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Excitons and charged excitons in semiconductor quantum wells
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A variational calculation of the ground-state energy of neutral excitons and of positively and negatively
charged excitongtrions) confined in a single-quantum well is presented. We study the dependence of the
correlation energy and of the binding energy on the well width and on the hole mass. The conditional
probability distribution for positively and negatively charged excitons is obtained, providing information on the
correlation and the charge distribution in the system. A comparison is made with available experimental data
on trion binding energies in GaAs-, ZnSe-, and CdTe-based quantum well structures, which indicates that
trions become localized with decreasing quantum well width.

[. INTRODUCTION barrier. In the first section we present the Hamiltonian of the
problem. In the second section we discuss the dependence of
Negatively (X~) and positively K*) charged excitons, the charged exciton correlation energy on the well width and
also calledrions, have been the subject of intense studies inon the hole mass. We compare our results with those of
the last years, both experimentally and theoretically. The staStebe et al.'* where a variational technique with a 66-terms
bility of charged excitons in bulk semiconductors was HYlleras trial wave function was used. In this section we also
proven theoretically by Lampérin the late fifties, but only ~Present our results for the binding energy of ¥ie andX™
recently have they been observed in quantum well structuregnd we discuss the pair correlation functions and the prob-
first in CdTe/CdZnTe by Khengt al? and subsequently in ability density of the system. Our results are compared with
GaAs/AlGaAss? available experimental data from the literature. In the last
After the initial work by Lampert charged excitons in S€ction we summarize our results and give our conclusions.
bulk semiconductors as well as in an exactly two-
dimensional2D) configuratiofi were systematically studied Il. THE MODEL
theoretically. These studies revealed that, due to the confine- . . o -
ment, the 2D charged excitons have binding energies that ar%m this section we present the Hamlltqnlan describing a
an order of magnitude larger than the charged excitons in th&1arged exciton and we discuss the technique that we used to

corresponding bulk materials. Apart from these two earIySOI\’e.'t' In particular, we focus on _the Hamiltonian Of. a
studies several works were recently published on chargeff€datively charged exciton. The positively charged exciton

excitons in a high magnetic fiefc® where one is allowed to Hamiltonian can be easily obtained from e by replacing

use the single-particle Landau Level approximation, or in thdhe (rellectrons_,l by _holesfand the hOIT byhan elgctron. ,
presence of an electric fiefd. The Hamiltonian of a negatively charged exciton in a

In order to limit the computational time, the previous the- duantum well is, in the effective mass approximation, given

oretical calculations used approximations and/or simplifica- y

tions in the Hamiltonian, e.g., replacing the true Coulomb

E{ntergcnon by an average interaction, or in the wave fung- A=Tyot Toot Tpt Vet Viet Vgt Vi, 1)
ion, i.e., neglecting the correlation among the particles in

one or more spatial directions. Because the binding energy afhere e, 2e indicate the electrons aridthe holeV,s, Vj,
the trions is very sensitive to the correlation between theare the quantum well confinement potentidlsis the kinetic
different particles, it would be interesting to have a full cal- energy operator for particle
culation in order to evaluate the approximations that have

been made. We present here a calculation of the ground-state .
energy for the exciton and the charged exciton based on the piz
stochastic variational approach that fully includes the Cou- Tizz_mi’
lomb interaction among the particl€®r preliminary results

using this method see Ref. I0The use of the stochastic with m; the mass of theth particle; V¢ is the sum of the
method allows us to handle a big number of variational paCoulomb electron-electron and electron-hole interactions,
rameters in a reasonable time and to systematically increase

2

the accuracy of our solution. 2 1 1 1
In the present paper we study thé andX™ systems in che— S ——— 3)
a single quantum well with a finite height of the potential €\ re—rael |rie—rnl  [r2e—rnl

0163-1829/2000/620)/138739)/$15.00 PRB 61 13873 ©2000 The American Physical Society



