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We compute the electron level structure (n-type) and the hole subband structure (p-type) of doubleδ-doped GaAs (DDD) quantum wells,
considering exchange effects. The Thomas-Fermi (TF), and Thomas-Fermi-Dirac (TFD) approximations have been applied in order to
describe the bending of the conduction and valence band, respectively. The electron and the hole subband structure study indicates that
exchange effects are more important inp-type DDD quantum wells than inn-type DDD. Also our results agree with the experimental data
available.
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Calculamos la estructura de niveles electrónicos (tipo-n), aśı como la de huecos (tipo-p) de pozos cúanticosδ-dopados dobles (DDD) en
GaAs. Se han tomando en cuenta los efectos de intercambio en el estudio. Las aproximaciónes de Thomas-Fermi (TF) y Thomas-Fermi-
Dirac (TFD) han sido implementadas para describir el doblamiento de la banda de conducción y de valencia respectivamente. El estudio de
la estructura de niveles electrónicos y de huecos revela que los efectos de muchos cuerpos son más importantes en los pozos DDD tipo-p que
en los DDD tipo-n. De la misma manera nuestros resultados están en buen acuerdo con los datos experimentales disponibles.

Descriptores: Pozosδ-dopados; estructura electrónica; efectos de muchos cuerpos.

PACS: 73.30; 73.61; S5.11

1. Introduction

Nowadays, control and precision in growth and doping tech-
niques allow the fabrication of systems where the impurity
deposition is made with atomic resolution. A two dimen-
sional electron (2DEG) or hole gas (2DHG) is formed if the
impurity doping is made in an atomic plane (δ-doping tech-
nique), in such a way that the impurity density be enough
to the effective Bohr radii between donors (n-type) or ac-
ceptors (p-type) overlapped. The foremention situation was
firstly proposed by Wood [1], and later brought it about by
Ploog [2]; calling it aδ-doped quantum welln- or p-type,
depending on whether we are working with donors or accep-
tors. Theδ-doping technique is a useful tool in the fabrication
of high power devices, and also for its possible technologi-
cal applications inδ-FET [6,7], and ALD-FET [8] (where a
δ-doped quantum well is used as a channel between the ter-
minals of the transistor). There are several works inn- [3-8]
andp-type [9-15] singleδ-doped quantum wells (SDD).

Thomas-Fermi (TF) and Thomas-Fermi-Dirac (TFD) ap-
proximations have demonstrated to be useful tools in the the-
oretical treatment ofδ-doped quantum wells [16-18]. The
main advantage of these approximations is the possibility of
obtaining an analytical solution to the Poisson equation. This
allows us to avoid a long and troublesome self-consistent
(SC) calculation. When the exchange effects are taken into
account explicitly in the TF energy density functional, we
are concerned with the TFD theory,i.e., the generalization
of the TF approximation. It is important to mention that the
TFD theory is not applicable to describe the conduction band
bending because the electron densityn(r) does not tend to

zero at infinity, a physical requirement inδ-doped quantum
wells. The situation drastically changes when the carriers, re-
sponsible of the conduction, are holes, because the effective
masses are negative and this avoids the algebraic origin of the
above mentioned problems. As a consequence, the solution
in this case is SC and satisfactory [18].

On the other hand, from the theoretical point of view,
only a few works in DDD quantum wells are reported in
Refs. 19 to 21. DDD quantum wells are very interesting as
far as the device industry is concerned, since by the interlayer
distance between wells and the impurity density varies, an
improvement in the transport properties is achieved [22-24].
The present paper is devoted to the subband structure study
in both n- and p-type DDD quantum wells. TF and TFD
approximations are implemented in order to accomplish the
level structure calculation. The many-body effects are also
included to discern their relevance in the electron and hole
level structure. A comparison between both systems is given,
in the same way that our results are confronted versus the
experimental data available.

Next section includes mathematical models followed
with results, and finally with conclusions.

2. Mathematical Models

2.1. TF theory applied to n-type DDD GaAs quantum
wells

Consider a GaAs matrix doped at atomic precision with a
donor densityn2D of Si atoms in two of its planes, located
at a certain distancel (the same impurity density is assumed
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in both planes). The effective potential created by the 2DEG,
and the ionized impurities causes a conduction band bending.
We have used the TF theory in order to obtain an analytical
solution for this potential [20].

