode suggests that the two In-Se-F layers are
detached and the interlayer interaction (only 30 meV/layer in
this case) is even much weaker than a typical vdW interaction.
Therefore, it is concluded that direct fluorination of monolayer
InSe through In sites from each surface cannot reveal a
dynamically stable In-Se-F composition. For this reason, we
consider other fluorination configurations in which the In-Se
layer is fluorinated from both surfaces.

Stable monolayer InSeF

1. Structural and electronic properties

As mentioned above, dynamically unstable fluorinated
monolayer InSe can be stabilized upon changing the fluorina-
tion configuration of the In-Se-F layers. Instead of the crystal
structure shown in the inset of Fig. 3(b), when a F atom binds
to an In atom from the top and another F binds to the nearest In
atom from the bottom surface (like the structure of graphane),
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FIG. 4. For the monolayer InSeF, (a) top and side views and
the corresponding charge distribution from side view. Increasing
charge density is shown by a color scheme from blue to red with

linear scaling between zero (blue) and 7.7 e−/Å
3

(red). (b) The
electronic band dispersions and the corresponding partial density of
states (PDOS). The Fermi level is set to zero.

the In-Se-F layer is dynamically stabilized. For the rest of the
paper, we define this stable structure as the monolayer InSeF.
For this configuration, a 2 × 1 × 1 supercell is constructed
[see Fig. 4(a)]. The optimized crystal structure possesses a
distorted, anisotropic 1T-like phase in which each In atom is
five-coordinated with two F and three Se atoms. In addition,
each 1D In chain is linked by Se atoms. The optimized
lattice parameters for the monolayer InSeF are calculated to
be a=6.44 Å and b=3.84 Å indicating the anisotropy of the
primitive unit cell. The In-Se bond length is calculated to be
2.63 Å in the chain and 2.68 Å between the chains. In addition,
the In-F bond length is found to be 2.23 Å which is larger than
that in the single F-adsorbed structure (2.04 Å). The thickness
of the monolayer InSeF is 3.08 Å which is much thinner than
the monolayer InSe (5.50 Å). According to the Bader charge
analysis, it is found that each In atom donates its 0.5 e to a Se
atom and 0.7 e to a F atom due to larger electron affinity of the
F atom [see bottom panel of Fig. 4(a)]. In addition, the work
function of the monolayer InSeF (6.28 eV) is calculated to be
larger than that of the monolayer InSe. This can be attributed
to the formation of rather strong In-F bonds on both surfaces.

The electronic band structure and the corresponding PDOS
of the monolayer InSeF are presented in Fig. 4(b). As shown
by the PDOS, F atoms mostly contribute to valence band
states while the Se atoms contribute to both valence and
conduction bands. However, the few top valence bands are
dominated by the In atoms. It appears from the electronic
band dispersions that in contrast to the monolayer InSe, the
monolayer InSeF is a direct band gap semiconductor with
a band gap of 3.01 eV which is slightly larger than that of
InSe (2.85 eV). The VBM and CBM reside at the � point.
Moreover, it is seen that the bands are highly anisotropic
around the � point due to the existing 1D-like chains in the
structure.

2. Vibrational properties and Raman spectrum

The dynamical stability of the monolayer InSeF is veri-
fied by calculating its phonon band dispersions through the
whole BZ. As shown in Fig. 5(a), the phonon bands of the
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FIG. 5. (a) Calculated phonon-band structure and the corre-
sponding Raman activities of the phonon modes for the monolayer
InSeF. (b) Characteristic of six Raman-active modes with their
frequencies.

monolayer InSeF are free from the imaginary frequencies
in the whole BZ indicating the dynamical stability of the
monolayer structure. There are 18 phonon branches three of
which are acoustical. The highest-frequency optical phonon
branch is calculated to be at 363.7 cm−1 which is much
larger than that of the monolayer InSe (235.9 cm−1). The
relatively high-frequency phonon modes appear due to In-F

bond stretching. As shown in Fig. 5(a), the calculated Raman
spectrum of the monolayer InSeF exhibits more prominent
Raman active phonon modes than that of the monolayer InSe.
The Raman spectrum of the monolayer InSeF displays a large
optical phonon gap which distinguishes the phonon modes
arising from In-F bonds. As shown in Fig. 5(b), the two Ra-
man active modes having frequencies 325.0 and 314.3 cm−1

are attributed to the opposite vibration of F atoms. In both
phonon modes vibration of the F atoms are coupled motions
along in-plane and out-of-plane directions. The other four
prominent Raman active modes are found to have frequencies
206.9, 181.0, 143.9, and 67.0 cm−1. The phonon mode having
frequency 206.9 cm−1 is attributed to the opposite vibration
of In and F atoms in out-of-plane direction while Se atoms
have small in-plane contribution. The Raman active mode at
frequency 181.0 cm−1 is mostly dominated by the out-of-
plane vibration of Se atoms against each other while F atoms
have small coupled in-plane and out-of-plane contribution.
Moreover, the phonon mode having frequency 143.9 cm−1 has
nearly the same vibrational character, however, the Se-F pairs
vibrate purely along the out-of-plane direction. The lowest
frequency prominent phonon mode at frequency 67.0 cm−1

is attributed to the mostly out-of-plane vibration of In-F pairs
against each other. As shown by the Raman spectrum, the
monolayer InSeF displays significant distinctive features in
its vibrational spectrum as compared to the monolayer InSe.
Therefore, it can be concluded that the Raman spectrum of
monolayers of InSe and InSeF are totally different so that the
two structures are distinguishable in terms of their vibrational
properties.

