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Refractive index changes inn-type delta-doped GaAs under hydrostatic pressure

O. Oubrama, I. Rodŕıguez-Vargasb, and J. C. Mart́ınez-Orozcob
aFacultad de Ciencias Quı́micas e Ingenierı́a, Universidad Aut́onoma del Estado de Morelos,

Av. Universidad 1001, Col. Chamilpa, 62209 Cuernavaca, Morelos, México.
Phone: +52 01 777 329 7000 Ext. 7039; Fax: +52 01 777 329 7000 Ext. 7039

e-mail: oubram@uaem.mx,
bUnidad Acad́emica de F́ısica, Universidad Aut́onoma de Zacatecas,

Calzada Solidaridad Esquina con Paseo la Bufa S/N, Zacatecas, Zac., 98060, Mexico.

Received 6 November 2013; accepted 17 February 2014

The effect of hydrostatic pressure on the refractive index changes (RIC) is studied inδ-doped quantum well (DDQW) in GaAs. Based on
the effective mass approximation we implement an algebraic formalism to calculate the electronic structure and RIC. Our results obtained
with this model show that the position and the magnitude of the linear, nonlinear and total RIC are sensitive to hydrostatic pressure and
bidimensional density. The incident optical intensity has a great effect on these optical quantities.
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1. Introduction

During the last decade there has been considerable inter-
est on the linear and nonlineair optical properties of low-
dimensional semiconductor structures, particularly those as-
sociated with intersubband transitions. Linear and nonlin-
ear optical properties such as optical absorption [1–4] and
refractive index changes (RIC) [2–5], have the potential for
device applications in far-infrared detectors [6, 7], electro-
optical modulators [8,9], and infrared lasers [10].

Recent improvements in semiconductor growth tech-
niques have made possible to prepare low-dimensional semi-
conductor structures with any desirable potential shape,
such as quantum wells, quantum wires, and quantum
dots [1,4,11–19]. It is to be noted that external factors such as
shallow impurities, temperature, electric and magnetic fields,
and pressure can change the linear and nonlinear optical and
transport properties of nanostructures [3,12,13,18,20-26]. In
the past few years, many researchers have studied the effect
of the external factors on the electronic and optical properties
of low dimensional semiconductor structures.

In particular, the linear and nonlinear optical properties
of structures under hydrostatic pressure have been intensively
studied both experimentally and theoretically by several au-
thors:

From the experimental standpoint, Piechalet al. [25] have
reported that laser diodes in (Al)InGaP can be tuned by pres-
sure effects. Trzeciakowskiet al. [27] have reported that
pressure and temperature variations can change the band gap
of III-V semiconductors, shifting the gain spectrum of laser
diodes. Bajda and collaborators [29] studied the pressure
and temperature dependence of gain in InGaAs/GaAs laser
diodes, finding that pressure tuning is much more effective
than temperature tuning. For further information about op-
tical properties of nanostructures under hydrostatic pressure,
the reader can refer to [25–29].

On the other hand, from the theoretical point of view,
Liang and Xie [13] studied the combined effects of the hydro-
static pressure and temperature on optical properties of a hy-
drogenic impurity in the disc-shaped quantum dot, showing
that pressure and temperature play an important role in the
optical absorption coefficients and refractive index changes.
Baghramyanet al.[30] studied the effects of hydrostatic pres-
sure, temperature, electric field and aluminum concentration
on the electronic states in GaAs/Ga1−xAlx As concentric
double quantum rings. The effect of hydrostatic pressure on
optical absorption and refractive index changes of a shallow
hydrogenic impurity in a GaAs/GaAlAs quantum wire were
discussed by Santhi and collaborators [31]. They reported a
blue shift of the absorption resonant peak and of the total RIC
due to pressure changes.

