Material Sciences Revista Mexicana dsifa68 031001 1-11 MAY-JUNE 2022

Linear and nonlinear optical properties in single Culn,_,Ga,Se nanowire:
Effects of size, incident intensity, relaxation time and Ga concentration
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The linear and nonlinear optical properties of CulpGa, Se; 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. Ir
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 The strong polarization dependence of nanowires in light
absorption and emission is one of the main challenges to their

Recent developments and advances in modern technologyptimal technological integration. Indeed, nanowires have
both theoretical and experimental, have made it possible ta highly anisotropic polarization response in both light ab-
scale electronics to the nanoscale, which could enable nesorption and emission. Light absorption is favored for light
functions and increased performance [1]. One-dimensiongbolarization along the axis of the nanowire, with little depen-
nanostructures in which charge carriers are confined in thdence on diameter [19, 22]. However, it is almost transpar-
other two dimensions are nanowires (NWSs) [2, 3]. ent for incident light exhibiting polarization perpendicular to

With physica| and optica| properties that are expected tdtS axis. This results in nearly half of the incoming white
be quite different and improved over bulk crystals due to thdight passing through a nanowire without interaction with the
reduction in size, combined with the semiconducting propermaterial [20].This anisotropy limits the use of nanowires in
ties of the materials, semiconductor nanowires have multipl§ome photonic applications, such as photodetectors and solar
qualities that are needed for future applications. Among th&ells [21]. Thus, the study of the effect of polarization on the
many advantages of nanowire geometry are high efficiency@ptical properties of nanowires is a key element to compen-
high surface-to-volume ratio, high multi-material selectivity sate for the limitations encountered, and optimize their use
for efficient charge carrier extraction after light absorptionin photonic applications requiring radial polarization of the
[4], high light trapping in high-density nanowire arrays [5], incident light.
quantum size effects (QSE), and size-dependent band gap Among the multiple semiconductor compounds is the I-
that confer unique photoluminescence properties [6]. [11-VI 5 family, including Culn _,Ga,Se (CIGS), which has

In recent years, considerable experimental [7, 8] and thebeen widely used in photovoltaics due to its many advan-
oretical work has been devoted to semiconductor nanostru¢ages. These include its direct band gap, high absorption co-
tures in which charge carriers are confined in one, two, oefficients for visible light with wavelengths up to about°10
three directions [9, 10]. Nanowires have a significant rolecm™' and its long-term optoelectronic stability [23—26]. In
both experimentally and theoretically. They are used as inaddition, the direct bandgap energy of CIGS can be tuned by
terconnects and functional units in nanoscale electronic, opsarying the Gallium composition ratia; = Ga/(In + Ga)
toelectronic, electrochemical and electromechanical device§27, 28]. The optical properties of these structures are very
Nanowires are integrated for applications such as high moattractive to researchers both on an experimental and theoret-
bility transistors [11], light emitting diodes [12], biochemical ical level. Although widely studied by many authors, optical
sensors [13], and other applications. Due to their promisindransitions between subbands and between quantized energy
properties [14-17], nanowires are opening up new areas dévels remain one of the most crucial aspects of nanostruc-
research in the field of nanomaterials [18]. tures. They are at the basis of several applications such as
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infrared lasers and electro-optical modulators [29, 30]. As Wherem* is the effective mass. Since the geometry
the quantum confinement increases, the energy difference bef our system has axial symmetry, and given the selection
tween the sub-bands changes which has a direct impact aules, the allowed transitions are those between states with
the linear and non-linear optical properties. These includehe same azimuthal quantum number. Therefore, consider-
changes in the linear and non-linear absorption coefficient aimg the above potential distribution, the Schrodinger equation
well as the refractive index changes, which can also be sigfor our symmetry depends only on the height and the radius
nificantly modified and influenced by the parameters of thecoordinategr, z) such that

system under study. It is worth mentioning that second-order

nonlinearities occur in noncentrosymmetric structures, while h? 02 10 1 02 02
third-order optical nonlinearities occur in centro- and non- " ome o2 Trar T r2 9?2 o2
centrosymmetric nanostructures [31-37].

