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Abstract

The principal goal of this work is the prediction only by means of some emperical formulas and two other physical
quantities (the bond length and the bulk modulus calculated initially from first-principle calculations) of the refractive
index, the exciton Bohr parameter, the electronic polarizability, the plasmon energy, the force constants, the optical
band gap energy, the homopolar and heteropolar energies, the bonding-antibonding energy gap, the ionicity, the
dielectric constant, and the optical susceptibility of (B3) thallium phosphide (TIP) compound. In addition, the Debye
temperature, the melting temperature, the thermal conductivity and finally the linear thermal expansion of this
compound are also obtained. Our results are in general in good agreement with the previous results of the literature.
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1. Introduction

The physical properties of crystalline solids (which have highly ordered three-dimensional arrangements of atoms) are
considerably affected by the chemical constituents (atoms, ions, ...etc) and the symmetry of the crystalline lattice
(relative position of atoms in the solid). In recent years, much attention has been given to predict several physical
properties of many binary tetrahedral semiconductors (SiC compound, A"-BY group semiconductor materials, ...etc)
because of their importance in several applications, such as linear and nonlinear optics, light-emitting diodes, etc... [1].
The optoelectronic devices based on thallium-V compounds have some advantages compared to other A"-BY'
semiconductor devices, for many interesting applications, and especially in optical communication systems in the near-
infrared wavelength region [2]. The structural stability of thallium-V compounds: TIX (X=N, P, As, Sbh, and Bi) was
studied in detail by Saidi-Houat et al. [3]; they found that the cubic zincblende (B3) structure is the more stable
compared to other phases for the thallium phosphide compound. Some unusual features, compared with the other A"'-
BY families, are registered by Saidi-Houat et al. [3] for the TIX compounds.

Using the first-principles plane-wave pesudopotential (PW-PP) approach; the effect of the hydrostatic pressure on the
structural phase transition, electronic and elastic properties in three TIX (X = N, P, and As) compounds has been studied
in detail by Shi et al [4]; and they found the inexistence of the optical band gap at zero-pressure for all these
compounds, exhibiting nearly semi-metallic character [4].

In the cubic common diamond-structure and cubic zincblende structure materials, there are four molecules in the
conventional unit cell; each molecule is formed from two atoms. Usually, for the conventional semiconductor materials
in these structures, all the atoms are tetrahedrally bonded through covalent bonds to four nearest-neighbor atoms [5].

In the present work, we report the numerical calculations (by using of simple emperical formulas, and two other
parameters: the bond length and the bulk modulus which are obtained previously from first principle calculations [6]) of
the refractive index, the exciton Bohr parameter, the electronic polarizability, the plasmon energy, the force constants,
the optical band gap energy, the homopolar and heteropolar energies, the bonding-antibonding energy gap, the ionicity,
the dielectric constant, the optical susceptibility, the Debye temperature, the melting temperature, the linear thermal
expansion and finally the thermal conductivity at equilibrium volume of (TIP) compound in its (B3) structure.
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2. Theory, results and calculations
2.1. Refractive index, exciton Bohr parameter and electronic polarizability

Relationships between the refractive index and a several physical quantities for the A"-BY' and A"-BY semiconductor
groups have been proposed Reddy et al. [1]. These relationships can be used for the prediction of these quantities for
other binary A"'-BY compounds. The refractive index n, versus the bond length d and versus the bulk modulus B for
some A"-B"' and A"-BY semiconductors can be given by the two following relations [1].

d(A) = Kyexp (Kon) @
B (GPa) = Ksexp (K4n) — Ks (2

The numerical values of the different constants Ky, K,, Ks, K, and Ks for A"-BY group are respectively: 1.159, 0.2364,
648.89, -0.3546, and 130.33 [1].

Reciprocally to the formulas of Egs. (1) and (2), we can obtain two other relationships which can be used to estimate the
refractive index n of others binary A"'-BY compounds, by means of the bond length and the bulk modulus of the
material, they are given approximately by the following expressions:

n =K, In (d/K,) (3-3)
n =K, In [(B+Ks)/Ks] (3-b)

The results of the refractive index n, obtained from the relations of Eqs. (3-a) and (3-b), and by using the value (2.582A)
of the bond length and the value (58.08GPa) of the bulk modulus obtained previously from Ab-initio study [6] are: 3.39
and 3.49, respectively.