Recently, more attention has been paid to study the hy-
drostatic pressure applied to a two-dimensional structure.
The results of optical properties in delta-doped system un-
der hydrostatic pressure were analyzed by Martı́nez-Orozco
et al. [20,21], revealing that intermediate pressure leads to an
enhancement of both nonlinear absorption and RIC, whereas
for higher pressures the amplitudes of these quantities are sig-
nificantly quenched. Eseanu [32] discussed the simultaneous
effects of laser field and hydrostatic pressure on the inter-
subband transitions in square and parabolic quantum wells.
The author found that the transitions between the ground and
the first excited levels depends on the hydrostatic pressure.
In fact, this dependence is responsible of the shifting in the
linear and nonlinear optical properties [1, 4, 33, 34]. The si-
multaneous effects of hydrostatic pressure and magnetic field
applied along the quantization direction on intersubband op-
tical transitions in P̈oschl-Teller quantum well are also inves-
tigated by Hakimyfardet al. [35].

Within the mentioned context, the aim of our work is to
study the effect of hydrostatic pressure on the linear and non-
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linear refractive index changes (RIC) in GaAs DDQWs. It
is worth mentioning that the theoretical methods, used to an-
alyze this effect [23, 24, 36], can be cumbersome and time
consuming. To this respect, we apply a simple theoretical
model of hydrostatic pressure based on physical considera-
tion to obtain readily the electronic structure and the linear
and nonlinear RIC.

This paper is organized as follows: In the next section,
details of the calculations of analytical expressions for the
linear and nonlinear refractive index changes, using algebraic
formalism, are presented. The results and discussion are pre-
sented in Sec. 3. Finally, in the last section, a brief conclusion
is given.

2. Theoretical Background

In the effective mass approximation the Schrödinger equation
for an-type DDQW under hydrostatic pressure is given by:

(
− ~2

2m∗(P )
d2

dz2
+ V (z, P )

)
ψ(z, P )

= E(P )ψ(z, P ), (1)

whereP is the hydrostatic pressure in units of kbar,V (z, P )
is the pressure dependent confinement potential andm∗(P )
is the pressure dependent effective mass. Usually, the elec-
tronic structure calculations in GaAsn-type DDQW can
be carried out by solving a single band effective mass
Schr̈odinger equation with a V-shaped Thomas-Fermi poten-
tial or by means of a self-consistent approach for each value
of P .

A convenient way to perform such analysis is introduc-
ing effective atomic units. We suppose that at low hydrostatic
pressure all physical properties can be expressed in terms of
the effective Bohr radius and effective Rhydberg. In other
way, the energies are given in units of the effective Rhydberg
R∗y(P ) and distances are given in terms of the effective Bohr
radiusa∗0(P ).

In term of dielectric constantε(P ) and electron ef-
fective massm∗(P ) are given the effective Bohr radius
a∗0(P ) = ε(P )~2/m∗(P )e2 and the effective Rhydberg
R∗y(P ) = e2/2ε(P )a∗0(P ).

Furthermore, the energy, position, wave function and
confinement potential can be written as:E(P ) = E∗R∗y(P ),
z = z∗a∗0(P ), ψ(z, P ) = ψ∗(z)a∗−1/2

0 (P ) and
V (z, P ) = V ∗(z)R∗y(P ), respectively.

Within this context, the Schrödinger equation can be writ-
ten as:

−d2ψ∗

dz∗2
+ V ∗ψ∗ = E∗ψ∗. (2)

The inclusion of pressure effects is made via the varia-
tion of the main input parameters uponP [18, 37, 38]. At
the GaAsΓ-point conduction band minimum, the following
relation for the energy band gap holds;

Egap(P ) = E1 + βP, (3)

whereE1 = 1519 meV, andβ = 10. 7 meV/kbar. The varia-
tion of the static dielectric constant is given by [39]:

ε(P ) = 12.65e−1.67P×10−3
, (4)

and the corresponding electron effective mass is given by
[40–42]:

m0

m∗(P, T )
=1+EΓ

P

[
2

EΓ
g (P, T )

