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ABSTRACT: In this study, we applied density functional theory to compute the
electronic, optical, and thermal properties of MP (M = Li, Na, K). We find that the
materials under consideration are stable, owing to the lack of negative frequencies in
the phonon spectra. LiP exhibits an indirect band gap of 1.43 eV. NaP and KP have
direct band gaps of 1.67 and 1.76 eV, respectively. The family of these composites
shows strong absorption, observed by their very sharp absorption edges and
confirmed by their direct transition from the valence to conduction band. They
exhibit strong absorption below 4.0 eV in the optical spectra, which could serve in a
solar cell device. The thermal calculations show high zT values of 0.74, 0.78, and
0.64 at 300 K for LiP, NaP, and KP, respectively. Thus, our results could be
promising for electronic and thermal devices.

1. INTRODUCTION
Now, the world is overlooking the resources of fossil energy,
and an alarming situation has been created due to inadequate
fossil energy resources. The upcoming energy crisis makes
scientists ponder developing environmentally friendly and
renewable energy resources, as we know that solar energy is a
renowned, vast, and copious source of energy.1

MP (M = Li, Na, K) have become a hot cake for research in
recent years because of their use in solar cells, light emitting
diode (LEDs),2−4 photodetectors,5−7 and lasers.8−10 MP (M =
Li, Na, K) have gained attention because of their high thermal
conductivity and wide energy band gaps. Additionally, their
direct band gap nature makes them more suitable for solar
applications due to no energy loss.
It is a fact that low-band-gap materials like PbTe and Bi2Te3

are considered best for thermoelectric generators, and they are
highly significant.11 To understand the importance of materials
in the application of renewable devices, a complete description
of their properties is very crucial. The absorption coefficient,
reflectivity, dielectric constants, and optical properties of PbTe
and Bi2Te3 were computed using first-principles calculations by
employing mBJ potentials.12 LiP, NaP, and KP may cause
surface oxidation or deterioration when they react with
airborne moisture and oxygen. The reactivity of the sample
may make handling, storing, and characterizing it more
difficult. At high temperatures, a few phosphides, such as
LiP, NaP, and KP, show poor thermal stability. This may
reduce the variety of experimental conditions for studying the
samples. Notwithstanding these difficulties, experimental

research on these materials is crucial to expanding our
knowledge of their basic characteristics and investigating
their possible uses in a range of industries.
These alkali metals offer great promise for resolving the

issues associated with the green energy crisis because of their
unique characteristics in a range of renewable energy
technologies. They can absorb a wider spectrum of sunlight,
including visible and infrared light, since they have tunable
direct band gaps in a visible region. Higher solar energy
conversion efficiency may result from this characteristic. They
may also be able to resolve the stability problems associated
with conventional solar cell materials. Due to their better
thermoelectric properties, these materials provide a way to
utilize surplus heat from other sources or industrial operations
by converting waste heat into power. These binary materials
(MP) display potential in optoelectronics because of their
special electronic structures, enabling effective heat-to-
electricity conversion.
Although Li, Na, and K are all alkali metals, they differ

considerably in mass and size. Because of this variance, the
author may look into how the mass and size of the alkali metal
impact the material’s characteristics. Understanding how
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atomic mass and radius variations affect the electronic
structure, stability, and reactivity may be gained by density
functional theory (DFT) calculations. They can absorb a wider
spectrum of sunlight, including visible and infrared light, since
they have tunable direct band gaps in a visible region.
Additionally, because of the relative abundance of experimental
data for molecules containing Li, Na, and K, theoretical models
derived from DFT calculations may be validated and refined
more easily.
Though a few works are available on the optical and

electronic properties of MP (M = Li, Na, K), an organized
theoretical study of the mentioned phosphides crucial for
application purposes is missing in the literature. In the present
study, we use first-principles calculations to investigate the
optoelectronic and thermoelectric properties of MP (M = Li,
Na, K). Our proposed materials are dynamically stable owing
to non-negative vibrations in phonon spectra. Our calculated
results show an indirect band gap of 1.43 eV for LiP.
Interestingly, direct band gaps of 1.67 and 1.76 eV were
observed for NaP and KP, correspondingly. The family of
these compounds shows strong absorption in the visible
region. These materials exhibit robust optical absorption in
their optical absorption spectra beneath 4.0 eV, which could be
capable of solar energy applications. The LiP, NaP, and KP
possess high ZTs of 0.74, 0.78, and 0.64 at 300 K, respectively.
Thus, our results could be promising for applications related to
renewable energy devices.

