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Optical properties of gallium phosphide (GaP) nanowires
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Abstract The linear and non-linear optical properties of

different geometrical structures of gallium phosphide

(GaP) nanowires have been studied by employing ab initio

method. We have calculated the optical response of four

different GaP nanowires, viz., two atom linear wire, two

atom zigzag wire, four atom square wire and six atom

hexagonal wire. We have investigated imaginary part of

the zz component of the linear dielectric tensor and second

order susceptibility for different structures along with bulk

material. We revealed that strongest absorption occurs for

four atom square nanowire configuration.

Keywords Gallium phosphide nanowires � Linear and

non-linear optical properties

Introduction

Optical properties of nanowires have become a major area

of research for optoelectronic devices. When an electron

absorbs a photon from the incident light, it makes a tran-

sition to the next higher unoccupied state and emits a

photon of frequency less than or equal to the frequency of

incident light; this phenomenon is known as linear optical

transitions. It is found that there is significant shift in the

optical absorption spectra toward the shorter wavelengths

referred to as the blue shift as the particle size is reduced.

The existence of the exciton has a strong influence on the

electronic properties of the semiconductor and its optical

absorption. The second-order response or non-linear

property is a two photon process where the excited electron

absorbs another photon of the same frequency and makes a

transition to another allowed state at higher energy. When

this electron is falling back to its original state, it emits a

photon of frequency, which is twice the frequency of that

of the incident light (Srivastava and Singh 2008). A linear

phenomenon is somewhat simple but non-linear phenom-

enon corresponds to the appearance of a frequency com-

ponent in the intense light beam that is exactly twice the

input. The high aspect ratio of 1-D semiconductors gives

rise to anisotropy in the electronic and optical properties; it

may further enhance the long range dipolar interaction and

produces significant changes in the transition states.

Semiconducting nanowires have received much attention

due to their potential application as building blocks of

miniaturized electrical (Wang et al. 2005), nanofluidic

(Karnik et al. 2005) and optical devices (Sirbuly et al.

2005). Nanowire photonic circuitry made from 1-D nano-

structures offers numerous opportunities for the develop-

ment of next generation optical information processors.

The wave guiding property of individual nanowires

depends on the wavelength of the emitted light.

Gallium phosphide (GaP) is a semiconducting com-

pound with an indirect band gap of 2.26 eV. It is one of the

most promising optical materials having refractive index of

about 3.37 in the visible region and it decreases to 3.2 in

the infra red region. Thus, it can be utilized for manufac-

turing low and standard brightness, i.e., red, orange and

green light emitting diodes (LED). It is also a low cost

material with excellent optical properties. Thus, it can

prove to be the best material for manufacture of opto-

electronic devices in economic mode. The development of

S. Singh (&)

Department of Physics, Hindustan College of Science

and Technology, Farah, Mathura 281122, India

e-mail: satyendra7171@yahoo.co.in

P. Srivastava

Applied Physics Group, Indian Institute of Information

Technology (ABV-IIITM), Gwalior 474010, India

123

Appl Nanosci (2013) 3:89–94

DOI 10.1007/s13204-012-0096-6



newer non-linear optical materials for their possible

applications in technological areas like optoelectronics,

optical signal processing, optical computing is of crucial

importance. Earlier, many efforts have been made to

explore the linear and non-linear optical properties of dif-

ferent materials in the bulk state as well as in nanostate.

Experimentally, Gupta et al. (2003) have studied the sur-

face optical phonons in GaP nanowires using Raman

scattering. Synthesis of GaP nanowires by heating Ga2O3

and red phosphor powders has been done by Baoyu et al.

(2004). A complete Raman scattering study on GaP

nanowires has been done by Chapelle et al. (2005). They

gave evidence that Raman spectra are affected by the one-

dimensional shape of the nanowires. The morphology and

microstructure of GaP nanowires by scanning electron

microscopy and transmission electron microscopy have

been observed by Xiong et al. (2003). Lee et al. (2003)

studied the interband optical transitions in GaP nanowires

encapsulated in GaN nanotubes.