13874 C. RIVA, F. M. PEETERS, AND K. VARGA PRB 61

with e the elementary charge amdthe static dielectric con- AT T T T T T T T T
stant. For a GaAs/AGa _,As quantum well the heights of 5 X Present ——-—- X" Stébé ef al.

the square-well confinement potentials ah.=0.57 sk X Present A X Stébé ef al. i
X (1.155%+0.37%>%) eV for the electrons andV,=0.43 B e X Andreani et al. i
X (1.155+0.37%2) eV for the hole. Sl 4]

The Hamiltonian is then solved using the stochastic varia-_
tional method"? The trial function, for the variational calcu- %
lation, is taken as a linear combination of correlated Gauss@a -
ian functions, w -

K
¢0(F1e,r2e,r”h>=n§1cnocbno(ae,&e,r”h), (4)
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1 FIG. 1. The correlation energy of the exciton and the negative
=A) exgd — = 2 Anijkol ik k| | charged exciton vs the quantum well width.
2i jeiiezehly
ke{x,y,z}

the excitonEc(X) =E(X) —2E,,— E, (dotted line in Fig. 1
wherer  gives the position of thith particle in the direction increases in absolute value for well widths upLte-30 A,

k; A is the antisymmetrization operator, af@o,Anijko} ~ Were it reaches a minimurc(X)=—11.7 meV. ForlL

are the variational parameters. The “0” in E@f) refers to <30 A and with decreasingj, the exciton correlation en-
the ground state. Note that in contrast with the classical stoergy decreases in magnitude due to the fact that the electron,
chastic variational methd@ here, the parameteX,,;;o that and to a lesser extent, the hole wave functions spill over into
expresses the correlation among the pariieled the particle  the barrier material of the quantum well. Consequently the
j in the directionk, is allowed to be different from the pa- €xciton becomes more extended in thelirection and the
rameterA;j,.o that couples the same two particiesndj in Coulomb |nte.ract|on among the partlcle_zs is d|m|n|sheq. At
a different directiork’ . This additional degree of freedom in L =0 we obtainEc(X)=—4.80 meV, which compares with
the calculation allows us to take into account the asymmetrje_correlation energy of an exciton in bulk GaAs, i.e.,
introduced in the 3D space by the presence of the quantufic (X)=—4.84 meV. ForL>30 A and increasing. the
well. The dimension of the baslk is at first increased until ~correlation energy decreases in magnitude Witiwhich is

the energy is accurate to the second digit, a typical value ofilue to the fact that the electron and the hole are more ex-
K in this calculation is 300, and then is refined to increase théended in thez direction. In the limitL—c we recover the
accuracy. The refinement is made by replacingritirestate 3D exciton in bulk GaAs.

with a new state, i.e., with a state built using new parameters The correlation energy of the negatively charged exciton
Cno.Anijko in such a way that it lowers the total energy. The has the same qualitative dependence as the exciton. It
process is reiterated multiple times for all thestates, until reaches a minimum at about 30 A witlEc(X™)=

the energy reaches the desired accuracy. —13.2 meV. ForL>30 A it proceeds almost parallel to
Ec(X), in the region shown. For theX™ we obtain
IIl. THEORETICAL RESULTS E‘?C’D(X_)Z —4.95 meV as 3D correlation energy.

