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Alloying the III-V and IV-IV sheets, leads to III-IV-V nano-composites, such as the BC,N sheet, having a lower band gap than
their parent III-V counterpart while higher cohessive energies. Unlike the well known BC;,N sheet, the formation energy of
the III-IV-V sheets with high Z atomic constituents, is much low suggesting in favour of their experimental realisation. From
first-principles hybrid density functional calculations, we report a family of group III-IV-V nano-sheets that have their electronic
band gap lying between 0.13 - 1.0 eV, which is ideal for device applications. In particular, we compare the electronic, vibrational,
mechanical and thermal properties of a set of III-IV-V sheets with their III-V and IV-IV counterpart. The cohesive energies of
these ITII-IV-V sheets are found to be intermediate of their parent ITII-V and IV-IV counterparts. Other than the structures reported
here, alloying with a different atomic constituents having high-Z difference, lead to highly buckled structures with a plane wise
separation of the heavy atoms, causing vibrational instabilities in their bonds.

The major drawback in the device application of
graphene 2 like group IV-IV planar sheets (e.g. Silicene>?) is
the absence of an electronic energy band gap. In contrast, the
II-V nanosheets, such as the hexagonal boron nitride (h-BN)
sheet® and others predicted from first-principles®, have much
wider band gap. Therefore, now-a-days a popular branch for
device application of these materials is to engineer the band
gap of these sheets’”. In the line of band gap engineering,
alloying the III-V and IV-IV sheets together could be poten-
tially of great advantage. Due to the structural analogy of the
h-BN sheet with graphene, BC,N sheets have been widely ex-
plored till date '>-'3, and BC,N-films containing mixed phases
of both graphene and h-BN domains have also been synthe-
sized 0. The detailed theoretical analysis of large supercell of
the BC,N sheet, shows a tendency towards phase separation
of the BN domain from the C domain !"-!4, However, we have
restricted our study to small homogeneous unit cell (where
each III-V chain is bonded to another IV-IV chain). Analysis
of such small unit cell is important for justifying the struc-
tural compatibility and lattice matching of the chosen III, IV
and V atoms and therefore may ensure if the given III-V and
IV-1V sheets would alloy at all (even in separated phases or
domains), or the domains have a tendency of separating away
completely from each other.

In this article, we report from the first-principles calcula-

1 Electronic Supplementary Information (ESI) available: [Table containing
the structural properties of III-IV-V nano-sheets, Table for stability analysis
of II-IV-V nano-sheets]. See DOI: 10.1039/b000000x/
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Fig. 1 Crystal structure of III-IV-V planar nanosheets: Fig. (a)
shows the top view of the unit cells of the III-V nanosheet and the
IV-IV nanosheet, forming the unit cell of the III-IV-V nanosheet,
Fig. (b) shows the rectangular equivalent of the hexagonal cell of the
HI-IV-V nanosheet Fig. (c) shows the dihedral angles between
various planes of the III-IV-V sheet.

tions, the structure, electronic structure, relative stabilities,
mechanical, vibrational and thermodynamic properties of a
new class of composite III-IV-V planar nanosheets. We have
systematically taken into account of all possible combinations
of III-V and I'V-IV nanosheets exhaustively.

We have employed density functional theory (DFT)20:2!
calculation using the Vienna ab initio Simulation Program
(VASP)?2, which is a pseudo-potential based approach us-
ing plane wave basis set. To validate the impact of the cho-
sen exchange-correlation (XC) functional on the stability and
electronic structure of these planar nanostructures, we have
employed a hierarchical approach including the local density
approximation (LDA)??, the generalized gradient approxima-
tion (GGA), i.e.;;, the PBE?*, and the higher-level computa-
tions performed with the hybrid functional HSE062°, which
incorporates a fraction of the Hartree-Fock exchange. The en-
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Table 1 Comparison of the stability, electronic and mechanical properties of the IV-IV and the III-V sheets. The binding energy BE
(eV/atom), electronic band gap E, (eV) are calculated using HSE06 XC functional. Mechanical constants viz. the layer modulus, LM (N/m),
the in-plane stiffness IPS (J/m?) and the Poison’s ratio ¢ are calculated using LDA. SM denotes the semi-metallic electronic states.

