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Binding energy of charged excitons in semiconductor quantum wells
in the presence of longitudinal electric fields
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We present variational calculations of the binding energy for positively and negatively charged excitons
~trions! in idealized GaAs/Al0.3Ga0.7As quantum wells with parabolic electrons and holes energy dispersions.
The configuration interaction method is used with a physically meaningful single-particle basis set. We have
shown that the inclusion of more than one electron quantum-well solution in the basis is important to obtain
accurate values for the binding energies. The effects of longitudinal electric-field and quantum-well confine-
ment on the charged excitons bound states are studied in the absence of magnetic field and the conditions for
the trion ionization are discussed.

DOI: 10.1103/PhysRevB.65.115324 PACS number~s!: 73.21.Fg, 78.67.De
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I. INTRODUCTION

A quantum well~QW! is a layer of low-energy gap mate
rial grown between two others with larger gaps. This ene
difference gives rise to electron and hole confinements in
lower gap material for type-I QW’s. In this type of semico
ductor heterostructure, optical transitions are dominated
Coulomb interactions.

In intrinsic QW’s under low excitation power, when th
same amounts of electrons and holes are present, the
plex that dominates the photoluminescence spectrum
neutral complex, the exciton, formed by the Coulomb int
action between one electron and one hole. On the other h
in the case of a lightly modulation-doped QW, the cha
excess makes it possible that the excitonic electrical dip
binds an extra carrier forming a charged complex~trion!. In
the case of ap-doped QW, the positive complex may be
bound state (X1). This is analogous to the H2

1 molecule in
atomic physics. On the other hand, the negative comp
(X2) may be detected inn-doped structures, and is anal
gous to H2. The stability of such charged complexes
semiconductors was first proposed by Lampert.1

An interesting aspect of these complexes in semicond
tor materials is that the magnetic fields available in labo
tories produce strong effects on their binding energies. T
creates a rich experimental situation that would only be p
sible in astrophysical systems for the cases of H2 and H2

1.
Unfortunately, the calculated trion binding energy for sem
conductor bulk materials2 showed that its value is too low t
be experimentally detected. However, this value is one o
of magnitude larger in semiconductor quantum wells,3 as a
consequence of the carriers confinement. This opened ex
mental possibilities in the case of high-quality samples.

The first experimental observation of a trion spectrum w
made by Khenget al.4 in a II-VI QW. In this case the trion
binding energy is more than twice the value for III-
systems.5 Glasberget al.6 investigatedX1 and X2 in the
same sample, and showed that the binding energy of
negative trion singlet state increases faster than the pos
one as a function of the magnetic field.
0163-1829/2002/65~11!/115324~6!/$20.00 65 1153
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X2 was theoretically studied in the presence7–9 and in
absence10 of a longitudinal magnetic field~applied along the
growth direction! through different techniques. Thestochas-
tic variational method, with a basis set ofdeformed corre-
lated Gaussian functions, was used by Rivaet al.,8 and a
good agreement with experiments was obtained. Whitta
and Shields9 worked with a Landau-level basis set for th
in-plane (xy) motion, and showed the importance of inclu
ing more than one QW level in thez ~growth! direction
wave-function component. In this case, the quasi-tw
dimensional nature of the problem was explored, which w
enhanced by the magnetic field applied parallel to the gro
direction.

The X2 theoretical treatment is difficult. It is a few-bod
problem and, in our case, the low dimensionality has to
added to its complexity. Although the trion is a ground sta
making it suitable for variational techniques, its stability c
only be determined in comparison with its first excited sta
Generally, this is an excitonic state with a noninteracti
extra electron~hole! in the X2 (X1) case, which is also
variationally determined. As a consequence, it is rather co
plicated to determine the accuracy of the calculated tr
binding energy.

