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Stability of electron-hole plasma in type-I and type-II GaAs-GaAlAs single quantum wells
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We calculate and compare energies of the electron-hole plasmas and ground-state excitons in type-I and
type-II GaAs-GaAlAs single quantum wells with various structural conditions. Calculations are performed
with a flexible and numerically stable method using realistic material parameters. We confirm that the exciton
states are stable in type-I quantum wells for well widths up to 250 Å, as described in previous work@G. E. W.
Bauer and T. Ando, Phys. Rev. B34, 1386 ~1986!#. We find that the electron-hole plasma becomes stable,
particularly in narrow type-II quantum wells, e.g., about 2.5 meV below the ground state exciton in GaAs-AlAs
quantum wells whose widths are 6 and 4 monolayers, respectively. Moreover, calculations including electric
fields reveal two different conditions of the stable electron-hole plasma: one is that electrons and holes are
separated and the other is that they are confined in the narrow regions. The results suggest the possibility of
observing the electron-hole plasma as the lowest excited state in the GaAs-GaAlAs quantum well.
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I. INTRODUCTION

The stability of the electron-hole plasma~EHP! compared
to the ground state (1s) exciton in semiconductor two
dimensional~2D! structures has been a target of theoreti
interest.1–7 Experiments on EHP have also been perform
extensively;8–15 in particular, quantitative comparisons ha
been done between experimental results of luminesce
spectra and theoretical calculations in type-I GaAs quan
wells ~QW’s!.8,9 Owing to these detailed studies, Refs. 7 a
8 provide us with the common conclusion that the EHP
unstable relative to the 1s exciton state in type-I GaAs
GaAlAs quasi-2D systems. However, there are no theore
discussions on the stability of the EHP in type-II GaA
GaAlAs systems, except in Ref. 7, while there are exp
mental observations of the EHP in type-II structures.10–13

In order to study the stability of the quasi-2D EHP and
clarify its mechanism, we calculate the total energies of
EHP and lowest 1s exciton, in this case, the 1s heavy-hole
exciton, in type-I and type-II GaAs-GaAlAs single QW’
With the computational method presented in previo
studies,16,17 we can perform quantitative, numerically stab
and flexible EHP calculations under various conditions, e
QW structures, charge densities, and applied external ele
fields. Moreover, a method is developed for calculations
excitons, including many-body effects of carriers. Our cal
lations are not exact ones for neglecting the effects of im
charges and band nonparabolicity, but the estimated e
tonic binding energies are in good agreement with previ
works within a difference of;1 meV.18–20

Results of calculations on type-I QW’s show that the lo
est 1s exciton states are stable up to a QW width of 25
@590 monolayers~ML !#, which is consistent with the con
clusion in Ref. 8. Calculations are also performed on vari
structures of type-II GaAs-AlAs QW’s with correct consid
0163-1829/2004/69~16!/165316~12!/$22.50 69 1653
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eration of the anisotropic effective masses of electrons in
X state (X electron!. Here, the structures are stacks of Ga
and AlAs layers whose widths are in the range of 4–10 M
and 4–35 ML, respectively, so that theX-electron states re
main in the lowest conduction-band state. It is found that
EHP is stable in type-II QW’s for heavy effective mass of t
X electron, enhancing the effect of the exchange-correla
~XC! interaction, which is the only factor to stabilize th
EHP. Additionally, we find that the EHP is stabilized by na
rowing the wells in both type-I and type-II QW’s because t
concentration of the carriers into the narrow well also e
hances XC interaction. However, the type-I EHP turns ou
be unstable even though it is stabilized to its maximum.

Effects of external electric fields on the stability of EH
are also studied. By applying strong electric fields to QW
to separate electrons and holes, the binding energy of ths
exciton can be reduced for spatial separation between
charges. Thus, the EHP is relatively stable compared to
exciton in this situation. Moreover, the type-II EHP is al
found to become stable by applying the electric fields
merge electrons and holes. In this situation, thee-h pairs are
gathered to strengthen the effect of the XC interaction, si
lar to the case of narrow QW’s. We found that the differen
between the energy of the merged EHP and the 1s exciton
becomes about22.5 meV, which also implies the stable fo
mation of electron-hole liquid.

The outline of this paper is as follows. We describe t
theoretical models for calculations in Sec. II. EHP ands
excitons are formulated in Sec. II A and Sec. II B, respe
tively, and material parameters used in the calculations
listed in Sec. II C. In Sec. III, we present results of the c
culations on the type-I and type-II GaAs QW’s, as well
physical discussions of the results involving the effects
external electric fields. Finally, we summarize the results a
discussions in Sec. IV.
©2004 The American Physical Society16-1
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II. THEORETICAL MODEL

A. Electron-hole plasma

1. Hamiltonian of the system

Here, we formulate the EHP in QW’s grown in thez di-
rection to calculate the properties of EHP. In the formulati
it is assumed that the electrons and holes occupy only
lowest subband levels of the conduction and valence ba
respectively, and that the total number of electrons and h
per unit area in thexy plane is equal and fixed to a consta
value N0. The Hamiltonian of the system pere-h pair is
given as follows21–25 as a functional of electron and ho
wave functions@ce(z) andch(z)], which are supposed to b
normalized:

E@c#5 (
a5e,h

E dzca~z!F2
\2

2ma
n1qaVa~z!Gca~z!

1
1

2E dz
r~z!

e~z!
E

2`

z

dz8~z2z8!r~z8!1EXC, ~1!

where qa is the charge on a carrier@the suffix a(5e,h)
indicates an electron and a hole, respectively#, z is a variable
for the spatial position in the growth direction of quantu
wells, and e is an effective dielectric constant in medi
which in general depends on the position. The total cha
density distributionr(z) @5N0(a5e,hqauca(z)u2# is intro-
duced in the above expression for notational simplicity.
Eq. ~1!, ma means the quantization effective mass of t
carrier under consideration. Care is needed in the calcula
of holes ~the lowest heavy-hole state in this paper! and X
electrons in type-II systems, because the quantization
parallel masses are different in the anisotropic states.

