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In the framework of the Thomas—Fermi (TF) approach, a model for the p-type double-§-doped (DDD) system in
GaA:s is presented. This model, unlike other works in the literature, takes into account that the Poisson equation associated
with the system is nonlinear. The electronic structure is calculated for heavy and light holes. The changes in the electronic
structure result of the distance d between the doped layers are studied. In particular, the relative absorption coefficient as
well as the relative refractive index change is calculated as a function of the incident photon energy for heavy holes. The
effect of the interlayer distance exhibits, in the absorption coefficient, a red shift of the peak position and a decrease in
amplitude when the distance increases. In addition, the relative refractive index change node has a red shift as well as the
interlayer distance increases. The calculations show that the effect of the separation between layers has a greater influence
on the linear terms. These results are very important for theoretical calculations and engineering of optical and electronic
devices based in §-doped GaAs.

Keywords: double delta-doping, p-type GaAs layers, electronic structure, Thomas—Fermi approach, nonlinear

optical properties
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1. Introduction

At present, different methods allow calculations of phys-
ical properties in semiconductors. For example, the density
functional theory (DFT) approaches can accurately describe a
great variety of calculations of electronic, optical, mechanical
and more properties.!' However, the efficiency of the diag-
onalization routines in DFT mainly determine the calculation
time in the processes.”! Another approach like the Thomas—
Fermi (TF) theory, 16] a]lows calculation of the electronic struc-
ture of a material in a very simple way in comparison to the
DFT.

Within the framework of the TF approach, it is possible
to determine the electronic structure of quantum wells. The
quantum wells have been widely studied due to their opti-

7111 There are a great variety

cal and electronic properties.|
of structures based on quantum wells, such as heterostruc-
tures and doped deltas, the latter ones are of great importance.
A two-dimensional layer doping creates an approximately V-
shaped doped potential profile, where charge carriers form a
two-dimensional gas. These systems are essential in the de-
velopment of optoelectronic devices since its introduction by
Wood et al.!!?]

The bases for the engineering of optical devices are
the intersubband transitions in semiconductor quantum-well
structures.!'>-151 The delta-doped systems have been under
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study, mainly because of their electronic transport and opto-
electronic properties,['®2% in the engineering of electronic
and optical devices such as field-effect transistors, light de-
tectors, light-emitting diodes, multilayer heterostructures, and
other new generation devices.?!~2

In the engineering of optoelectronic devices, sandwiched
layered structures of a quantum well, e.g., p-type and n-type
GaAs, can form laser diodes.[?®! In these structures, the charge
carriers are confined to the central region of the well. Also, the
p-type GaAs quantum wells are very important in design of
solar cells containing stacks of quantum rings.*”! Particularly,
Patil et al.18] reported a multiple-quantum-well light emitting
diode (LED) grown by molecular beam epitaxy, using p-type
and n-type layers of GaAs.

In comparison with a simple system, a two-layer delta-
doped structure can increase the mobility of the charge carriers
and the conduction channel number that allows a greater num-
ber of transitions between states.?>3] The double-5-doped
structure is good a candidate to improve the optical proper-
ties for applications in nonlinear optics and optoelectronics
devices.[”" The changes in the interlayer distance can signifi-
cantly affect the electronic structure mainly due to the changes
in energy band gap and the dipolar moment.3!]

Some previous models have studied the physical prop-
erties of double-8-doped systems. Those approaches assume
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that the potential profile bottom is constant.[3233 On the other
hand, Carter et al 34 investigated the electronic structure
changes with a variation of the distance between two §-doped
layers on Si using DFT, and they showed that if two doped
delta layers are closer, the bottom of the potential profile is
lower.

In a previous work, we calculated the electronic struc-
in the TF
approximation. 3!l Our potential profile was not constant with

ture of the n-type double-6-doped model,

interlayer distance, besides this potential is continuous in the
center. Using the same physical considerations, here a model
for the p-type double-d-doped (DDD) quantum well system is
proposed.