Previous works did not succeed in presenting a deta
analysis of the exchange and correlation effects on the t
electronic structure. How the presence of the extra car
affects the excitonic orbitals is an unclear question. To s
some light on this problem, we use the configuration int
action method11 to build up aphysically clearbasis set and to
calculate variational binding energies of positively and ne
tively charged excitons in idealized GaAs/Al0.3Ga0.7As quan-
tum wells. We study the effects of the quantum-well confin
ment and longitudinal electric field on the charged excit
bound states in the absence of a magnetic field. Our b
allows us to have a good idea about the different contri
tions of the trion degrees of freedom to its binding energ

II. MODEL

We consider a semiconductor QW, more exactly a Ga
layer between two Al0.3Ga0.7As layers treated within the ef
©2002 The American Physical Society24-1
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fective mass and envelope function frameworks, conside
z as the growth direction. The positionz50 is the quantum-
well center, and we neglect the band bending due to
doping. This means that the electron and hole QW w
functions have well-defined parities. We also consider id
QW interfaces, neglecting interdiffusion and doping poten
fluctuations effects. The valence and conduction subba
are approximated by parabolic dispersions, which is m
severe an approximation in the case ofX1 than in the case o
X2.

We start with the assumption that the QW confinemen
strong enough to make az and (x,y) separable wave func
tion in the basis set reasonable. We use the noninterac
electron and hole QW solutions as thez part of the one-
particle trial wave functions. When a longitudinal electr
field (z axis! is present, the QW solutions are given by Ai
functions,12 which do not have well-defined parities. Th
continuum of states is simulated by a finite set of discr
states generated by a larger QW~1000 Å!, with infinite bar-
riers embedding the structure we are interested in.

The axial symmetry leads us to use polar coordinate
describe theX2 in-plane motion in terms of center of mas
~CM! and relative to the hole coordinates:

rW 15rW e12rW h ,

rW 25rW e22rW h, ~1!

rW CM5
me~rW e11rW e2!1mhxyrW h

mhxy12me
,

where the electron mass is isotropic. On the other hand,
hole dispersion is strongly nonparabolic in QW’s, but, a
first approximation, the off-diagonal terms of the Lutting
Hamiltonian can be neglected. In this case, the hole mas
anisotropic, and shows a lighter in-plane value. In this
proximation, theX1 in-plane coordinates are easily obtain
from the previous ones through the electron and hole la
interchanges. We performed calculations for the negativ
charged exciton binding energy using a QW-widt
dependent in-plane mass for holes. This was made in
absence of external fields, and in the fundamental QW s
approximation for holes. The maximum increase in t
charged exciton binding energy~300-Å QW width! was less
than 16%. As one can see, this mass dependency doe
significatively change our quantitative results; therefore
will be neglected. The negative trion CM mass is given
mhxy12me . We use the same mass values for the well a
barrier materials.

We label the trion states through the quantum numb
associated with the constants of motion, namely, the
wave vector (KCM), the z component of the total angula
momentum (M5m11m2) and the total spin of the two elec
trons (X2) or two holes (X1) (S5S11S2).

The CM motion is uncoupled to the internal dynamic
and is described by a plane wave. Consequently, it will
be explicitly considered here. However, it is important
11532
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note that, in the presence of a magnetic field, the CM a
internal degrees of freedom are coupled since the trion
charged complex.

The two electrons inX2 ~holes in the case ofX1) are
indistinguishable, and the configuration-interaction meth
is used to build up a nonorthogonal two-particle basis,
other words, we work with a basis set of Slater determina
and solve thegeneralized eigenvalue problem.

The spatial part of the charged exciton trial wave functi
with total relative particle angular momentum equal toM is
given by

C (m1n5M )5 (
i , j ,m,n,p,q,r

ci , j ,m,n,p,q,rNi , j ,m,n,p,q,r .xp~zh!

3@xq~ze1!f i
m~rW 1!x r~ze2!f j

n~rW 2!