+
1

EΓ
gap(P, T )+∆0

]
. (5)

Herem0 is the free electron mass,EΓ
P = 7.51 eV is the

energy related to the momentum matrix element,∆0 = 0.341
eV is the spin-orbit splitting, andEΓ

gap(P, T ) is the pressure
and temperature-dependent energy gap for the GaAs quan-
tum well at theΓ-point [41]. The expression forEΓ

gap(P, T )
is

EΓ
gap(P, T ) = EΓ

gap(0, T ) + bP + cP 2, (6)

whereEΓ
gap(0, T ) = 1.519− (5.405× 10−4T 2)/(T + 204),

b = 0.0126 eV/kbar, and c = 3.7710−5 eV/kbar2 [41].
In this work, the variation ofP lies within the range be-

tween 0 and 10 kbar. We restrict ourselves to consider values
of P below the point of transition from the direct to the in-
direct energy gap regimes, induced by pressure in GaAs. In
addition, we limit our calculation in this work to temperature
T=0 K.

Moreover, the confinement potential can be related to the
well known Thomas-Fermi potential through the following
relations,

V ∗ =
V (z, P = 0)
R∗y(P = 0)

, (7)

whereV (z, P = 0) is theδ-doped well potential atP = 0,
and is described within the self-consistent Thomas-Fermi ap-
proach [43] by:

V (z, P = 0) = − α2
n

(αn|z|+ z0n)4
, (8)

with αn = 2/(15π) andz0n = (α3
n/πN2d)1/5, N2d is the

two-dimensional impurities density of then-type DDQW.
It is worth mentioning that the solution of Eq. (2) gives

energy levelsE∗
0 , and their corresponding wavefunctionsψ∗0 .

Their correspondence for a value ofP is:

E0(P ) = E∗
0R∗y(P ), (9)

and

ψ0(P ) = ψ∗0a
∗−1/2
0 (P ). (10)

After obtaining the subband energies and their corre-
sponding wave functions, the linear refractive index changes(
∆n(1)(ω)/nr

)
and the nonlinear refractive index changes
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(
∆n(3)(ω, I)/nr

)
for the intersubband transitions can be

readily calculated as [44,45]:

∆n(1)(ω)
nr

=
|M10|2
2n2

rε0

m∗kBT

π~2Leff

[
(Ef − Ei − ~ω)

(E~ω10 )2 + (~/τin)2

]

× ln
{

1 + exp[(EF − E0)/kBT ]
1 + exp[(EF − E1)/kBT ]

}
, (11)

whereE~ω10 = E10 − ~ω, andE10 = E1 − E0 is the main
intersubband transition. The third order correction is given
by,

∆n(3)(ω, I)
nr

= −µc|M10|2
4n3

rε0

I

[(E~ω10 )2 + (~/τin)2]2

× m∗kBT

π~2Leff
ln

{
1 + exp[(EF − E0)/kBT ]
1 + exp[(EF − E1)/kBT ]

}

×
[
4E~ω10 |M10|2 − |M11 −M00|2

(E10)2 + ( ~τin
)2
{· · ·}

]
, (12)

the term in brackets{· · ·} is given by:
{

E~ω10

[
E10(E~ω10 )−

(
~

τin

)2
]
−

(
~

τin

)2

[2E10 − ~ω]

}
,

here,E10 denote the quantized energy level difference for the
first excited state and ground state,I is the optical intensity
of incident wave,µ is the permeability,c is the speed of light
in free space,Leff is the effective spatial extent of electrons
in subbands,nr is the refractive index andτin is the intersub-
band relaxation time (τin is a constant, with numerical value
0.14 ps [45,46]).