The present work focuses on the study of the relative re-
fractive index changes and the optical absorption on intersub-
band transitions of holes heavily confined in a double-8-doped
quantum well, with the effects of the interlayer distances in the
electronic structure. This work is organized as follow: Section
2 presents the theoretical model description. Section 3 shows
the results and discussion. Finally, Section 4 contains the main
conclusions of this study.

2. Methodology

Double §-doped layers in p-type GaAs are described us-
ing the TF theory. The properties of the ground state of an
electronic system are written in terms of the density of charge
carriers n(r). This density can be measured with x-ray scatter-
ing, since it is a physical observable. 6]

The Poisson equation associated with DDD is nonlinear,

3262 . N\3/2
VilEr V] = 3mhie: (2 ) [ — V]2
4me?
+ 5 [ (- d/2)]
4me?
+ == [pd (z+d/2)], ()

where Ef is the Fermi energy of the system, e is the electron
charge, h represents the Plank constant, & the dielectric con-
stant, ml*mhl is the effective mass of the heavy holes and light
holes respectively, pop is the two-dimensional density of im-
purities, and d represents the interlayer distance. In the previ-
ous work,[?!1 we proposed, as a solution of the double delta-
dopings, the following expression in effective units for z < 0:

V(2)=—0?(alz+(d/2)| +20) " =B (Blel+z) ", @

where o0 =2.1368 /157 and zo = (oc3/7rN2D) 3 for p-type.[33
In Ref. [31] we determined the values of the parameters 3
and z; by applying two physical conditions. In addition, a
third parameter y was introduced, with the condition z; =
Y(zo + ad/2). These two conditions are: (1) in the limit that

the two layers overlap, the concentration of the layer has twice
the density of impurities, (2) the electric field must be contin-
uous on z = 0.

Equation (1) is a nonlinear differential equation, so this
expression does not admit the superposition principle. For this
reason, the proposed expression (2) has a second term cen-
tered on z = 0. The determination of the energies and wave
functions is by solving the Schrodinger equation when replac-
ing the value of z;, B and 7 in expression (2).

Each impurity provides a hole, so the Fermi
level (Er) can be set by the electroneutrality
condition [ dz[p (z)+pimp] =0,  where p(z) =

n—1
(—empn1n/7H*) ¥ |F; (2)]* (Er — &) is the density of holes
i=0

along the z axis, F; (z) is the envelope function, n represents the
number of energy level, g is the energy value and pimp = p2p
is the density of impurities. Starting from this condition of
electroneutrality, the normalization condition of the wave
functions can be used and the low temperature limit can be
applied to obtain the expression in effective units:

Ef= % (4mpsp+ X 7). 3)

where g is the effective energy and pjp, is the effective im-
purity density. The Fermi level and the number of accessi-
ble states can be determined simultaneously when ¢, < E ;S <
8;;4,_1-

The optical properties are calculated from the obtained
electronic structure. Doyeol Ahn et al.,3% determined an ex-
pression for linear a") and the nonlinear o> intersubband

optical absorption in a quantum well as follows:

u m*kBT
w\/;(Leffﬂhz)
n{l—i-exp[(Ep—Ei)/kBT]} (Mg |* (7 Tin)
1+exp[(Er—Er) /ksT]) (AE—ho)*+(h/T)*

@) = o\ (sne) (o)

[Ms|* () Tin)
1+exp[%] AE o) + (1) 7))

My —M;|*{(AE—hw)* — (%)ZJFME(AEFI@)}} )
(AE)-(hw)’ '

aV (o) =

G

y ln{ 1 +exp[%} } [(

<~

In Ref. [31] there is a detailed analysis of the param-
eters involved, where My represents matrix elements of the
dipole moment of the final (f) and initial (i) associated states.
In this case m" represents the mass of heavy holes, T, is
the intersubband relaxation time. For this calculation we use
Tin = 0.28 ps.[37:38]

In the low temperatures limit, the obtained relative linear
absorption coefficient with respect to a reference coefficient
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1
ar(ef)

band transition 1-0 is
o (@) = o |Ms|* AE/[(AE —ho)* + (/)]
e @ [ME? AE® /[(AE® — 1@)? + (1/in)?]
(A M5
[l (eonrc) [(AE_hw)2+(h/rm)2]]’