6x r~ze1!f j
n~rW 1!xq~ze2!f i

m~rW 2!#, ~2!

where ci , j ,m,n,p,q,r is a linear variational paramete
Ni , j ,m,n,p,q,r is the determinant normalization,xq(z) is the
qth electron~e! or hole ~h! QW solution, andf i

m(rW ) is one
relative particle wave function. The sum over the integ
numbersm and n is restricted by the total relative particl
angular momentum conservation:M5m1n. In Eq. ~2!,
‘‘ 1’’ builds up the singlet states, while ‘‘-’’ builds up the
triplet ones. In the absence of magnetic field, only the sing
(M50) is a bound state.

The in-plane relative particle wave function is given by

f j
m~rW !5Nj ,mrmexpF2

r2

l j
2Gexp@ imu#, ~3!

whereNj ,m is the relative particle function normalization,l j
is an element of a set of physically meaningful paramet
that determines the basis size, andm is an integer that define
the relative particle angular momentum. There is one set ol
parameters for each angular momentum. They are cho
through a geometric progression.13

The main advantages of the trial wave function,@Eq. ~2!#,
rely on its analytical integration and its physical transp
ency. The relative particles are composed by one posi
charge and one negative charge; therefore, we work w
in-plane one particle functions that have the symmetry
two-dimensional atomic orbitals.

Analogously to the charged exciton case, the trial wa
function of the neutral complex, the exciton, is given by

cm5(
i , j ,k

ci , j ,kNi , j ,kx i~zh!x j~ze!fk
m~rW !, ~4!

whererW 5rW e2rW h . In the following, we analyze the two dif
ferent exciton complexes.

A. Exciton Hamiltonian

The exciton CM is a free particle, so we can omit
energy contribution. Using the relative coordinate for the
plane motion, the exciton Hamiltonian is written as
4-2
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BINDING ENERGY OF CHARGED EXCITONS IN . . . PHYSICAL REVIEW B65 115324
Hex5H~ze!1H~zh!1Txy1Vc , ~5!

where

H~ze,h!52
\2

2me,hz

]2

]ze,h
2

1Vwe,whYS L

2
2uze,hu D6ueuFze,h ,

~6!

Txy52
\2

2m F1

r

]

]r S r
]

]r D1
1

r2

]2

]u2G , ~7!

Vc52
e2

«A~ze2zh!21r2
. ~8!

Here the QW potential height for electrons~e! and holes~h!
is given byVwe,wh , Y(z) is the step function@Y(z)51 if z
.0 and Y(z)50 if z,0], L is the QW width,F is the
magnitude of the longitudinal electric field,m is the exciton
in-plane reduced mass, and«513.2 is the GaAs dielectric
constant. The sign ‘‘1’’ is used for electrons, and ‘‘-’’ for
holes, in the electric field component ofH(ze,h).

The relative particle angular momentum conservation
sumes a simple form in the exciton case. The in-plane pa
Eq. ~5! is an effective one particle Hamiltonian, and the e
citon ground-state basis set is built up withs-like functions.
This means thatm is a good quantum number and onlym
50 terms have to be taken into account in Eq.~4!.

We obtain good convergence for the exciton ground-s
binding energy with seven lambda factors between 5 and
Å. The coupling of different conduction and valence Q
subbands gives only marginal contributions to the energ14

Despite this, we used a basis set with three~two! QW levels
for electrons~holes!, since they are necessary in the charg
exciton case. The full basis set has 42 states.

B. Charged exciton Hamiltonian

Analogously to the exciton case, using the relative to
hole coordinates for the in-plane motion@Eq. ~1!#, the X2

Hamiltonian is given by

Hce5 (
i 51,2

$H~zei!1H~rW i !%1H~zh!1
1

mhxy

pW 1•pW 2

1
e2

«

1

AurW 12rW 2u21~ze12ze2!2
, ~9!

where

H~zei,h!52
\2

2mei,hz

]2

]zei,h
2

1Vwe,whYS L

2
2uzei,hu D

6ueuFzei,h , ~10!
11532
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H~rW i !52
\2

2m F 1

r i

]

]r i
S r i

]

]r i
D1

1

r i
2

]2

]u i
2G

2
e2

«A~zei2zh!21r i
2

. ~11!

