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Abstract. In this study, second order harmonic generation (SHG) coefficient in asymmetric double delta
doped wells (ADQW) were investigated for a uniform doping distribution model. The electronic properties of
GaAs structure with ADQW, such as the potential profile, sub-band energy levels, wave functions and charge
densities are calculated by self-consistent the Schrodinger and Poisson equations. According to the parameters
used in this study, | have seen that for the doping concentration 1x10*cm™2, SHG peak size in ADQW
structure with the intersubband relaxation time T,; = 0.5 ps gives the same peak magnitude value with T,; =
0.35 ps for the doping concentration 5x1011cm™2. Also, for the thickness of the donor distribution 1 nm, the
peak size value of SHG with T,; = 1 ps has approximately the same behavior with T,; = 0.35 ps for the
donor distribution thickness 8 nm. The dependence on the structural parameters of the nonlinear transitions in
the second order between the sub-bands is more important for the potential variations of the photodetectors
and optical modulators. These structures will have an important place in the future research of quantum
photo-electronic devices.

Keywords: Delta-doping, self-consistent, second order harmonic generation (SHG) coefficient, nonlinear
transitions.

Asimetrik Cift Delta Katkih GaAs Yapilarinda Altbantlar Aras: Ikinci
Derece Dogrusal Olmayan Gegisler

Ozet. Bu ¢alismada, homojen bir katkilama dagilim modeli igin asimetrik ¢ift delta katkili kuyularda ikinci
mertebeden harmonik {iretim katsayisi arastirilmistir. Asimetrik ¢ift delta katkili kuyulara sahip GaAs
yapisinin potansiyel profili, alt bant enerji seviyeleri, dalga fonksiyonlar1 ve yiik yogunluklari gibi elektronik
ozellikleri, Schrodinger ve Poisson denklemlerinin kendi iginde tutarli hesaplamalariyla belirlenmistir. Bu
calismada kullamlan parametrelere gore, 1x101cm™2 katki konsantrasyonu igin alt bantlar aras1 gevseme
stiresi T,; = 0.5 ps olan yapidaki ikinci mertebeden harmonik iiretim katsayismin pik degerinin, katki
konsantrasyonu 5x10'cm™?2 olan yapidaki T,; = 0.35 ps siiresiyle ayn1 oldugu gériilmektedir. Ayrica, 1 nm
verici dagiliminin kalinligi i¢in, T,; = 1 ps olan bu harmonik iiretim katsayisinin pik degeri, verici dagilim
kalinlig1 8 nm i¢in yaklasik T,; = 0.35 ps ile ayni davranisa sahiptir. Alt bantlar arasindaki ikinci derecedeki
dogrusal olmayan gecislerin yapisal parametrelerine bagimliligi, foto-dedektorlerin ve optik modiilatérlerin
potansiyel degisimleri i¢in olduk¢a Onemlidir. Kuantum foto-elektronik cihazlarin gelecekteki
arastirmalarinda bu yapilarin énemli bir yeri olacaktir.

Anahtar Kelimeler: Delta katkilama, 6z-uyumluluk, ikinci derece harmonic tiretim katsayisi, lineer olmayan
gegisler.
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1. INTRODUCTION

A typical 3-doping semiconductor contains a layer
of impurity contained in a few atomic layers of the
crystal, and therefore the doping profile in the
growth direction is commonly used as an n-type
dopant in GaAs growth using MBE. When Si
donors are localized in an atomic plane during
epitaxial growth, an ionized donor layer brings the
electron into a V-shaped potential well that
defines a delta-doped plane in the vertical
direction and leads to the formation of a semi-
two-dimensional ~ electron ~ (2DEG).  The
eigenvalues of this 2DEG depend on the shape of
the field-charge potential. The electronic structure
of the system is calculated by solving the
Schrodinger and Poisson equations by self-
consistent [1-3].

To produce 8-doped semiconductor devices with
high mobility, some authors have focused on
developing doping and material growth
techniques [4]. An alternative way to increase
electron mobility in recently proposed &-doped
semiconductors is to form a structure with double
or triple 8-layers [5-7]. The increase in mobility
and concentrations in these structures is partly due
to the distribution of more carriers in the center of
two 8-doped GaAs wells. In these structures, the
carrier transport is spatially separated from the
ionized impure  scattering  centers, and
consequently the electron mobility increases two
to five times over a single 6-doped case [5]. Thus,
double layer structures open up possibilities for
higher electron mobility than single layer systems.