The aim of this paper is to investigate the effect of in- x P(r,z) = E(r.z).  (2)

cident light intensity, relaxation time, nanowire radius and )
Ga mole fractionz on the linear, nonlinear and total parts 1 N€ €nergy leveld” and the corresponding wave func-

of the two optical properties absorption coefficients (AC)UONS can be obtained by solving the Schrodinger equation.
and refractive index change (RI) in the free CulnGa, Se, The I’f’idla| wave function is the solution of the following
nanowire and this for the two cases of polarization of the in-£9uation

cident Iight:_ parallel an_d perpend_icgla_lr to it_s ax_is. The elec- 92(r) D(r) ot
tron is considered confined in an infinite cylindrical quantum r2 +r 4 E. 2 r)=0. (3)
well delimited by the structure boundaries. The intersubband T r

electronic transition from the ground state to the first excited This lead he radial f . h is th
state is considered for each polarization. We expect that this Is leads to the radia wave unctlor! wherg,, s the
work will be of great help in describing and understandingnumberl root of the Bess_el f_unctlod ‘de its ordewn, and
the correct behavior of optical properties in core-shell quan-kml = oum/R the quantization condition of the wave vec-
tum dots (CSQDs) of different sizes and geometries in comEor k.

bination with the polarization dependence of the external ex- b(r) = T (0417m T) ' @)
citation, which can be useful in technological applications R

such as nanowire-based radial and axial junction solar cells ..o the energies and their corresponding three-

and photo-detectors. The paper is organized as follows: 1§;yensional wave functions in cylindrical coordinates are ob-

Sec. 2, the proposed model is described and analytical €Xzjned e can calculate the energy difference between the

pressions for the linear and nonlinear optical absorption Coefground state and the first excited state.

ficients and refractive index changes under the effective mass The process of photon absorption in low-dimensional
approximation and the density matrix approach are presentegystems, for a two-level electronic system, is defined as an

Numerical results and discussions are given in Sec. 3. A bri€fico| yransition between an initial stateand a final state,
conclusion is finally presented in Sec. 4, followed by refer-f, by absorption of a photon. Absorption of incident radia-
ences. tion is possible only if the energy of the radiatidny, coin-
cides with the energy difference between the two states be-
2. Theoretical Framework tween which transitions are possible. The first- and third-
order components of the absorption coefficient as well as the
In this work, we consider a free cylindrical Cyln,Ga,Se,  refractive index change of a crystal can be derived by the den-
nanowire surrounded by vacuum. The potential distributionsity matrix approach in conjunction with the perturbation ex-

is taken as pansion method [38-41].
Vi) = 0 for r <R _\Ng consider the system under the effect of an electromag-
P)=Y o forr>R - netic fieldE of frequencyw, such that
There are two distinct regions that consist of a cylindri- E(t) = Eeiwt 4 Fe—iwt (5)

cal potential well inside the wire where R is the radius, and

outside the structure an infinite potential value is considered. Which is incident with a polarization vector perpendicu-
The Schrodinger equation written in cylindrical coordinatesiar to the axis of the nanowire. The electronic polarization
(r,»,z) with the Laplace operator for an electron confined in-of the systemp(t), caused by the incident field(t), can be

side the system under study is given as follows written as follows [42]
h2 62 1 8 1 (92 (92 et iwt N* —iwt
A [ N R AN p(t) = egx(w)Ee™" + egx(—w)E* e "". (6)
( 2m* {81"2 + ror + 72 Op? + 32’2] v SO)) : ’ ’

Wheree is the electrical permittivity of free space and
x(r,p,2) = E(r, ¢, 2). (1) x(w) is the Fourier component of the susceptibility of the
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system. The electronic polarization will also be a series ex- Where in the above equations, is the carrier density,
pansion, and by considering the system confined to two-levell;; = (i|z, z|j) (i, = 1,2) are the dipole moment ma-
electronic transitions, the induced electric polarization up tarix elements andvy; = E, — FE; is the energy difference
third order inE, can be written as [43] between the ground state and the first excited state. Here,
I'i2 = 1/7 is the inverse of the relaxation time[47—-49].