Four different geometrical structures of GaP nanowires

are considered and the linear and non-linear optical proper-

ties of considered structures are being presented in this paper.

The linear and non-linear spectra for considered structures

are investigated and finally the optical transition in different

energy regions is discussed. The details about the geomet-

rical structures have been given in our earlier published

paper (Srivastava et al. 2011). The considered geometrical

structures of GaP nanowires are shown in Fig. 1.

Fig. 1 Optimized structures of

GaP nanowires. a Two atom

linear wire, b two atom zigzag

wire, c four atom square wire,

d six atom hexagonal wire
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Methodology used

ABINIT code (Hohonberg and Kohn 1964; Kohn and

Sham 1965) has been used for the computational work. The

ab initio DFT calculations (Martin 2004; Gonze et al.

2002) are employed within the plane-wave pseudopotential

method to investigate the linear and non-linear optical

properties of GaP nanowires. As is evident from the above

literature that the pseudopotential method has been very

successful in exploring the structural, electronic and optical

properties of various materials (Martin 2004); in this cal-

culation, the generalized gradient approximation and the

exchange–correlation functional of Perdew, Burke, and

Ernzerhof were applied (Perdew et al. 1996). The exchange

correlation potential of Troullier and Martins (1991) has

been used and these pseudopotentials were taken from

ABINIT web page (Gonze et al. 2002). The potentials were

tested by performing calculations on bulk GaP material in

which the results were found to be consistent with the

experimental ones.

All the calculations were performed in a self-consistent

manner. The studied structures were optimized for Hell-

mann–Feynman forces as small as 10-3 eV/Å on each atom

and the calculations were performed with a kinetic energy

cut off of 30 Hartree. The wires were positioned in a

supercell of side 20 au along the x and y directions; the axis

of the wire was taken along the z direction and the periodic

boundary conditions were applied. The Monkhorst–Pack

method with 15 k-points sampling along the z direction was

used in the integration of the Brillouin zone, all atoms were

allowed to relax without any imposed constraint. In order to

check the self-consistent calculations, we have determined

the self-consistent optimized value for the lattice parameter

of bulk GaP materials, the magnitude of atomic relaxation

depends on the plane cut-off energy and one has to obtain the

convergence with respect to cut-off energy too.

Results and discussion

The linear and non-linear susceptibility equations have

both real and imaginary parts for calculating the optical

spectra of any of the nanowires; here, both real and

imaginary parts can be important for the gain and loss of

energy density in the electromagnetic field at some par-

ticular frequency. In the current investigation, only the

imaginary part of the susceptibility equation is responsible

for the exchange of energy in the electromagnetic field,

therefore, the imaginary part of the results so obtained is

analyzed.

The imaginary parts of the zz component of the linear

dielectric tensor or linear susceptibility for various GaP

nanowires along with bulk are shown in Fig. 2. The linear

optical response of bulk seems to be quite smooth, whereas

the linear susceptibility gradually increases with energy. In

the case of two atom linear wire, response reflects a strong

peak around 4.6 eV, with some other small and large peaks

towards the higher energy side. For two atom zigzag wire

structure, a strong absorption with one high magnitude

peak at 4.2 eV with several small peaks towards higher

energy side is observed. It is found that the four atom

square wire linear spectra have the strongest peak around

4.4 eV, and there are other weak peaks also at higher

energy region. In the case of six atom hexagonal wire

structure, the spectra have its highest peak at 4.2 eV but is

of less magnitude as compared to that of the other struc-

tures; however, there are many other peaks seems in

between 4.0 and 6.0 eV. In conclusion, the analysis of

linear spectra for all considered structures reveals that

strongest absorption occurs for the two atom linear wire,

two atom zigzag wire and four atom square wire,

respectively.

The non-linear response of bulk spectra is as shown in

Fig. 3. It can be seen that the total second order suscepti-

bility is zero towards the low energy region up to 4 eV.

Whereas in the high energy region between the energy

levels 4.0 and 6.0 eV, the SHG optical spectra are domi-

nated by intra (2x) contribution towards the positive

Fig. 2 Calculated imaginary part of the zz component of the linear

dielectric tensor for different GaP nanowires along with bulk GaP

material
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susceptibility value and inter (2x) contribution towards the

negative susceptibility.