VH − µ = − α2

(α |z + l/2|+ z0n)4
, (1)

whereα = 2/15π, andz0n = (α3/πn2D)1/5.
But our survey is engaged in the study of exchange

effects. The inclusion of the many-body effects is made
through the Local Density Approximation (LDA), thereby
the exchange potential is:

Vx(z) = − 2
π

(3π2(a∗0)
3n(z))1/3R∗y, (2)

wherea∗0 = εr~2/(e2m∗), andR∗y = e2/(2εra
∗
0) are the ef-

fective Bohr radius, and the effective Rydberg constant. The
rest of the equations presented in this subsection will be in ef-
fective units. The exchange potential can be written in terms
of the Hartree potential, due to the relation betweenn(z) and
VH(z) [20]

Vx(z) = − 2
π

(µ− VH(z))1/2. (3)

Finally substituting (1) in (3) the total potential
V = VH + Vx is

V (z)=− α2

(α |z + l/2|+z0n)4
− 2

π

α

(α |z + l/2|+z0n)2
. (4)

2.2. TFD theory in p-type DDD GaAs quantum wells

Again, a GaAs matrix has been considered, but instead of
donor impurities, acceptor impurities are used to dope the
system. Two planes of the host material areδ-doped (located
at a distancel), with an impurity densityp2D. The accep-
tor impurities cause the presence of a 2DHG. Both ionized
impurities, and 2DHG are responsible for the valence band
bending, that in this case, we will describe it in terms of the
TFD approximation. First of all, it is important to take notice
of the hole ladders: the heavy (hh), the light (lh), and the
split-off (so) holes. In our study, onlyhh and lh bands are
taken into account, since the potential depth never exceeds
the energy distance to theso band for the range of impurity
density considered here (p2D ≤ 1 × 1013 cm−2). This is
shown in p-type SDD GaAs quantum wells [17].

The kinetic energy-density functional, the density func-
tional associated to the interaction between 2DHG, the im-
purity planes, as well as the density functional concerning to
the hole-hole interaction come as in Ref. 20. The exchange-
energy functional is given by Ref. 18, adding the aforemen-
tioned terms we haveETFD,

ETFD =
3

10med

∫
p(z)

[
3π2~3p(z)

]2/3
dz − e2π

εr
,

∫ ∫
p(z′)p(z) |z − z′| dzdz′ − ς(w)

3a∗0
2π

(3π2)1/3R∗y,

∫
p(z)4/3dz +

2πe2

εr
p2D

∫
p(z){|z + l/2|+ |z − l/2|}, (5)

wherep(z) is the hole density,p2D is the bi-dimensional im-
purity concentration,

med = mhh

[
1 + (mlh/mhh)3/2

]2/3

= mhhma,

w = mlh/mhh, a∗0 = εr~2/e2mhh, R∗y = e2/2εra
∗
0,

and

ς(w) = 2−1/3 + (1− w2)[w2(aw + b)

+ c(4w3 + 3w2 + 2w + 1)] [18].

Using the variational principleδ(ETFD−µN) = 0, with

N =
∫

p(z)dz,

we obtain

µ∗ =
[
3π2pau(z)

m
3/2
a

]2/3

+ V ∗
H − ς(w)

2
π

p1/3
au (z), (6)

wherepau(z) = (a∗0)
3p(z), V ∗

H = VH/R∗y, andµ∗ = µ/R∗y.

Therefore resolving the quadratic equation forp
1/3
au , and tak-

ing into account the physically meaningful solution,

pau(z) =
m3

aς3(w)
3π5

[
1−

√
1 +

π2(µ∗ − V ∗
H(z))

ς2(w)ma

]3

. (7)

The exchange potential is

V ∗
x (z) = −ς(w)

2
π

(3π2)1/3p1/3
au (z), (8)

and using the direct relation betweenpau(z) andV ∗
H , we find

V ∗
x (z)=− 2ς2(w)ma

π2

[
1−

√
1+

π2(µ∗−V ∗
H(z))

ς2(w)ma

]
. (9)