System BE LM IPS o E, System BE LM IPS o E,
C Current -7.66 217.44 33485 0.19 SM BP  Current -4.09 100.63 13523 028 138
1da® 33500 0.16 SM 1da® 135.00 0.28

pbe !’ 2066 3422 017 SM  AlAs Current -3.19 4634 60.02 036 2.81
Expt '8 209.3  366.4  0.125

Si Current -3.86 4575 6040 033 SM  AISb  Current -2.76 3220 3590 0.37 2.08
1da® 62.0 030 SM 1da® 350 037
pbe ! 445 6060 033 SM  GaP  Current -3.02 46.94 61.03 034 292

Ge  Current -3.19 37.94 4833 035 SM 1da® 59.00 0.35
1da® 4800 033 SM  GaAs Current -273 3525 4928 035 228
pbe 7 20.6 4270 035 SM 1da® 48.00 035

Sn  Current -2.43 2479 2835 041 SM  GaSb Current -241 2928 37.07 036 137

BN  Current -6.84 18624 26328 022 628 InAs Current -2.45 30.33 3461 042 1.67
1da® 267.00 0.21 1da® 33.00 0.43
pbe !’ 176.8 2758 0.22 InSb  Current -2.23 2429 2767 042 152
Expt "’ 163.1 2583 022 1da® 27.00 043

ergy and atomic force convergences of less than 10 ~* eV and
0.001 eV/ A respectively are set throughout our calculations.
To prevent interactions between the adjacent cells a vacuum
spacing of 15 A is fixed and the pressures on each unit cell
is converged up to values less than 0.001 eV/ A>. An en-
ergy cut off of 600 eV is employed for all the elemental con-
stituents. To optimize the structures (using conjugate gradient
minimization), the Brillouin zone is sampled by Monkhorst-
Pack method?®. K-meshes of 16 x 16 x 1 is used to op-
timize the structures, while a finer (30 x 30 x 1) mesh is
chosen for obtaining the electronic density of states (eDOS).
To check the accuracy of the quasi-particle gap of few of the
test cases, we have also performed GoWo2” on top of the
PBE(2® (Perdew-Burke-Ernzerhof hybrid) orbitals as refer-
ence (namely, GoWo@PBEQ). The long range dispersion cor-
rection is also included. >

The phonon frequencies are obtained from the ‘Dynamical
matrix’ 303! consisting of the Hessians (containing the second
order force constants) constructed via the finite displacement
method as implemented in the phonopy code3? with VASP as
the force calculator.

The binding energies (BE) of the sheets are calculated
through the following equation,

BE[A,B,] = E[A;B,] —n X E[A] — n x E[B] )

where, E[A] and E[B] are the total energies of the A and B
single atoms and E[A,, B,] is total energy of the unit cell with
n number of A and B atoms in it.

The formation energies (E o) of the III-IV-V sheets is cal-

culated from their corresponding IV-IV and III-V nanosheets,
2

where, E[III-IV-V], E[III-V] and E[IV-IV] are the num-
ber scaled total energies of the III-IV-V, III-V and IV-IV
nanosheets respectively.

A comparison of the BE (eV/atom) and the electronic band
gap, E, (eV), obtained using different XC functionals are
given in the supplementary information (see Table. [SI-2]).
For all the planar structures, we find the typical overbind-
ing / underbinding associated with the LDA / PBE functionals
respectively in comparison of HSE06 functionals. Except for
the sheets with B as one of the constituents, we find that GGA
in general underestimates the electronic band gap as compared
to LDA by ~ 6-10 %. The electronic and phononic DOS pre-
sented in this study are all plotted using the LDA functional,
while the correct electronic band gap values are estimated
from the HSEOQ6 calculations, which are given in Table. 1.