Equation~1! indicates that the HamiltonianE consists of
three terms: the kinetic and fixed potential-energy term,
Hartree interaction energy term, and the XC energy term
order corresponding to the right-hand side of Eq.~1!. The
kinetic and fixed potential energy term is simply a quadra
form of the wave functions, i.e., the ‘‘linear’’ components
the total energy. It is also noted that the fixed potentialVa(z)
is a sum of potentials due to the band edge and exte
electric field. On the other hand, the Hartree energy te
represents the Coulomb interactions between electron-h
electron-electron, and hole-hole that depend on the w
functions of carriers through the carrier density distributio
Finally, the XC energy term, which is a contribution of qua
tum many-body effects related to the fermionic nature
carriers, plays a significant role in the EHP. Further disc
sions are necessary to determine the explicit expressio
the XC energy term.

2. Exchange-correlation energy

In this paper, we use an approximation for the XC ene
to express as a sum of XC energies per electron and per
in a single-component plasma, i.e.,

EXC5E dz$ne~z!«e
XC@ne~z!#1nh~z!«h

XC@nh~z!#%, ~2!
16531
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where«e
XC and«h

XC are the XC energy densities for an ele
tron and a hole, respectively. The XC energy densities
functionals of carrier density distributionsna(z)
@5uca(z)u2#. Here, we can use the XC energy density fun
tional, which is often expressed by the following well-know
formula according to the local-density approximation in t
density-functional theory~DFT!:26–28

«XC~r s!5
e0

4

32p2\2

ma
'

e2 X2S 9p

4 D 1/3 3

2pr s
20.0666

3H F11S r s

11.4D
3G lnS 11

11.4

r s
D1

1

2

r s

11.4

2S r s

11.4D
2

2
1

3J C, ~3!

where the first coefficient is the Rydberg factor for the co
version of energy units from rydbergs@Ry# to joules@J#. In
the above expression, the density parameterr s is an average
distance between carriers scaled by the effective Bohr ra
aB in the medium,

aB5
4pe\2

ma
'e0

2
, ~4!

wheree0 denotes the elementary electric charge. When c
sidering the position dependence of the dielectric cons
and effective mass,aB andr s become functions of positionz,
thus, the XC energy density is finally reduced to a functi
of z.

The XC energy densities for an electron and a hole
defined with Eqs.~3! and ~4! by substituting the effective
masses of electrons and holes, respectively. Here, it is n
that the effective masses in Eqs.~3! and ~4! relate to the
estimation of the carrier density. Thus, by considering
symmetry, the effective mass should be chosen as that fo
xy direction ~i.e., parallel mass!, especially when we study
anisotropic states such as the heavy hole andX electron.29

The approximation of Eq.~2! for the XC energy is differ-
ent from the Vashishta-Kalia approximation in Refs. 8 and
which is stated to be valid when the densities of electro
and holes are sufficiently similar. However, because of
need to study the type-II system where the electrons
holes are spatially separated, we use the approximatio
Eq. ~2!. In the following section, it is shown that this ap
proximation gives consistent results with Ref. 8 also
type-I systems.

3. Total energy and chemical potential

As a result of the minimization, the expectation value
the system’s Hamiltonian~E! is also obtained together with
the physical wave functions. The total energy of EHP is th
calculated by adding the in-plane kinetic energy toE. Here,
the in-plane kinetic energy is taken into account as the ba
filling effects: when the total carrier number per unit ar
6-2
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(N0) is given, the 2D density of state is defined asma
'/p\2,

and thus the chemical potential due to the in-plane mo
(ma) becomes

ma5
N0p\2

ma
'

. ~5!

For average in-plane kinetic energy per carrier given
ma/2, the total EHP energy (EEHP) finally becomes

EEHP5E1
1

2
~me1mh!. ~6!

We note that the effects of effective-mass mismatch in
ferent materia are taken into account as the weighted sp
average (m̄a) in the actual calculation. The definition ofm̄a
is given in the Appendix.

Another important quantity is the chemical potenti
which is an energy necessary for adding one particle to
state under consideration and is defined by using the Ko
Sham ~KS! eigenvalues in DFT. The chemical potential
also needed for studying the formation of the electron-h
liquid.7 By formally applying functional derivatives to th
total Hamiltonian according to wave functions and sett
the functional derivative to zero, we can obtain the cor
sponding effective one-particle Schro¨dinger equation, usu
ally referred to as the KS equation:26

F2
\2

2ma
D1qaVa~z!1qaVa

H~z!1Va
XC~z!Gca~z!

5Eaca~z!, ~7!

whereVa(z) is a fixed electric potential term in Eq.~1! itself,
i.e., a summation of a band-edge potential and a poten
due to the external electric field. In addition,Va

H(z) and
Va

XC(z) are a Hartree potential and an XC potential, resp
tively. It is also noted thatEa is a KS eigenvalue, i.e., a
energy eigenvalue of the effective one-particle Schro¨dinger
equation for statea. The Hartree potential is defined as
functional derivative of the Hartree energy term (EgH),

qaVa
H~z!5

dEH

dna~z!
5

qa

e~z!
E

2`

z

dz8~z2z8!r~z8!, ~8!

which actually corresponds to a potential of charge sheet
an infinite plane. Similarly, the XC potential is defined as

Va
XC~z!5

dEXC

dna~z!
5«a

XC@na~z!#1na~z!
d«a

XC~na!

dna
, ~9!

whose explicit form is obtained by substituting Eq.~3! into
the above expression. Now, the total chemical poten
(mEHP) of the EHP system is finally defined as

mEHP5Ee1Eh1me1mh . ~10!

It is noted thatEe1Eh gives a ‘‘band gap’’ shrunk by the XC
interaction.