2. METHODOLOGY
Based on the FP-LAPW technique, the WIEN2k code is an
implementation of the DFT framework for the theoretical
analysis of material characteristics of MP (M = Li, Na, K).13,14

First, the generalized gradient approach (PBEsol-GGA) was
used to optimize the structural parameters and obtain the
optimal lattice parameters.15 We then used the modified
Becke−Johnson (mBJ) approach to ensure accurate band gap
estimates because we observed that GGA has an impulse to
underestimate the band gap value.16 A spherical harmonic
structure is expected for the ultimate electronic structure
within the muffin-tin sphere, and a plane wave-like develop-
ment is observed in the interstitial space. We first determined
the Gaussian parameter Gmax = 12 by multiplying the muffin-
radius and wave vector (RMT × Kmax = 8). Then, we applied an
angular momentum value of lmax = 10 in the reciprocal lattice
to fine-tune the initial geometry. The Brillouin zone was
integrated using a k-mesh with 2000 k-points, or a 12 × 12 ×
12 grid, to guarantee precision.16 It is assumed that the charge
convergence is 0.01 mRy. Furthermore, the convergent energy
and the enhanced electrical structures through mBJ have been
taken into consideration in the computation of the transport
characteristics utilizing the BoltzTraP code,17 which is
determined by the conventional Boltzmann transport theory.18

3. RESULTS AND DISCUSSION
3.1. Structural Properties. We relaxed the structure of

MP (M = Li, Na, K), the LiP exhibits a monoclinic geometry
with the space group P21/C,

14 while NaP and KP possess
orthorhombic structures with the space group P212121,

19 as

Figure 1. Relax structure geometry and the corresponding phonon spectra of (a) LiP, (b) NaP, and (c) KP.

Table 1. Calculated Lattice Constant (a0), Unit Cell Volume (V0), Bulk Modulus (B0), Derivative of Bulk Modulus (Bp), and
the Ground-State Energy (E0) of MP (M = Li, Na, K)

compounds a0 (Bohr) experimental (Ǻ) V0 (au3) B (GPa) BP E0 (Ry)

LiP a = 10.74 a = 5.5 1659.02 61.96 5.00 −5584.40
b = 9.54 b = 4.9
c = 19.67 c = 10.124

NaP a = 10.88 a = 6.03 2305.41 44.70 5.00 −8057.60
b = 11.64 b = 5.64
c = 21.06 c = 10.1425

KP a = 11.53 a = 6.5 3004.30 33.92 5.00 −15,086.16
b = 12.50 b = 6.01
c = 21.06 c = 11.2825
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shown in Figure 1. We have used PBEsol-GGA for
optimization of these compounds by using the Birch−
Murnaghan equation of states to determine the lattice
parameter at the ground state. The lattice constant (a0) at
the ground state and the bulk modulus are calculated by
computing the volume optimization method in Table 1. From
Table 1, it can be seen that the a0 of the studied materials
improves as we go from Li to K due to the increasing trend in
the ionic radii as rLi (1.45 Å) < rNa (1.80 Å) < rK (2.20 Å).
Thus, the increasing trend in the ionic radii of group-III
elements enhances the interatomic spacing, resulting an
increase in the lattice constant.19−21 In order to calculate the
resistance of material resistance against the external pressure,
the bulk modulus is also calculated for MP (M = Li, Na, K).
We find a decreasing trend as we move from Li to K, as
tabulated in Table 1. The decreasing trend in the bulk modulus
(from Li to K) exhibits that MP (M = Li, Na, K) are
compressible because of the increasing volume of the unit cell
(due to the lattice constant increase). Therefore, an inverse
relation exists between the lattice constant and the bulk
modulus, B

