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We have theoretically calculated the effects of hydrostatic pressure on subband structure and optical
transitions in n -delta-doped quantumwell (DDQW) in GaAs for different values of energy. The electronic
structure of DDQW under the hydrostatic pressure is determined by solving the Schrödinger equation
and a simple algebraic method. From our calculations, it is found that the subband energies and inter-
subband optical absorption is quite sensitive to the applied hydrostatic pressure. This gives a new degree
of freedom in various device applications based on the intersubband transitions of electrons.

� 2012 Elsevier Masson SAS. All rights reserved.
1. Introduction

Devices with delta (d, planar)-doped semiconductor structures
have recently attracted much attention because of their potential
technological applications in electronic and photonic devices [1e8].
The d-doping technique has been used widely to introduce carrier-
confinement effects [1,3,9e14]. Due to this property of localizing
impurities in space, d-doping is used in devices to give rise to
quantum confinement of carriers [6,8,12e16].

Such d-doped semiconductor structures are important for
various devices such as high-power FETs, and infrared devices
based on the intersubband transition of electrons.

Recently, more attention has been paid to study experimentally
and theoretically the optical properties of nanostructures such as
quantum dots (QD), quantum wires, and quantum wells [17e29].

It is to be noted that external factors such as shallow impurity,
temperature, electric and magnetic fields, and pressure can change
the optical and transport properties of nanostructures
[9,21e24,27,29e31]. Thiswhy in thepast fewyears,many researchers
have studied effect of the external factors on the electronic and
optical properties of low dimensional semiconductor structures.

The effects of the hydrostatic pressure applied on
two-dimensional structures have been studied by several authors
[23,25,30,32,33]. The hydrostatic pressure dependence of the
intersubband optical absorption is also interesting for potential
son SAS. All rights reserved.
device applications. Intersubband absorption in quantum wells
have been proposed or demonstrated experimentally to be very
useful for far-infrared detectors [34,35], electro-optical modulators
[36,37], and infrared lasers [38]. One of the most remarkable
features of two-Dimensional Electronic Gas (2DEG) is the inter-
subband optical transitions between the size quantized subbands
in the same band.

The intersubband optical absorption in simple and double
quantum wells, grooves, dots and wires under pressure
[24e28,39e42] has been studied. For instance, Raigoza et al. [19]
have calculated optical absorption spectra in symmetrical doped
quantum well structures in the presence of applied pressure, they
observed a blue shift in the optical transitions with increasing of
the pressure. Barseghyan et al. [20] investigated the influence of
externally applied hydrostatic pressure on the binding energy and
photoionization in GaAseGa1exAlxAs cylindrical QD. The pressure
effect on intersubband optical absorption in a V-groove quantum
wire was studied by Khordad et al. [26]. They deduced that this
coefficient increases towards high energies as the pressure
increases. Karabulut et al. [27] investigated the dependence of
optical absorption in asymmetric double quantum wells with the
hydrostatic pressure. The effects of hydrostatic pressure on the
optical absorption coefficient in the QD have been computed by
Galindez et al. [40] and Shijun Liang et al. [28].

Even though considerable attention has been given to the study
of the optical properties in semiconductor structures, the effect of
pressure on these properties have not been well understood in
DDQW. In this work, we studied the intersubband absorption
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coefficients changes in n -type DDQW in GaAs under the influence
of hydrostatic pressure. It is used an algebraic formulation to obtain
the linear absorption coefficient and electronic structure. Particu-
larly, we solve the Schrödinger equation for P ¼ 0 kbar and then
applied the algebraic formalism to solve it in the full range of
hydrostatic pressures of interest. It is showed that the intersubband
transitions are quite sensitive to the hydrostatic pressure.
2. Theoretical background

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

� Z2

2m*ðPÞ
d2jðz; PÞ

dz2
þ Vðz; PÞjðz; PÞ ¼ EðPÞjðz; PÞ; (1)

where P is the hydrostatic pressure in units of kbar, V(z,P) is the
pressure dependent confinement potential and m*(P) is the pres-
sure dependent effective mass. Usually, the electronic structure
calculations in GaAs n -type DDQW can be carried out by solving
a single band effective mass Schrödinger equation with a V-shaped
Thomas-Fermi potential or by means of a self-consistent approach
for each value of P.

A convenient way to perform such analysis is introducing
effective atomic units. We suppose that at low hydrostatic pressure
all physical proprieties can be expressed in effective mass and
dielectric constant. This means that distances are given in terms of
the effective Bohr radius, a*0ðPÞ ¼ εðPÞZ=m*e2, and the energies in
units of the effective Rydberg, R*yðPÞ ¼ e2=2εðPÞa*0ðPÞ. Here, ε(P) is
the pressure dependent dielectric constant. Furthermore, the wave
function, energy, confinement potential and position will be write
as:jðPÞ ¼ j* � a*�ð1=2Þ

0 ðPÞ, EðPÞ ¼ E* � R*yðPÞ,Vðz; PÞ ¼ V* � R*yðPÞ
and z ¼ z* � a*0ðPÞ, respectively.

