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Linear and nonlinear optical properties in single CuIn1−xGaxSe2 nanowire:
Effects of size, incident intensity, relaxation time and Ga concentration
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The linear and nonlinear optical properties of CuIn1−xGaxSe2 free standing nanowire have been studied by employing the compact-density
matrix formalism and the effective mass approximation. Considering the system under the effect of the polarization vector of the incident
light in both cases perpendicular and parallel to the axis of the nanowire, the systematic theoretical investigation contains results with all
possible combinations of the involved parameters, such as incident light intensity, relaxation time, nanowire radius and Ga concentration.
Our results show that in the case of the polarization vector perpendicular to the nanowire axis, the linear and nonlinear absorption coefficient
and refractive index changes can be controlled by changing the nanowire radius, and the effect of Ga concentration is clearly apparent. In
contrast, polarization along the nanowire axis allows for a very large absorption coefficient and control of the optical properties through
the height, but minimal effect on the transition energy. The increase of the relaxation time as well as the intensity of the incident light has
a major role in the nonlinearity effects, while the Ga concentration and the size of the structure influence the amplitude and the transition
energy shift.
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1. Introduction

Recent developments and advances in modern technology,
both theoretical and experimental, have made it possible to
scale electronics to the nanoscale, which could enable new
functions and increased performance [1]. One-dimensional
nanostructures in which charge carriers are confined in the
other two dimensions are nanowires (NWs) [2,3].

With physical and optical properties that are expected to
be quite different and improved over bulk crystals due to the
reduction in size, combined with the semiconducting proper-
ties of the materials, semiconductor nanowires have multiple
qualities that are needed for future applications. Among the
many advantages of nanowire geometry are high efficiency,
high surface-to-volume ratio, high multi-material selectivity
for efficient charge carrier extraction after light absorption
[4], high light trapping in high-density nanowire arrays [5],
quantum size effects (QSE), and size-dependent band gap
that confer unique photoluminescence properties [6].

In recent years, considerable experimental [7, 8] and the-
oretical work has been devoted to semiconductor nanostruc-
tures in which charge carriers are confined in one, two, or
three directions [9, 10]. Nanowires have a significant role
both experimentally and theoretically. They are used as in-
terconnects and functional units in nanoscale electronic, op-
toelectronic, electrochemical and electromechanical devices.
Nanowires are integrated for applications such as high mo-
bility transistors [11], light emitting diodes [12], biochemical
sensors [13], and other applications. Due to their promising
properties [14–17], nanowires are opening up new areas of
research in the field of nanomaterials [18].

The strong polarization dependence of nanowires in light
absorption and emission is one of the main challenges to their
optimal technological integration. Indeed, nanowires have
a highly anisotropic polarization response in both light ab-
sorption and emission. Light absorption is favored for light
polarization along the axis of the nanowire, with little depen-
dence on diameter [19, 22]. However, it is almost transpar-
ent for incident light exhibiting polarization perpendicular to
its axis. This results in nearly half of the incoming white
light passing through a nanowire without interaction with the
material [20].This anisotropy limits the use of nanowires in
some photonic applications, such as photodetectors and solar
cells [21]. Thus, the study of the effect of polarization on the
optical properties of nanowires is a key element to compen-
sate for the limitations encountered, and optimize their use
in photonic applications requiring radial polarization of the
incident light.

Among the multiple semiconductor compounds is the I-
III-VI 2 family, including CuIn1−xGaxSe2 (CIGS), which has
been widely used in photovoltaics due to its many advan-
tages. These include its direct band gap, high absorption co-
efficients for visible light with wavelengths up to about 105

cm−1 and its long-term optoelectronic stability [23–26]. In
addition, the direct bandgap energy of CIGS can be tuned by
varying the Gallium composition ratio,x = Ga/(In + Ga)
[27, 28]. The optical properties of these structures are very
attractive to researchers both on an experimental and theoret-
ical level. Although widely studied by many authors, optical
transitions between subbands and between quantized energy
levels remain one of the most crucial aspects of nanostruc-
tures. They are at the basis of several applications such as