The matrix element given by

M10 =

L0/2∫

−L0/2

ψ∗1(z)zψ0(z)dz. (13)

Since hydrostatic pressure does not break the sym-
metry of a symmetric potential configuration [1], then
M11 = M00 = 0. Therefore, the expression Eq. 12 can
be reduced to:

∆n(3)

nr
(ω, I) = −µc|M10|2

4n3
rε0

I

{(E~ω10 )2 + (~/τin)2}2

× m∗kBT

π~2Leff
ln

{
1 + exp[(EF − E0)/kBT ]
1 + exp[(EF − E1)/kBT ]

}

× [4(E~ω10 )|M10|2], (14)

The relative linear refractive index changes(
∆n(1)(ω, P )/nr

)
rel

and relative nonlinear refractive index
changes

(
∆n(3)(ω, I, P )/nr

)
rel

are given by:

(
∆n(1)(ω, P )

nr

)

rel

=

(
∆n(1)(ω,P )

nr

)
(

∆n(1)(Ω,P=0)
nr

)
10

, (15)

and

(
∆n(3)(ω, I, P )

nr

)

rel

=

(
∆n(3)(ω,I,P )

nr

)
(

∆n(3)(Ω,P=0)
nr

)
10

, (16)

where
(
∆n(1)(Ω, P = 0)/nr

)
10

is the linear refractive in-
dex changes for the intersubband transitions between the
ground state and the first excited state atP = 0 kbar, and
Ω = arg

[
max

(
∆n(1)(ω, P = 0)/nr

)
10

]
presents the value

of resonance for intersubband transition 1-0.
Writing expressions (15) and (16) in relative effective

atomic units at T=0 K,

(
∆n(1)(ω, P )

nr

)

rel

=
m∗(P )ε(0)
m∗(0)ε(P )

∆E10(P )− ~ω
∆E10(0)− ~Ω

×
[

(∆E10(0)− ~Ω)2 + (~/τin)2

(∆E10(P )− ~ω)2 + (~/τin)2

]
, (17)

and
(

∆n(3)(ω, I, P )
nr

)

rel

= −2nrI

ε0c

(
∆n(1)(ω, P )

nr

)

rel

× 1
(∆E10(P )− ~ω)2 + (~/τin)2

×
[
|M10(0)|2 ε(P ) m∗2(0)

ε2(0) m∗2(P )

]
, (18)

where∆E10(P ) = ∆E10(0)m∗(P )
m∗(0) × ε2(0)

ε2(P ) , furthermore
∆E10(0) = E1(0) − E0(0) denote the difference between
the final state and initial state for P=0 kbar. Now, we define
the relative matrix element as:

M10rel =
M10(P )
M10(0)

, (19)

which can be written in effective atomic units as,

M10rel =
m∗(0)
m∗(P )

× ε(P )
ε(0)

. (20)

Finally, using Eqs. (11), (12), (17) and (18), one
can express the relative total refractive index change(
∆n(tot)(ω, I, P )/nr

)
rel

as:

(
∆n(tot)(ω, I, P )

nr

)

rel

=
(

∆n(1)(ω, P )
nr

)

rel

+
(

∆n(3)(ω, I, P )
nr

)

rel

. (21)

Therefore, the effect of hydrostatic pressure on these op-
tical properties (Eqs. (17) and (18)) can be written in terms
of the mass and the dielectric constant, which are pressure
dependent.
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FIGURE 1. Confiningδ-potential profile and subband energies with
their wave functions for P = 0 kbar (Solid curves) and P = 5 kbar
(Dashed curves) forN2d= 7.5× 1012 cm−2.

FIGURE 2. Energy difference between ground state and first ex-
cited state as a function of hydrostatic pressure forN2d= 7.5 ×
1012 cm−2.