Within this context, the Schrödinger equation can be written as:

�d2j*

dz*2
þ V*j* ¼ E*j*: (2)

The inclusion of pressure effects is made via the variation of the
main input parameters upon P [23,43]. At the GaAs G-point
conduction band minimum, the following relation for the related
energy band gap holds;

EgapðPÞ ¼ E1 þ bP; (3)

where E1 ¼ 1519 meV, and b ¼ 10.7 meV/kbar. The variation of the
static dielectric constant is given by [42]:

εðPÞ ¼ 12:65e�1:67P�10�3
; (4)

and the corresponding electron effective mass is given by [18,39]:

m*ðPÞ ¼
�
1þ 2� 7510

EgapðPÞ þ 7510
EgapðPÞ þ 341

��1
m0: (5)

The variation of P in this work lies within the range between
0 kbar and 10 kbar. We restrict ourselves to consider values of P
below the point of transition from the direct to the indirect energy
gap regimes, induced by pressure in GaAs. The confinement
potential can be related to the well known Thomas-Fermi potential
by means of the following relations,

V* ¼ Vðz; P ¼ 0Þ
R*yðP ¼ 0Þ ; (6)

Where V(z, P ¼ 0) is the d-doped well potential at P ¼ 0, and is
describedwithin the self-consistentThomas-Fermiapproach [44]by:
Vðz; P ¼ 0Þ ¼ � a2n

ðanjzj þ z0nÞ4
; (7)

with an ¼ 2=ð15pÞ and z0n ¼ ða3n=pN2dÞ1=5, N2d is the two-
dimensional impurity density of the n -type DDQW.

It is worth mentioning that the solution of the Eq. (2) is energy
levels E*i , and their corresponding wave functions j*

i . Their corre-
spondence for a value of P is:

EiðPÞ ¼ E*i � R*yðPÞ; (8)

and

jiðPÞ ¼ j*
i � a

*� 1
2

0 ðPÞ: (9)

After obtain the subband energies and their correspondingwave
functions, the linear absorption coefficient a(u) for the intersub-
band transitions can be readily calculated as:

aðuÞ ¼umce2

nr

���Mfi

���2m*kBT

LeffpZ
2 � ln

(
1þ exp½ðEF � EiÞ=kBT �

1þ exp
h�

EF � Ef
�.

kBT
i
)

� Z=sin�
Ef � Ei � Zu

�2þðZ=sinÞ2
; ð10Þ

with the matrix element given by

Mfi ¼
ZL0=2

�L0=2

j*
f ðzÞzjiðzÞdz; (11)

Ei and Ef denote the quantized energy levels for the initial and
final states, respectively, m 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, sin is the intersubband relaxation time (sin is
a constant and takes the numerical value of 0.14 ps following [29,45]).

We introduce the relative absorption coefficient arel(u,P) :

arelðu; PÞ ¼ aðu; PÞ
a10ðU; P ¼ 0Þ; (12)

where a10(U, P ¼ 0) is the linear absorption coefficient for the
intersubband transitions between the ground state and the first
excited state at P ¼ 0 kbar, and U ¼ arg½maxða1�0ðu; P ¼ 0ÞÞ�
presents the value of resonance for intersubband transition 1e0.

Now, we write expression (12) in relative effective atomic units
at T ¼ 0 K,

arelðu; PÞ ¼u

U
�
����Mfið0Þ
M10ð0Þ

����
2

�m*ðPÞ
m*ð0Þ �

εð0Þ
εðPÞ �

DEfið0Þ
DE10ð0Þ

� ðDE10ð0Þ � ZUÞ2þðZ=sinÞ2 
DEfið0Þ

m*ðPÞ
m*ð0Þ

εð0Þ2
εðPÞ2

� Zu

!2

þðZ=sinÞ2
;

(13)

where DEfi(0) ¼ Ef(0)�Ei(0) denote quantized energy between the
final state and initial state at P ¼ 0 kbar.

And we define the relative element matrix as:

Mfirel ¼ MfiðPÞ
M10ð0Þ

: (14)

Writing this expression in effective atomic units, will arrive at
this reduce expression,
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Mfirel ¼ Mfið0Þ
M10ð0Þ

�m*ð0Þ
m*ðPÞ �

εðPÞ
εð0Þ : (15)
P=0 kbar
  1-0
3. Results and discussion

Variation of the confinement potential profile, subband energy
levels and wave functions associated to these energy levels in the
DDQW, far a doping concentration N2d ¼ 7.5 � 1012 cm�2, are
presented in Fig. 1. The Fermi energy level is set at 0 meV. Solid
(dashed) curves correspond to P ¼ 0 (P ¼ 5 kbar). As can be seen in
Fig. 1, with the increase of the hydrostatic pressure the potential
and the eigenfunctions are more confined.