The exciton Bohr parameter (ag) (1°-orbital Bohr radius), which is a size parameter versus the refractive index n for
some binary A"'-B¥ semiconductor compounds, was given as [7]:

ag = (n/B)” (@)

Where: B and f are constants; the numerical values of the constants B and  for A"-BY group are: 5.422 and 5.152
respectively [7]. It is worth noting, that the value 5.422 of B, obtained in previous work [7] seems to be inaccurate
(wrong), because the later authors used another formula between the dielectric constant ¢; and the exciton Bohr

parameter (ag) which was given as: ag =(g/C)’; the numerical values of the constants C and ¢ for A"-BY group are:

1.556 and 2.576, respectively [7]. And because: &, =n? we can obtain: £ = 26, and B=+/C ~1.2474(so it isn’t 5.422).
By using the relations of Eq. (4) and the values (3.39 and 3.49) of the refractive index, the results obtained of the
exciton Bohr parameter (ag) are: 167.47A and 200.45A respectively.

Unfortunately, as far as we know, there are no data available in the literature on the refractive index n and on the
exciton Bohr parameter (ag) for (B3) TIP compound. Future experimental work and other theoretical calculations will
contribute for the validating of our calculated results of the refractive index n and the exciton Bohr parameter (ag) for
(B3) TIP compound.

The electronic polarizability o, can be obtained by using the phenomenological approach of Clausius and Mossotti
which is given by the following formula [8]:

~(n?-1).™m .10

“p = (n?+2).g.(2.53) ©)

Where, M is the molecular weight (for TIP, M = 235.357 uma), g is the crystal density (7.373g/cm® [6]) and n is
refractive index. The results for: the electronic polarizability a, obtained by using the refractive index n calculated from
the relations of equations (7) and (8) are: 9.81 A% and 9.95 A3, respectively. These two values of a, are relatively much
higher than the value (7.42 A®) obtained by Verma et al [9].

2. 2. Micro-hardness, plasmon energy, force constants and ionicity

In this part of this work, we have using a number of equations which have been proposed by Reddy et al. [1] to estimate,
the microhardness H, the Plasmon energy #cw,, the force constants (a and ) and the ionicity f; of TIP compound. The
refractive index, versus microhardness, Plasmon energy and force constants for some groups A"-BY' and A"'-BY
semiconductors can be given by the following relations. [1]

H (GPa) = Kgexp (K7n) - Kg (6)
hao, (€V) = Kgexp (Kyon) (7
a (N/m) = Ky exp (Kyon) ©)
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S (N/m) = 0.28 (1-f)) « ©)

The relevant values of the different constants Kg, K7, Kg, Ko, Kio, K11, and Ky, for A"-BY group are: 104.953, -0.3546,
26.82, 47.924, -0.3546, 286.3 and -0.6028, respectively [1].
For the semiconductors of A"'-BY group, the ionicity can be obtained with the following formula [10]:

fi = Kz - Kus (fiwp) (10)

The relevant values of the different constants K3 and Ky, for A"'BY groups are: 0.1809 and -0.0126, respectively [10].
The results for: the microhardness, Plasmon energy, force constants, and ionicity are given in table 1. Unfortunately, as
far as we know, there is no data available in the literature on the microhardness, Plasmon energy, and ionicity for (B3)
TIP compound. From the table 1, it is seen that, our calculated values of the force constants are relatively lower than
the previous calculated data [11].

Table 1: Micro-hardness, Plasmon Energy, Force Constants and lonicity (B3) TIP: ®Using n =3.39,° Using n =3.49.

Parameter Our work Other works
H (GPa) 473 3.63°
fiw, (eV) 14.40° 13.90°
a (N/m) 37.10° 34.93° 41.21[11]
S (N/m) 6.62° 6.30° 7.38 [11]
f; 0.36° 0.36"

2. 3. Band gap energy, homopolar and heteropolar energies, dielectric constant and optical susceptibility

Knowledge of the optoelectronic properties such as: the refractive index n, the extinction coefficient k, the optical
energy gap Eg,...etc, of semiconductor materials is essential to provide valuable information regarding their
experimental synthesis and eventual utility in fabricating various devices [4]. In the case of direct transition type
semiconductors, the top of the valence band and the bottom of the conduction band are at the same energy axis
(direction) and the refractive index of these semiconductor materials are typically decrease with increasing of the band
gap energy Eg. Anani et al [12] reported that, the refractive index of a semiconductor is dependent on its band gap, and
they have proposed a linear relationship between the refractive-index and the band gap energy Eg, it is given by the
following formula:

n=(17-Eg)/5 (11)
Reciprocally to the formula of Eq. (11), we can obtain the optical band gap energy E, from the following expression:
Eg =17-5n (12)

By employing, the value (3.39) of the refractive index obtained from the relation of Eq. (3-a), and with the help of the
relation of Equ. (12), the value of band gap energy Eg is equal to: 0.05eV. This value shows a small energy gap of
thallium-phosphide. This value is much lower comparatively with the theoretical calculation value (0.158eV) obtained
by Wang and Ye [13]. The using of the refractive index value (3.49) obtained from the relation of equation (3-b), give a
negative energy gap value, indicating a semi-metallic character of this material. Ciftci et al [2] found also a negative
energy gap for the (B3) TIP compound material.