Because the discussion on the stability of EHP depend
the small difference between the energies of the exciton
16531
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EHP while the energies themselves are large values, s
corrections on subband levels appear to be relevant to
stability of the EHP. In this sense, a small effect such as
complex valence-band structure30 appears to modify the rela
tive difference between those two energies. Nevertheless
can estimate the band-mixing effect on the filling phenome
of hole subbands to be ignorable for the following reas
the band-mixing effect appears significantly in the largeN0
region where the Fermi level of the hole is closed to high
valence-band levels. However, the EHP becomes most st
in the relatively smallN0 region, where the Fermi level o
the hole state is at most a few meV higher from the bott
of the lowest valence-band state, as shown in a later sec
~This is also true for the exciton, because the minimum
ergy of the exciton is achieved in the limit ofN0→0.! There-
fore, we can validate our model to neglect the band-mix
effect.

We can easily develop a procedure for the practical
merical computations from the above formulations. The
sence of the numerical procedure is the discretization
wave functions based on the finite-differential approa
Once the wave functions are discretized to a set of value
the discrete points in thez direction, the Hamiltonian func-
tional @Eq. ~1!# is reduced to an ordinal multivariate functio
of components of the discretized wave functions. This
proach has the virtue that the physical states are obtaine
applying a nonlinear minimization procedure, for examp
the conjugate gradient method, to the total energy even if
total energy includes nonlinear interactions. Moreover, in
practical calculation, position-dependent parameters
taken into account, such as the effective mass and diele
mismatch in the different materia. Details of the calculati
method are described in Refs. 16 and 17.

B. Ground-state exciton

There are many studies on the calculation of exciton bi
ing energies in GaAs QW’s.18–20,31–34Here, we adopt the
variational approach in Refs. 31 and 33, which is one of
simplest; nevertheless, it effectively represents the grou
state properties of the system under consideration.

In general, the total exciton wave function is express
approximately as

C~r ,ze ,zh!5ce~ze!ch~zh!fe-h~r ,ze2zh! ~11!

in the variational formalism, whereze andzh are the position
of the electron and hole in thez direction, respectively. In Eq
~11!, fe-h represents the relative motion between the elect
and hole and is referred to as an envelope function of
exciton. As our purpose is to study the ground-state prop
ties of 2D QW’s, only the lowest exciton state, i.e., thes
state, is considered in the following. Based on this assu
tion, the trial envelope function can be chosen as the follo
ing form with variational parametersz andl:

fe-h~r ,ze2zh!5expF2
Ar 21z2~ze2zh!2

l G , ~12!
6-3
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where r 25x21y2, for angular momentum in the 2D spac
of the 1s exciton is zero. According to Ref. 33, the tria
function Eq.~12! agrees well with the true exciton envelop
function. The total Hamiltonian of the exciton is also defin
as :

ĤEXC5Ĥe1Ĥh1Ĥe-h , ~13!

whereĤe and Ĥh are the one-particle Hamiltonians for th
electron and hole, respectively, i.e.,

Ĥe,h52
\2

2me,h

]2

]ze,h
2

1Ve,h~ze,h!, ~14!

and Ĥe-h is the Hamiltonian corresponding to the relati
motion between the electron and hole, i.e.,

Ĥe-h52
\2

2M' S ]2

]x2
1

]2

]y2D 2
e0

2

4peAr 21~ze2zh!2
.

~15!

In the above expression,M' is a reduced in-plane effectiv
mass, i.e., 1/M'51/me

'11/mh
' . The expectation value o

the Hamiltonian̂ ĤEXC& is obtained by using Eqs.~12! and
~13!, considering the operator action of the Hamiltonian
the wave functions. Following the derivation in Refs. 31 a
33, ^ĤEXC& becomes

^ĤEXC&5~Ee1Eh!1
\2

2M'
E dap~a!@G~a!2J~a!#

2
e0

2

4peE dap~a!K~a!, ~16!

where Ee,h represents the energies of electrons and ho
respectively, andp(a) is the uncorrelated probability of find
ing an electron and a hole separated by a distancea in the z
direction:

p~a!5E dz@ uce~z1a!u2uch~z!u21uce~z!u2uch~z1a!u2#.

~17!

Moreover, G(a), J(a), and K(a) relate to the relativez
motion, xy motion, and Coulomb interaction, respective
The explicit expressions ofG(a), J(a), andK(a) are given
in the Appendix. Equation~16! denotes that the exciton tota
energy consists of subband energy, relative kinetic ene
and potential energy. Among these three components, a s
mation of relative kinetic and potential energy gives an
citon binding energy, which is always negative for the bou
state.

Usually, the Hartree interaction is neglected when cal
lating the exciton binding energy, but it has significant
fects, especially in type-II systems, because the cha
screening does not sufficiently work for the spatial sepa
tion between the opposite charges. In this study, the eff
of the Hartree interaction are taken into account as chan
of subband energies of the electrons and holes (Ee,h). This
16531
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means that excitons are formed by the electrons and hole
the subband states under mean electric fields from other
riers. Strictly speaking, the envelope function actually infl
ences the electron and hole subband, thus the exciton s
should be determined self-consistently.31–33 However, these
effects are less than 1 meV and can be neglected compar
other significant contributions.

For the bosonic nature of the exciton, the statistical effe
can be neglected, especially in the small density reg
where the exciton energy reaches a minimum. Additiona
calculation of the minimum exciton energy without XC in
teraction gives reliable values, for the Gunnardson-Lundq
formula, Eq. ~3!, becomes inaccurate in the low-densi
limit.27 Thus, the exciton energy is calculated without the X
interaction in this paper.

In summary, the procedure to calculate the 1s exciton
energy becomes the following:

Step. 1Calculate the electron and hole subband energ
according to the method in Sec. II A without the XC inte
action term.

Step. 2Apply the nonlinear minimization procedure t

^ĤEXC&. In this step,ce,h are fixed to those obtained in th
previous step and the minimization is performed on
variational parameters (z andl).

Step. 3Calculate the total energy of the exciton by usi
the variational parameters determined in the previous ste

In the actual calculations, the variational parameters
scaled or reparametrized to improve the stability of the m
mization procedure.