Here pW i is the in-plane linear momentum operator corr
sponding to thei th relative particle. The term proportional t
pW 1•pW 2 is a consequence of our choice of coordinates tra
formation@Eq. ~1!#. This term is inversely proportional to th
hole mass, and it represents the hole mobility.15 The X1

parabolic Hamiltonian is immediately obtained from Eq.~9!
through an interchange of the electron and hole labels.

The charged exciton binding energy (Eb) is defined as the
difference between the energy of this charged complex
the energy of an exciton (X0), plus an in-plane free electro
in the X2 case or a free hole in theX1 case. Taking the
ground-state energy of these carriers as zero, one can w

Eb~X2/X1!5E~X2/X1!2E~X0!. ~12!

It is important to emphasize that the charged exciton bi
ing energy is a difference between two values obtained va
tionally. This means that the calculated trion binding ene
is not necessarily an upper limit of the actual value.

III. RESULTS AND DISCUSSIONS

Since we are considering a GaAs/Al0.3Ga0.7As QW, the
effective parameters used areme50.067m0 , mhz
50.377m0 , mhxy50.112m0, and «513.2 for the well and
barrier materials. The conduction~valence! band offset is
224.5 meV~149.6 meV!.

Our results show that, in the absence of magnetic fie
there is only one bound state, the singletM50. This is in
agreement with previous calculations.10

In Fig. 1 we show the binding energy of theX2 singlet
(M50) state,Eb(X2), as a function of the QW width for
different levels of approximation. In all of them only th
fundamental QW states are taken into account. The m
important contribution is given by thes-like relative particle
state~dashed line!. We obtain an excellent convergence f
eight values of thel parameter~between 50 and 800 Å!,
which means a basis set with 36 Slater determina
~squares!. The results show the expected behavior with larg
binding energies for the narrowest QW’s. The highest va
is reached forL;30 Å , where the charge confinement
maximum. For comparison we also show the results obtai
using just onel value for each relative particle function i
which case they are the variational parameters~dashed line!.
Adding the higher relative particle angular momenta to
basis set, but keepingM50, we observe a binding-energ
increase of the order of 50%.

Let us first analyze the cases in which the te
1(1/mhxy)pW 1•pW 2 is neglected@Eq. ~9!#. Note that this term
has no contribution when onlys states are considered. Th
most important contribution of the nonzero angular mom
tum wave functions is related to the repulsive Coulomb
4-3
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LUIS C. O. DACAL AND JOSÉA. BRUM PHYSICAL REVIEW B 65 115324
teraction. Thes states favor the electrons being closer to
hole, while the other ones favor the electrons being far fr
each other. Although these contributions are important,
obtain a good convergence adding only thep6 andd6 states
to the basis set~solid and open circles, respectively!. Finally,
when we add the repulsive1(1/mhxy)pW 1•pW 2 term, a
binding-energy decrease of the order of 10% is observ
However, this does not change the fact that a basis with o
s, p6 andd6 states is sufficient to obtain a convergence
the binding energy~triangles and full line respectively!.

Figure 2~a! shows charged exciton binding energies o
tained with different numbers of QW states in the basis
In the case ofX2, what will be called full results take into
account two hole QW states and three electron QW st
which are enough to obtain a good convergence. The res
with two electronic subbands present a discontinuity at 50
At this width, the second QW solution for electrons becom
a QW bound state. As a result, there is an oscillator stren
redistribution between the states inside and outside the
If an extra electron level is included in the basis, this disc
tinuity is smoothed out. However, one can see that ano
discontinuity appears when the third QW solution for ele
trons becomes a bound state inside the well~100 Å!. When a
larger number of QW states is used, these discontinuities
completely smoothed out. This raises the numerical calc
tion efforts without a significant improvement of our resul
The X1 results are equivalent, and only the full results a
shown using two electron QW states and three hole o
~circles!. As one can see in Fig. 2, the excited QW levels
important to describe the charged exciton fundamental s