3. Results and Discussion

We have theoretically investigated the linear and nonlinear
refractive index changes for the intersubband transition (1-
0) in DDQW. Figure 1 displays the confinement potential
profile, subband energy levels and wave functions associated
to these energy levels in DDQW, for a doping concentration
N2d = 7.5×1012 cm−2. Solid (dashed) curves correspond to
to P = 0 (P = 5 kbar). By increasing the pressure the po-
tential is more attractive and the associated wave function
more compressed and localized. This behavior was also ob-
served in quantum dots under hydrostatic pressure [33]. To
this respect, it is well know that application of hydrostatic
pressure turns out in a modification of the physical proper-
ties [40,47,48], mainly due to deformation of the interatomic
bonds [49]. As pressure increases, the dielectric constant de-
creases and the effective mass increases [40] leading to a de-
creasing in effective Bohr radius and an increasing in the ef-
fective Rhydberg [1]. So, electrons are more confined and
localized, see Eq. (9) and Eq. (10).

FIGURE 3. Relative linear refractive index changes as a function
of the photon energy for (1-0) intersubband transition for (a) P=0
kbar, (b) P = 5 kbar and (c) P = 10 kbar. The bidimensional density
is N2d = 7.5× 1012 cm−2.

FIGURE 4. Relative nonlinear refractive index changes of the (1-0)
intersubband transition as a function of the photon energy for P = 0,
5, 10 kbar with I = 0.5 MW/cm2 andN2d = 7.5× 1012 cm−2.

Figure 2 shows the energy difference between the first
excited state and the ground state as a function of pressure.
Here, it can be observed that the energy difference increases
when the pressure increases as well. A similar behavior was
observed in V-groove quantum wires [4].

In Fig. 3, the linear refractive index changes are plotted
as a function of photon energy for three different pressures,
0, 5 and 10 kbar, with I= 0.5 MW/cm2. When the pressure
increases, the linear RIC shifts toward higher energies. The
main reason for this shift is the increment in energy difference
between the ground state and first excited state, by increasing
the pressure (Fig. 2). Taking into account Eq. 11, we can see
that the function in the second factor on the right-hand side
has two structures centered at~ω = ±∆E = ±(E1 − E0).
Therefore, in Fig. 3 there are two resonant peaks in each
curve. Also, it is observed that the peak of the linear RIC
increases as pressure increases. This behavior results from
a modification of the physical properties as the pressure in-
creases. Mainly, when the pressure increases, the dielectric
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FIGURE 5. Variation of the total relative refractive index changes
as a function of the photon energy for three different pressures
(a) P = 0 kbar, (b) P = 5 kbar and (c) P = 10 kbar with for
I = 0.5 MW/cm2.

FIGURE 6. Square dipole matrix element for intersubband tran-
sitions between the ground state and the first excited state versus
hydrostatic pressure forN2d = 7.5× 1012 cm−2.

constant decreases and the effective mass increases [40] lead-
ing to an increasing in the relative linear RIC (see Eq. (17)).

Figure 4 displays the nonlinear RIC as a function of pho-
ton energy for three different pressures with I = 0.5 MW/cm2.
It is seen that the nonlinear RIC shifts toward higher energies
as pressure increases, in agreement with Fig. 2.

In Fig. 5, the total RIC as a function of the incident pho-
ton energy for three different hydrostatic pressure values with
I = 0.5 MW/cm2 is shown. As can be seen in this figure, for a
constant incident optical intensity, as the hydrostatic pressure
increases the magnitude of the total RIC increases and also
shifts toward higher energies. The shift is compatible with
other quantum structures [4, 31]. Those results have simi-
lar behavior with linear refractive index changes. The main
reason for this behavior comes from changes in quantum con-
finement as hydrostatic pressure increases. The quantum con-
finement change causes an increment of the electron energy
difference between the lowest two subbands, where an opti-
cal transitions occurs.

FIGURE 7. Total relative refractive index changes versus the pho-
ton energy for different optical intensities I = 0.2, 0.4, 0.6 MW/cm2

under hydrostatic pressure P = 5, 10 kbar.

FIGURE 8. Total relative refractive index changes as a function
of the photon energy for different values of bidimensional den-
sity N2d = 1, 2.5, 5,7.5 × 1012 cm−2 with an optical intensity
I = 0.5 MW/cm2 and under hydrostatic pressure P= 5 kbar.