Figure 1 shows binding energies of 1s excitons as a func-
tion of the width of type-I QW’s obtained with the prese
method. The results show good agreement with other wo
within a difference of;1 meV.18–20 Results in Fig. 1 show
somewhat smaller values than those in Ref. 34 because
effects of image charges are not considered in our mo
Because of the neglect of the image charge effect, the pre
calculation seems to have difficulty calculating the absol
energy values; nevertheless, it is still effective for the relat
comparison between EHP and the exciton by neglecting
image charge effect commonly in the calculation of EHP a

FIG. 1. Binding energies of 1s excitons in type-I GaAs QW’s
calculated with the present method. The calculations are perfor
for different alloy ratios of Al compound (x50.15, 0.30, and 0.40!
in Ga12xAl xAs barriers. For comparison to previous studies~Refs.
18–20!, the signature of the binding energy is reverted.
6-4



o
ul
e
en

ns
t
r

te

nt
t

n

ns

e
-
rn
n
of
la-

n

P
si-

-

en-
gle
HP

tials
-
per

ee
on,
to
kly

e of
nc-
ons

nd
er-

the
tree
hole

e

and

rac-
n is
,
tree
se,

on
und

mall
nc-

pe-I
t of

the
ap

ion
mo-
o
ni-

ef
fre
ec
l-

STABILITY OF ELECTRON-HOLE PLASMA IN TYPE-I . . . PHYSICAL REVIEW B 69, 165316 ~2004!
1s excitons. Additionally, the calculated binding energies
type-II excitons are also in good agreement with the res
in type-II QW’s.35 Therefore, we can conclude that th
present method gives reliable values for exciton binding
ergies.

C. Material parameters

It is important to clarify the parameters in calculatio
because the choice of material parameters has significan
fect on the EHP and 1s exciton binding energy to the orde
of a few meV. Table I summarizes the material parame
used in the computations. In the table,DVG is the direct gap
between theG8 valence andG6 conduction bands,40 whereas
DVX is the indirect gap between theG8 valence and X6 con-
duction band.41 The effective masses and dielectric consta
are linearly interpolated between those in GaAs and AlAs
take the material dependency into account.42 It is also noted
that the conduction and valence-band offsets are chose
0.67 and 0.33, respectively.

III. RESULTS AND DISCUSSIONS

The EHP and 1s exciton energies are given as functio
of thee-h pair density (N0). To discuss the stability of EHP
according to the 1s exciton, the minimum energies of th
EHP and 1s exciton pere-h pair are calculated and com
pared in various conditions, e.g., QW structures and exte
electric fields, in this section. In the following discussio
EEHP andEEXC are used to indicate the minimum values
EEHP and 1s exciton energies, respectively. For all calcu
tions in this study, the division number of thez direction is
fixed to 20 points/ML, which is a sufficiently fine divisio
for the purpose of this study.

TABLE I. Material parameters used in the calculations. The
fective masses are given in the unit of the electron mass in
space (m0) and the dielectric constants are in the unit of the diel
tric constant in vacuum (e0). Heavy-hole effective masses are ca
culated by using the Luttinger parameters~Ref. 42! (g1

GaAs

56.85,g2
GaAs52.10,g1

AlAs53.45, andg2
AlAs50.68) and interpolated

according to the alloy ratio of AlxGa12xAs.

Values in Ga12xAl xAs

mG 0.06710.083xa

mX 1.3020.2xb

mX
' 0.2320.04xc

mh 0.37710.101x
mh

' 0.11210.129x
e 12.5322.47x
DVG ~eV! 1.42411.594x1(1.310x20.127)x(x21)d

DVX ~eV! 1.90010.125x10.143x2e

aReference 36.
bReferences 37 and 38.
cReferences 38 and 39.
dReference 40.
eReference 41.
16531
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A. Type-I quantum well

Electron and hole wave functions obtained in the EH
calculations are shown in Fig. 2, which help with the phy
cal interpretation of calculation results. In Figs. 2~a!–2~c!,
wave functions atN0 for the minimum EHP energy are dis
played, while in Fig. 2~d!, wave functions in high-density
EHP are shown, although the EHP is not stable at that d
sity. Furthermore, it is noted that the assumption of sin
subband occupation is reasonable around the minimum E
energy conditions. This is because the chemical poten
~dotted lines! in Figs. 2~a!–2~c! are close to the lowest sub
band levels, indicating that carriers cannot occupy the up
states. In addition, Figs. 3~a! and 3~b! show typical results
for the EHP and 1s exciton energies in 50 ML GaAs QW
surrounded by Ga0.56Al0.44As ~40 ML! barriers with and
without electric fields, respectively. It is noted that Fig. 3~a!
corresponds to previous studies.7,8

To begin with, we review characteristics of the Hartr
and XC interactions. In the EHP system, the XC interacti
whose contribution is always negative, is the only factor
stabilize the EHP. Here, the XC energy itself depends wea
on N0 and does not change greatly due to a local chang
charge distributions unless the deformation of wave fu
tions is so large that the peaks of the charge distributi
vary by more than an order with the sameN0. We can, there-
fore, estimate the XC interaction equally in both flat-ba
and weakly biased conditions. Contrarily, the Hartree int
action term is always positive@Eq. ~1!# and becomes zero
only when the electron and hole distributions are strictly
same. Hence, when electric fields are applied, the Har
energy increases as the difference between electron and
distributions also increases asN0 becomes larger, even if th
charge neutrality is totally satisfied.