In this model studied, the polarization of the incident pho-
. N ton is determined by the transition matrix element. Indeed,
teoX P |EPEe™ +eox ) Ee¥™t 4 .+ c.c). (7)  the choice of the transition induces a change of the values of
the components of the transition matrix element between zero
Wherex, {82, v and ¥ are the linear, sec- and non-zero values, the transition where only the axial com-
ond harmonic generation, optical rectification, third order andoonent ofM;; is non-zero induces a polarization along the
third harmonic generation susceptibilities, respectively. Duexis of the nanowire and the transition where only the pla-
to the inversion symmetry of the system under study, the evef@r components ol/;; are non-zero induces a polarization
orders of susceptibility are zero and? vanishes identi- perpendicular to its axis.
cally [44]. Therefore, the analytical expressions for the linear  The electromagnetic field intensitlyis defined ag =
and nonlinear optical susceptibilities for a two-level system(2p,./,ic)|E|? , wheren,. is the refractive index; is the free-

p(t) = (eoxg})Eem 4 EOX(()Q)EQ + eoxéi)gezmt

are given by [45, 46] space speed of light, andis the permeability. The AC and
cox M (w) = 0| Mio|? ®) the RI changes are related to the susceptibility), as fol-
0X Es1 — Aw — ihl 9 ) lows [50,51]
and
cox () = ZolMP|EP 4| My a(w) = wy [ L=Im (ox(@)), (10)
0 Eg1—hw—ihl'g | (E21—hw)?4(Al'12)? 0t
B |M22 o M11|2 (9) and
(Egl — thm)(EQl — hw — iRl ’ An(w) X(w)
| - = Re( o2 ) . (11)

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

2
(1) _ I |Maa|?oyhl12 12
aV(w) =w,y/ o (Bor — hw)? 1 (WT3a)?" (12)

a®(w) = —w, [ & 1 |Mig|*o,h19
er \ 2¢onrc ) [(Eap — hw)? + (hl12)?]2

and

_ 2 2 2.2 _ 5272
« (4 - |Ma2 — My |*[3E5, : 4E2;h¢;+ (WPw” — W1, ) (13)
E3 + n*l,
The total AC can be written as
a(w) = oM (w) + a®(w). (14)
Similarly, the linear and the third-order nonlinear Rl changes are obtained froni Edpy(
An(l)(w) - 1 ‘M12|20'U(E21 — hw) (15)
Ny o 271%60 (Egl — hw)2 + (hF12)2 ’
and
An®) (w) pel | M3 %0
= _ v 4(Fyy — hw)|Mia|?
n, Andeo [(Fa1 — hw)? + (Al'12)2]2 (1 M|
[ Moz — Mii > |50 2 2
_ T+h F12[(E21 — hw)(Egl(Egl — hw) — (FLFlg) — (hrlg) (2E21 — ﬁw)] . (16)
21