We compare our results for théin GaAs/Al, :Ga&, /AS to
The correlation energy of a charged exciton is defined aghe ones reported in Ref. 18hort-dashed curve in Fig),1
which are derived using the theory in Ref. 14. The theory of
Ec(X )=E(X")—2E.—Ej, (5) ﬁ;ndreani and Pasquare’rfoals_o_ includes the non_isotropy of
e masses, the nonparabolicity of the conduction band, and
the dielectric constant mismatch. Moreover the values for the
Ec(X")=E(X")—2E,—E,, (6)  heights of the potential barrier used are slightly different
with respect to ours. However, a comparison between the
with E(X*) the energy level of the charged exciton @d  two calculations can still be made. We observe that our re-
and Ej, the energy levels of the free electron and hole, results and the ones in Ref. 13, are very close in the range 70—
spectively, in the quantum well. ThuE is the energy due 120 A. ForL<70 A, our values for the correlation energy
to the Coulomb interaction between the charged particlesare much smaller, in absolute value, than the ones reported in
We discuss here the results obtained for a GaA§&Al ,As  Ref. 13, which is due to the band nonparabolicity, which is
quantum well withx=0.3, where the value of the massesknown from Ref. 14, to be the major factor responsible for
used aran,=0.0667,, m,,=0.34my, i.e., GaAs masses, the steep decrease of the correlation energy at small quantum
with Ry=7%/m.ag=5.79 meV, the donor effective Rydberg, well widths. We want now to estimate, although in a naive
and ag=72s/mee®=99.7 A, the donor effective Bohr ra- way, the effect of band nonparabolicity on our results. From
dius. The results for the correlation energy of the exciton andRef. 14 we estimate that for a quantum wiek30 A, and
theX™ are shown in Fig. 1 and compared with the theoreticalk=0.3 the parallel mass of the electron is about h@8If
results of others. We observe that the correlation energy alve consider, in a very simplified picture, th@ the contri-
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bution to the correlation energy strongly depends on thgyhich we expect to be valid whelig>E&” . For both
mass along the growth direction, namely, the confinemenfhe exciton and the trion this relation is satisfied for
ergy, and thatb) the energy of the exciton is largely domi- 2D Hamiltonian, in which the effective Coulomb potential
nated by the mass of the electron, through the change in thg, 4 replaced by the analytical fomg/e[)\ﬂﬁi_’;j)z]l/z

Rydberg, which rescales the energy. Such a procedure givegere\ was obtained by fitting this analytical form to the
Ec=—-13.9 meYV, for the case of a quantum well of width , merical results for the effective Coulomb interaction. The
L=30 A, which compares very well with the value correlation energy for the exciton and the charged exciton is
—14 meV given for a quantum well of width=27 A'in  j this case lower than the one we obtain with our more exact
Ref. 13. . calculation presented above, e.g., in the frame of the model

Both for the cases of arX and of anX™ in a presented in this paper we fif.(X)=—10.1 meV and
GaAs/Ab Gay ,As quantum well we compare our results to g _(x~)=—10.9 meV for a 100-A wide quantum well, and
the one obtained in Ref. 11. Our calculation gives qualita _(x)= —10.7 meV and Ec(X )=—-11.6 meV for a
tively the same correlation energy both for tend for the g A wide quantum well; while using the screened 2D Cou-
X~ as compared to the one given by Is#et al'' However  |5mp potential  we found Ec(X)=—10.4 meV and

while for the exciton we find that the correlation energy is Ec(X7)=—11.4 meV for a 100-A wide quantum well and
lower than the one obtained in Ref. 11, thus indicating thaEC(x): —11 meV andEc(X")=—12.2 meV for a 80-A

the Coulomb correlation is more fully included in our ap- yiqe quantum well. Consequently, such an approach leads to

proach, for the negatively charged exciton our approachy,ger correlation energies and also to slightly larger binding
gives a higher correlation energyabout 4% for L energies.

=100 A). The latter can be understood as follows: in Ref. In Fig. 1 we also report the result of a simplified model