The plasmon energy (%iw,), versus the bond length d for some group A"'BY materials, can be given by the following
relation [10]:

d(A) = C (hop)®® (13)

The relevant value of the constants C for A"'BY group is equal to: 15.30 [10]. Reciprocally to the relation of Eq. (13),
we can obtain approximately the following expression:

hay = (Cld) ¥ (14)

The result for: the plasmon energy, obtained from the relation of equation (14) by using the bond length d (2.582A)
obtained from first principle calculations [6] is equal to: 14.43eV. This value is in excellent agreement with the previous
result (14.41eV) obtained from the application of Eq. (7), and the deviation between the two results is only about 0.14%.
The plasmon energy can be also given as function of some others parameters: homopolar energy (E;), heteropolar
energy (Ec), the bonding-antibonding energy gap (Eq-g)) and dielectric constant () by the following relations [10]:

Eh = K15 (hwp)K16 (15)
Ec= Kyz. exp [Kig (hwp)] (16)
EQ (a-) = - Ko + Ky (ficwp) (17)
&= K21 - K22 (ha)p) (18)

The relevant values of the different constants Kys, Kig, Ki7, Kig, Ko, Koo, Ko and Ky, for A"-BY group are taken from
the paper of Kumar et al [10].
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The results for: homopolar energy (E;), heteropolar energy (Ec), the bonding-antibonding energy gap (Ega-g)), and the
dielectric constant (¢), are listed in table 2. Unfortunately, to the best of our knowledge, there is no data available in the
literature on these quantities for TIP compound. Thus, further experimental investigations and theoretical predictions
are significantly needed.

Table 2: Homopolar Energy, Heteropolar Energy, Bonding-Antibonding Energy Eqa-e, and The Dielectric Constant of (B3) TIP:
#Using hiwp = 14.40 eV, " Using i, =13.90 eV.

Parameter Our results
En (eV) 3.82° 3.61°
E.(eV) 2.86° 2.70°
Eg (ap) (8V) 4.67° 4.28"
P 11.48 11.95°

For object to predict the optical susceptibility y of zinc-blende and wurtzite structured binary solids (A"'-BY and A"-BY!
group binary materials), Yadav et al. [14] have proposed the following relation.

X = Kag (o) ™% (19)

The relevant value of the constant K,3, for A"-BY group is: 27.77 [14].
The proposed empirical relation (19) has been applied to evaluate the optical susceptibility for (B3) TIP compound; the
values obtained are equal to: 0.80 (with 7w, =14.40eV) and 0.84 (with 7w, =13.90eV) respectively.

2. 4. Debye temperature, melting temperature, thermal conductivity and linear thermal expansion

The Debye temperature (6p) of semiconductor material is a fundamental thermodynamic parameter, because it
correlates directly with many other physical properties: such as specific heat and elastic constants [4]. Experimentally,
the Debye temperature can be obtained from the elastic constants measurement method and also from the low
temperature specific heat measurement technique.

In recent years, Kumar et al. [15] have proposed a linear relationship between the Debye temperature (6p) and the
plasmon energy (7iwy), it is given by the following formula:

Ob = -Kyy + Ky (hwp) (20)

For A""BY semiconductors, the values of the constants K, and K5 are: 800.88 and 77.48, respectively [15]. Using Eq.
(20), the values obtained of 0p are: 315.16K and 276.28 K, respectively; they have been listed in table 3 and compared
with the available theoretical data [2, 4, 6, and 16]. It can be seen that, our values of 6p, lie in the range of data reported
in Refs. [2, 4, 6, and 16]. Moreover, our value (315.16K) of the 6p is in good agreement with the earlier calculations; its
deviation is about 4.36% from the value calculated by Ciftci et al [2].

one of the most essential thermophysical quantities of solid material is its melting temperature; with simple definition:
it’s the temperature at which it changes state from solid to liquid. Another linear relation between the melting
temperature Ty, and the plasmon energy (%w,) was proposed by Kumar et al [15], it is given by the following formula:

Tm= -Kze +K27 (ha)p) (21)

The values of the constants K, and Ky are respectively: 1604.02 and 204.70 for A"'-BY semiconductors [15].