2 M. RZAIZI, M.S. EL KAZDIR, M. EL KHOU, A. OUERIAGLI, AND D. ABOUELAOUALIM

infrared lasers and electro-optical modulators [29, 30]. As
the quantum confinement increases, the energy difference be-
tween the sub-bands changes which has a direct impact on
the linear and non-linear optical properties. These include
changes in the linear and non-linear absorption coefficient as
well as the refractive index changes, which can also be sig-
nificantly modified and influenced by the parameters of the
system under study. It is worth mentioning that second-order
nonlinearities occur in noncentrosymmetric structures, while
third-order optical nonlinearities occur in centro- and non-
centrosymmetric nanostructures [31–37].

The aim of this paper is to investigate the effect of in-
cident light intensity, relaxation time, nanowire radius and
Ga mole fractionx on the linear, nonlinear and total parts
of the two optical properties absorption coefficients (AC)
and refractive index change (RI) in the free CuIn1−xGaxSe2
nanowire and this for the two cases of polarization of the in-
cident light: parallel and perpendicular to its axis. The elec-
tron is considered confined in an infinite cylindrical quantum
well delimited by the structure boundaries. The intersubband
electronic transition from the ground state to the first excited
state is considered for each polarization. We expect that this
work will be of great help in describing and understanding
the correct behavior of optical properties in core-shell quan-
tum dots (CSQDs) of different sizes and geometries in com-
bination with the polarization dependence of the external ex-
citation, which can be useful in technological applications
such as nanowire-based radial and axial junction solar cells
and photo-detectors. The paper is organized as follows: In
Sec. 2, the proposed model is described and analytical ex-
pressions for the linear and nonlinear optical absorption coef-
ficients and refractive index changes under the effective mass
approximation and the density matrix approach are presented.
Numerical results and discussions are given in Sec. 3. A brief
conclusion is finally presented in Sec. 4, followed by refer-
ences.

2. Theoretical Framework

In this work, we consider a free cylindrical CuIn1−xGaxSe2
nanowire surrounded by vacuum. The potential distribution
is taken as

V (r, ϕ) =
{

0 for r ≤ R
∞ for r > R

.

There are two distinct regions that consist of a cylindri-
cal potential well inside the wire where R is the radius, and
outside the structure an infinite potential value is considered.
The Schrodinger equation written in cylindrical coordinates
(r,ϕ,z) with the Laplace operator for an electron confined in-
side the system under study is given as follows

(
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× ψ(r, ϕ, z) = E ψ(r, ϕ, z). (1)

Where m∗ is the effective mass. Since the geometry
of our system has axial symmetry, and given the selection
rules, the allowed transitions are those between states with
the same azimuthal quantum number. Therefore, consider-
ing the above potential distribution, the Schrodinger equation
for our symmetry depends only on the height and the radius
coordinates(r, z) such that

(
− ~2

2m∗

[
∂2

∂r2
+

1
r

∂

∂r
+

1
r2

∂2

∂ϕ2
+

∂2

∂z2

])
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The energy levelsE and the corresponding wave func-
tions can be obtained by solving the Schrodinger equation.
The radial wave function is the solution of the following
equation

(
r2 ∂2ψ(r)
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+ r
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+

[
2m∗
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])
ψ(r) = 0. (3)

This leads to the radial wave function whereαlm is the
numberl root of the Bessel functionJ and its orderm, and
kml = αlm/R the quantization condition of the wave vec-
tor k.

ψ(r) = Jm

(αlm

R
r
)

. (4)

Once the energies and their corresponding three-
dimensional wave functions in cylindrical coordinates are ob-
tained, we can calculate the energy difference between the
ground state and the first excited state.

The process of photon absorption in low-dimensional
systems, for a two-level electronic system, is defined as an
optical transition between an initial state,i, and a final state,
f , by absorption of a photon. Absorption of incident radia-
tion is possible only if the energy of the radiation,~ω, coin-
cides with the energy difference between the two states be-
tween which transitions are possible. The first- and third-
order components of the absorption coefficient as well as the
refractive index change of a crystal can be derived by the den-
sity matrix approach in conjunction with the perturbation ex-
pansion method [38–41].