We can restrict toz ≤ 0, since the potential is an even
function as in the case ofn-type DDD quantum wells:

dV ∗
H(z)
dz2

= −8m3
aς3(w)
3π4

[
1−

√
1 +

π2(µ∗ − V ∗
H)

maς2(w)

]

+8πp2Dδ(z + l/2). (10)

At this point, it is important to stress that in order to take
advantage of the present model, we discard modifications
in the form of the Hartree potential due to the exchange ef-
fects, while in the level structure and the charge density, these
changes are available. Under these conditions the solution for
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TABLE I. Paramount features ofn-type DDD GaAs quantum wells in the low, intermediate, and high density limit: degeneracy distance
ldeg, quantum well depthV0 and degeneracy-energy difference between excited electron states and the basic level∆E01 = E0 − E1,
∆E02 = E0 − E2, etc., the superscriptso andx denote omitting and considering exchange effects respectively ( the energy is in meV, the
distance inÅ and the impurity density in units of1012 cm−2).

n2D lodeg lxdeg ∆Eo
01 ∆Ex

01 ∆Eo
02 ∆Ex

02 V o
0 V x

0

1

4

10

E0 E1 E2

400 700

250 400 570

160 250 380

E0 E1 E2

360 640

230 280 530

160 240 360

−18.9

−57.1

−113.1

−22.3

−61.6

−118.7

−75.9

−155.8

−83.4

−165.3

−50.7

−153.9

−318.9

−61.7

−172.9

−346.4

V ∗
H is of the form1/f4(z), wheref(z) is a linear function

of z [20],

V ∗
H − µ∗ = − β2

(β |z + l/2|+ z0p)4
, (11)

with β = 2m
3/2
a /15π, andz0p = (β3/πp2D)1/5.

Hence the total potentialV ∗ = V ∗
H + V ∗

x is

V ∗ = − β2

(β |z + l/2|+ z0p)4
− 2ς2(w)ma

π2

×
[
1−

√
1 +

π2

ς2(w)ma

β2

(β |z + l/2|+ z0p)4

]
(12)

The last equation allows us to avoid a long and trouble-
some SC calculation. In this way, it is possible to solve two
uncoupled Schr̈odinger-like equations.

3. Results

3.1. n-type DDD GaAs quantum wells

The starting parameters forn-type DDD quantum wells are:
m∗=0.067, εr=12.5, and1×1012≤n2D≤1×1013 cm−2. In
Fig. 1, the potential profile and the square of the wave func-
tions are presented. The impurity density considered is
n2D = 4× 1012 cm−2, first omitting the many-body effects
(Fig. 1a), and after taking them into account (Fig. 1b).

From Fig. 1a and 1b, it is possible to see the relative im-
portance of the exchange effects, since when many-body ef-
fects are considered, the depth of the wells increases as well
as the energy of electron levels does. In Fig. 2, the electron
energy levels are sketched as function of the distance between
wells, without (a), and with (b) exchange effects. The impu-
rity concentration in this case isn2D = 1× 1012 cm−2. The
main features of the energy levels are:

• For l = 0 the energy level structure corresponds to a
SDD quantum well.

• As the impurity planes get apart, the electron energy
levels go down energetically,i.e., the DDD quantum
wells behave like a SDD quantum well, with the only

difference that the width of the SDD quantum well in-
creases as interlayer distance of the DDD does. There-
fore the wave functions look like the wave functions of
a SDD quantum well (Fig. 3).

• The drop of the electron levels halts at a certain dis-
tance, depending on the energy level considered, and
then the DDD characteristic onset surmounts the SDD
ones, as a consequence, the energy levels go up.

FIGURE 1. Potential profile and electron eigenfunctions forn-type
DDD GaAs quantum wells, (a) without and (b) with exchange ef-
fects (n2D = 4× 1012 cm−2).

Rev. Mex. F́ıs. 50 (6) (2004) 614–619



SUBBAND STRUCTURE COMPARISON BETWEENN - AND P -TYPE DOUBLE DELTA-DOPED GAAS QUANTUM WELLS 617

FIGURE 2. Electron states versus the distance between the impu-
rity planesl, for an impurity density ofn2D = 1 × 1012 cm−2,
without (a) and with (b) many-body effects.