By considering these characteristics of the Hartree
XC interactions, the behavior of the band gaps in Figs. 3~a!
and 3~b! can be explained. In the flat-band condition@Fig.
3~a!#, the charge screening effect cancels the Hartree inte
tion, hence band-gap shrinkage due to the XC interactio
clearly observed in largeN0 regions. On the other hand
when biased with the electric fields, the unscreened Har
interaction produces a significant contribution. In this ca
the Hartree energy, which depends quadratically onN0, eas-
ily overcomes the weak dependency of the XC energy
N0. Consequently, the band gap starts to increase aro
N0;1010/cm2 in Fig. 3~b!. However, if N0 is further in-
creased, the external electric field can be canceled with s
deformations of the charge distributions, so the wave fu
tions retrieve the symmetry as shown in Fig. 2~d!. In these
regions, the system behaves similarly to the unbiased ty
QW and the band gap starts to shrink for each incremen
N0.

Based on the behavior of the band gap, we can discuss
formation of EHP. In the flat-band type-I QW, the band g
shrinks due to the XC interaction the largerN0 becomes. At
the same time, the kinetic energy of the in-plane mot
increases, i.e., the chemical potential due to the in-plane
tion (m'5me1mh) increases monotonically in proportion t
N0. Thus, the total chemical potential of EHP has a mi

-
e
-
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FIG. 2. Electron and hole
wave functions~solid curves! in
GaAs ~50 ML! QW’s with
Ga0.56Al0.44As ~40 ML! barriers.
The upper part of each figure
shows the conduction-band profil
while the lower part shows the
valence-band profile.~a! Flat-band
condition,~b! with electric field of
50 kV/cm, ~c! with electric field
of 100 kV/cm, and~d! with the
same bias condition as~c! but
higher e-h pair density (Ne-h

51.731011 /cm2). Ne-h in ~a!–
~c! are chosen so that they giv
the minimum EHP energies. It is
noted that dashed lines and dotte
lines indicate the subband leve
and chemical potentials, respec
tively, although they appear to b
single lines in~a!–~c! because the
chemical potentials are so close
the subband levels.
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mum due to the competition between the XC potential a
in-plane motion. The EHP energy also behaves similarly
the chemical potential, as shown in Fig. 3~a!, because the
energy and KS eigenvalue of the XC~and Hartree! term
differ at most by a factor. In the case of a biased situati
the Hartree interaction pushes up the band gap without
counting for the in-plane kinetic energy. After all, the min
mum of EHP energy must be realized at a smallerm' , i.e., a
smaller N0 than in the flat-band situation. In fact, the d
crease ofN0 for the minimum EHP energy by the electr
field is observed in Figs. 2~a!–2~c!.

Another important fact in Fig. 3~b! is thatEEXC is mini-
mized in the smallN0 limit where the band bending due t
the carrier concentration in the quantization direction~i.e., z
direction! does not occur. This is always true in every co
dition, which is consistent with the positive-definite nature
the Hartree interaction. Thus, when analyzing the behavio
the minimum exciton energies, the relative motion betwe
the electron and hole plays the principle role.

It is also noted that the approximation of Eq.~2! ignores
the electron-hole correlation. The electron-hole correlat
becomes countable in type-I QW’s rather than in type
QW’s, because the spatial overlap of the electron and ho
too small to produce the significant electron-hole correlat
in the type-II QW’s. However, we can estimate the effect
be sufficiently small in type-I QW’s by comparing Fig. 3~a!
to the result in Ref. 8, which is obtained with considerati
16531
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of the electron-hole correlation. Thus, the discussion in t
paper is valid at least semiquantitatively.

1. Effects of quantum well width

Figure 4 shows energies of the EHP and 1s excitons in
type-I GaAs QW’s of different widths without external ele
tric fields. The difference between the energies of the E
and 1s exciton DE (5EEHP2EEXC) is also shown in this
figure. The behavior ofDE is explained in different ways for
wide and narrow QW’s. In wide QW’s, the kinetic energy
so low that the Hartree and XC interactions significantly
fect the electron and hole wave functions. This leads to
wave functions being determined mainly to minimize t
interaction energies, so the Hartree energy is small for cha
cancellation and becomes insensitive to the QW wid
Moreover, the XC energy changes little with the QW wid
~particularly in wide QW’s!, for the XC interaction depend
weakly on the density. However, the binding energy of t
1s exciton decreases significantly as the QW becomes wi
even for widths of over 50 ML~Fig. 1!. As a result,DE is
slightly reduced in wide QW regions.

On the other hand, the kinetic energy associated with
motion in thez direction is so large in the narrow QW tha
the wave functions are determined mainly to reduce
Hence, we can suppose that the Hartree interaction is
sufficiently screened and that the EHP is destabilized by
unscreened Hartree interaction. Here, for there is no ano
6-6
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STABILITY OF ELECTRON-HOLE PLASMA IN TYPE-I . . . PHYSICAL REVIEW B 69, 165316 ~2004!
lous behavior of the exciton binding energy in narrow QW
~Fig. 1!, we can reach the conclusion thatDE increases as
the QW width is reduced. However, this perspective actu
conflicts with the observation thatDE markedly decrease
around the QW thickness of 10 ML. It is difficult to give
quantitative picture of the behavior because the EHP in
narrow QW is realized as the result of the subtle com
tition among the quantum confinement effect, Hartr
interaction, XC interaction, and filling effect due to th
in-plane kinetic energy. Nevertheless, by analyzing the E
energy in detail, we find that the XC energy is domina
(215.2–17.5 meV), while the Hartree energy changes
finite but negligible amounts (0.03–0.07 meV), and t
chemical potential due to the in-plane motion also chan
little. Therefore, the behavior ofDE around a well width of
10 ML is phenomenologically assigned to the enhanced
interaction due to the carrier concentration within the narr
QW. When the QW width is further reduced, the excit
binding energy increases while the Hartree and XC ener
do not change significantly, resulting in the relative increa
of DE. The behavior ofDE in narrow QW’s is also dis-
cussed in Sec. III B 1.