We consider the system under the effect of an electromag-
netic fieldẼ of frequencyω, such that

E(t) =
∼
Eeiωt +

∼
E∗e−iωt. (5)

Which is incident with a polarization vector perpendicu-
lar to the axis of the nanowire. The electronic polarization
of the system,p(t), caused by the incident field,E(t), can be
written as follows [42]

p(t) = ε0χ(ω)
∼
Eeiωt + ε0χ(−ω)

∼
E∗e−iωt. (6)

Whereε0 is the electrical permittivity of free space and
χ(ω) is the Fourier component of the susceptibility of the
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system. The electronic polarization will also be a series ex-
pansion, and by considering the system confined to two-level
electronic transitions, the induced electric polarization up to
third order inE, can be written as [43]

p(t) =
(

ε0χ
(1)
ω

∼
Eeiωt + ε0χ

(2)
0

∼
E2 + ε0χ

(2)
2ω

∼
Ee2iωt

+ε0χ
(3)
ω |

∼
E|2

∼
Eeiωt+ε0χ

(3)
3ω

∼
Ee3iωt + ..... + c.c

)
. (7)

Whereχ
(1)
ω , χ

(2)
0 ,χ(2)

2ω , χ
(2)
ω andχ

(3)
3ω are the linear, sec-

ond harmonic generation, optical rectification, third order and
third harmonic generation susceptibilities, respectively. Due
to the inversion symmetry of the system under study, the even
orders of susceptibility are zero andχ(2) vanishes identi-
cally [44]. Therefore, the analytical expressions for the linear
and nonlinear optical susceptibilities for a two-level system
are given by [45,46]

ε0χ
(1)(ω) =

σv|M12|2
E21 − ~ω − i~Γ12

, (8)

and

ε0χ
(3)(ω) =

σv|M12|2|E|2
E21−~ω−i~Γ12

{
4|M12|2

(E21−~ω)2+(~Γ12)2

− |M22 −M11|2
(E21 − i~Γ12)(E21 − ~ω − i~Γ12

}
. (9)

Where in the above equations,σv is the carrier density,
Mij = 〈i|x, z|j〉 (i, j = 1, 2) are the dipole moment ma-
trix elements andE21 = E2 − E1 is the energy difference
between the ground state and the first excited state. Here,
Γ12 = 1/τ is the inverse of the relaxation timeτ [47–49].

In this model studied, the polarization of the incident pho-
ton is determined by the transition matrix element. Indeed,
the choice of the transition induces a change of the values of
the components of the transition matrix element between zero
and non-zero values, the transition where only the axial com-
ponent ofMij is non-zero induces a polarization along the
axis of the nanowire and the transition where only the pla-
nar components ofMij are non-zero induces a polarization
perpendicular to its axis.

The electromagnetic field intensityI is defined asI =
(2nr/µc)|E|2 , wherenr is the refractive index,c is the free-
space speed of light, andµ is the permeability. The AC and
the RI changes are related to the susceptibility,χ(ω), as fol-
lows [50,51]

α(ω) = ω

√
µ

ε0εr
Im (ε0χ(ω)) , (10)

and

∆n(ω)
nr

= Re

(
χ(ω)
2n2

r

)
. (11)

Then, from Eq. (10), the analytical forms of the linear and the third-order nonlinear ACs are given by [46,52]
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. (13)

The total AC can be written as

α(ω) = α(1)(ω) + α(3)(ω). (14)

Similarly, the linear and the third-order nonlinear RI changes are obtained from Eq. (11) by
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1
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. (16)
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The total RI changes can be written as

∆n(ω)
nr

=
∆n(1)(ω)

nr
+

∆n(3)(ω)
nr

. (17)

3. Numerical results and discussion

In this section, numerical results of the linear and nonlin-
ear optical AC as well as RI changes in CuIn1−xGaxSe2
nanowire for the two levels of an electron in ground and
first excited states are given and discussed. As mentioned
before, the objective is to reveal the effect of relaxation
time, nanowire radius, incident light intensity and Gallium
x mole fraction on the AC and RI in the two aforemen-
tioned incident light polarization cases. For this purpose,
the following two transitions are considered:(n, l,m) =
(1, 1, 0) to (n, l,m) = (1, 1, 1) (T-P⊥) for the polarization
perpendicular to the axis of the nanowire, and the transition
(n, l, m) = (1, 1, 0) to (n, l,m) = (2, 1, 0) (T-P‖) for the
polarization parallel to its axis. In order to obtain the effect
of each parameter, only one parameter is changed at a time
and all other variables are fixed.