a
1

0
,22,23 where the unit cell volume is

represented by V0.
To check the stability of MP (M = Li, Na, K), we have

computed the phonon spectra by employing a finite-displace-
ment approach using the Phonopy code.26 The phonon spectra
have been computed beside the great symmetry R−Γ−X−
M−Γ commands of the Brillouin zone, as depicted in Figure 1.
The absence of imaginary frequency in computed spectra
confirms the stable nature of MP (M = Li, Na, K), like SnSSe27

and others.23,28

3.2. Electronic Properties. After confirming the stable
nature of MP (M = Li, Na, K), we further calculated the
electronic properties with the mBJ method. The band gap for
LiP is estimated to be 1.43 eV, showing its indirect band gap
nature, as shown in Figure 2. From Figure 2, it is clearly
understood that the extreme of the valence band (VBM)
stands among M−Γ points and the lowest of the conduction
band (CBM) is at the Γ point, revealing the indirect band gap
nature of LiP. Interestingly, NaP and KP possess direct band
gaps of 1.67 and 1.76 eV, respectively, as shown in Figure 2
and Table 2. From Figure 2, one can see that the VBM and
CBM lie at a similar symmetry point (Γ), confirming the direct
band gaps of NaP and KP. Our calculated band gap is
comparable with the values of Li2Se, Na2Se, and K2Se, i.e.,
2.80, 2.01, and 2.2 eV, respectively.
To obtain a more detailed understanding of the electron

contribution inside the band structure from the various states,
the total/partial density of states (T/PDOS) of MP (M = Li,
Na, K) is computed, also shown in Figure 3. The Li/Na/K p-
states are dominant and have negligibly less contribution from

s-states of corresponding atoms at the lower valence band of
the TDOS. Thus, the p-states of Li, Na, and K mostly
contribute to the DOS. Similarly, the p-states of Li, Na, and K
mainly contribute to the conduction band.
3.3. Optical Properties. Furthermore, we have estimated

the optical properties of MP (M = Li, Na, K) for technological
applications. We have studied their optical properties to find
their suitability in photovoltaic cells. The dielectric function is
determined to observe the material’s response to the frequency
or the electric field of the incident photon. The dielectric
function describes the limit of propagation of an electro-
magnetic wave in terms of the complex function of the angular
frequency (ω) of the external electric charges. In order to
compute all optical properties inspected in MP (M = Li, Na,
K), the complex dielectric function ε(ω) is calculated. We have
estimated the optical properties of MP (M = Li, Na, K) in
terms of reflectivity, refraction, and absorption. We used the
Kramer−Kroning transformation to calculate the real dielectric
constants from the imaginary part of dielectric constants from
eqs 1 and 2.32

P( ) 1
2 2( )

2 2
d1

0
= +

(1)

e h
m

Mcv k cv k k( ) ( ) 2 ( ) d
v c BZ

2

2

2 2
,

3= | | [ ]
·

(2)

ε1(ω) is the real part of the dielectric constant that explains
how much the materials are polarized at the plasmonic
resonance frequency and their variations with photon energy.
We have used ε(ω), which contains two parts, the real part

(ϵ1(ω)) and the imaginary (ϵ2(ω)) part, as shown in Figure 4.
ϵ1(ω) shows the ability of a material to store energy and has a
direct relation with the refractive index of a system.33

Furthermore, ϵ1(ω) exhibits electronic polarizability, which
can be defined as shifting the positive and negative electric
charges in the reverse directions.33 Moreover, the behavior,
capability of absorbing light, and energy gain for the
photovoltaic materials34 can be evaluated from the ϵ2(ω)
part of ε(ω). Also, ϵ2(ω) presents the absorption of light,

Figure 2. Calculated band structures of (a) LiP, (b) NaP, and (c) KP.