FIG. 3. Energies of EHP~solid line! and 1s exciton~dash-dotted
line! with band gaps~dashed line! and chemical potentials~dotted
line! in type-I GaAs~50 ML! QW surrounded by Ga0.56Al0.44As ~40
ML ! barriers as functions of thee-h pair density.~a! Flat-band
condition and~b! biased with the electric field of 100 kV/cm. It i
noted that the band gap of bulk GaAs~1.424 eV! must be added to
each value for discussion of the luminescent band. The closed c
shows the realization of the electron-hole liquid, where the che
cal potential becomes equal to the EHP energy~Ref. 7!.
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In any case, the result that theDE is always positive in
Fig. 4 means that excitons are always stable in type-I QW
There still remains the possibility of a stable EHP in wi
QW’s; however, the QW picture becomes meaningless
well widths above 100 ML, and the situation is outside t
interest of this study. Thus, we can conclude that the EH
not stable in flat-band type-I QW’s.

2. Effects of electric field

Figure 5 shows the effects of electric fields on the EH
and 1s exciton energies. A 50 ML QW width is chosen fo
clearly observing the effects of the electric field. Because
QW is not too narrow, we can explain the behavior ofDE in
Fig. 5 with a discussion similar to that given at the beginni
of this section.

The global decrease ofDE is caused mainly by the de
crease of exciton binding energies for separation of electr
and holes due to the electric field. On the other hand, aro
the weak electric field, the increase of EHP energy is
plained as the increase in the Hartree energy due to
charge separation. In fact, the Hartree/XC energies
12 meV/210.28 meV, 0.7298 meV/29.759 meV, and
2.440 meV/28.444 meV for electric fields of 0, 20, and 4
kV/cm, respectively, in agreement with the physical pictu

It is expected that stronger electric fields on wider QW
can achieve a stable type-I EHP. Actually, calculation on a
ML QW under an electric field of 120 kV/cm results i
EEHP2EEXC523 meV. However, the EHP will not produc
luminescence because of a largee-h separation, and it is no
physically interesting as quasi-2D states.

After all, the quasi-2D EHP is less stable than thes
exciton in type-I GaAs QW’s, regardless of whether the e

le
i-

FIG. 4. The minimum energies of EHP~solid line! and 1s ex-
citon ~dotted line! for various well widths of type-I QW’s~GaAs
QW’s with 40 ML Ga0.56Al0.44As barriers!. The difference between
the two energies (EEHP2EEXC) is also shown to reveal small dif
ferences. Note that thee-h pair densities to realize the minimum
EHP energies are in the range of 1010/cm2–1011 /cm2, while the
minimum 1s exciton energies are always realized in the low-dens
limit.
6-7
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FIG. 5. The minimum energies of EHP~solid line! and 1s ex-
citon ~dotted line! in type-I QW’s ~50 ML GaAs QW’s with 40 ML
Ga0.56Al0.44As barriers! as functions of electric fields. The differ
ence of both energies (DE5EEHP2EEXC) is also shown to revea
small differences. It is noted that the electric fields above 1
kV/cm cause tunneling of carriers out to the QW’s.
16531
ternal electric fields are applied. The main reason for
unstable EHP is possibly the small effective mass ofG elec-
trons, which also reduces the effects of the electric fields

B. Type-II quantum wells

Here, we investigate the stability of EHP in type-II GaA
AlAs QW’s, where the lowest electron state is theX state in
the AlAs layer. We focus our attention on the stability of th
EHP according to the structural conditions of the type
QW’s and electric fields. Calculations are performed
GaAs-AlAs type-II single QW’s, which are sandwiched b
tween 40 ML Ga0.56Al0.44As barriers.

As examples of EHP calculations, wave functions a
band-edge profiles under typical type-II conditions a
shown in Fig. 6 for supporting the physical picture. Resu
of the type-II EHP and 1s exciton energies as functions o
N0 are also shown in Figs. 7~a! and 7~b!. Chemical potentials
and band gaps are also shown in the figures, which pre
similar behavior to those in Ref. 7. In Fig. 7~a!, the band
gap starts to increase in the high-density region, which
assigned to the effects of Hartree interaction as in the pr
ous discussion in Sec. III A. A result in a biased conditi
is also shown in Fig. 7~b!, which shows similar behavior to

0

e

s

s

d
s,
-
s,
l-
FIG. 6. Typical electron and
hole wave functions~solid curves!
in type-II GaAs-GaAlAs QW’s.
The upper part of each figure
shows the conduction-band profil
while the lower part shows the
valence-band profile. It is noted
that the conduction-band profile
are those for theX electron. ~a!
GaAs~8 ML!-AlAs~30 ML!, flat-
band condition;~b! GaAs~8 ML!-
AlAs~30 ML! with external elec-
tric field of 100 kV/cm; ~c!
GaAs~8 ML!-AlAs~15 ML! with
external electric field of 100 kV/
cm; and~d!: GaAs~6 ML!-AlAs~8
ML !, flat-band condition. All fig-
ures are ate-h densities where the
EHP energies are minimized. A
in Fig. 2, subband levels and
chemical potentials are indicate
as dashed lines and dotted line
respectively; however, they ap
pear to be single dashed line
which means that the subband fil
ing effect is small atN0 for the
minimum EHP energy.
6-8
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STABILITY OF ELECTRON-HOLE PLASMA IN TYPE-I . . . PHYSICAL REVIEW B 69, 165316 ~2004!
Fig. 7~a!, except that the electric field improves the stabil
of EHP. The effect of the electric fields is discussed in
following section.

In our calculations, the energy of a type-II 1s exciton is
increased according toN0 as shown in Fig. 7, which is con
sistent with the behavior of the Hartree energy in largeN0
regions.43 It is also noted that the total binding energy of t
exciton is not as small in type-II QW’s as expected beca
the Hartree interaction is small for the separation betw
e-h pairs. However, the kinetic energy of relative motion
also reduced due to the large effective mass ofX electrons.35

For example, the binding energy of the type-II exciton in
GaAs~8 ML!-AlAs~30 ML! QW is typically 29.391 meV,
which is the sum of the kinetic (4.233 meV) and potent
(213.624 meV) energies. On the other hand, the type-I
citon in a GaAs~22 ML! QW has a similar binding energy o
29.353 meV; however, the kinetic (6.75 meV) and pote
tial (216.103 meV) energies are very different from tho
of the type-II exciton.