3.1. Absorption coefficient (A.C)

We first set all system parameters as follows the incident light
intensity isI = 3× 109 W/m2 for (T-P⊥) , andI = 1× 107

W/m2 for (T-P‖), the mole fraction of Galliumx equals 0.3,
electron density of the proposed nanowire isσv = 8.15×
1023m−3, the relaxation timeτ takes the value 0.2 ps, theεr

for the system under study is 13.6 and for a CIGS nanowire
radius of 10 nm and 400 nm height, Fig. 1.

It can be seen in Fig. 1 that the optical absorption
coefficients show a resonance peak at the specific wave-
length/energy of the incident photon. This resonance energy
corresponds to the energy interval between the energies of
the first state and the excited state. The linear AC is positive
and independent of the intensity of incident light, whereas
third-order nonlinear AC is negative and proportional to the
incident light intensity. the total optical AC is significantly
reduced by the nonlinear contribution. Moreover, it can be
seen that the transition energy is much lower and the value of
the total AC is very high in the case of the (T-P‖) transition.
Indeed, the creation of the dipole induced by the external ex-
citation in the axial direction is much more favored thanks to
the sufficiently large space compared to the narrow space and
the increased confinement of the electron in the radial direc-
tion. This induces an increase of the absorbed light to reach
an order of magnitude of107 m−1, contrary to105 m−1 in
the case of the (T-P⊥).

In order to clearly see the effect of the incident light en-
ergyI on the optical AC of our system, all the parameters are
defined as previously indicated and we vary the incident light
intensity on which depends the non-linear AC, Fig. 2.

From this figure, we can obtain that the total AC de-
creases with increasing incident optical intensityI for both

transitions, and the absorption is strongly bleached at suffi-
ciently high incident optical intensities. WhenI = 0 W/m2,
the total AC is equal to the linear absorption coefficient. The
total optical AC is significantly decreased by the contribution
of third-order nonlinear optical AC whenI 6= 0. Therefore,
the effect of nonlinearity must be taken into account and be-
comes increasingly apparent if the incident optical intensity
I is strong enough that the total optical AC can be reduced.
WhenI exceeds a critical value , the nonlinear term causes a
collapse in the center of the total absorption peaks, splitting
them into two peaks in the case of (T-P⊥) and creating a first
sharp negative peak and then an enlarged positive peak for
(T-P‖), indicating saturation for both cases. This is known
as the bleaching effect [51]. When the incident intensity is
high enough, the electrons are excited, but they do not have
enough time to decay back to their first state. Therefore, the
absorption spectrum is saturated.

FIGURE 1. Linear, Non linear and total ACs of CuIn1−xGaxSe2
nanowire as function of incident light energy, a) for (T-P⊥) and b)
for (T-P‖).
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FIGURE 2. Total ACs of CuIn1−xGaxSe2 nanowire as function of
energy for multiple values of incident light intensities, a) for (T-
P⊥) and b) for (T-P‖).

The total optical AC of CuIn1−xGaxSe2 nanowire versus
incident light energy is shown in Fig. 3, for different values
of the wire radius. With the decrease of the wire radius from
10 nm to 5 nm, the resonance energy of the AC is increased,
and a blueshift is obtained for (T-P⊥), Fig. 3a). This result
is due to the electron confinement in space. Indeed, the more
the electron is confined in a narrow quantum well the more
the energy difference between ground and first excited states
increases.

