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ABSTRACT The present study is dedicated to study the effect of Temperature and Hydrostatic Pressure on the
absorption coefficient and refractive index of one-dimensional semi-parabolic excitonic GaAs QD’s by applying
the compact density matrix formalism. Calculations are performed to obtain the excitonic state wave functions
and energies in the strong confinement regime using the effective mass approximation. A significant depen-
dence of nonlinear optical refractive index and absorption coefficient on hydrostatic pressure and temperature
can be observed for excitonic and without excitonic case. Our investigations show that the peaks blue/red
shifts are substantial when the excitonic interactions are taken into account. The opposite effects caused by
temperature and pressure have substantial practical importance as they extend an alternative approach to tune
and control the optical frequencies resulting from the transitions. The comparative analysis of the analytical
optical properties of excitonic system facilitates the experimental identification of these transitions which are
often close. We have attempted a comparison of the absorption coefficient obtained in the present work with
experimental data at 7' = 10 and 100 K and found that the theoretical prediction is in agreement for 7" = 10 K
and it is in slight deviation from the experimental data for higher temperatures. The whole of these conclusions
may have broad implications in future designing of Optoelectronic devices.
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1. Introduction

The semiconductor nanomaterials such as quantum dots (QD), quantum wires and quantum wells have many appli-
cations in the generation of optoelectronic devices such as lasers, infrared and THz photodetectors, solar cells, biological
imaging devices, photovoltaics, LEDs, etc., owing to their enchanting physical properties due to the quantum confinement
effects in all spatial directions [1-5]. Out of all these nanostructures, quantum dots of various shapes, sizes and strong
confinement of electron and holes have been given special attention as they possess interesting physics in terms of the
unique electronic and optical properties. Quasi-zero-dimensional quantum dots can be considered as nano crystalline
structures that can provide limitless utility in the implementation of many semiconductors’ optoelectronic devices such
as quantum dot solar cells, spintronics and ultrafast quantum computers. Accordingly, unprecedented attention has been
given to the semiconductor nanomaterials in the last few decades [6—13].

The parabolic and semi parabolic confinement potential can allow various resonances, due to the constant spacing of
the discrete energy levels which accounts for the enormous enhancement of the nonlinear optical susceptibilities, optical
transitions within the valence and conduction band, and absorption properties [14—17]. Furthermore, the parabolic and
semi parabolic potential confinement is more relevant when the zero-dimensional quantum dots are fabricated by using
an etching process, ion implantation or electrostatic gates. We have found considerable investigations on the nonlinear
optical and electronic properties such as Refractive Index (RI), Absorption Coefficient (AC) and Rectification Coefficient
(RC) with photon energy and external factors such as temperature, hydrostatic pressure and dot size [18-20]. For photons
having energies equal to that of inter-subband transition energies, host material finds a significant change in dielectric
constant, thereby inducing changes in the nonlinear excitonic optical properties [21-24].

Numerous investigations and interesting studies are done on the nonlinear optical properties of nanostructures es-
pecially Quantum dots under the influence of external factors such as electric field, magnetic field etc. [21-30]. Many
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authors studied the effect of excitons in one dimensional semi parabolic quantum dots [31-34]. Duque et al. studied the
effect of external factors such as electric field, magnetic field, hydrostatic pressure, laser field and temperature on nonlin-
ear properties in excitonic system [35-38]. Bejan et al. demonstrated the effect of electric field on the optical properties
of a semi parabolic quantum dot in an excitonic system [39]. Kumar et al. further investigated the effect of hydrostatic
pressure, temperature and spin on the optical and electronic properties of nanostructures [40,41]. To summarize, the inter-
esting results of the ramifications of external factors such as hydrostatic pressure, temperature, electric field and magnetic
field on the nanostructures bring out plethora of novel and exciting physical properties.

The main objective of the present work is to investigate the effect of external factors such as temperature and hydro-
static pressure on the RI and AC of excitonic system in 1D semi parabolic quantum dot. An excitonic system is a bound
electron-hole pair with more closely matched effective masses that is formed by the electrostatic interaction between the
electron and hole. Theoretically, this system can be related to the hydrogenic system and it possess discrete energies. A
1D QD is principally a nanostructure which can be assumed as a small portion of a 1D QW which is bordered by a two-
wall potential. The charge carriers are free to move along the wire in 1-D QW, whereas they are restricted to move along
the spatial length in 1D QD [27,42-45]. The core study undertaken in this research paper focuses on a one-dimensional
semi parabolic quantum dot, which is strongly confined in the x and y direction and electrons and holes are confined
by a semi parabolic potential along the z direction. We know that the hydrostatic pressure and temperature can alter the
nonlinear properties such as the refractive index and absorption coefficient for excitonic effects (EE) as well as without
excitonic effect (WEE). In order to keep the study concise and in line with the experimentally available results, we have
restricted our studies to the two extreme limits of a temperature range 10 — 100 K where it is observed that the sharpest
absorption peaks or transmittance dips are observed at low temperatures in the mentioned range or even lower than that.
Furthermore, it is observed that as temperature increases above 100K, the value of the thermal excitation energy of the
charge carriers, namely k7T'/2, attains significant values.