Using eg. (21), the obtained values of T, for (B3) TIP compound at equilibrium lattice parameter are: 1239.26K and
1344.53 K respectively, they are listed in table 3 and compared with the available theoretical data [2], [4].

It is worth noting, that the value 1697+300 K of melting temperature obtained in previous work [2], seems to be
inaccurate, because the later authors used the value (C1;=94.63GPa so 0.9463Mbar) to estimate the value of Tm, and if

we use this value (C1;=0.9463Mbar) in the empirical relation ( Tm =553+ 591/Mbar Cy; + 300K ), we obtain the result:
Tm =1112.26+300 K, which is much lower than the value1697+300 K.

Table 3: Debye Temperature (6p) and Melting Temperature Ty, of (B3) TIP In Comparison With Other Theoretical Values [2], [4], [6], and [16].
® Using fico, = 14.40 eV, " Using ficw, =13.90 eV.

Parameter Our work Other works
0p (K) 315.16% 276.28° 302[2] 256.4[4] 259[6] 346[16]
Tm(K) 1241.80% 1344.53° 1112+300[2] 999 + 300 [4]

It is interesting to note that, the knowledge of the thermal conductivity K of semiconductor materials is essential and it
forms an important part in the design of power-dissipating devices, such as transistors, diodes and other optoelectronic
devices [17]. It is important to note also that, the knowledge of the numerical values of K is necessary in calculating the
figure of merit for thermoelectronic devices [17]. At T = 300 K, the thermal conductivity K (in W/cm.K) versus scaling
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parameter Magd (Magg in amu.cm.K®) for some group-1V, A""BY and A"B"' semiconductors can be given by the
following relation [17]:

K=1.17x103(Magd) * (22)

Where M is the average mass of an atom in the crystal (in this case we can take M = M / 2), M is the molecular mass
per formula unit, a is the lattice constant and 6, is the Debye temperature.

For some A"B"' and A"'-B binary tetrahedral semiconductors, the lattice thermal conductivity may be evaluated using
their ionic charge (Z, and Z;), and the bond length d, all those quantities are related by the following relation [18]:

K = K 25(ZaZ)®Id° (23)

Where: Kyg and Kyg are constants, which depends up on crystal structure; they have values of 2 and 1.5, respectively, for
zinc-blende structured solids [18].

Our calculated values of the thermal conductivity K for (B3) TIP compound are estimated at about: 0.577 W/cm.K and
0.47 W/cm.K respectively. They are listed in table 3 and compared with the available theoretical data [18]. Our result
(0.577 W/cm.K) is in very good agreement with the previous value (0.56 W/cm.K) obtained by Verma et al [18]. Hence,
it is deviating from that (0.56 W/cm.K) of Verma et al [18] only by the difference of 3.04%.

Table 4: Thermal Conductivity of (B3) TIP in Comparison With Other Theoretical Value [18].*Using Eq. (22),” Using Eg. (23).

Parameter Our work Other work

K (W/cm.K) 0.577° 0.47° 0.56[18]

The linear thermal expansion coefficient « and the melting temperature T,, for tetrahedral material are related by the
following empirical formula [19]:

o =(A/T,)—B[d —d,® (24)

Where: A is constant (A = 0.021), and d is the equilibrium bond length. For A"-BY semiconductors, the values of B and
do are equal to: 10 (10°K™?A™) and 1.561A respectively [19]. The values of o, have been calculated, the result are
estimated at about to: 5.38 x 10°K™ (with: 7, =14.40eV) and 6.06 x 10°K™ (with: 7w, =13.90eV). Unfortunately, as
far as we know, there are no data available in the literature on the thermal conductivity and «, for (B3) TIP compound.

3. Conclusion

Employing the bond-length and the bulk modulus, with the help of some emperical formulas, the refractive index, the
exciton Bohr parameter, the electronic polarizability, the plasmon energy, the force constants, the optical band gap
energy, the homopolar and heteropolar energies, the bonding-antibonding energy gap, the ionicity, the dielectric
constant, the optical susceptibility and the linear thermal expansion of (B3) TIP compound are predicted. Unfortunately,
there is no data available in the literature on the majority of these quantities. Future experimental work or other
theoretical calculations will contribute for the validating of our calculated results.

Furthermore, the Debye temperature, the melting temperature and the thermal conductivity of this compound are also
obtained; they are in general in good agreement with the previous theoretical data of the literature.
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