FIGURE 3. SDD behavior ofn-type DDD quantum wells, the im-
purity concentration considered isn2D = 1 × 1012 cm−2 (with
exchange effects).

• The energy levels go up, until the degeneration occurs
and the level structure again corresponds to a SDD.

In Table I the degeneracy distance (ldeg), depth of the
quantum wells (V0), and the degeneracy-energy difference
between excited states and the ground level (E0 − E1,
E0 − E2, etc) are given. We study three different impurity
densities with (x) and without (o) exchange effects, in order
to analyze the low, intermediate, and high density limits

From Table I we can give a more general description:

1. Increasing the impurity density, the quantum well
depth also augments. Thereby it is possible to bound
more electron levels.

2. ldeg diminishes as the impurity density is increased.

3. The many-body effects are more important in the low
density limit.

4. The exchange effects have also relevance in the estima-
tion of the degeneracy-energy difference between the
excited states and the ground level.

In Ref. 25 a Si δ-layer with a concentration
n2D=6.8× 1012 cm−2 is studied experimentally by infrared
excitation. The parity-allowed transitions have energies
E1 − E0=82.4 meV, and E3 −E0 = 126 meV. Our cal-
culations (l=0) give for the same transitions values of89
and143 meV, respectively. The subband densities (ni) mea-
sured are4.7, 1.7, and 0.2× 1012 cm−2. Our results are
n0=4.3, n1=1.7, andn2=0.7× 1012 cm−2. Self-consistent
one-electron calculations were performed [26], in which the
input parameter was the experimental two-dimensional den-
sity of electrons in each level. Byn2D=3× 1012 cm−2

the difference between the levels areE1 − E0=49 meV,
E2 − E0= 64.3 meV andE3 − E0=71.5 meV. In our cal-
culation (l= 0) E1 − E0 = 49.8, E2 − E0 = 67.1, and
E3 − E0=76.6 meV. The sub-band densities measured are
2.25, 0.5 and0.1 × 1012 cm−2. Our outputs (l = 0) are
n0 = 1.2, n1 = 0.7, and n2=0.2 × 1012 cm−2. Mag-
netotransport measurements were made in Ref. 27, with
n2D = 3× 1012 cm−2. The sub-band densities reported are
2.05 and0.7 × 1012 cm−2. Our results (l = 0) are2.1 and
0.7 × 1012 cm−2, respectively. A tunneling experiment was
performed by Zachau and coworkers [28]. The basic level
obtained is181 meV (n2D=8 × 1012 cm−2). Our calcula-
tions give186 meV (l=0). Kim et al. [29] measured subband
densities,n0=2.7 andn1=0.7 (in units of1012 cm−2) with
n2D=(3.3 ± 4) × 1012 cm−2. We obtain (l=0) n0=2.5 and
n1=0.6. In all cases considered above our results are with
exchange effects.

3.2. p-type DDD GaAs quantum wells

In this case, the input parameters are:mhh = 0.52m0,
mlh = 0.087m0, εr = 12.5, and1×1012 ≤ p2D ≤ 1×1013

cm−2. In Fig. 4a and 4b the hole levels are given as function
of the interlayer distancel.

Rev. Mex. F́ıs. 50 (6) (2004) 614–619



618 I. RODRIGUEZ-VARGAS AND L.M. GAGGERO-SAGER

TABLE II. The same as in Table I, but now forp-type DDD quantum wells, with∆Ehh01 = Ehh0 − Ehh1, ∆Ehl00 = Ehh0 − Elh0,
∆Ehh02 = Ehh0 − Ehh2, etc.

p2D lodeg lxdeg ∆Eo
hh01 ∆Ex

hh01 ∆Eo
hl00 ∆Ex

hl00 V o
0 V x

0

1

4

10

Ehh0 Elh0 Ehh1

340

150 440 400

90 300 260

Ehh0 Elh0 Ehh1

230

130 350 340

90 270 220

−15.9

−31.0

−8.1

−22.6

−40.8

−2.7

−9.1

−18.9

−4.6

−12.6

−34.8

−14.4

−43.6

−82.2

−21.9

−58.8

−105.9

FIGURE 4. Hole subband structure as a function of the interlayer
distance between wells, omitting (a) and taking into account (b)
exchange effects withp2D = 1× 1012 cm−2.