In our recent work, we have reported the effect of temperature and hydrostatic pressure on the optical rectification
associated with the excitonic system in a semi-parabolic quantum dot [46]. It is highlighted that most available literature
reports are primarily based on the nonlinear optical properties due to impurities or due to different shape of quantum
structures. To our sincere understanding, there are no studies available where the hydrostatic pressure and temperature
effects on the nonlinear optical properties of excitonic system in one dimensional semi parabolic quantum dots have been
studied and explained. The present paper is structured as follows: In the next section, theoretical analytical framework is
presented to calculate the eigen energies, eigen functions and optical properties for the excitonic system. In the Results
and Discussion section, we have presented our numerical results and discussion. In the last section of conclusion, we have
summarized our results.

2. Theory and model

A theoretical model of the system taken is presented in Fig. 1. Here, the gate voltage in the model is used to control
Rashba spin-orbit interaction (SOI) where the effects of SOI are studied. In our case, we have kept the gate voltage to be
Zero. The x-direction is kept to be very small i.e., about 2nm so that the charge carriers behave as a 2D charge carrier
gas. The y-length of the wire is in m-range, so the charge carrier exhibit e *¥ wave function. The z-directions breadth
is determined by the potential strength and in our case, the effective z-length turns out to be 5 nm. Now, moving towards
the mathematical calculations related to the system.
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F1G. 1. Schematic diagram of GaAs Quantum Dot
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Hamiltonian for a 1D excitonic QD having semi-parabolic confining potential within the framework of effective mass
approximation can be written as [25,27,31,42]:

2 2

Pi P €
e = gy T amecpy VBTV

- (1
€lze — zn|
where z., z;, > 0.

Here mj, and m represents the effective mass of hole and electron, respectively, € represents the background dielec-
tric constant and the last term represents the electrostatic Coulomb interaction term between the electron and the hole.
The semi-parabolic confinement potential V' (zy) is written as:

1
fmz‘wgzi, 2z > 0

Vi) =42 )
0, 2 <0 (k=eh).
The temperature and hydrostatic pressure dependent effective mass of the electron for GaAs is given as [38,40,41]:
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Here temperature and hydrostatic pressure dependent energy gap GaAs, E, is in meV, P is in “kbar” and T is in
“Kelvin”. The pressure dependent oscillator frequency is expressed as

w(P) =wy/ [1—2P(1.16-107% — 7.4-107%)] . (5)

The Hamiltonian is segmented into two terms taking the relative motion and the center of mass into consideration
and is given by:

Hel = Hrl + Hcl7 (6)
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For T' < 200, the dielectric constant of GaAs is [38-40]:

E(P, T) — 12.746(9'4.10_5)(T775'6)+1'73.10_3P. (9)

The coordinate of the centre of mass is written as:

mi (P, T)zp + mi(P,T)z
M

Here, total mass is M1 (P, T) = mj (P,T)+m} (P, T); the relative coordinate is z,1 = 2z, — 25, the momentum operator

Zry =

(10)

8Pz, = ngm , and the reduced mass is

prr = my (P, T)me (P, T) /Mry (P, T). (1D)

The excitonic wave function and energy levels are written as
Yr1(zn, 2e) = (2r1)(Z11), (12)
Eri=FE., +Ez.,. (13)

The term signifying the center of mass part is considered as the problem for 1D semi-parabolic oscillator where the
Hamiltonian is H.; and eigenfunction and eigenenergies are [42]:

1
0r1(Z711) = Ni1 exp (—2a2z%1) Hopi41(aZr1), (14)
3
B = (2k1+ 3 ) hwo, k1 =1(0,1,2......), (15)
where Hop141 is the Hermite polynomial
1 —1/2
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We analytically obtained the eigenvalues and wave function of the relative motion part in the strong and weak con-
finement regime. For the strong regime, H,; reduces to:

2
P 1

Hoi5 = ot §uw§z31. (18)

Neglecting the coulomb term as per the strong confinement regime, ¢(z,1) is determined as:

1
¢(Zr1) - Nn exp l:_2ﬁ2272~1:| H2n+1(ﬁzrl)7 (19)
3
Eyp = (2n+3 ) hwo,  (y1=0,1,2,..), (20)
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B = \/u(P)/h. (22)

Our quantum dot interacts with the electromagnetic field E(¢) having a frequency w, such that [47-49]:
E(t) = Ee™' + E*e™ ™" (23)

Upon such interactions, the time evolution equation for the matrix elements of one-electron density operator, p, is
given by
@—i[H— E(t)p] = T(p — p© 24
5 = o7 1o —azE(t)p] = T(p =), 24)
where H| represents the Hamiltonian of this system in the absence of the electromagnetic field E(t), and electronic
charge is given by ¢, unperturbed density matrix operator is p°, and T is the phenomenological operator responsible for
the damping due to the electron-phonon interaction, collisions among electrons, etc. It is assumed that I' is a diagonal
matrix and its elements are equal to the inverse of relaxation time 7.
For solving Eq. (19), standard iterative method is being used and hence p has been expanded as p(t) = Z p™(1).

n
Now, using this expansion in Eq. (19), the density matrix elements can be obtained as shown below:

op; " 11 ) (1) 1 )
4 = | = [H, ot T, oD M. g ) 2
815 Zh[ 05 P ]zj szu ih[qx’P ]z] (t) ( 5)

As the density matrix p has been obtained, the electronic polarization P(t) and susceptibility x(¢) can be calculated
as:

P(t) = eox(w)Ee ™™ + e, x(—w)FBe™ ! = %Tr(pM), (26)

where p is the density matrix for one electron and V' is the volume of the system, €, represents permittivity of free space,
and the symbol Tr (trace) denotes the summation over the diagonal elements of the matrix.
Now, using the real part of the susceptibility, refractive index changes can be determined as:

anle) _p, [4)).
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Within a two-level system approach, the linear and the third order nonlinear optical absorption coefficient are obtained
from the imaginary part of the susceptibility [25,34,45-51] as:
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Total absorption coefficient a/(w, I) is given as:
a(w, I) = aV(w) + oD (w). (30)
The linear and nonlinear changes in the refractive index are written as [25,30,46-54]:

An(l)(w) _ 1 | |2 |: ElO - h(d
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The total refractive index change is
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where p;; = |(¥i|2ri|v;)|, (4,5 = 0,1) are the matrix elements of the dipole moment, ;(¢);) are the eigenfunctions,
Ey — E
wo1 = % is the difference between two energy levels, is the frequency of the electromagnetic field, 7y is the

relaxation time.

3. Results and discussions

We have considered the GaAs semiconductor material constants for our numerical results. We used the numerical
parameters such as [38,40-44] m} = 0.067mg, m;, = 0.09mg (mg is the mass of a free electron), N = 3 - 10?2 m~3,
e=12.53, 7 = 0.2 ps~ !, T = 2000 MW/m?.