It is well known that application of hydrostatic pressure results
in a modification of the physical properties [18,25,46], this mainly
due to deformation of the interatomic bonds [47].

While pressure increases, the dielectric constant decreases and
the effective mass increases [18] leading to a decreasing in effective
Bohr radius and an increasing in effective Rydberg (see Fig. 2). So,
the eigenfunction is more confined and eigenvalues more localized
(see Eq. (8) and Eq. (9)).

Fig. 3 shows the energy difference between two successive
states as a function of pressure. Here, it can be observed that the
energy difference increases when the pressure increases. The
similar behavior of the energy difference was observed in V-groove
quantum wire [26].
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Fig. 2. Variation of effective Bohr radius and effective Rydberg versus hydrostatic
pressure.
In Fig. 4 the relative lineal absorption coefficients are shown
as a function of photon energy for three different pressures,
P ¼ 0 kbar, P ¼ 5 kbar and P ¼ 10 kbar for N2d ¼ 7.5 � 1012 cm�2.
It is seen from the figure that the relative lineal absorption
coefficient will increase as the pressure increases. Also, the
resonance peak positions shift to the higher photon energies
(blue shift) as the hydrostatic pressure increases. The shift is due
to the increment in the energy difference between the two
different states as the hydrostatic pressure increases. Our results
are compatible with others found in other quantum structures
[20,26,28,39,48].

The forbidden transitions (2e0, 3e1, 4e1, 4e2, 5e2) in Fig. 4
without hydrostatic pressure keeps impossible when the hydro-
static pressure is nonzero, since the pressure doesn’t break the
symmetry in the system.

Fig. 5 shows the absorption peak of the dominant intersub-
band transitions (1e0) for different applied hydrostatic pressures.
It seems clearly that when the pressure increases the absorption
peak increases as well and additionally it shifts to higher
energies.

Fig. 6 displays the relative absorption coefficient as a function
of the photon energy for three different pressures, P ¼ 0 kbar,
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Fig. 4. The variation of the relative absorption coefficient for N2d ¼ 7.5 � 1012 cm�2 as
a function of the photon energy for different intersubband transitions for (a)
P ¼ 0 kbar, (b) P ¼ 5 kbar and (c) P ¼ 10 kbar.
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Fig. 5. The relative absorption coefficient of the (1e0) intersubband transition as
a function of the photon energy for P ¼ 0 kbare10 kbar with a step equal to 2 kbar.
The energy resonance shows a clear blue shift.
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P ¼ 5 kbar and P ¼ 10 kbar for N2d ¼ 3 � 1012 cm�2. It is observed
that only two intersubbands transition (1e0) and (3e2) are
similar to those shown in Fig. 4. As the pressure increase, the
relative linear coefficients increase and shift towards higher
energies.

Furthermore, as a result of the increase in the pressure, the
magnitude of the absorption coefficient increases and the inter-
subband absorption spectrum shows a blue shift. The obtained
results give a new degree of freedom in device applications, such as
photo-detectors, electro-optical modulators, and all optical
switches.

Fig. 7 presents the dependence of the relative square dipole
matrix element on the hydrostatic pressure. It is observed that the
dipole matrix element decreases with pressure. When the pressure
increases, the effective mass increases and the dielectric constant
decreases on the contrary. This involves the square dipole matrix
element to decrease (see Eq. (15)) as the pressure grows. On the
other side, as the pressure goes up, the wave functions are very
confined and becomemore compressed in the vicinity of z¼ 0. This
decreasing of jMfirel j2 was also seen in simple quantumwells under
pressure [49].
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Fig. 6. The variation of the relative absorption coefficient for N2d ¼ 3 � 1012 cm�2 as
a function of the photon energy for different intersubband transitions for (a)
P ¼ 0 kbar, (b) P ¼ 5 kbar and (c) P ¼ 10 kbar.
4. Conclusions

In this work we have investigated the effect of the hydrostatic
pressure on the subband structure and optical transitions in n -type
d-doped quantumwell in GaAs. This effect could be explain only by
the pressure effect on the electron effective mass and dielectric
constant.

The combined algebraic formalism with the Schrödinger equa-
tion were used to determine the electronic structure. From our
calculations, we have seen that the hydrostatic pressure can induce
an energy separation between intersubband energies and
confinement in wave functions.

We have seen that the absorption peaks change in magnitude
and the absorption spectrum shifts to the blue as the hydrostatic
pressure increases. These changes in the intersubband absorption
peaks can be used in various optical device applications. Finally, our
results are similar to those found in other structures.
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