The nonlinear optical properties of intersubband
transitions are of great interest due to the strong
quantum confinement effect, the large values of
dipole transition matrix elements and the
possibility of achieving resonance conditions. For
the optical properties of low-dimensional
semiconductor systems, linear and non-linear
intersubband optical transitions have attracted
more attention in theoretical and experimental
investigations [8-13]. Among the various
nonlinear processes, attention is drawn to the
second harmonic generation [14-17], which

requires the construction of the asymmetric
quantum well (AQW).

In this study, for coupled &-doped asymmetric
double quantum wells (ADQW) I investigate the
intersubband second order nonlinear transitions
within n-type &-doped GaAs layer for the (1-2)
transition. The effects of the structure parameters
on the electronic states and the second harmonic
generation (SHG) susceptibility of ADQW are
studied.

2. THEORY

At effective-mass approximation, to obtain the
sub-band structure (the confining potential, the
density profile, the sub-band energies, the electron
concentrations and the Fermi energy) | have
solved self-consistently the Schrodinger and
Poisson equations for the uniform distribution. A
flow chart of the self-consistent calculation is
shown in Fig. 1 and further details about the
calculation by solving the Schrodinger and the
Poisson equations self-consistently can be found
in Ref. [18].

After the effective 6-potential profile, the energy
levels and their corresponding wave functions are
obtained, the optical properties of the ADQW can
be calculated by the density matrix approach.

In this study, | have interested SHG in a two-level
system, considering the filled states in ADQW.
By using the compact density matrix approach in
Refs. [15, 19], SHG susceptibility is derived, and
it is given by.
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Figure 1. Flow chart of the self-consistent calculation.
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where only the near-resonant term at 2hw = (i,f=1,2) is the dipole matrix element. (M, is
E,, is considered. I’,; is the relaxation rate for intersubband and (M;, and M,,) are intrasubband
states 1 and 2, w is the frequency of the incident dipole matrix elements.)

radiation, g, is the electrical permittivity of

vacuum, E,; = E, — E; and M;r =< Wi|e z|¥; > The electron density in ADQW system is

(Ep—E1)
m*kgT 1+e ksT
= 1 2
Oy Leff'l'[hz n . e(E]lz];EZ) ( )

where Eg is the Fermi energy, L. is the effective extension of electrons.

3. RESULTS AND DISCUSSION thickness of the donor distribution for the right
layer is dg = 4 nm, the doping concentration for
the right layer is NdR = 3x10cm™2, Lgg =
60 nm, T = 300K, the intersubband relaxation
timeis T,; = 1/T,; = 0.5 psand 1 ps.

For numerical calculations, | have taken m* =
0.0665m; (m, is the free electron mass), the
separation between the adjacent two doping layers
is  {b"+bR+(d,+dg)/2}=10nm, the
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Fig. 2 shows a schematic representation of the
potential profile of ADQW. The asymmetry of the -
effective potential can be controlled by changing
the structural parameters, and this adjustable d
asymmetry is important to optimize SHG "
susceptibility. For different doping concentrations
and doping thicknesses, the energy difference
between the ground and second sub-band, Fermi
energy and the sub-band electron concentrations is
given in Table 1.

Figure 2. The schematic representation of the potential
profile of ADQW.

Table 1. For different doping concentrations and doping thicknesses, the energy difference between the ground and second
sub-band, Fermi energy and the sub-band electron concentrations for ADQW.

dL NdL EZl EF nq n,
(nm) (x102em™2 (meV) (meV) (x10*'cm=2) (x10''cm~?)

4 1 8.79 6.96 3.23 0.77
4 3 10.03 8.99 4.40 1.60
4 5 11.08 11.22 5.55 2.45
1 3 10.10 9.63 441 1.59
4 3 10.03 8.99 4.40 1.60
8 3 9.96 8.09 4.39 1.61

For different doping concentrations, Fig. 3 (a-b)
display the potential profile, the ground and the
second sub-band energies with their squared
envelope wave functions. The dashed curves in
this figure are for symmetrical DQW. At high
doping concentrations, an increasing charge
density in the 6-doped layer leads to more band
bending and a deeper quantum well. This feature
could be of use in controlling the confinement of
carriers in devices using this type of doping. Since
the donor impurities in the left well (LW) are
localized in a narrower range with respect to the
right well (RW), the effective potential is
narrower and deeper, the band bending is greater,
and the squared wave functions of the
confinement sub-band energies are more limited
in the well (see Fig. 3b). However, the situation
for Fig. 3a is exactly the opposite. Thus, it can be
seen that the donor concentration influences the
performance of the device, such as the limitation,
and the values of the obtained sub-band energies
depend on the different donor concentrations.
These configurations are important for the linear
and nonlinear optical response of the structure. So,

| can say that the depth of the QW affects the
restraint and localization.
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Figure 3. The potential profile (the black curves) and the
ground (the red curves) and the second (the blue curves) sub-
band energies with their squared envelope wave functions for
a) Nd* = 1x10" cm~2, b) Nd" = 3x10'*cm~2. The dashed
curves are for symmetric DQW (NdR = Nd" and dg = d,).