From Fig. 3b), it can also be noticed that the magnitude
of the total AC increases with decreasing radius, so that the
nonlinear contribution becomes less influential as the wire
size becomes smaller and thus the total AC tends toward the
linear contribution. This behavior is related to the variations
of the energy levels and the elements of the dipole transition
matrix as a function of the wire radius. Indeed, according to
equation Eq. (12) and Eq. (13), the non-linear optical AC is
proportional to the square of the matrix element of the dipole
transition, and inversely proportional to the energy difference
between the two levels. On the one hand, by decreasing the

FIGURE 3. a) Total AC versus incident light energy for
CuIn1−xGaxSe2 nanowire as function of quantum wire radius for
(T-P⊥), b) including linear and non linear parts for (T-P⊥), and c)
for (T-P‖).

radius, the creation of the dipole in the radial direction is lim-
ited by the size, therefore, the absolute value of the matrix
element of the transition decreases. On the other hand, the
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FIGURE 4. a) Total AC versus incident light energy for
CuIn1−xGaxSe2 nanowire as function of relaxation time,I =
3 × 109 W/m2 for (T-P⊥), b) I = 5 × 109 W/m2 for (T-P⊥),
and c) forI = 1× 107 W/m2 for (T-P⊥) for (T-P‖).

nonlinear contribution, being inversely proportional to the
square of the increasing energy difference between the initial
and final states as the radius decreases. Therefore, the non-

linear contribution decreases and the value of the total AC is
no longer reduced, it increases and tends towards the linear
contribution for small radius values.

Figure 3c) shows the variation of the total AC as a func-
tion of the incident photon energy for three values of the
nanowire height in the case of the transition (T-P‖). Since
the creation of the dipole is favored in the axial direction, we
obtain a slight blueshift and the amplitude of the absorption
increases significantly as the nanowire height increases. The
appearance of a negative peak in the case of large values of
the height is due to the fact that the nonlinear contribution
of the AC being proportional to the matrix element to the
third order. The latter being proportional to the height of the
nanowire enhances the effects of nonlinearity.

To highlight the influence of the relaxation time on the to-
tal AC, the previous parameters are kept constant except for
the relaxation timeτ which takes the values 0.1 ps, 0.15 ps,
0.2 ps and 0.3 ps, Fig. 4.

In the case of (T-P⊥) the figure shows the presence of
two different behaviors. For relatively low values of the in-
cident light intensity, Fig. 4a), we can see that a continu-
ous increase of the relaxation time leads to a continuous in-
crease of the total AC. On the other hand, when the incident
light intensity takes higher values, the effect of the relaxation
time becomes different. In fact, the total AC amplitude in-
creases forτ = 0.1 ps until it reaches a maximum value at in
the interval [0.15 ps, 0.2 ps] before collapsing and decreas-
ing, suggesting the presence of an optimal relaxation time
in this interval for the specific value of incident light inten-
sity I = 5 × 109 W/m2, Fig. 4b)). Furthermore, by increas-
ing the relaxation time , the total AC collapses and bleaches
rapidly. This result shows that the bleaching effect is more
significant when the relaxation time and incident light inten-
sity take higher values. Indeed, unlike the linear part inde-
pendent ofI, since the nonlinear contribution is proportional
to the incident light intensity and inversely proportional to
the inverse of the square of the relaxation time, the total AC
tends towards the nonlinear part.Besides, the division of the
curve into two peaks suggests the creation of an intermediate
state between the initial and final state. The transition gives
two subtransitions each with a separate resonance peak with
a specific transition energy.

In the case of (T-P‖) a similar result of the increase of
the nonlinearity is obtained by increasing the relaxation time
and the previous interpretations remain valid. However, the
amplitude decreases continuously, Fig. 4c).

In order to see how the Ga concentrationx affects the op-
tical properties of this geometry, in In Fig. 5, the total ACs
are plotted as a function of the incident photon energy for
different values ofx ranging from 0.1 to 0.9, and the other
parameters are set previously.