The in-plane stiffness (IPS) of a planar nanosheet is the
measure of its intrinsic strength. The IPS of a planar material
is expressed as; IPS = Aio ( 5;5 ); where, E; = total energy of
the strained system and € is a small strain. The energy of the
strained system can be expressed in terms of the strain applied
along the x (&) and y (&,) direction as,

Eform = E[III =1V — V] —E[IIl V] —E[IV — V]

3)

By using a curve fitting method, the coefficient a;, a; and a3
can be calculated. Once the coefficients are known, the in-
plane stiffness, IPS (IPS = 1/Ao(2a; — a3 /2a,)), and the Pois-
son’s ratio, 0 (0 = az/2a;) can be obtained using them. A

Es = a\&] + ar€] + azengy
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Table 2 Comparison of stability, electronic and mechanical
properties of the III-IV-V sheets. The binding energy, BE (eV/atom),
formation energy E s, (€V), electronic band gap, E, (eV) are
calculated using the HSE06 XC functional. Mechanical constants
viz. the layer modulus, LM (N/m), the in-plane stiffness, IPS (J/m?)
and the Poison’s ratio, o are calculated by the LDA XC functional.

System BE  Ejom LM IPS (o E,
BC,N -7.01 194 197.03 300.50 0.21 223
BC,P -447 334 138.00 253.84 0.24 0.37
AlSioAs  -340 0935 41.00 54.12 028 0.82
AlSi,Sb - -3.16  1.145  35.25 50.38 0.29 0.73
AlGe,Sb -2.88 0.786  37.25  40.71 030 0.70
GaSi,P  -3.39 0.579 4595 6091 032 1.06

GaSipAs  -3.22 0417 4136 5534 033 0091
GaSipSb -3.02 0542 3520 50.37 035 0.80
GaGe,P -3.05 0532 4242 5641 025 0.89
GaGeyAs -2.89 0478 36.63 4892 0.32 0.87
GaGe,Sb -2.73 0355 3239 4259 035 0.76
InSiAs  -3.02 0.59 38.92 47.5 0.36  0.57
InSi,Sb -2.87 045 34.81 446 037 0.13
InGe,As  -2.78  0.52 30.95 40.5 0.38 0.88
InGe,Sb  -2.57 0.37 28.00 37.5 0.38 0.20
InSnyAs 241 044 27.99 30.28 041 0.69
InSn,Sb -2.38  0.32 2400 2744 044 0.64

rectangular cell, as shown in Fig. [1(b)], has been employed
for this calculations.

In order to cross-check the values of IPS as obtained by
above method, we have also adopted an alternate procedure
of iterative solution of the 2D Birch-Murnaghan equation of
state (BM-E.O.S) as described by Andrew et. al'” to calculate
the layer modulus y (y = —A%/ OF) <) of the sheets, where, F; (F; =

—g—f) is the two dimenswnal equ1valent of bulk pressure and
the in-plane strain causes an uniform change in the lattice area
of the planar sheet.

A two dimensional equivalent of the BM-E.O.S is given as,

E(A) E0—|-4A0’)/0 g2 + = (5 j/ 8 +h.o.t. (@)

where, € = %( — A—0) is a small equi-biaxial strain and Ay,

1o and ¥ are the equilibrium area, the layer modulus and first
derivative of the layer modulus respectively. The total energy
versus strain data of the hexagonal unit cell, can be fitted with
the 2D BM-E.O.S [of equation, Eqn. 4] to solve for Ag, Y
and 7 iteratively. The initial guess for Ey and A corresponds
to the minima of the Energy-vs-Strain curve, while the initial
guess for ¥ is taken as 4.5.

For generating the phonon DOS (phDOS), supercell of
16 x 16 x 1 is employed and g-grids of 20 x 20 x 1 are
used.

Once the phDOS is obtained, the thermodynamic free en-
ergy, F' can be readily obtained by taking the logarithm of
the partition function. It should be noted here that we have
approximated the free energy PES (potential energy surface)
under harmonic approximation;

ho
T)= /aimg(a))[7 +KpTin(1— e 7M0/KeD)y - (5)
The entropy for the phonons, S is easily calculated by differ-

entiating F with respect to the temperature, from which one
can find the heat capacity at constant volume, C,;

ds e
C,(M=T dT|V WW (6)
or,
(hw)2 e(hw/KBT)

C,(T) = /da)g(w (7

) KBTZ (e(ha)/KBT) _ 1)2
Finally, the internal energy, U of the phonons could be calcu-
lated from the relation, U = F +T'S;

i10)
U= /da)g S KaT) — l] ®)