In Fig. 4 (a-b), the potential profile, the ground
and the second sub-band energies together with
the squared envelope wave functions are given for
different donor thicknesses. The depth of the
active potential decreases slightly with increasing
the thickness of the 5-doped layer, and the squared
wave functions of the confinement sub-band
energies expand slightly. For dy = 1nm, the
effective potential profile is higher than for d; =
8 nm.
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Figure 4. The potential profile (the black curves) and the
ground (the red curves) and the second (the blue curves) sub-
band energies with their squared envelope wave functions
for a) di, = 1 nm, b) d;, = 8 nm. The dashed curves are for
symmetric DQW (dg = d;, and NdR = Nd%).

The electronic density profiles are shown for
different doping concentrations and thicknesses in
Fig. 5 (a-b). As seen in Fig. 5a, the electron
density profiles for higher doping concentrations
are more localized around the 5-doped GaAs layer
and give a big peak. As the thickness of the 6-
doped layer changes, the intensity profiles vary
slightly very little (see Fig. 5b).
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Figure 5. The charge density profiles for different a) Nd“
values, b) d;, values. The dashed curves are for symmetric
DQW.

For two different the intersubband relaxation time,
Fig. 6 (a-b) represents SHG susceptibility as a
function of incident photon energy for different
doping concentrations and thicknesses. SHG
susceptibility depends on the energy difference
between two electronic states and on the matrix
elements of electric dipole moment. The changing
values of the structural parameters vary both the
peak values and the position of SHG
susceptibility. The former depends on the
intersubband energy levels separation and the last
is determined fundamentally by the wave-function
behavior. This behavior can be explained in that
with the increase of Nd“ the quantum-

confinement effect to the electron increases
quickly, therefore, the energy levels of this narrow
system become far from one another, i.e.the
energy intervals are enhanced, and as a result, the
peak of SHG susceptibility appears at the high-
energy direction, i.e. suffers a blue-shift. It is
easily seen from Figure 6a that as the doping
concentration increases, the resonant peak of SHG
susceptibility decreases and shifts to blue. By
increasing d., the resonant peak of SHG
susceptibility increases and slightly shifts to red
(see Fig. 6b). The peak of SHG susceptibility
always decreases as the depth of the confined
potential increases. The single peak related to
two-photon resonance is split into two peaks
related to two single-photon resonances. Since the
intrasubband dipole matrix elements (M;;) there is
no for symmetric DQW, SHG susceptibility
coefficient vanishes. As expected, for T,; =
0.5 ps the peaks of SHG susceptibility are smaller
than for T,; = 1ps. There is no shift at the
resonant peak location with intersubband
relaxation time. According to the parameters used
in this study, | have obtained that the peak
magnitude value of SHG susceptibility in ADQW
with T,; = 0.5ps for Nd“ = 1x10''cm™2 has
approximately the same behavior as ADQW
system  with T,; =1.45ps for Nd:=
5x10*1cm™2. Also, for d;, = 1 nm the structure
with T,; = 1 ps gives the same peak size value
with T,; = 0.35ps for di, = 8 nm. Thus, the
intersubband relaxation time can be used as a
fitting parameter in the calculations to obtain the
same peak valuation of SHG susceptibility in
ADQW structure. The results obtained show that
the structure parameters (especially the doping
concentration) of ADQW significantly influence
SHG susceptibility. This behavior in SHG
susceptibility gives a new degree of freedom in
areas of interest for device applications.
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Figure 6. For two different the intersubband relaxation time,
SHG susceptibility as a function of incident photon energy
hw for different a) Nd" values, b) d;, values.

4. CONCLUSIONS

In this study, SHG susceptibility coefficient of
asymmetric double 5-doped GaAs structure was
investigated  depending on the  doping
concentration and thickness for a uniform doping
distribution model. The electronic structure is
calculated by continuously  solving the
Schrédinger and Poisson equations. It has been
shown that the electronic properties are strongly
dependent on doping concentrations, both Nd
and d;, can be used as the adjustable parameters
for these systems. Based on these results, SHG
susceptibility can be relatively easily controlled

by the doping concentration and thickness. These
theoretical results can take place in experimental
studies and provide some kind of approximate
modeling for the practical application such as
optoelectronics devices and optical
communication.

Devices with & -doped semiconducting structures
have received a lot of attention recently due to the
potential technological applications in electronic
and photonic devices. For this reason, such o -
doped semiconductor structures are important for
the devices such as high-power FETs and various
infrared optical modulators based on the
intersubband transition of electrons.
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