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Theoretical comparative study of negatively and positively charged excitons
in GaAs Ga; _,Al,As semiconductor quantum wells
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We compare the binding energies of the singlet ground states of negatively and positively charged excitons
in a GaAs/Ga_,Al,As semiconductor quantum well. We found that the binding energies are very close,
contrary to what happens in three-dimensional and two-dimensional semiconductors where the positively
charged exciton is always more stable than the negatively charged exciton. This result is in agreement with
recent experimental observations.

Since the first observatiomy Khenget al, much interest 52 52
has been devoted to charged excitons in semiconductor H=— (Aj+Ay)———A,
qguantum well§QW). The existence of singlés) and triplet 2my, .

(t) negatively X, and X;) and positively K5, and Xj,)
charged excitons has been widely reported in GaAs and
CdTe heterostructures. The triplet stads and X3, have K

only been observed using a magnetic field. However, gene‘(ivhererle, f,e, andry, are the distances between the three

. —_ + .
zﬂly speaking, thlé(b and X, ﬁtates cannot dt_)e obse_rvled N particles. The effective dielectric constant assumed to be
:_ € same _sarphpe ecause tfe (;orreslportla;ng fOpt'Cﬁ ltran ie same in the two materials, takes into account possible
lons require the presence of a free electoom ree noie polarization effects. The well potenti&,, arising from the

gas. Thus it is difficult to compare the experimental bindingband offsets is modeled by the sum of three sauare-well po-
energies. Recently it has been repoftedw it is possible to . y q P
V\tyennals. The total envelope energy reads

control the density and type of the excess carriers in the Q
by changing the illumination conditions and to study ¥ie 72K 2
and X; spectra in the same sample. It was fotitiat the Etot— grel 1 _O’p, 2)
Xs and theXzs binding energies are very close at zero mag- 2Mo
netic fielq..At first sight, this result seems ra.ther surprisingwhere E'' is the “relative” envelope energyk, , is the
Indeed, it is well known that the hydrogen ion"Hs less  jn_plane wave vector of the center of mass, dg=2m?

stable thavrsl?:he hydrogen molecule iog HMoreover, ithas i is the total effective mass of the system. We determine
been shownin bulk semiconductors that thé, state has  he rejative energies in the frame of the variation method

always the highest binding energies. Nevertheless, this CONising a trial wave function similar to that we used

clusion may be different in a QW, where the heavy holes are, o iousiy in the study of the negatively charged exciton.

more localized t.han the elect_ron.s. Toour _knowledge,.no theI'—|owever, though this atomiclike wave function becomes less
oretical comparison of the binding energies of the different, adapted in the case of very heavy holes, ie

kind of charged excitons in a QW has been reported up tg m}/m} <0.1, it is expected to lead to reasonable results in

now. Only the singlet state of the negatively charged exciton, —
has been studied. "the case of a GaAs/Ga,Al,As QW wherec=0.2. It reads

In this paper we present a theoretical study_ of.m}g ="F1(21) F1(2o) fo(Ze) XH — KS2— ap(Z2+22) — areZ?]
states in a QW. In particular, we compare the binding ener-
gies of the singlet states of negatively and positively charged
excitons in a GaAs/Ga,Al,As QW and show how the
guantum confinement may explain the experimental
observatiort. wheres, t, andu are the in-plane elliptic coordinates defined

We extend here our previous thebdrip the case of a by
positively charged excitolX; . In a two-bands model, we
assume that in the bulk materials, the constant energy sur-
faces in the reciprocal space are isotropic and spherical. Fur-
thermore, we suppose that the electron and hole effective
massesm; and m; are the same in the well and in the andpi,, pie, andp, are the in-plane distances between the
barrier materials, and we neglect the electron-hole exchanggarticles. The function$,(z) andf,(z) describe the ground
interaction. Within the envelope-function approximation, thestates of the electron and the holes in a quantum well. The
effective-mass total Hamiltonian of the system consisting ofindicesl, m, n, p, g, andr are positive integers or zero. In the
two holes(1, 2) and an electroffe) confined in a well mate- case of singlet states,must be even because of the symme-
rial with thicknessL reads try of the envelope function against the permutation of the

e2/f1 1 1
+V,,, (1)
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S=pietPres t=pP1e—pre, U=p1, (4)