The non-linear optical spectra of different structures of

GaP nanowires are presented in Figs. 4, 5, 6 and 7. Various

contributions to the imaginary part of vzzz (2x,x,x) are

taken and the non-linear spectra of two atom linear wire are

shown in Fig. 4. It is observed that the total SHG peaks

are dominant near lower energy values having magnitude

of the order of 90, which reduces almost 7 near 3.2 eV on

positive side. On the positive side, major contributions

come from intra (2x) transition and intra (x) transition,

whereas the intra (2x) transition plus the total transition are

obtained in the negative region of the graph.

The second-order susceptibility values for two atom

zigzag wire are seen to be rather complicated as shown in

Fig. 5. It can be observed that so many prominent peaks

lying between 0.0 and 6.0 eV energy range and it is found

that the total SHG susceptibility is dominant near lowest

energy region having magnitude of the order of 17, which

reduces almost 2 factors near 5.2 eV. Here, the major

contributions come from intra (2x) transition, and inter (x)

transition plus total transition are obtained towards the

upper level, whereas the intra (2x) transition and the total

transition are obtained towards the lower level.

The non-linear response for a four atom square wire

cross section is shown in Fig. 6. The total absorption as

Fig. 3 Calculated second-order susceptibility Im [vzzz (2x,x,x)] and

different contribution for bulk GaP material

Fig. 4 Calculated second-order susceptibility Im [vzzz (2x,x,x)] and

different contribution for two atom GaP linear wire

Fig. 5 Calculated second-order susceptibility Im [vzzz (2x,x,x)] and

different contribution for two atom GaP zigzag wire

Fig. 6 Calculated second-order susceptibility Im [vzzz (2x,x,x)] and

different contribution for four atom GaP square wire
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well as intra (2x) transitions has greater contribution near

lower energy region as compared to higher energy region

and the magnitude of SHG spectra is high at around 137.5

(total SHG). The highest absorption spectra come from

intra (2x) transition and inter (2x) transition in the lower

energy region of the positive side, whereas in the negative

side SHG spectra, the highest contribution comes from

intra (x) transition plus total transition.

The optical spectrum for a six atom hexagonal wire is

depicted in Fig. 7. It is observed that the total SHG spectra

are dominant near lower energy side having the magnitude

of the order of 14, which reduces almost 2.5 near 3.7 eV in

the positive side. Here, the major contributions come from

intra (x) transition and inter (2x) transition towards posi-

tive side and intra (2x) transition towards negative side

having a magnitude of the order of 67.5 eV.

Through SHG analysis, it can be concluded that stron-

gest absorption occurs for a four atom square wire con-

figuration. As reported [110] for the same material, it is

predicted that four atom square wire structure has the stable

structure; thus it can be concluded that stable structure

configuration also has the strongest SHG absorption.

Conclusion

We have calculated and analyzed the linear and non-linear

optical response of four different structures of GaP nano-

wires. The aim of our analysis was to explore the best

possible configuration of GaP nanowire to be applied in

photonic and optoelectronic devices. First, we have ana-

lyzed the linear response of considered structures. The

analysis of linear spectra reveals that strongest absorption

occurs for two atom linear wires, two atom zigzag wire and

four atom square wires, respectively. Second, we have

investigated the SHG susceptibility spectra of these struc-

tures. In SHG spectra, we observe remarkable features for

all structures. We predict that strongest absorption occurs

for four atom square nanowire configuration. We also

revealed that the calculated peaks not only get sharper but

also show pronounced energy shift. This is mainly due to

interband contribution to the imaginary part of the dielec-

tric function. All SHG spectra comprise of total, inter and

intra band contributions. The SHG spectra are rather

complicated due to various microscopic features observed.

We have not come across any of the experimental or the-

oretical results to compare such type of linear and SHG

optical spectra for various structures of GaP nanowires.

The present investigation is important, because size, shape

and structure are the important criteria in nano regime, and

one must not ignore so far as nanowires are concerned.
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