The main reasons for including more than one elect
QW level in the charged exciton basis are the correlation
exchange effects. The QW hole subbands are energeti
nearer than the electronic ones, favoring their coupl
mainly for wide QW’s. This effect can be noted in Fig. 2~a!.
The inclusion of the second QW even solution for ho

FIG. 1. X2 binding energy as a function of the QW width fo
different degrees of approximation: onlys states and onel value
for each relative particle function~dashed line!; only s states but
with a set of eight values ofl ~squares!; the same as before bu
including thep6-state contribution~triangles!; full calculation in-
cluding thed6-state contribution~full line!. The two upper curves

are equivalent to the last two, but neglecting the1(1/mhxy)pW 1•pW 2

term ~open circles include up to thed states, while solid circles
include only thes andp states!.
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gives rise to a binding energy gain of the order of 9% for t
largest quantum well. The electron contributions are m
delicate: in the exciton case, the electron QW ground s
already gives us the binding energy convergence. Howe
this is not the case forX2. The particle interchange symme
try requires a flexible basis which cannot be limited to t
fundamental electron QW state. In the case of a 300
quantum-well width, the full calculation increases theX2

binding energy by 40%, compared with the case where
hole QW levels and only one electron QW level are tak
into account. Nevertheless, there are two aspects that sh
be pointed out. One is that if more than one electron Q
level is considered, the coupling between the even and
QW solutions is allowed. The other is that the exciton bin
ing energy is almost one order of magnitude larger than
charged exciton one.

One can see in Fig. 2~a! that as the QW becomes wide
the charged exciton becomes more weakly bound due to
effective one-dimensional confinement decrease. The he
hole is more localized by the quantum-well potential than

FIG. 2. ~a! Charged exciton binding energy as a function of t
QW width. TheX2 values were calculated using one-electron a
one-hole subbands~stars!, one-electron and two-hole subband
~dashed line!, and three-electron and two-hole subbands~full line!.
The X1 results~circles! were obtained using three-hole and tw
electron subbands.~b! Mean value of the in-plane relative particl
radius for the exciton~squares!, X2 ~full line!, and X1 ~circles!
calculated with the complete basis.
4-4
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BINDING ENERGY OF CHARGED EXCITONS IN . . . PHYSICAL REVIEW B65 115324
electrons. Because of this, for QW widths less than 60 Å
strong overlap between the two holes of theX1 enhances the
Coulomb repulsion and the positively charged exciton is l
bound than the negative one. For wider QW’s, the less ef
tive confinement and the hole subband coupling lead theX1

andX2 to present similar binding energies. This is in agre
ment with the experimental results of Glasberget al.6 and
Finkelsteinet al.16

Figure 2~b! shows the mean value of the in-plane relati
particle radius forX2 ~full line!, X1 ~circles!, and excitons
~squares!. As expected, the lower the binding energy of t
complex, the larger its in-plane relative particle radius. Th
values should be compared to the exciton ones, wh
present a much smaller complex.

We compare our results with experimental ones in Fig
Although the calculated binding energies are always low
than the experimental ones, it is important to realize tha
the wide QW limit they are in good agreement. It is know
that the sample structural defects increase the charged
ton binding energy, and that they are less important for w
QWs where the wave-function amplitudes are lower at
interfaces. Therefore, we attribute the results discrepanc
the effects of interface defects~Riva et al.10!.

Most of the samples where the trions have been obse
are one-side modulation doped. This is made in order
improve the optical characteristics of the QW. As a con
quence, they have a built-in electric field along the grow
direction. To obtain a clearer idea about this effect on
trion binding energy, we considered the presence of an e
tric field applied along thez direction. In Fig. 4, we show the
X2 binding energy~a! and the in-plane mean radius~b! as
functions of the longitudinal electric field. Three QW width
are considered: 100 Å~solid line!, 200 Å ~stars!, and 300 Å
~dashed line!. Our results are in good agreement with t
theoretical values obtained by Esseret al.19 The charge con-
finement is stronger for the narrowest well. In this case,
electric-field effects are weaker. It is interesting to obse
that theX2 binding energy increases slightly for fields up
10 kV/cm. In Fig. 4~a!, this is clearer for the 100-Å QW
~solid line!. At higher values of electric field, the carrie