The crystal structure of the ITII-IV-V nano-sheets considered
in this study has four atoms per unit cell i.e.; one atom each
from group-III and group-V, and two atoms from group-1V,
as shown in the Fig. [1(a)]. The stability analysis of various
conformers of such small unit cell of the III-IV-V semicon-
ductor nanosheet shows that the structure with one chain of
III-V atoms bonded to one chain of IV-IV atoms is the most
stable conformation. This energetics is in agreement with the
previously reported most stable conformation of the BC,N
sheet!>13. However, with increase in cell size (n x n super-
cell), the III-V chains have a tendency of separating from the
IV-1V chains (i.e.; n III-V chains bonded to n IV-IV chains).
This is due to the fact that the IV-IV bonds are stronger than
all other bonds in the sheet and therefore, prefer a phase sep-
aration. The electronic, vibrational and thermodynamic prop-
erties of these sheets would also therefore change if the bigger
cell is considered. However, the study of the small unit cell
is important for predicting if the III-V sheets will alloy with
the IV-IV sheets. Since, it is the best way to check the lattice
matching and structural compatibility.

The II-IV-V members having low-Z atomic constituents,
such as, the hexagonal BC,N and BC;,P are found to have
completely planar structure while all the other members are
found to have a symmetrically puckered planar geometry as
shown in Fig. [1(c)]. The dihedral angles (which is also the
measure of angle of buckling of these structures), between
various planes of these sheets, are found to lie in the range
of 10 - 30° (See the supplementary information, Table. SI-1),
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Fig. 2 Electronic band structure and density of states of the representative III-V, IV-IV and III-IV-V planar nanosheets with their atomic

constituents (a) from the same period and (b) from the different periods.

thereby, suggesting a low buckling. The low energy structures
which do not have any vibrational instabilities in their phonon
dispersions (converged with respect to sufficiently large super-
cell size) are only analysed here.

A comparison of the BEs of the III-IV-V sheets with their
III-V and IV-IV counterparts, as calculated by the HSE06
functional, is given in Table. [1]. The binding energies of
the IV-1V, the III-V and the III-IV-V sheets follow the general
trend:

BE [1V-1V] > BE [III-IV-V] > BE [1II-V] )

The presence of IV-IV bonds in the III-IV-V sheets make
them stronger than their III-V counterparts. The BEs of the
sheets decrease with the increase of the atomic number (Z) of
the constituents, since the III-V and IV-IV bonds get stretched
with increasing Z. Since, the C-C bond is the stiffest one, al-
loying C with III and V atoms having high Z (/ mass/ size)
difference leads to a lattice mismatch and leads to a distorted
and highly buckled structure with a plane wise separation of
the high-Z atoms from the low-Z atoms. Due to the instabil-
ities in their bonds, these structures show negative frequency
modes in their vibrational spectra (convergence checked with
large supercell size). We observe that amongst the sheets with
low-Z difference in their atomic constituents, sheets having
Al and N/ Al and P, as their III-V elemental constituents do
not alloy with any element from the group-IV, since they also
tend to form a highly puckered geometry, showing vibrational
instabilities. The comparison of the E,,,, of these III-IV-V
sheets (Table. 1) show that the Ef,., decrease with increase
in the atomic number of the constituents due to the decrease
in the III-V and IV-IV bond strength with increase of atomic
number. The low formation energies of these sheets suggest in
favour of their realisation through the non-equilibrium routes.

The in-plane stiffness, IPS, layer modulus, LM and the
Poisson’s ratio, o of the planar sheets are compared in Ta-
ble. [1]. The magnitude of IPS of these sheets also decreases
with the increase in the atomic number of the constituting
atoms i.e.; due to stretching of bonds. The overall trend in the
binding energy (Eqn. [9]) is also reflected in the magnitude
of their in-plane stiffness and layer modulus. Our calculated
values of the in-plane stiffness and Poisson’s ratio of III-V
and I'V-IV sheets are in agreement with the values reported by
Sahin et. al®. The layer modulus of the sheet is also closely
related to the IPS 7. The values of layer modulus of graphene,
hexagonal BN-sheet, silicene and germanene are in agreement
with the reported values of Andrew et. al'”.