Rev. Mex. Fis68031001



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

The total RI changes can be written as transitions, and the absorption is strongly bleached at suffi-
ciently high incident optical intensities. Wheén= 0 W/m?,
An(w) — AnM(w) n Ant) (w) (17) thetotal ACis equal to the linear absorption coefficient. The
n. Ny Ny ' total optical AC is significantly decreased by the contribution
of third-order nonlinear optical AC wheh £ 0. Therefore,
3. Numerical results and discussion the effect of nonlinearity must be taken into account and be-

comes increasingly apparent if the incident optical intensity
In this section, numerical results of the linear and nonlin-I is strong enough that the total optical AC can be reduced.
ear optical AC as well as RI changes in CulpGa,Se WhenI exceeds a critical value , the nonlinear term causes a
nanowire for the two levels of an electron in ground andcollapse in the center of the total absorption peaks, splitting
first excited states are given and discussed. As mentioneéiem into two peaks in the case of (T-Pand creating a first
before, the objective is to reveal the effect of relaxationsharp negative peak and then an enlarged positive peak for
time, nanowire radius, incident light intensity and Gallium (T-PJ|), indicating saturation for both cases. This is known
z mole fraction on the AC and RI in the two aforemen- as the bleaching effect [51]. When the incident intensity is
tioned incident light polarization cases. For this purposehigh enough, the electrons are excited, but they do not have
the following two transitions are consideredn,l,m) =  enough time to decay back to their first state. Therefore, the
(1,1,0) to (n,l,m) = (1,1,1) (T-PL) for the polarization =~ absorption spectrum is saturated.
perpendicular to the axis of the nanowire, and the transition
(n,l,m) = (1,1,0) to (n,I,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.

x10%

12

== Linear A.C

T T T
Nonlinear A.C| |
Total A.C
.

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Photon energy (eV)

10 -

3.1. Absorption coefficient (A.C)

We first set all system parameters as follows the incident light
intensity is/ = 3 x 10° W/m? for (T-PL) , and/ = 1 x 107
W/m? for (T-P|)), the mole fraction of Galliumx equals 0.3,
electron density of the proposed nanowiresis = 8.15 x
10?3m~3, the relaxation time takes the value 0.2 ps, the

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- 4
length/energy of the incident photon. This resonance energy
corresponds to the energy interval between the energies o %
the first state and the excited state. The linear AC is positive & x10” . ‘

and independent of the intensity of incident light, whereas . Linear AC_ | |
third-order nonlinear AC is negative and proportional to the TollAC
incident light intensity. the total optical AC is significantly 4 ]
reduced by the nonlinear contribution. Moreover, it can be 3 .
seen that the transition energy is much lower and the value of ) |
the total AC is very high in the case of the (J)Rransition. vg

Indeed, the creation of the dipole induced by the external ex- 5 * ]

citation in the axial direction is much more favored thanksto < ;1.

S

Absorption Coefficient (m'1)

0 =

the sufficiently large space compared to the narrow space anc

the increased confinement of the electron in the radial direc-

tion. This induces an increase of the absorbed light to reach -2

an order of magnitude of0” m—1!, contrary to10° m=! in ml

the case of the (T-P). . ‘ . ‘

In order to clearly see the effect of the incident light en- * 0.01 0.02 0.03 0.04 0.05

ergy I on the optical AC of our system, all the parameters are b) Fhalon anengy (aY)
defined as previously indicated and we vary the incident light
intensity on which depends the non-linear AC, Fig. 2. FIGURE 1. Linear, Non linear and total ACs of Cuin,Ga,Se,

From this figure, we can obtain that the total AC de- nanowire as function of incident light energy, a) for (I-Pand b)
creases with increasing incident optical intenditfor both  for (T-P||).