Table 2. Calculated Band Gap (Eg) and Optical Parameters
at 0 eV Energy for MP (M = Li, Na, K) Using the mBJ
Potential

Eg (eV)

compounds this work others ε1 (0) n (0) R (0)

LiP 1.43 AlAs = 1.4229 8.6 2.90 0.25
NaP 1.67 SiP = 1.6930 7.3 2.64 0.21
KP 1.76 K2Te = 1.4231 5.8 2.45 0.16
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which is the shift of electrons from the ground state to the
excited state. From Figure 4, an increasing trend in ϵ1(ω) can
be seen in the zero-frequency limit for MP (M = Li, Na, K). In
Figure 4, we can see that at 2.2, 3.3, and 3.6 eV energy, a steady
variation occurs in ϵ1(ω) after the preliminary transition. The
negative value of ϵ1(ω) in Figure 4(a) represents the
electromagnetic wave reflectance for LiP, NaP, and KP. In
the zero frequency, the larger ϵ1(ω) value suggests the high
polarizability of the studied material, as shown in Figure 4(a).

ϵ1(ω) is defined as the square of the refractive index (n).33

Thus, the n value is estimated to be 2.90, 2.64, and 2.45 for
LiP, NaP, and KP, respectively (see Figure 4). Our computed
values of n are higher than those of tin sulfide (1.94),35 tin
selenide (1.98),35 zinc sulfide (1.661),36 and phosphorene
(1.20),37 though comparable to graphene (2.69)38

The high n values in the visible spectrum suggest an
extensive variety of applications of MP (M = Li, Na, K). For
instance, they can be used as substrates in advanced display

Figure 3. Total and partial density of states of (a−c) LiP, (d−f) NaP, and (g−i) KP.

Figure 4. Calculated (a) real part (ϵ1(ω)) and (b) imaginary part (ϵ2(ω)) of the dielectric, (c) refractive index (n(ω)), (d) extinction coefficient
(k(ω)), (e) absorption coefficient (α(ω)), and (f) reflectivity (R(ω)) of MP (M = Li, Na, K).
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devices39 and have the capability in photonics as antire-
flectors40 and optical encapsulants with optimized refractive
indices to boost the response of photovoltaic cells.41 The
imaginary part ϵ2(ω) of MP (M = Li, Na, K) exhibits strong
absorption, which shows that these materials can better absorb
light in the visible range to 3.4 eV, which could be capable of
increasing the absorption of the solar energy spectrum.
Figure 4(c) shows the relation between the incident light in

electronvolt and the refractive index (n(ω)), whereas Figure
4(d) displays the relation between the incident light in
electronvolt and the extinction coefficient (k(ω)). The overall
profiles of k(ω) and n(ω) of MP (M = Li, Na, K) are quite
similar. Static n(ω) is estimated to be 2.90, 2.64, and 2.45 for
LiP, NaP, and KP, respectively, and reached the peak values of
3.43, 3.38, and 3.58 at 2.78, 3.10, and 3.23 eV, respectively.
Thereafter, a steady decrease is seen, tending to a constant
value in the far UV region. The k(ω) values of 0.63 (NaP) and
0.82 (KP) exhibit two peaks at 2.74 and 2.24 eV, respectively.
The second peak lies in the UV region, whereas for LiP, both
peaks appear in the UV region. The resonance in the graph of
n(ω) and k(ω) in the UV region leads toward the interband
transition in MP (M = Li, Na, K). The width of the peak
demonstrates the rate at which the photons are being absorbed
in the specified range. To calculate the refractive index and the
extinction coefficient, eqs 3 and 4 are as follows

n ( )
1
21

2
2

2 1/2
2

1/2{ }= [ + + ]
(3)

k ( )
1
21

2
2

2 1/2
2

1/2{ }= [ + ]
(4)

where the real and imaginary parts of the complex dielectric
function are represented by ϵ1 and ϵ2, respectively.
The low energy range (0.00−3.30 eV) in Figure 4 describes

that the absorption coefficient (α(ω)) fits well with the ϵ2(ω)
curves, which corresponds to the electronic transition, as
presented in Figure 2. We have estimated the α(ω) values to
be 63 at 3.9 eV, 80 at 3.9 eV, and 87.5 at 3.57 eV for LiP, NaP,
and KP, respectively, and then peaks proceed in the ultraviolet
region. These outcomes illustrate the higher absorption in the
UV region. In view of the above discussion, MP (M = Li, Na,
K) could be a promising entity to the family of optoelectronic
materials for applications in photovoltaic (PV), etc. Equation 5
describes the absorption coefficient α.