By and large, the behavior of the hole levels in terms ofl
is the same as in the case ofn-type DDD. However, two level
ladders appear (hh andlh) and their degeneracy distances are
very different as we can see from Figs. 4a and 4b. This de-
pends directly on the effective masses, since the heavy hole
mass is greater than the light hole mass, the degeneracy dis-
tance diminishes forhh levels as is shown in Figs. 4a and 4b.
While for lh levels, the degeneracy distance resembles what
happens when the carriers involved are electrons, because the
effective mass oflh is approximately the same as for the elec-
trons. Figures 5a and 5b sketch the potential profile and the

FIGURE 5.Hole eigenfunctions and potential profile, forp-
type DDD quantum wells considering exchange effects, for dif-
ferent interlayer distances: (a) 100̊A and (b) 280 Å, with
p2D=4×1012 cm−2.

square of the wave functions for two distances between the
impurity planes, (a)100 Å and (b)280 Å.

Thep-type DDD quantum wells is less deep than then-
type DDD. We can see this comparing Fig. 4a and 4b to
Fig. 1b. Besides the hole energy levels are totally degener-
ated in Fig. 4b with respect to Fig. 4a.

In Table II the main characteristics ofp-type DDD are
drafted. From this table, we have found that many-body ef-
fects are more important inp-type DDD with respect to the

Rev. Mex. F́ıs. 50 (6) (2004) 614–619



SUBBAND STRUCTURE COMPARISON BETWEENN - AND P -TYPE DOUBLE DELTA-DOPED GAAS QUANTUM WELLS 619

n-type system (see Table I). In the low density limit, a dif-
ference of90 Åbetween the degeneracy distance, with and
without exchange effects is found, for the ground state ofhh,
while in n-type system this difference is40 Å. Increasing the
impurity density we can bound more hole levels, predomi-
nantly hh, becauselh levels are more de-localized,i.e., the
screening and localization is less effective forlh (as in the
case of electrons) compared withhh.

The p-type AlxGa1−xAs/GaAs/AlxGa1−xAs quan-
tum wells were grown in Ref. 30, withp2D=8×10−2 cm−2.
They reported a subband separation of36 meV. Although our
calculations (l = 0) refers to a simpler system, we find an en-
ergy difference between first and secondhh levels of37 meV.
Be δ-doped GaAs quantum wells were grown by Damen and
coworkers [31], withp2D = 6× 1012 cm−2. The energy dif-
ference between the Fermi level and basic level is22 meV.
We obtain (l = 0) an energy difference of about26 meV.
PL spectroscopy study is performed in Ref. 32. Also SC
calculations withp2D = 8 × 1012 cm−2 were performed.
SC results are:Ehh0 − Elh0 = 15.1 meV. According to
PL spectroscopy measurements this difference is19 meV.
Our calculation (l = 0) gives20 meV. We obtain14 meV
with p2D = 3 × 1012 cm−2, whereas the experimental re-
sult reported is11 meV for the same impurity concentration.

Gilinsky and colleagues [33] reported the PL spectrum inp-
type Beδ-doped GaAs layers for4 × 1012, 1.8 × 1013, and
3.6×1012 cm−2, obtainingEhh0−Elh0 = 8, 20 and30 meV,
respectively. With the TFD theory (l = 0) we obtain12.5, 35
and55 meV. The discrepancy, as we can see from the high
impurity concentrations, may be due to the impurity spread-
ing.

4. Conclusions

As a final comment, we can say that TF and TFD approxi-
mations are very useful tools in the study of semiconductor
systems, such asn- andp-type DDD GaAs quantum wells.
These theories permit us to obtain analytical expressions for
the potential that represents the corresponding conduction
and valence band bending. The electron and hole subband
structure calculations reveal the main features ofn- andp-
type system. It is shown that exchange effects take more rel-
evance inp-type DDD, since the screening is more effective,
and the holes are more localized than in the case of electrons.
Besides it is important to stress that the TFD theory is only
applicable inp-type systems. Also our results agree with re-
spect to the experimental data available.
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