Rev. Mex. Fis68031001
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FIGURE 2. Total ACs of Culn_,Ga,Se, hanowire as function of 6 <10
energy for multiple values of incident light intensities, a) for (T- ﬁ*jgg i
P1) and b) for (T-H}). 4+ H=600nm| |
The total optical AC of Culip_,Ga,Se, hanowire versus 2r \
incident light energy is shown in Fig. 3, for different values —E
of the wire radius. With the decrease of the wire radius from 5 e ’
10 nm to 5 nm, the resonance energy of the AC is increased. ; i
and a blueshift is obtained for (T4B, Fig. 3a). This result ks
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 8 i : : :
of the total AC increases with decreasing radius, so that the B o e ey (o b e
nonlinear contribution becomes less influential as the wire -
size becomes smaller and thus the total AC tends toward the,syre 3. a) Total AC versus incident light energy for
linear contribution. This behavior is related to the variationscuin, _,Ga,Se, nanowire as function of quantum wire radius for
of the energy levels and the elements of the dipole transitioqT-P.L), b) including linear and non linear parts for (TP, and c)
matrix as a function of the wire radius. Indeed, according tofor (T-PJ)).
equation Eq.12) and Eq.[L3), the non-linear optical AC is
proportional to the square of the matrix element of the dipoleradius, the creation of the dipole in the radial direction is lim-
transition, and inversely proportional to the energy differencdted by the size, therefore, the absolute value of the matrix
between the two levels. On the one hand, by decreasing thecslement of the transition decreases. On the other hand, the
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FIGURE 4. a) Total AC versus incident light energy for
Culm_,Ga,Se; nanowire as function of relaxation timd, =

3 x 10° W/m? for (T-PL), b) I = 5 x 10° W/m? for (T-PL),
and c) forl = 1 x 10" W/m? for (T-P.L) for (T-P||).

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 (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 time- which takes the values 0.1 ps, 0.15 ps,
0.2 ps and 0.3 ps, Fig. 4.

In the case of (T-R) 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 for = 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 x 102 W/m?, 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 off, 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 concentratioaffects 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 ofr ranging from 0.1 to 0.9, and the other
parameters are set previously.

The amplitude of the resonance peak increases with the
increase ofr for both transitions and a red shift is also ob-

nonlinear contribution, being inversely proportional to thetained for (T-PL), Fig. 5a). Indeed, in the effective mass ap-
square of the increasing energy difference between the initighroximation, when the gallium concentratiorincreases the
and final states as the radius decreases. Therefore, the naeparate energy levels get closerto each other. The range
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Culm _,Ga, Se; nanowire as function of incident light energy, a)

FIGURE 5. Total AC versus incident light energy for for (T-P.L) and b) for (T-RY).

Culn; _.Ga,Se;, nanowire as function of Gallium mole fractian

) for (T-PL) and b) for (T-F). o, = 8.15 x 102 m~3, the relative permittivity, takes the

value 13.6 and for a CIGS wire radius of 10 nm and 400 nm

and, consequently, the resonance peak of the total AC Shifgeight. .The linear, ponlinear: an_d total RI changes versus in-
to lower energies. For the transition ()P Fig. 5b), the cidentlightenergy is shownin Fig. 6. _

height of the nanowire being very large compared to its ra- | N linear part of the Rl changes is dominant over the
dius, the electron is free in the axial direction and the effecfionlinear part, so the effect of the nonlinear contribution on
of the change of the effective mass due to the increase of 1€ total RI changes is less apparent, for the transition (T-
has a negligible effect on the electron energy. Consequentlfi-1) and the rate of change relativeo is low. In contrast

the transition energy is unchanged. Moreover, by changinfO the transition (T-F)) where the total RI changes tend to
the Ga doping concentration, the charge carrier concentra® nonlinear Rl and the rate of change with respeet,tes

tion varies, even by a limited rate, but this variation has ar/e"y high . Moreover, at the resonance photon energy, the
impact on the total AC leading to an increase of its amplituddinear, third-order nonlinear, and total RI changes are equal

of the transition energ¥y; = E; — E; becomes narrower

when the Ga concentration increases. to zero. Further on, the transition energy in the (JJ-Base _
being close to zero the RI change curve keeps only the right
3.2. Refractive Index changes (R.I) hand side and the left hand side vanishes. It is noteworthy

that most of the interpretations given in the case of the AC
As in the previous section, we first define all the variables agemain valid for the case of the RI changes.
follows: the incident light intensity id = 3 x 10° W/m? Figure 7 illustrates the effect of structure size on the vari-
for (T-PL), andl = 1 x 107 W/m? for (T-P||). The Gallium  ation of the RI as a function of incident photon energy. Sim-
mole fraction isx = 0.3, the relaxation time is taken equal ilar to the case of total AC seen earlier, as the wire radius
to 0.2 ps, the electron density of the proposed nanowire islecreases, we also get a shift of the peaks to higher energies

Rev. Mex. Fis68031001



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

0.4 T T T 0.6 T
R=10nm
L R=75nm| |
ha R=5nm 04}

02r 1

0.1 ~ J\ :
oF _
01 \/ .