FIG. 3. X2 binding energy as a function of the QW width. Th
solid line corresponds to our full calculation. The points are exp
mental data from Ref. 6~down triangle!, Ref. 16 ~star!, Ref. 17
~circle!, and Ref. 18~squares!.
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wave functions begin to be localized at opposite QW int
faces. This phenomenon enhances the Coulomb repulsio
the same time that the attraction is weakened. For la
QW’s, the electric field has a more important contributio
and theX2 binding energy decreases quickly. In this situ
tion, the confinement is less effective and the carriers
more easily localized at opposite QW interfaces. As a con
quence, an initialX2 binding-energy increase is observed
lower electric fields for 200- and 300-Å QW widths~see Fig.
5!. For a 300-Å quantum-well widthX2 becomes unbound
for electric fields higher than 30 kV/cm, a result not observ
for excitons under similar conditions.20 Nevertheless, this re
sult has to be understood as a limitation of our basis set@Eq.
~2!#, which is not able to reproduce theX2 continuum~an
exction plus an in-plane free electron!. In fact, this ‘‘un-
bound’’ state means that the binding energy is not sufficien
high to be experimentally detected. TheX1 has the same
qualitative behaviors~not shown!, but it becomes ‘‘un-
bound’’ only for electric fields higher than 40 kV/cm in th
case of a 300-Å QW width. It is important to remind th
reader that, in all cases, the trion is an unbound state sinc
the presence of longitudinal electric fields, the QW does
hold any carrier bound state in the strict sense. However,
as in the exciton case, QW’s present strong resonances

i-

FIG. 4. ~a! X2 binding energy as a function of longitudina
electric field for a 100-Å QW width~solid line!, 200-Å QW width
~stars! and 300-Å QW width~dashed line!; ~b! mean value of the
in-plane relative particle radius.
4-5
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LUIS C. O. DACAL AND JOSÉA. BRUM PHYSICAL REVIEW B 65 115324
a long lifetime enabling their optical detection. Figure 4~b!
shows that, as a general trend, the relative particle coo
nates increase their average values for higher electric fie
It is also interesting to note that the initial binding-ener
increase for the 100-Å QW is accompanied by a slight re
tive particle radius reduction. In actual samples, the in-b
electric field is rather small.

Figure 5 shows a comparison between our results and
experimental data from Shieldset al.21 One can see that th
agreement is better for higher electric-field values when

FIG. 5. X2 binding energy as a function of longitudinal electr
field for a 300-Å quantum-well width. The solid line corresponds
our full calculation. The squares are experimental data from R
21. The experimental error bars are shown for the two last po
At lower electric-field values, the error bras are not significant.
ke

ra

11532
i-
s.

-
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e

positive and negative carriers are more spatially separ
and the repulsion dominates over the attraction. It is kno
that the QW interfaces do not possess the same quality
ing the growth process. The longitudinal electric field push
the electrons, which are more sensitive to interface defe
toward thegoodinterface. Consequently, the good agreem
at higher electric-field values may indicate again that
main reason for the experimental and theoretical results
crepancy is the presence of structural imperfections. Ano
interesting point is the experimental observation of the sli
X2 binding-energy increase for low electric-field value
This shows that our approximations retains the most imp
tant physical characteristics of the complex.

IV. CONCLUSION

In conclusion, we variationally calculated the trion bin
ing energy in GaAs/Al0.3Ga0.7As semiconductor QW’s. We
showed that a flexible trial wave function, including th
z-related degree of freedom, is required to obtain accu
results. In the presence of a longitudinal electric field,
observe very low trion binding energies for wide QW’s. W
believe that the interface defects have an important role
the trion dynamics, especially in the narrow QW and lo
field limits.
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2G. Munschy and B. Ste´bé, Phys. Status Solidi B64, 213 ~1974!.
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