We show the square dipole matrix elements as a function
of pressure in Fig. 6. As we can see, the dipole matrix ele-
ments decrease with increasing pressure. This kind of result
was also found in quantum dots [33] and simple quantum
wells [32] under hydrostatic pressure.

In Fig. 7 the total RIC is plotted as functions of the pho-
ton energy for different incident optical beam intensities as
well as for two values of hydrostatic pressure. RIC peaks
show a blue-shift and a significant enhancement as hydro-
static pressure increases. On the other hand, total RIC de-
creases as the incident optical beam intensity increases. This
drop was also observed in simple quantum wells under pres-
sure [50]. Moreover, the higher optical intensity will, in-
deed, cause a decrease in the nonlinear term, while the linear
term does not change with beam intensity (see Eq. 11 and
Eq. 17). Because these two terms are opposite in sign, any
increase the incident optical intensity will increase the mag-
nitude of the nonlinear term, on the contrary reducing the net(
∆n(tot)(ω, I, P )/nr

)
rel

.
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Keeping the beam intensity at a constant value
I = 0.5 MW/cm2 and P = 5 kbar, we have investigated the
effect of doping density on the total RIC, see Fig. 8. The to-
tal RIC is plotted as a function of photon energy for different
values of bidimensional density. The total refractive index in-
creases and also shifts toward higher energies as the doping
concentration increases. Similar results have been report in
AlGaN/GaN quantum well heterostructures [2,5] and in delta
doped quantum well [50].

If we compare Fig. 8 and Fig. 5 we can see that the
changes in concentration have a much stronger effect on re-
fractive index than the changes of pressure. Therefore, if it is
desired to achieve a large change in the refractive index, high
bidimensional densities are recommended.

As a final remark, it is important to discuss, some aspects
that can be relevant from the experimental standpoint. It is
well known that the peaks in the absorption spectra can be
readily distinguished by their polarization sensitivity [51,52].
In particular, the peaks associated to the intersubband pro-
cesses, can be distinguished using light with polarization per-
pendicular to the quantum well plane. On the contrary, the
peaks related to intrassuband processes can be favoured when
the light is polarized parallel to the quantum well plane. It
is also known that the optical properties are pretty sensitive
to temperature, so different mechanisms such as plasma os-
cillations and hot-electron bolometric effect have been pro-
posed to explain the absorption peaks associated to intrasub-
band processes [52, 53]. Specifically, at room temperature
the plasma oscillation model explains quite well peaks sen-
sitive to light polarized parallel to the quantum well plane,

intrasubband processes [52]. In our case, these details about
intrasubband processes are even more important due to the
indirect character (quantum well for electrons and barrier for
holes) of the delta-doped quantum wells. Within this context,
further studies of the polarization sensitivity and temperature
dependence of the optical properties in delta-doped quantum
wells are needed. Even more, experimental works are re-
quired in order to unveil: firstly the linear and nonlinear op-
tical properties, secondly if the subband processes involved
are of intrasubband or intersubband character, and thirdly if
the plasma oscillation model or the hot-electron bolometric
effect can explain the experimental outputs.

4. Conclusions

In the present work,we obtained a new algebraic expression
of the linear and nonlinear RIC, under hydrostatic pressure
in DDQW. The linear and nonlinear RIC under hydrostatic
pressure can be explained through the pressure dependence of
the effective atomic units. Our results obtained with theoret-
ical model of pressure show that the linear RIC is not related
to the incident optical intensity, whereas the incident opti-
cal intensity has a great influence on the nonlinear change.
Moreover, the total RIC will be reduced as the incident op-
tical intensity increases. Additionally, we have shown that
increasing the hydrostatic pressure, the refractive index spec-
trum is blue-shifted and changed in magnitude. Our model
is very simple to implement and it can reproduce results of
other approaches. Our calculations also reveal that RIC is
very sensitive to the bidimensional density of DDQW.
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