The amplitude of the resonance peak increases with the
increase ofx for both transitions and a red shift is also ob-
tained for (T-P⊥), Fig. 5a). Indeed, in the effective mass ap-
proximation, when the gallium concentrationx increases the
separate energy levels get closer to each other. The range
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FIGURE 5. Total AC versus incident light energy for
CuIn1−xGaxSe2 nanowire as function of Gallium mole fractionx,
a) for (T-P⊥) and b) for (T-P‖).

of the transition energyEfi = Ef − Ei becomes narrower
and, consequently, the resonance peak of the total AC shifts
to lower energies. For the transition (T-P‖), Fig. 5b), the
height of the nanowire being very large compared to its ra-
dius, the electron is free in the axial direction and the effect
of the change of the effective mass due to the increase of x
has a negligible effect on the electron energy. Consequently,
the transition energy is unchanged. Moreover, by changing
the Ga doping concentration, the charge carrier concentra-
tion varies, even by a limited rate, but this variation has an
impact on the total AC leading to an increase of its amplitude
when the Ga concentration increases.

3.2. Refractive Index changes (R.I)

As in the previous section, we first define all the variables as
follows: the incident light intensity isI = 3 × 109 W/m2

for (T-P⊥), andI = 1 × 107 W/m2 for (T-P‖). The Gallium
mole fraction isx = 0.3, the relaxation timeτ is taken equal
to 0.2 ps, the electron density of the proposed nanowire is

FIGURE 6. Linear, non linear and total RI changes of
CuIn1−xGaxSe2 nanowire as function of incident light energy, a)
for (T-P⊥) and b) for (T-P‖).

σv = 8.15 × 1023 m−3, the relative permittivityεr takes the
value 13.6 and for a CIGS wire radius of 10 nm and 400 nm
height. The linear, nonlinear, and total RI changes versus in-
cident light energy is shown in Fig. 6.

The linear part of the RI changes is dominant over the
nonlinear part, so the effect of the nonlinear contribution on
the total RI changes is less apparent, for the transition (T-
P⊥) and the rate of change relative tonr is low. In contrast
to the transition (T-P‖) where the total RI changes tend to
the nonlinear RI and the rate of change with respect tonr is
very high . Moreover, at the resonance photon energy, the
linear, third-order nonlinear, and total RI changes are equal
to zero. Further on, the transition energy in the (T-P‖) case
being close to zero the RI change curve keeps only the right
hand side and the left hand side vanishes. It is noteworthy
that most of the interpretations given in the case of the AC
remain valid for the case of the RI changes.

Figure 7 illustrates the effect of structure size on the vari-
ation of the RI as a function of incident photon energy. Sim-
ilar to the case of total AC seen earlier, as the wire radius
decreases, we also get a shift of the peaks to higher energies
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FIGURE 7. Variation of the total refractive index changes of
CuIn1−xGaxSe2 nanowire as function of different values of wire
radius for a) (T-P⊥), and b) for (T-P‖).

(blueshift), Fig. 7a), due to the increase in the energy differ-
ence between the ground state and the first excited state. This
result is in agreement with the results of previous studies in
the literature showing that the energy of electrons increases
when they are strongly confined. However, the amplitude of
the resonance peaks of the total RI change decreases. This
shows that the smaller the size of the structure, the more the
excitation barely changes the refractive index of the mate-
rial, and thus the refractive index is strongly dependent on
the geometry of the system. Concerning the second transi-
tion, a very low energy shift is obtained, and the more the
height of the nanowire increases, the more the rate of change
increases drastically and the effect of the non-linear contribu-
tion is more pronounced, Fig. 7b).

In order to see how the relaxation time affects the op-
tical properties of our system, the variation of the total RI
change as a function of the incident photon energy is shown
in Fig. 8,for different values of relaxation time. The other
parameters are fixed as described above.

In contrast to the total AC where an optimal value of the
relaxation time is observed for a specific value of the incident

FIGURE 8. Variation of the total RI changes of CuIn1−xGaxSe2
nanowire as function of different values of relaxation time for a)
(T-P⊥), and b) for (T-P‖).

photon intensity, here a continuous increment of the relax-
ation time leads to a continuous increment of the amplitude
of the changes in the total RI. Moreover, by increasing the
relaxation time, the resonance peak becomes sharper without
causing splitting of the curve as in the case of total AC, and
the change in total IR is extremely close to the linear contri-
bution. This applies to both transitions, Fig. 8.