The comparison of the electronic band gap, as calculated
by the HSEO6 functional, of the III-V and III-IV-V sheets
is given in Table. [1] and Table. [2] respectively. Unlike to
the semimetallic IV-IV sheets, an electronic energy gap (E,)
opens up in the III-IV-V sheets, the E, values are found to be
lower than their III-V counterpart (having much wider band
gap). The HSEQ6 calculations on the BC,N sheet show that
it has the highest band gap of ~ 2.23 eV, while the values of
the band gap of all other sheets lie in the range of ~ 0.13-1.0
eV. The InSi, Sb sheet is estimated to have the lowest band gap
of ~ 0.14 eV (see Table. [2]). Most of these III-IV-V sheets
are found to have a direct energy band gap at the I'-point in
spite of their IV-IV counterpart being semi-metals with their
valence band and conduction band merging at the K-point (see
Table. [SI-2]). The GoyWy@PBEO calculation of the BN, BP,
BC;N and BC,P sheets show the quasi-particle gap to be ~
6.40eV, 1.48 eV, 2.40 eV and 0.43 eV respectively. These val-
ues do not deviate significantly from the results of our HSE-06
calculation as enlisted in Table. [1] and Table. [2]. Therefore,
we have relied on the results of the standard hybrid functional
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Fig. 3 Phonon dispersions of the representative III-V, IV-IV and III-IV-V planar nanosheets with constituents (a) from the same period

and (b) from the different periods.

for rest of these III-IV-V sheets.

The electronic band structure (eBS) and eDOS of few repre-
sentative members of III-IV-V nanosheet are shown in Fig. [2]
with elements belonging to the same period (Fig. [2(a)]),
i.e.; with low Z (/atomic mass variation) in its atomic con-
stituents and with elements from different periods i.e.; with
high Z (/atomic mass variation) in its constituents (Fig. [2(b)]).
High difference in the atomic mass of the constituting atoms
leads to dehybridization of the anti-bonding orbital leading to
the isolation of electronic bands near the Fermi level as shown
in Fig. [2(b)].

The phonon band dispersion (ph-BS) of few selective repre-
sentatives of III-IV-V nanosheet are shown in Fig. [3]. As the
mass of constituting atoms increase, the width of frequency
spectrum gets reduced, since heavier atoms have low vibra-
tional amplitude. The III-IV-V nanosheets with atoms belong-
ing to the same period, due to the low mass difference of their
atomic constituents, have same spectral width as their III-V
and IV-IV counterparts (Fig. [3(a)]). Therefore, their ph-BS
are also similar to that of their III-V and IV-IV counterparts
i.e.; the acoustic region and the optical region separated by a
forbidden gap. However, the spectral width of the III-IV-V
sheets having high mass difference in their constituents is de-
termined by vibrational amplitude of the lowest Z constituent.
For instance, the GaSb nanosheet has a short spectral width (of
250 cm ') owing to the heavy atomic mass of the Sb, while
the frequency spectrum of silicene sheet is wider (up to 600
cm’l), therefore, the GaSi,Sb nanosheet has a spectral width
of ~ 550 cm™! (close to that of silicene). Since, the III-V and
IV-1V parent counterpart of these sheets have different spec-
tral widths and the phonon bands of the III-IV-V sheet are
a superposition of them !9, the sheets with high-Z difference

in their atomic constituents have their phonon bands spread
across the whole spectrum width. So, the acoustic and the
optical region in these III-IV-V sheets are not separated from
each other (Fig. [3(b)]). We find that most of the IV-IV and III-
V sheets have steep acoustical modes (both longitudinal and
transverse) with no phonon instabilities as compared to the III-
IV-V sheets. The III-IV-V sheets, on the otherhand, have very
flat transverse acoustic modes (some time very small instabil-
ities). This may be an outcome of the presence of the hetero-
geneous III-IV and I'V-V bonding at the junctions of III-V and
IV-IV chains, which increase the phonon-phonon scattering
and therefore, destroy the phonon group velocities i.e.; flatter
transverse acoustic modes.