To understand the effect of change in hydrostatic pressure and temperature on the Linear Absorption Coefficient
(LAC) and third order (Nonlinear) Absorption coefficient (NAC), we present the same in Fig. 2(a) and 2(b). Here we also
have shown the effects of inclusion of Excitonic Effects (EE) on the LAC and NAC. One can observe that for the cases
where (2(a) and 2(b)) the EE is not included, the NAC and LAC peaks occurred at photon energies much lower than the
cases of inclusion of EE in the study. This is attributed to the energy associated with the excitonic interactions between
the electron and holes. Moreover, the peak heights, for both LAC and Total Absorption Coefficient (TAC), increased
when excitonic effects are taken into account. This is a consequence of enhancement of the dipole moment due to the
positive-negative charge separation of the electron-hole pair, which otherwise is not there in the case of Without Excitonic
Effects (WEE). In Fig. 2(a), shift from 60.28 to 56.70 meV when pressure is increased from 10 to 100 kbar in case of
WEE. Whereas for identical change in pressure, the LAC and NAC peaks are shifted from 91.78 to 88.58 meV for the
case of EE. This shifting is accompanied by decrease in absorption LAC peak height from 0.35 - 10° to 0.32 - 10° m~ ! in
case of WEE and from 0.80 - 10° to 0.72 - 10° m ™! for the EE case. Similar effects are also observed for the NAC. The
LAC and NAC shift towards the lower energy end of the spectrum as the pressure increases. This shifting is accompanied
by a diminishing absorption peak height for both EE and WEE case. These effects are due to the counter affecting action
of pressure on the confinement potential and energy band gap. The pressure increases the confinement strength but it also
strongly alters the energy band gap. For GaAs, in the pressure range of 10 kbar to 100 bar, these two opposing effects
results in a net red shift of the peaks as the pressure increases. Whereas, in Fig. 2(b), one can see that the absorption peaks,
LAC and NAC, moves from 60.28 to 62.40 meV and peak heights of LAC increase from 0.35 - 10° to 0.39 - 10° m~!
and NAC changes from —0.062 - 10° to —0.066 - 10° m~" when the temperature increases from 10 to 100 K, keeping
P = 10 kbar. For the case of EE, the blue shift in peaks happen from 91.7 to 94.39 meV and the LAC peak heights change
from 0.80 - 10° to 0.85 - 10° m ™! and the NAC peak enhances from —0.13 - 10° to —0.17 - 10° m ™! as the temperature
increases from 10 to 100 K. These effects, similar in nature for both EE and WEE, result from the interplay complex
second term of Eq. (5) and the direct dependence of on the temperature. Physically, the change in the entropy of the
charge carriers induces a change in the energy of the states. In Fig. 3(a,b), we present the TAC as a function of incoming
photon energy. Here, we observe similar effects of change in pressure and temperature on the TAC peaks as in the case
of LAC and NAC. However, in TAC, the effects of LAC dominate the NAC for the light intensity of 2000 MW/m?.
Furthermore, owing to the diametrically opposed behavior of the first and the third-order nonlinear ACs, a decrease in the
total ACs is observed due to the reduction in the effective mass of the electron with the intensification of the temperature.
A close relationship between the peak values of the total ACs, the transition dipole element and the difference between
energy levels 1y can be disclosed from the figure. Total ACs is influenced in opposite by the dipole matrix element
| M 10|2 to that of the energy difference E1¢. Hence, a blue shift is observed as a result of increase in the temperature
and the red shift is observed when the pressure increases. This happens due to increase/decrease in the transition energy
F1o on a significant increase in temperature/pressure. Upon increasing temperature/pressure, a drop/enhancement in the
electron effective mass with an expansion/compression of the transition energy is observed due to the dependence of the
electron-photon interaction of the temperature/pressure. Hence, the blue/red shift is observed. Same can be observed from
Fig. 2(c,d) that how matrix elements get vary with pressure and temperature.

To compare our results in Fig. 3(b), we plotted the total absorption coefficient and compared with experimental
data [55,56] at T" = 10 and 100 K. As it can be observed from the graph, a similar pattern is observed in both the
experimental results as well as theoretical results but deviation can be observed in the theoretical prediction from the
experimental data [55,56]. At T = 10 K, the quantitative value is similar to the experimental value but this is not the
same for the 7' = 100 K. Although, it can be observed from both experimental values as well as theoretical values that a
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FIG. 2. (a,b) — the linear and nonlinear absorption coefficients with and without considering excitonic
(EE and WEE) effects for T = 10 and 100 K and P = 10 kbar and P = 100 kbar and I = 2000 MWm?;
(c,d) — behavior of matrix element with pressure and temperature

blue shift is happening in the absorption coefficient on increasing the temperature. For example, for temperature between
0 —20 and 40 — 100 K peaks shift towards higher energy values for the both cases, i.e., theoretical and experimental. But
as there was no significant difference between the peaks ranging from 21 — 90 K, hence, only values for 20 and 100 K have
been presented in the theoretical graphs. Several points can be thought of as a cause for this deviation in the quantitative
value. Some of these points are: (i) electronic transitions are not perfectly exact for the two-level system, (ii) several
parameters such as dot size, intensity, o, v are temperature dependent but are here considered as temperature independent,
(iii) calculations have been performed theoretically using numerical methods and these methods have some limitations,
(iv) approximation have been taken into account for solving the Eqs. (23-27).