k
c

2 ( )=
(5)

In Figure 4, the reflectivity (R(ω)) and energy loss function
(L(ω)) have been calculated and plotted as a function of
energy. From Figure 4, we can see that from 0 to 3.0 eV (the
low energy region), the values of reflectivity spectra R(ω) are
significantly small, indicating that transition does not take place
in the given spectrum. Therefore, the R(ω) value in the UV
spectrum is higher in comparison with the visible spectrum; at
3.65 eV, the percentage of reflection is about 45%. Reflections
of about 15% take place in the visible region. The behavior of
MP (M = Li, Na, K) from the infrared (IR) to UV region
marks it as a potential candidate for IR and UV region
applications. From eq 6, we can calculate the reflectivity of a
material.

R
n k
n k

( 1)
( 1)

2 2

2 2= +
+ + (6)

The high absorption can be observed at the energy where
the transition occurs. The electron gets excited in a medium
when the photon obtains sufficient energy. In a solid medium,
a fast-moving electron can bump in to other electrons, which
results in the excitation of other electrons that de-excite and
release energy. Consequently, the communal excitation occurs
that can be specified by the energy loss spectrum, L(ω), and is
related to the dielectric constant ε(ω). During the inter- and
intraband transitions, L(ω) can be distinguished by the
excitation of plasmons. The plasma resonance properties are
exhibited by the peak value in L(ω), and the subsequent
frequency is known as the plasma frequency. The electron may
respond at the plasma frequency. Therefore, if incident light
(photon) can not have an energy equal to plasma frequency,
the electric field is able to screen effectively by plasma
oscillation. From Figure 4, one can see that the highest peaks
are at 11.0 and 12.0 eV, showing plasmon resonance.
3.4. Thermoelectric Properties. Our world is facing a

great energy crisis economically and as well as environ-
mentally.42 Scientists are trying to overcome this deficiency by
converting waste energy into electrical energy,43−46 and this
electrical energy has been used in potential applications like
heating and cooling devices in electronics and spintronics.5−8

We have calculated the thermoelectric properties of LiP, NaP,
and KP using BoltzTrap software in WIEN2k.47 We have also
calculated the Seebeck coefficient (S), thermal conductivity
(k), power factor (PF), and electrical conductivity (σ), and
after that, we made the figure of merits (zT).
The following expressions have been used for calculations.

N
i k( )

1
( , )

( )

( )i k

i k

,

,=
(7)

i k e i k i k( , ) ( , ) ( , )i k
2

,= (8)

Here, the wave vector is k and the number of k-points is
represented by N. τ is the time and the group velocity is
symbolized by υβ(i,k). Other values required for the calculation
of thermoelectric are described as follows.

f T
( , )

1
2
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(10)

Electrical conductivity is represented by α, unit cell volume
is shown by Ω, β is the electron charge in the concentration of
the carrier, and the Fermi Dirac distribution is represented by
f 0. The output efficiency can be measured by the following
equation.

S
k

zT T
2i

k
jjjj

y
{
zzzz

(11)

Here, we have electrical conductivity as α, S is the Seebeck
coefficient, thermal conductivity is represented by K, and T is
the temperature. σ and S increase with an increase in
temperature and then start decreasing. In order to calculate
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the electrical and thermal conductivity, the relaxation time (τ)
can be used in traditional Boltzmann transport software. The
default value of relaxation time is τ = 10−15. But, we set the
relaxation time as τ = 10−14. Figure 5(a) represents the plot of
electrical conductivity as a function of temperature (k), where
the temperature ranges from 200 to 800 (k). We can observe
that in Figure 5(a), LiP shows the maximum electrical
conductivity, while NaP and KP show linear behavior. If we
observe electrical conductivity at room temperature, then we
can see that at 300 K, LiP shows 3 × 1018 (Ω ms)−1, NaP
shows 1 × 1018 (Ω ms)−1, and KP shows 0.8 × 1018 (Ω
ms)−1.48 We will only consider the electronic component
because of some limitation of the BoltzTraP code according to
our observation.
Calculation of the Seebeck coefficient has been shown in