The thermodynamic properties of few selective represen-
tatives of the III-V, IV-IV and HI-IV-V sheets are compared
in Fig. [4]. The F, U, —TS and C, curves of the III-IV-
V nanosheets, follow their parent III-V and IV-IV sheets
and are generally found to lie in the middle of the ther-
modynamic curves of their parent IV-IV and III-V counter-
parts. Due to low-Z difference in their atomic constituents,
the thermodynamic curves of the III-IV-V sheets with their
atomic constituents from the same period, are found to be
very much similar to each other i.e.; superimposed on one
another (Fig. [4(a)]). In sheets with high mass difference in
the elemental constituent, the thermodynamic curves are also
found to be distinguishable though behaving similar to their
parental III-V and IV-IV counterparts (Fig. [4(b)]). From the
C, curves, the Debye temperature (6p) of C, BN and BC,N
sheets can be predicted to be much higher (do not reach a sat-
uration in the temperature regime shown) while all the other
IV-IV, III-V and II-IV-V sheets have much low 6p. This be-
haviour can be explained from their corresponding phonon

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [veol], 1-8 |5



Physical Chemistry Chemical Physics

BCN
003.: __I | T | T I I__ 0.55 ‘:: 0 %‘\ UIM}S r i I T I T I T
a iz 0.5 ‘§_-0.1 £ 00004 -
5 0.3 x 1 2045 . T 00003 -
S025F ds %02 = PR
E 02— C o 04 - % 00002 |~ .
= 05F g;.\] y = 035 £-0.3 I > 0.0001 [— — EgN
071 P T T B I 1 0.3 -0.4 U - l i
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
GaGeAs
= LI L 0.5 G — . 0 T = LI I
e ] = C ]
— B 1 = 0.4 — - Gaas E K ] __g 0.0005 I~ N
'ag' 02— -1 g 0.3 B - GaGeAs " _| —-0.5— = 0.0004 |— —
> B 1S 2 - B E s 20,0003 [ -
20— e \ 2 O02F 12 11 T2 G oo TT Ga 7
Y SR = 0.1 ST b © GaGers 7 =0.0001 c--+ GaGeAs
) | 0 | 1 1 1 _] 5 T (N T T | ' T T
0 200 400 600 800 0 200400 600 800 0 200 400 600 800 0" 200 200 600 800
InSnSb
U L L | 1 D E T | T | ™
— ~ - - 1 2 0.0005
= 021 i £ -
g - 1505 —="" 0.0004 —
s 041 X 1%t ) - : 0.0003 o
L. — Sn o _1F— &n — — Sn ]
vy 061~ Jnso g S 2 0.0002 —— InSb
-0.8 InSnSh 4" I InSnSh q . 2 00001 InSnSh —
| o | I A sl \ o o F oL T
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
(a) T (K)
GaSiP
0.2 LI B B 0.5 [ — s T ] (4] B .
= = 04— & =020 -2 0.0005 .
-% 7 '..'.gi- 0.3 - ——g-(m B “-&”'mm" ]
= 02 — = - 1= = > 0.0003 —
2 12 02 — = -0.6 — = .
= a8, - L 1 B 2 oo002tf —
7 — Gasie 0.1F 1 O8[ — e J 0.0001 ff — G
1 1 | 1 | 1 i | i | i | i _ I i llm I| | i [ 1 |m.| ' i ]
0 200400600800 "0 200 200 600 800 107200 200 600 800 Y0200 400 600 800
GaSiSb
0.2 0.5 71— 0 .
— [— =i ) =02 ‘S 0.0005
% 4] o 04 — GiIS:!r ﬁ .a =L "E" -
(=9 B= TGS 804 = 0.0004 -
02 £.0.3 —= B (= .
= = 45 -0.6 - 0.0003 —
L 04 202 = r & h
TO R = lgos| o000zl o —
OO Gisie ! 7= Sk N C 0000 — SR, -
—U 8 11 llll I.u | - U 1 | 1 | i | i I L1 d; ' 1 1 0 L1 L1 dll I.I L h
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
(b) T (K)

Fig. 4 Variation in the free energy F, internal energy U, —T'S (where S is the entropy) and heat capacity C, of the phonons in the harmonic
approximation, of the representative III-V, IV-IV and III-IV-V planar nanosheets with constituents (a) from the same period and (b) from the

different periods.
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Fig. 5 The phonon group velocities, V, (AT Hz) of various modes of few selective III-V, IV-IV and ITI-TV-V nanosheets as a function of

frequency, @ (T Hz).