() of a simple delta doped quantum well for intersub-

(6)

where 0 indicates that the parameter has been calculated for
an isolated quantum well. Kuhn ez al.3°) determined an ana-
lytical form of the linear An(") and nonlinear An®) changes in
the refractive index, with the expression for Mg = M;; = O:

A (@) /n,
1 (m*kBT) { 1 +exp[(Er — E;j) /kpT] }
2n2€p \ Logmh? 1+ exp[(Ep — Ey) /ksT|
AE —ho
X 3 7 @)
(AE —ho)” + (h/Ty)
AP (@) /n;
Ep—E;
1 ( I )(m*kBT)ln{1+eXp[ T }}
2n2ey \2€pn;c/ \ Lo mh? 1+exp[E}:;f £]
L ®)

[(AE —hew)* + (h/ T )22

In an analogous way to the absorption coefficient, we de-
termine in the limit of low temperatures the relative term of
the change of the refractive index with respect to an isolated
well in the transition 1-0,

_ M AE{(AE—10)/(AE —ho)’+(7/Tin)}

MR AE(AE? 1) (AE® ~1h@)*+ (h/ 7))}
21 |Mg |

- [1 - (s(mrc) (AE — ho)* + (h/rin)2]

T
ngei (@)

)

The changes of the absorption coefficient and refractive
index are measured with the energy difference (AE) and the
magnetic moment (Mjy), and these parameters are functions of
the distance between layers.

3. Results and discussion

The starting parameters for p-type double delta-doped
quantum wells are my, = 0.52mg, my, = 0.082my, & = 12.5,
where my is the free electron mass. In Fig. 1, the interlayer
distance induces a change on the potential profile, the impu-
rity density pop = 1 x 10'* cm~2 is considered. The potential
profile bottom increases as the interlayer distance increases.
When d > 100 A, the system behaves like two isolated wells.
In this figure, the potentials are compared with an isolated well
of double-concentration V,5. When d = 10 A, the potential
bottom is as deep as V,5. In the previous models, the potential
bottoms are the same and independent of an interlayer distance

e. [30,40

valu | In the present model, it has an important change.

The figure shows that the potential profile derivative is con-

tinuous at z = 0. This is different from the previous models

where the derivative of the potential has a discontinuity. 323!

0
—50[
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—150f

_9200 L I [ R R B I
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Fig. 1. (a) Linear, (b) nonlinear and (c) total relative absorption coeffi-
cient as a function of the incident photon energy for different interlayer
distance d = 10 A, 25 A and 50 A. It includes the reference value (black
line) for calculations associated with the 1-0 transition in hh. The con-
centration of impurities in the layer is pop = 1 x 10'> cm™2. We use
0.1 MW-cm~2 for the incident light intensity.

The solution to the Schrédinger equation is performed
to determine the charge distribution across p-type doped ion-
ized layers, according to the two-dimensional doping pro-
file. For the doped system, the donor concentration is set to
pop = 1 x 1013 cm~2. The corresponding calculated poten-
tial profile, energy levels, and wave functions for the p-type
DDD GaAs are depicted in Figs. 2(a), 2(b), and 2(c) when
d=10A, 25 A and 50 A, respectively. For these three doped
structures, the functions and energies associated with heavy
holes and light holes have been calculated. Figures 2(a) and
2(b) show that the calculated ground level hl is below the first
excited state of hh, while that in Fig. 3(c) is above. As is ex-
pected, the figures show a greater contribution of the heavy
holes in the electronic structure. This can be corroborated with
the calculations of Ozturk in p-type -doped layer.[*!!

The electronic structure of our system concurs quali-
tatively with that reported in previous works for distances
greater than 100 A.3%33:351 At distances below 100 A the elec-
tronic structure is significantly different due to the physical
conditions imposed in expression (2). In Figs. 2(a) and 2(b) it
can be observed that there is only one accessible state for the
light holes, while in Fig. 2(c) there are two levels associated
with lh, one of them is very close to O meV. For this reason, it
is better for us only to consider the optical properties associ-
ated with heavy holes since our work focuses on the effects of
distance between layers in the case of short distances.