02+ 4

o
o
T

Total R.I changes
Total R.l changes
o

o
n
T

04t
03t 4

. . . 06 1 . I . I .
0 0.05 0.1 0.15 0.2 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

a) Photon energy (V) a) Photon energy (eV)

800 T T T T 100
H=200nm
H =400 nm

é g -100
2 2
g &
2 S
= — -200
o« o
o 8
[e] s}
= = 300
-400
600 . . . . 500 . L | :
b 0 0.01 0.02 0.03 0.04 0.05 b) 0 0.01 0.02 0.03 0.04 0.05
) Photon energy (eV)

Photon energy (eV)

FIGURE 7. Variation of the total refractive index changes of FIGURE 8. Variation of the total RI changes of Culn,Ga,Se;
Culm _,Ga,Se; nanowire as function of different values of wire nanowire as function of different values of relaxation time for a)
radius for a) (T-B.), and b) for (T-H). (T-PL), and b) for (T-H}).

(blueshift), Fig. 7a), due to the increase in the energy differphoton intensity, here a continuous increment of the relax-
ence between the ground state and the first excited state. Thasion time leads to a continuous increment of the amplitude
result is in agreement with the results of previous studies irof the changes in the total Rl. Moreover, by increasing the
the literature showing that the energy of electrons increase®laxation time, the resonance peak becomes sharper without
when they are strongly confined. However, the amplitude otausing splitting of the curve as in the case of total AC, and
the resonance peaks of the total RI change decreases. Thige change in total IR is extremely close to the linear contri-
shows that the smaller the size of the structure, the more thisution. This applies to both transitions, Fig. 8.
excitation barely changes the refractive index of the mate- The dependence of RI changes on Ga concentratiisn
rial, and thus the refractive index is strongly dependent orjemonstrated by plotting the total RI change as a function of
the geometry of the system. Concerning the second transincident photon energy for multiple values:ofanging from
tion, a very low energy shift is obtained, and the more thep.1 to 0.9, and other parameters held constant, Fig. 9.
height of the nanowire increases, the more the rate of change Tne results show that by increasing the Ga concentration
increases drastically and the effect of the non-linear contribuz—vl the total Rl resonance peaks are subjected to a redshift for
tion is more pronounced, Fig. 7b). (T-PL). This is due to the fact that the energy interval be-
In order to see how the relaxation time affects the optween the ground state and the first excited state decreases as
tical properties of our system, the variation of the total Rlthe Ga concentration increases, as discussed in the previous
change as a function of the incident photon energy is showgection. Similarly, the magnitude of the change in total RI
in Fig. 8,for different values of relaxation time. The other increases with decreasingconcentration of Ga, and tends
parameters are fixed as described above. toward the linear Rl change. No ernergy shift is obtained for
In contrast to the total AC where an optimal value of the(T-P||). The reasons given for the total AC remain valid for
relaxation time is observed for a specific value of the incidenboth cases.