1. Effects of quantum well structures

The stability of the type-II EHP is studied as a function
the QW width in Fig. 8 under the flat-band condition. In Fi

FIG. 7. The minimum energies of EHP~solid line! and 1s ex-
citon ~dash-dotted line! for various electron-hole pair densities
typical type-II GaAs~8 ML!-AlAs~30 ML! QW’s with
Ga0.56As0.44As barriers:~a! flat-band condition and~b! with external
electric field of 120 kV/cm. Chemical potentials and band gaps
also denoted as dotted and dashed lines, respectively. The intr
band gap between the heavy hole in GaAs and theX electron in
AlAs ~1.642 eV! must be added to each value for discussion of
luminescent band. The closed circle shows the energy of
electron-hole liquid as in Fig. 3.
16531
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8~a!, the difference between the energies of EHP and thes
exciton,DE, is shown for various widths of the AlAs layer
where the electrons are confined.DE is also shown in Fig.
8~b! by changing the widths of the GaAs layer. In Fig. 8~a!,
calculation results are shown for AlAs widths of over 10 M
because theX-electron states in narrow AlAs layers of les
than 10 ML exceed theG-electron state in the 8 ML GaAs
layer and the system changes into type I. To investigate
stability of the EHP in narrow type-II QW’s, calculation re
sults in the narrow AlAs layers of less than 10 ML with th
6-ML GaAs layer are shown in the inset in Fig. 8~a!.

In Fig. 8~a!, we can observe that the EHP is stable in t
type-II GaAs-AlAs QW’s and that the stability is enhance
by narrowing the AlAs layer. According to the discussion
Sec. III A 1, the enhanced stability is mainly due to the
crease in XC energy due to the condensation of the carr
in the narrow region. Indeed, the concentration of carri
according to the widths of QW’s is observed in Fig. 7.

Figure 8~b! also shows that the EHP is stabilized by r
ducing the widths of the GaAs layer from 10 ML to 6 ML
The change ofDE is smaller than that in Fig. 8~a! because
the hole in the GaAs layer is already concentrated su
ciently at a width of 10 ML and the effect of narrowing th
GaAs layer is saturated. Thus, the inset of Fig. 8~a!, showing
the results in the 6-ML GaAs layer, presents the possibi
of the most stable EHP in the GaAs-AlAs type-II QW’
which lies about22.5 meV below the 1s exciton state.

e
sic

e
e

FIG. 8. Variation of the difference between the minimum EH
and 1s exciton energies (DE5EEHP2EEXC) according to the QW
width in type-II QW’s with 40 ML Ga0.56Al0.44As barriers.~a! DE
for various widths of the AlAs layer with the GaAs layer fixed at
ML; the inset shows the results for AlAs layers of less than 10 M
with 6 ML GaAs layers, and~b! DE for various widths of the GaAs
layer with the AlAs layer fixed at 30 ML.
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ANDO, NAKAYAMA, AND HOSODA PHYSICAL REVIEW B 69, 165316 ~2004!
However, the EHP becomes unstable when the width
the GaAs layer is reduced to less than 6 ML, which is sim
larly observed in the narrow type-I QW’s~Sec. III A 1!. The
analysis of the EHP energy reveals that the Hartree and
energies are saturated and increase the energy of the
only by small amounts as the GaAs layer narrows from 6 M
to 4 ML: the XC energy increases by about 0.1 meV, wh
the Hartree energy decreases by about 0.05 meV, the su
which does not match the change in Fig. 8~b!. Nevertheless,
the binding energy of the 1s exciton increases significantly
supplementing the stability of the exciton. The saturation
the Hartree and XC energies is physically explained as
the hole wave function does not concentrate further by n
rowing of the GaAs QW’s below 6 ML. This explanation ca
be applied to the case of narrow type-I QW’s, but it shou
be noted that theG electron mainly suffers from the effect o
the narrowing in type-I QW’s. Here, the subband level of t
G electron is pushed up easily because of its small effec
mass compared to the heavy hole, hence the type-I excito
stabilized in a somewhat wider QW (;8 ML! than the
type-II exciton, as seen in Fig. 4.

2. Effects of external electric fields

Figure 9 shows the effects of the electric field on the E
and 1s exciton in type-II GaAs~8 ML!-AlAs~30 ML! QW’s.
The signature of the electric field is defined so that the p
tive electric field is directed to separate the electrons
holes. The width of the AlAs layer is chosen as 30 ML

FIG. 9. The minimum energies of electron-hole plasma~solid
line! and 1s exciton~dotted line! for various strengths of the exter
nal electric fields in type-II QW’s@GaAs~8 ML!-AlAs~30 ML!
QW’s surrounded by Ga0.56Al0.44As ~40 ML! barriers#. The differ-
ence of the energies (DE5EEHP2EEXC) is also shown to revea
small differences. Negative electric fields mean the direction
merge electrons and holes, while positive fields mean the direc
to separate them.
16531
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order to study the effect of the electric field, because
effect is too small to be observed clearly in AlAs layers
less than 15 ML.

The behavior ofDE is similar to that in type-I QW’s~Fig.
5!: the EHP is stabilized under strongly positive elect
fields due to the reduction of the excitonic binding ener
and also stabilized under negative electric fields due to
enhancement of the XC interaction and suppression of
Hartree interaction.

To summarize, calculation results on the energies of
EHP and 1s exciton in type-I and type-II QW’s have bee
shown and discussed in this section. It is noted thatDEs
showed similar behavior in type-I and type-II QW’s, but th
the amounts were very different. The difference was assig
to the effective masses of theG andX electrons in type-I and
type-II QW’s, respectively: the effects of the effective ma
appear in the Rydberg factor and density parameterr s in Eq.
~3!. When the effective mass becomes large, these eff
commonly enhance the XC interaction to reduce the to
EHP energy. Additionally, the large effective mass redu
the chemical potential due to the in-plane kinetic motio
which also stabilizes the EHP.