Figure 5(b). In the Seebeck coefficient, we observe the
magnitude of the induced value of volume. Here, NaP shows
the maximum value of the Seebeck coefficient. At room
temperature, the values of the Seebeck coefficient of LiP, NaP,
and KP are 0.20, 0.24, and 0.22 μV/k, respectively.
Figure 5(c) shows the thermal conductivity of our

compounds and exhibits that LiP shows the maximum thermal
conductivity. We can also observe the thermal conductivity
values of these compounds at room temperature, i.e., 0.5 ×

1014 (W/m K s) for LiP, 0.2 × 1014 (W/m K s) for NaP, and
0.3 × 1014 (W/m K s) for KP.
Figure 5(d) shows that the thermal proficiency is explained

with the figure of merit (ZT) data. MP (M = Li, Na, K)
compounds do not show significant values of zT at 300 K, so
the zT value can be enhanced using advanced theories. The
thermal and electrical transport features of thermoelectric
materials provide novel opportunities for thermoelectric
performance enhancement.49

Using the mathematical formula q k q
x

d
d

= · , Fourier’s law
defines the heat flow in a thermoelectric material. The
temperature gradient is represented by the expression q

x
d
d
, the

coefficient of thermal conductivity is denoted by “k,” and “q”
stands for the rate of thermal energy flow per unit area over
time. In semiconductors, phonons and electrons both affect the
total thermal conductivity; in metals, however, the phonon
contribution is small, less than 2%. This coupling has been
included in the research of thermoelectric properties under
examination, as the transport characteristics are greatly
influenced by the interaction between electrons and phonons.
Two different methods have been used to analyze thermal
conductivity: the electron- and the phonon-based methods,
which are represented by the formula κt = κe + κl. The
contribution from electron vibration is denoted by κe in this

Figure 5. (a) Electrical conductivity (σ/τ), (b) Seebeck coefficient (S), (c) thermal conductivity (k/τ), and (d) figure of merit (ZT) for LiP, NaP,
and KP.

Figure 6. Computed (a) lattice thermal conductivity and (b) figure of merit for MP (M = Li, Na, K) at 300 K.
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formula, while the thermal conductivity related to phonon
vibration is represented by κl. The computed thermal
conductivities attributed to the phononic (κl) processes across
the temperature range of 0−800 K are shown in Figure 6(a),
which illustrates this connection. The graphs for κl and total or
overall conductivity, both of which drop with increasing
temperature, indicate the thermal conductivities.

4. SUMMARY
In summary, we have calculated the optoelectronic and
thermal properties of MP (M = Li, Na, K) using first-
principles calculations. First, we investigated the basic
structural properties of MP (M = Li, Na, K) (LiP, NaP, and
KP). LiP possesses monoclinic geometry, while NaP and KP
exhibit orthorhombic structures. The phonon spectra showed
that the system under consideration is dynamically stable due
to no imaginary frequencies in the spectra. Our result indicates
the indirect band gap for LiP, that is, 1.43 eV. Interestingly,
both NaP and KP possess direct band gaps of 1.67 and 1.76
eV, respectively. The family of these compounds shows strong
absorption, and the reflectivity is lower than 15% in the visible
spectrum region. Hence, in the visible region, they absorb most
of the incident light and could show promising results in solar
cells. From the thermal calculations, we find high zT values of
0.74, 0.78, and 0.64 at 300 K for LiP, NaP, and KP,
respectively. Hence, our results could be worthwhile for future
experimental work to explore these compounds for applica-
tions related to renewable energy devices.
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