spectrum. The longitudinal acoustic phonon modes of the BN
and Graphene (C) sheet have a very steep slope rising to the
transverse optical branches. This behaviour is completely ab-
sent in the other III-V and IV-IV nanosheets where the acous-
tic branch have less steep slope (meeting at much less energy
at the Brillouin Zone boundary) while the optical branches are
well separated by an optical gap. Since, C, directly depends
on the square of ® (see Eqn. [7]), the C, curves in C, BN and
BC,N also look different that the other IV-1V, III-V and III-1V-
V sheets. The steepness of the longitudinal acoustic phonon
modes in the BN, C and BC)N sheets follows from the low
mass (m) as well as high bond strength (k) of the constituting
atoms in these sheets (since 0p o \/k/m). Following this sim-
ple argument, the trend of the intrinsic strength (IPS/ LM/ BE)
of these sheets can also be verified from their 6p. The sheets
comprising of the first row III, IV, V elements i.e.; B, C, N
have the highest IPS/ LM/ BEs followed by that of the sheets
comprising of second row and third row elements. The 6p
of the C, BN, BC,N sheet is also found to be much higher
than Ge, GaAs, GaGe;As sheets followed by the Sn, InSb
and InSn,Sb sheets. This discussion is also applicable for the
GaSi, P sheet and GaSi>Sb sheets.

The U and F curves of the BC,N sheet is found to be distin-
guishable from those of C and BN while their corresponding
C, curves are not. This is also due to the @ dependence of
the thermodynamical quantities C, (o< ®?), U and F (o< m) as

obtained from Eqn. [7], Eqn. [5] and Eqn. [8]. The C, curve
is practically more affected by the variation of @ than the F
and U. Since, the phonon dispersion of BN and C sheets are
similar and the BC;N sheet is a combination of these parent
modes. The C, curve of BN, C and BC,N are found to be
indistinguishable (while their U and F curves are found to be
distinguishable).

The presence of heterogeneous bonds in the III-IV-V sheets
may increase the scattering of the low energy phonons at the
junction of the III-V and IV-IV chains and therefore, may
lower of the thermal conductivity of these sheet. The ther-
mal conductivity under the Boltzmann transport theory (K=
1/3 C, V;r), can be calculated from the specific heat at con-
stant volume C,, group velocity V and phonon lifetime 7. We
have plotted the phonon V, as a function of frequency of few
selective III-V, IV-IV and III-IV-V sheets in Fig. [5]. Since,
the vibrational spectrum of the BN sheet and graphene do not
vary much from each other, the V, of the phonon modes in
the BN sheet, graphene and BC,N sheet are also not very dis-
tinct (Fig. [5(a)]). We observe that for the sheets with low
Z difference in its atomic constituent, the V, of the III-IV-V
sheet is lower than its parent IV-IV sheets and III-V sheets (cf.
Fig. [5(a)] and Fig. [5(c)]). We also observe that the Vg of
the sheets decreases with increase in the atomic mass of the
constituents of the sheets. Moreover, the high Z difference
in the constituent atoms in the sheet also leads to lowering in
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group velocities of the sheets (Fig. [5](b)). The scattering at
the junctions may also lead to lowering in the phonon life-
times. However, the calculation of the phonon life-times from
first-principles involves extremely expensive further computa-
tion and therefore will be addressed in our future study. So, in
this work, we have not calculated the phonon lifetimes explic-
itly. But from the comparison of the V, of the sheets, we can
predict the thermal conductivity of these sheets to decrease
with increase in Z of the atomic constituents while the elec-
tronic band gap of these sheets decreases with increasing Z.
Therefore, these sheets might turn out to be good thermoelec-
tric materials 3334,

In summary, based on our DFT calculations, we report the
structure, stability, electronic structure, vibrational and ther-
modynamic properties of various III-IV-V planar nanosheets.
The IV-IV nanosheets are semimetallic, while the III-V sheets
have semiconducting band gap. The band gap of these sheets
can be tuned by alloying them to form the III-IV-V nanosheets.
We have compared the structure, electronic structure, relative
stabilities, mechanical, vibrational and thermodynamic prop-
erties of these composite III-IV-V planar nanosheets. The
range of band gap variation (0.13-1.0 eV) in these III-IV-V
sheets may be potentially of great advantage. These III-IV-V
sheets have their cohesive energy higher than their III-V coun-
terparts. The puckered geometry and the presence of hetero-
geneous bonds may result in low thermal conductivity (due to
scattering of low energy phonons at the junction of the III-V
and I'V-IV chains) of these sheets.
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