The dependence of RI changes on Ga concentrationx is
demonstrated by plotting the total RI change as a function of
incident photon energy for multiple values ofx ranging from
0.1 to 0.9, and other parameters held constant, Fig. 9.

The results show that by increasing the Ga concentration
x, the total RI resonance peaks are subjected to a redshift for
(T-P⊥). This is due to the fact that the energy interval be-
tween the ground state and the first excited state decreases as
the Ga concentration increases, as discussed in the previous
section. Similarly, the magnitude of the change in total RI
increases with decreasingx concentration of Ga, and tends
toward the linear RI change. No ernergy shift is obtained for
(T-P‖). The reasons given for the total AC remain valid for
both cases.
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FIGURE 9. Total RI changes of CuIn1−xGaxSe2 nanowire versus
incident light energy as function of Gallium mole fractionx for a)
(T-P⊥), and b) for (T-P‖).

To highlight the effect of incident photon intensity on RI
changes for the studied structure, the total RI changes are
plotted versus incident photon energy for different intensity
values, Fig. 10. Other parameters are defined as previously
shown.

The figure shows the reduction in the amplitude of the
total RI resonance peaks as the incident optical intensity in-
creases for (T-P⊥). This is due to the contribution of the
third-order nonlinear variation of the RI, which is strongly
related to the incident optical intensity, as shown in Eq. (16),
in contrast to the linear variation of the RI, which is inde-
pendent of the incident optical intensity. This contribution of
the nonlinear part is most evident when a critical intensity is
reached, where a split is created in the curve, indicating the
dominance of the nonlinear part on the total RI changes.A
similar behavior is obtained for the transition (T-P‖), but in a
more accrued manner.

In both the AC and RI changes cases the results obtained
are in good agreement with the results published in the liter-
ature for different semiconductor nanostructures [53–57].

FIGURE 10. Total RI changes of CuIn1−xGaxSe2 nanowire as
function of different values of incident light intensities for a) (T-
P⊥), and b) for (T-P‖).

4. Conclusion

In this paper, the effects of incident light intensity, relaxation
time, nanowire radius, and Ga mole fractionx on the lin-
ear, nonlinear, and total optical AC and RI change in the free
CuIn1−xGaxSe2 nanowire are theoretically investigated for
the intersubband transition from the ground state to the first
excited state. The two transitions considered in this work
represent the two cases of polarization of the incident light:
perpendicular and parallel to the nanowire axis. The results
obtained show that the nonlinear contribution to the total AC
is mainly influenced by the incident light intensity first, and
then by the change in relaxation time. The amplitude of the
peaks in total AC and total RI decreases rapidly with increas-
ing incident light intensity until reaching a saturation point
where the nonlinear aspect becomes stronger than the linear
aspect. The increase of the relaxation time leads to a de-
crease of the amplitude of the peaks in total AC and an op-
posite behaviour for total RI. In addition, the positions of the
peaks and their transition energies are mainly influenced by
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the mole fractionx of Ga and nanowire size for the perpen-
dicular polarization case. While in the case of axial polar-
ization no effect is obtained on the transition energy, how-
ever, the changes in the amplitude are more increased and
pronounced. Thus, it can be stated that the relaxation time
and the incident light intensity are the parameters favoring
the appearance of nonlinear phenomena while the nanowire
size and the Ga concentration influence the transition energy.
Consequently, the polarization of the incident light perpen-
dicular to the axis of the wire allows to obtain linear and non-

linear optical properties tunable by the size of the structure
and the doping rate but gives a low absorption coefficient due
to the confinement of the charge carriers in the radial direc-
tion. On the other hand, the polarization along the nanowire
axis allows to obtain very high absorption rates at very low
transition energies thanks to the non confinement of charge
carriers in the axial direction favoring the creation of dipoles
but the control of the optical properties through the parame-
ters of the system is reduced.
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