Rev. Mex. Fis68031001



LINEAR AND NONLINEAR OPTICAL PROPERTIES IN SINGLE CUIN_ x GAx SE; NANOWIRE 9

0.6 . : . ‘ ‘ ‘ 0.4
—3x10° Wm?
03| —7x10°wm? |4
04 —11x10°W/m?
0.2l 15x10°wW/im?| |
w 02[ 7]
o Soar
c =
© ©
5 5
° or = O
o« o
I =
g g1t
~ 02}
0.2t
04+ R
03}
08 L L L L L L 0.4 L L 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.01 0.02 0.03 0.04 0.05 0.06
a) Photon energy (eV) a) Photon energy (eV)
50 : : : : . ) 1200 : .
——05x 107 W/m?
1000 [ —1x 10" W/m?
2x 10" Wm?
800 - 3x 107 Wm?
K = 5x 107 Wim?
2 iz
°§7, 2 600 [
® (=]
S 8
2 £ 400
o e
© o
g = 200
" =
0
200 |
450 L L 1 L 1 ' -400 L L L L L
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 b) 0 0.005 0.01 0.015 0.02 0.025 0.03
b) Photon energy (eV) Photon energy (eV)

) FIGURE 10. Total Rl changes of Culn .Ga,Se; nanowire as
FIGURE 9. Total RI changes of Culn.,Ga, Se; nanowire Versus  nction of different values of incident light intensities for a) (T-
incident light energy as function of Gallium mole fractiorfor a) PL), and b) for (T-H).

(T-PL), and b) for (T-H).

To highlight the effect of incident photon intensity on RI c lusi
changes for the studied structure, the total Rl changes ar%' onclusion

plotted versus incident photon energy for different intensity

. . . n this paper, the effects of incident light intensity, relaxation
values, Fig. 10. Other parameters are defined as prewous[}/me npanF:)wire radius. and Ga molg fractimmr?/the lin-
shown. ' '

ear, nonlinear, and total optical AC and RI change in the free
The figure shows the reduction in the amplitude of thecyn, _,Ga,Se, nanowire are theoretically investigated for
total Rl resonance peaks as the incident optical intensity inge intersubband transition from the ground state to the first
creases for (T-R). This is due to the contribution of the eycited state. The two transitions considered in this work
third-order nonlinear variation of the RI, which is strongly represent the two cases of polarization of the incident light:
related to the incident optical intensity, as shown in B6).(  perpendicular and parallel to the nanowire axis. The results
in contrast to the linear variation of the RI, which is inde- pptained show that the nonlinear contribution to the total AC
pendent of the incident optical intensity. This contribution of jg mainly influenced by the incident light intensity first, and
the nonlinear part is most evident when a critical intensity istnen by the change in relaxation time. The amplitude of the
reached, where a split is created in the curve, indicating thgeaks in total AC and total Rl decreases rapidly with increas-
dominance of the nonlinear part on the total Rl changes.Ang incident light intensity until reaching a saturation point
similar behavior is obtained for the transition (J)Pbutina  \yhere the nonlinear aspect becomes stronger than the linear
more accrued manner. aspect. The increase of the relaxation time leads to a de-
In both the AC and RI changes cases the results obtainettease of the amplitude of the peaks in total AC and an op-
are in good agreement with the results published in the literposite behaviour for total RI. In addition, the positions of the
ature for different semiconductor nanostructures [53-57]. peaks and their transition energies are mainly influenced by
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the mole fractionz of Ga and nanowire size for the perpen- linear optical properties tunable by the size of the structure
dicular polarization case. While in the case of axial polar-and the doping rate but gives a low absorption coefficient due
ization no effect is obtained on the transition energy, how-+o the confinement of the charge carriers in the radial direc-
ever, the changes in the amplitude are more increased anidn. On the other hand, the polarization along the nanowire
pronounced. Thus, it can be stated that the relaxation timexis allows to obtain very high absorption rates at very low
and the incident light intensity are the parameters favoringransition energies thanks to the non confinement of charge
the appearance of nonlinear phenomena while the nanowirgarriers in the axial direction favoring the creation of dipoles
size and the Ga concentration influence the transition energiput the control of the optical properties through the parame-
Consequently, the polarization of the incident light perpen-ers of the system is reduced.

dicular to the axis of the wire allows to obtain linear and non-
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