From the discussion in this section, we have found t
the quasi-2D EHP is stabilized by separating the electr
and holes distantly to reduce the excitonic binding ener
and by confining them to the narrow region to enhance
XC interaction. In particular, we showed the EHP lying b
low the 1s exciton by more than 2.5 meV in the negative
biased narrow type-II QW. This also implies the EHP is po
sibly more stable than the biexciton, whose energy pere-h
pair is smaller than that of the 1s exciton by at most a few
meV,44 although more detailed calculations are needed
confirm this.

We note that the minimum energy of the EHP is alwa
close to the energy of the electron-hole liquid, as observe
Figs. 3 and 7~indicated as closed circles in both figures!, and
hence that the above discussions on the EHP are also e
tive in the electron-hole liquid. Moreover, considering th
the radiative lifetime of the type-II EHP luminescence is lo
thanks to the indirect nature of the type-II transition, we c
expect the formation of electron-hole droplets in type
GaAs-AlAs QW’s.

IV. SUMMARY AND CONCLUSION

In this work, we developed a numerically stable meth
based on the quantum-mechanical variational principle w
nonlinear interactions and performed quantitative calcu
tions on the EHP and 1s exciton in type-I and type-II GaAs-
GaAlAs single QW’s in order to study the stability an
mechanism of the EHP. By comparing the energy of the E
and 1s exciton in various conditions of QW structures an
electric fields, we found that the quasi-2D EHP is not sta
in type-I GaAs QW’s, but that the EHP becomes stable co
pared to the 1s exciton in type-II GaAs-AlAs QW’s. We also
found that a stable EHP is realized in two situations; wh
the electron and hole are separated, thus the excitonic b
ing energy is small, and when the electrons and holes
confined in the narrow QW’s so that the XC interactio
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STABILITY OF ELECTRON-HOLE PLASMA IN TYPE-I . . . PHYSICAL REVIEW B 69, 165316 ~2004!
works dominantly to stabilize the EHP. The estimated ma
mum stability of the EHP according to the 1s exciton is at
least22.5 meV pere-h pair, suggesting the possibility tha
the EHP becomes the lowest excited state in the nar
type-II GaAs-AlAs QW.
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APPENDIX: EXPLICIT EXPRESSIONS
FOR CALCULATION OF EXCITON ENERGY

In this appendix, we present explicit expressions for c
culations of exciton binding energies. Although the expr
sions were previously provided in Refs. 31 and 33, they
again given here for the self-contained formulation and
clarify the original modification in this paper.

The definitions and the final forms for calculation
G(a), J(a), and K(a) are listed as follows. For relative
motion of ane-h pair in thez direction,G(a) is given as:

G~a!5E
0

`

2prdr F ]fe-h~r ,ze2zh!

]ze
U

ze2zh5a
G 2

5
2pz4a2

l2 E
0

1

duexpF2
z2a

l S 1

u
1uD G 12u2

u~11u2!
,

~A1!

while J(a) for the relative motion in thexy direction be-
comes

J~a!5E
0

`

2prdrfe-hS ]2

]x2
1

]2

]y2D fe-h

5pS za

l
2

1

2DexpS 2
2za

l D2
2pza

l E
0

1

du

1

u2
21

1

u
1u

3F 2

1

u
1u

1
za

l GexpF2
za

l S 1

u
1uD G . ~A2!

As seen in Eq.~16! in the text, total kinetic energy for rela
tive motion ofe-h is given as an integral ofG(a) andJ(a)
with ‘‘weight’’ p(a) multiplied by\2/2M'. When the effec-
tive mass mismatch between different materials is con
ered, the weighted spatial average of the effective mass (m̄a)
presents a simple but effective treatment. The definition
m̄a is given as~also seen in Ref. 25!
16531
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1

m̄a

5E dz
ca

2~z!

ma
. ~A3!

With Eq. ~A3!, the weighted spatial average of thee-h re-
duced mass is defined as 1/M̄'51/m̄e11/m̄h . The averaged
effective mass introduces changes of a few percentage p
to the Fermi levels.

The remaining termK(a) representing the Coulomb in
teraction of thee-h pair is given as:

K~a!5E
0

`

2prdr
fe-h

2

r

5pA12z2aE
0

(12z)/A12z2

duS 1

u2
21D

3expF2
A12z2a

l S 1

u
2uD G . ~A4!

In this expression, we only consider the case of 0,z,1.
To count the dielectric mismatch in different media, w

apply a rough approximation that the Coulomb energy
tween the electron and hole in different dielectric media
given as an average of energies in uniform media. In t
approximation, the total Coulomb energy becomes

2
e0

2

4pE da
K~a!

ē~a!
, ~A5!

where

1

ē~a!
5E dz

e~z!1e~z1a!

2e~z!e~z1a!
@ uce~z1a!u2uch~z!u2

1uce~z!u2uch~z1a!u2# ~A6!

is an uncorrelated average of the inverse dielectric const
It is noted that the effect of image charges is not conside
here.

In the actual computations, the total energy of the 1s ex-
citon must be explicitly normalized. In Refs. 31 and 33, t
normalization factorN is defined as

N5E dap~a!F~a!, ~A7!

where

F~a!5E 2prdr fe-h~r ,a!2

52pE rdr expF22
Ar 21z2a2

l G . ~A8!

Thus, we can obtain the total energy of the 1s exciton per
e-h pair asEEXC/N by using the expressions given in th
appendix.

Partial derivatives ofF(a), G(a), J(a), and K(a) ac-
cording to the variational parametersz andl are needed in
the variational minimization to determine the envelope fun
6-11
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tion. The derivatives are simply obtained by applying par
differentiation without any care for the order of integral a
differential, because the integrals are replaced with fin
sums in the practical calculation. Care is needed only
calculating]K(a)/]z because parameterz is also included
in the upper integral region, as seen in the right-hand sid
Eq. ~A4!. However, the partial differentiation is performe
easily by using the relation
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