0<s,—ust<+u, O<u<s, (5)
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L 6=0.196 e
X =0.33 e

— , 2 .2
GaAs/ Ga, AlAs X ] U= Fo(Zo) Fr(zy) € PP~ PeZe Fnzn > cpZlzh, (8
e pr

X whereB, B., B, andc,, are variational parameters,and

r are positive integers chosen such thatr is even. It was
found that the use of a nine-term wave function, defined by
the conditionp+r=<4, yields to an accuracy comparable
with that we obtained for the trions.

We present here the results obtained in the case of a
GaAs/Ga_,Al,As QW with x=0.33. We use the following
material dat& mZ/my,=0.0665 for the electron mass and
mp/my=0.34 for the heavy-hole mass. Thus, the value of
the electron to hole effective-mass ratio amounts oto
=0.196. The band offsets are given Wy=Q.Ae, andVy,
=QpA eg whereQg=0.57=1—Qy,. Further we assume that
the band-gap differenaey and the aluminum concentration
X are related b?/Aeg=1.155<+ 0.3%? eV and we use the

E° (meV)

14 \ R S S T value k=12.5 for the dielectric constahtin Fig. 1 we com-
0 20 40 60 80 pare the correlation energies of the and Xzs singlet
L (nm) states. It appears that they remain stable for all values of the

well width L and that their correlation energies are very
FIG. 1. Comparison between thé Xs , and X3 correlation  close. WherlL tends to infinity, we should get the “exact”
energies against the well width excitonic three-dimentional3D) value, Ex= —4.84 meV,
o and the 3D singlet charged excitons values we obtain using
two holes. The variational paramet&@g,npqr, @e, @n, @and  the method reported previouslyEy-=—5.07 meV, Ey+
k are determined by minimizing the mean value of the en-_ ~5.24 meV. It appears that thesvalues we obtain |2r? this
ergy. We have calculated the enerdiesf the singlet ground limit are a little bit higher than the 3D values. This is due to

state of the charged excitons using a symmetrical 66-tefM\q fact that our wave functions are not well adapted to the

wave function defined byl+m+n=4 and {pqr}  3p case. However, we expect to get better values for the
=(000,101,110). In order to estimate the influence of theéyinding energies, Eq(7). From the 3D values of the binding
quantum confinement on the Coulombic correlations, Wesnergies:—W,-=0.23 meV and—Wy+ =0.4 meV, it re-

S 2s

. n : H c c :
have defined the “correlations energiesiy -, By, and g5 that in this limitX; is more stable thaX . This

E§, of the charged excitons and the exciton behavior is well known in atomic physics, where the hydro-
gen ion H is less stable than the hydrogen molecule ion
Ey = E;(eJ—ZEe— En, H, . However, at first sight, it may seem rather surprising
that for lowerL values, theX; and X3 correlation energies
Eg:= E;(e+I —2E;,—E,, (6)  become very close, but this result is in agreement with recent
? z observationsof Xg and X, in the same sample. It may be
ES=ER'—E.—Ep, explained by the fact that the quantum confinement localizes

more the heavy holes in th¢, states than the electrons in

whereE, andE, are the electron and hole ground-state en+he x -~ states. Thus the Coulomb repulsion is more important
ergies in a quantum well. The conditions of stability against;, the holes than for the electrons. This explains whyXie
dissociation into an exciton and a free electron or hole rea%tate becomes less stable in a QW than in a 3D material. It

We =ES —ES<0Q must be stressed that this result is largely insensitive to the

XTTEXT X mass ratio as it results from calculations carried out in the

@) case of Bzso=<1, and thus does not much depend on the
choice of the material parameters.
B e As a conclusion, we have shown that in a quantum well
where —Wy- and — Wy are thex™ andX; binding ener-  ne negatively and positively charged excitons correlation
gies. In order to get the exciton energies, we have performednergies are very close in agreement with the experimental
an analogous variational calculation using the wave functiombservation$.

Wy = E;; —Ex=0,
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