In expressions (6) and (9), the observed transition energy
difference and the associated dipole matrix elements are the
keys to explain the behaviors of the relative refractive index
change and optical absorption coefficients, respectively. This
is developed more clearly in the calculations made in Ref. [31].
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Fig. 2. Potential profile, levels energy and waves function for (a) d =
10 A, (b) d =25 A and (c) d = 50 A respectively. For both cases the
concentration of impurities in the layer is pop = 1 x 10'3 cm~2. In each
figure, the levels corresponding to heavy holes (hh) and light holes (lh)
are indicated.

Figure 3 shows the (a) linear, (b) nonlinear and (c) to-
tal relative absorption coefficient as a function of the incident
photon energy for three different values of the interlayer dis-
tances. The figure shows the reference absorption coefficient
of an isolated layer. These calculations are associated with the
1-0 transition in heavy holes. A value of 0.1 MW-cm ™2 for the
incident light intensity is used. The effect of the interlayer dis-
tance is reflected, as is expected, in a shift of the peak position
with respect to the isolated layer. Particularly, in the plots of
Fig. 3, the linear and nonlinear contributions show a red shift
as the distance increases. Furthermore, when the layers are
more separated, in the absorption coefficient, there is a larger
degree of contribution from the nonlinear order, it reaches al-
most 50% of the magnitude of linear order when d = 25 A.

Ultimately, the amplitude decreases as the interlayer distance

increases.
1.2 T
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Fig. 3. (a) linear, (b) non-linear and (c) total relative absorption coeffi-
cient as a function of the incident photon energy for different interlayer
distance d = 10 A, 25 A and 50 A. It includes the reference value (black
line) for calculations associated with the 1-0 transition in hh. The con-
centration of impurities in the layer is pop = 1 x 103 cm™2. Was used
0.1 MW-cm~2 value for the incident light intensity.
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Fig. 4. (a) linear, (b) non-linear and (c) total relative refractive index
change as a function of the photon energy. In this figure, was used the
same parameters in Fig. 3.

Our results are consistent with the absorption reported by
other authors, where they performed calculations of absorption
coefficient in n-type GaAs under external effects such as pres-
sure, electric and magnetic fields,?%4%-4243] in which they cal-
culated the optical absorption in double doped delta systems
with separation distances between layers greater than 100 A
so that the interlayer distance effects are not very important.

With the same parameters used in the absorption coef-
ficient, the refractive index change is determined. Figure 4
shows the relative refractive index change as a function of
the photon energy, for several values of the interlayer dis-
tance. The maximum relative refractive index change is ob-
serve about on d = 10 A for the DDD system. It is noted
that, as the interlayer distance increases, the relative refractive
index change node exhibits a red shift. In particular, it is ob-
served that as the distance increases, the change in the relative
index decreases for the linear term, while it remains constant
for the nonlinear term. The figure shows the reference rela-
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tive refraction index change of an isolated layer, whose node
is located at 35 meV approximately.

It can be observed that the distance changes between lay-
ers have a greater influence on the linear terms. This can be
seen more clearly when comparing Figs. 3(a) and 4(a) with
Figs. 3(b) and Figs. 4(b), respectively, for absorption and re-
fractive index.

4. Conclusions

We have theoretically studied the influence of interlayer
distance on the relative linear and nonlinear absorption coeffi-
cients, besides the relative refractive index change for p-type
DDD quantum wells in GaAs. In the framework of the TF
approach, we calculate the electronic structure for heavy and
light holes. For this system, the superposition principle is not
valid at all because their Poisson equation is nonlinear. The
absorption coefficient for hh has a red shift of the peak posi-
tion and a decrease in amplitude when the distance between
layers increases. On the other hand, the behavior of the rel-
ative refractive index change node has a red shift as the in-
terlayer distance increases for hh. These results reveal that
the interlayer distance has an important influence on the lin-
ear terms. An enhancement of the optical properties can be
achieved with the adequate separation distance between ion-
ized layers. These results are very important for engineering
of optical and electronic devices.
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