3. Mechanical properties

The linear-elastic properties of 2D monolayer materials
can be represented in terms of two independent constants: the
in-plane stiffness C, and the Poisson ratio ν. For determination
of linear-elastic constants, the relaxed-ion elastic tensors of
monolayers InSe and InSeF are calculated by using small-
displacement methodology. In order to obtain the anisotropy
in the linear-elastic constants, the orientation angle-dependent
(θ ) elastic constants are calculated by using the
equations [52]:

C(θ ) = C11C22 − C2
12

C22cos4(θ ) + Acos2(θ )sin2(θ ) + C11sin4(θ )
, (1)

ν(θ ) = C12cos4(θ ) − Bcos2(θ )sin2(θ ) + C12sin4(θ )

C22cos4(θ ) + Acos2(θ )sin2(θ ) + C11sin4(θ )
, (2)

TABLE II. For the monolayers of InSe and InSeF, optimized lattice parameters,a and b, the thickness of the crystal structure h, the bond
length between constituent atoms dX−Y , the amount of donated charge �ρ(X−Y ), the magnetic state MS, energy band gap calculated within
HSE on top of GGA EGGA+HSE

gap , VBM and CBM positions, the work function calculated from the F-adsorbed surface 
, and linear-elastic
coefficients Ci j .

a b h dIn−Se dIn−F �ρ(In−Se) �ρ(In−F) MS EGGA+HSE
gap VBM/CBM 
 C11 C22 C12

(Å) (Å) (Å) (Å) (Å) (e) (e) (−) (eV) (eV) (N/m) (N/m) (N/m)

InSe 3.94 3.94 5.50 2.65 – 0.6 – NM 2.85 �-K/� 5.70 54.4 54.4 16.2
InSeF 6.44 3.84 3.08 2.63/2.68 2.23 0.5 0.7 NM 3.01 �/� 6.28 53.7 39.5 8.1
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FIG. 6. For the monolayers of InSe and InSeF: (a) the orientation
angle-dependent in-plane stiffness and (b) that of the Poisson ratio.
The angle θ is defined for both monolayers as shown on the bottom
panel.

where the constants A and B are defined such that A =
(C11C22 − C2

12)/C66 − 2C12 and B = C11 + C22 − (C11C22 −
C2

12)/C66.
First, by using the linear-elastic coefficients Ci j , the me-

chanical stability of the monolayer InSeF is verified. It is
known that for a mechanically stable 2D monolayer material,
the elastic coefficients should obey the Born criteria [53]:
C11C22 − C2

12 > 0 which is satisfied for the monolayer InSeF
(the values of Ci j are listed in Table II). For the mechanically
stable monolayer InSeF, we also investigate the orientation
angle-dependent in-plane stiffness and Poisson ratio by using
Eqs. (1) and (2), respectively. As shown in Fig. 6, the mono-
layer InSe exhibits totally in-plane isotropy behavior due to its
symmetric hexagonal lattice. The calculated in-plane stiffness
values are 50 N/m along ZZ and AC directions, respectively.
In contrast, the monolayer InSeF displays significant in-plane
anisotropy because of the 1D-like chains in its crystal struc-
ture. According to the defined orientation angle in Fig. 6, the
in-plane stiffness along the 1D chain (parallel to chain) is
calculated to be 43.8 N/m while it is found slightly smaller
perpendicular to the chains (38.5 N/m). This slight difference
can be attributed to the relatively larger distance between the
1D chains. In addition, apart from these two main orienta-

tions, the monolayer InSeF possesses slightly larger in-plane
stiffness (53.0 N/m) at θ = 0◦ than that of the monolayer
InSe. In the case of the Poisson ratio, the monolayer InSe
has a value of 0.30 which is isotropic along any direction.
On the other hand, the monolayer InSeF displays a strong
orientation-angle dependence in terms of the Poisson ratio.
The Poisson ratio is calculated to be 0.25 and 0.15 parallel
and perpendicular to the 1D chains, respectively. The highly
anisotropic nature of the monolayer InSeF makes it a suitable
candidate for nanomechanical applications.

VI. CONCLUSION

In this study, the formation of a thin monolayer structure,
namely InSeF, via fluorination of the monolayer InSe was pre-
dicted by means of ab initio calculations. It was revealed that
strong interaction of F and In atoms leads to the detachment
of In-Se layers, which are dynamically unstable, in the mono-
layer InSe. Further investigation of the different fluorination
scenario in the isolated In-Se-F layer revealed the formation
of the 1T-like monolayer InSeF structure. The monolayer
InSeF was shown to exhibit dynamical stability in terms of its
phonon band dispersions. In addition, its Raman spectrum was
found to exhibit totally distinctive features as compared to the
monolayer InSe. The electronic band structure calculations
indicated that the highly anisotropic monolayer InSeF is a
direct gap semiconductor with its valence and conduction
band edges residing at the � point. The orientation angle-
dependent linear elastic constants of the monolayer InSeF
indicated that it displays strong in-plane anisotropy in elastic
constants and it is a slightly softer material as compared to the
monolayer InSe. Overall, it was predicted that a thin, direct
gap semiconducting monolayer structure can be formed by the
full-fluorination monolayer InSe as a new member of the 2D
family.
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