As the interacting light changes the physical nature of the quantum dot material, it, therefore induces drastic changes
in the refractive index of the QDs near the resonance energy. The same can be observed from the dispersion curves
presented in Fig. 4(a,b) and 4(c,d). In 4(a), for WEE and hydrostatic pressure of 10 kbar, the dispersion curve of Linear
Refractive Index change (LRI) rises to a maximum value 0.062 at photon energy 60.28 meV and crosses over to the
negative polarity region to reach —0.063 at photon energy 74.40 meV. When the pressure increases to 100 kbar, this
dispersion area shifts to 56.70 meV (maxima of 0.059) and 64.86 meV (minima of —0.059). Further, in 4(a), for pressure
of 10 kbar, when EE is taken into account the area of polarity change of the LRI shifts to higher photon energy, viz. reaches
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maximum at photon energy 91.7 meV (maxima of 0.088) and crosses over to the negative values to reach the minimum
value at 106.33 meV (minima of —0.088). Again, for EE case, when pressure increases to 100 kbar, the dispersion area
red shifts to 88.58 meV (maxima 0.085) and 103.48 meV (minima —0.086). Similar effects are observed (Fig. 4(b))
for Nonlinear Refractive Index change (NRI) at the identical photon energies as in the case of LRI. However, in case of
NRI, the polarity of the refractive index change first reaches a negative valued minima and then crosses over to a positive
valued maximum. Opposite nature of shifting of the dispersion is observed when the temperature is changed from 10 to
100 K keeping P = 10 kbar (Fig. 4(c,d)). In Fig. 4(c), it is obtained that the maximum value of the LRI (minimum value
of NRI in Fig. 4(d)) occurs at photon energy 60.28 meV (maxima of 0.062) when the temperature is kept at 10 K for
the case of WEE. When the temperature increases to 100 K, in case of WEE, the maximum value of the LRI (minimum
of NRI, Fig. 4(d)) shifts to a higher photon energy value of 62.40 meV. Whereas for the case of EE, the LRI (and NRI)
maximum value (minima for NRI) shifts from 91.7 to 94.39 meV when the temperature increases to 100 from 10 K. These
two-opposite natures of influences on the RI change of hydrostatic pressure and temperature are attributed to the fact that
the increase in pressure strengthens the confinement whereas the temperature acts the other way.

In Fig. 5(a,b), the total refractive index change is presented at two values of applied hydrostatic pressure (5a) keeping
T = 10 K and in (5b), the temperature is varied from 10 to 100 K keeping P = 10 kbar. It can be observed that the
magnitude of the change in refractive index with variation in hydrostatic pressure and temperature are different on the
two scenarios, i.e., one with the excitonic effect and the other without excitonic effects. This is the consequence of the
fact that in case of WEE, the properties are determined by the effective mass of the electron whereas in case of EE, the
properties are manifested from the reduced mass of the electron-hole pair. This is one of the major factors for variation in
the optical properties in between EE and WEE, in addition to the fact of opposite polarity charges being involved in the
case of EE.
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FI1G. 5. The total refractive index for with and without considering excitonic (EE and WEE) effects for
T =10 and 100 K and P = 10 kbar and P = 100 kbar and I = 2000 MWm 2

4. Conclusion

We have reported the linear and nonlinear optical properties, viz. absorption coefficient and refractive index of a
GaAs semi-parabolic QD by employing the compact density matrix formalism. We have demonstrated that the absorption
coefficient peaks and refractive index dispersion variation is blue shifted with the inclusion of excitonic effects. The
increase in the pressure alters the optical properties of the QD by controlling the effective mass of electron, energy band
gap and the dielectric constant. This intricate counter-balancing act results in a red shift in the nonlinear optical properties’
resonance position when the applied hydrostatic pressure is incremented, while augmenting the ambient temperature
results in blue shifts of the LAC, NAC and TAC and refractive index change. Further, it is observed that the enhancing
the pressure lowers the peak height of the absorption coefficient and the refractive index dispersions curves. This is due
to the diminishing of dipole moments of the QD by the reinforcing the confinement by the hydrostatic pressure which
results in shrinking of the orbital wave functions. To our best knowledge no such research work illustrating the effects of
Hydrostatic Pressure and Temperature on the RI and AC (Linear and third order) of GaAs QD for a semi-parabolic system
(excitonic as well as non-excitonic cases) has been carried out earlier. According to our consideration, the obtained
results can have important practical applications in fabricating optoelectronic devices and hence have a sound share in
progressive product technology. The shifting of absorption peaks can specially be used in devices where optical switches
can be turned on and off depending on absorption of incident radiation. Hydrostatic pressure and temperature can act
as external parameters. Further, the same property may also be used to detect changes in temperature and pressure by
observing the refractive index change and absorption of photons at particular wavelength. Analysis of the experimental
results [55, 56] and comparing with the theoretical results obtained, some disagreement is observed in the absorption
coefficients. This variation with the experimental results is explained in the previous section.
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