11 the Coulomb pote_ntial along tlzedirection was approxj- (open diamondsfor the study of the energy of a trion that
mated by an analytical form and Hylleras-type functionsye proposed in Ref. 15. This model is derived from the one
were used for the wave function. They calculated the Couyged for a D systemt® and it assumes that the hole is fixed
lomb potential matrix between any two basis stah$2)  at the center of the well, i.e., it has an infinite mass. The
by integrating it over the plane thus obtaining a potential effect of the hole is reflected in the renormalization of the
matrix Vg; s2(2) . ThenVg s2(2) was replaced by the analyti- mass of the electron, i.em, is replaced by the reduced mass
cal  expression —y/(8+|zie=2zn|) = ¥/(0+[21e=Z0)  =m,m,/(m.+my). This model gives for the correlation
+Y/(B+|21e=22¢|) Wherey, &, and were determined in  energy of the charged exciton, results that are, at first, sur-
such a way that it reproduces the correct behavior of th%risingly close to the one obtained by Béeet al,*! at least
Coulomb potential matrix in the limit of zero and infinite §own to well widths of about 40 A. This seems to suggest
dlsta_nce'between the particles in thedirection. This ap-  that the procedure of averaging the potential in the plane
proximation leads, as the authors of Ref. 11 noted, t0 aBqopted in Ref. 11 is almost equivalent to localize the hole in
error in the exciton correlation energy that was estimated @ p plane. For smaller well width the magnitude of the
increase its absolute value by approximately 5%. Our presendrrelation energy becomes much larger as compared both to
results for the exciton energy are about 8% lower than thosg,, present result and to the one of Ref. 11. As shown in Fig.
of Stebe et al.** For the charged exciton energy the authorsy the result we obtain in the=0 limit is dramatically dif-

of Ref. 11 did not report an estimate of the error that wWasgrent from the one found in the present worke=
introduced through the approximations made. However, We_g 5 mev. The reason is that for small well widths the hole

find a smaller correlation_ energy of about 4% as cpmpare_d tPnay no longer be considered as a “fixed” particle and the
those of Ref. 11. We think that this result is not in conflict penetration of the hole in the barrier can no longer be ne-

with the one obtained for the exciton. Indeed, while in theglected.
exciton case in Ref. 11 only the attractive interaction be-" 14 prove further the accuracy of our calculation and to
tween the electron and hole was underestimated; for thepecy the quality of our wave function for the we calcu-
charged exciton case the repglswe interaction betwe.en theted the virial, which is defined as
electrons will also be underestimated. The difference is that
the former interaction has the effect of increasing the bond-
ing of the particle while the latter has the effect to diminish (NI T|N)
it. Our result indicates that a larger error is made in the v=2m,
electron-electron repulsive interaction in Ref. 11 as com-
pared to the error in the electron-hole attractive interaction.with T the total kinetic energy operator and

The approximation by Ske et al! consisted in averag-
ing the wave function in thexy plane in order to find an
effective Hamiltonian describing the exciton and the trion in
the z direction. This is similar to an adiabatic approximation
that is valid when the motion in they plane is faster then
the one in thez direction. We believe that it is more natural It is known'® that for a system of particles interacting
to do the reverse and average over the particle motion in thiéarough the Coulomb interaction this quantity has to be one
z direction, which is due to the quantum well confinementfor the exact wave function. We obtained a value of 0.999
and will be much faster. Such an approach is equivalent téor almost all the quantum well widths studied, which sug-
neglect the particle-particle correlation along thdirection,  gests that our wave function is well chosen.

3
WZE ri&V/&ri .
i=1
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FIG. 2. The correlation energy of the negative charged exciton
vs the quantum well width, for the case of constant masses in the
well and in the barrier, and for the case of different electron and
hole masses in the well and in the barrier of a GaAs{Bk, ;As
quantum well. In the inset the wave function for both the electron ~ 0.25 |
and the hole are shown.

0.50 |

0'00'.|...|...|...|...|...|...|.
Next we investigate the effect of taking a different mass 2 4 6 8 10 12 14

of the particles in the wel(GaAs and in the barrier
(Al,Ga _,As) material, which is expected to be important in
the narrow-well regime where the electron and hole wave . .
functions penetrate into the barrigsee inset of Fig. 2 The EI_G. 3. The total energy of the negative cha_rged exciton and the
values for the GaAs masses, i.e., the masses for the electrBfsitive charged exciton vs, /m, for a 200-A wide quantum well
and the hole, are taken equal to the one used in the previo@2d for @ quantum well of width 100 Ainsey. The total energy of
calculation. The values for the masses in@4& ,As are ab |n.the same quantum well is given by the dash-dotted line for
m2,=0.067+0.08% and m¥,=0.34+0.4%, wherex indi- ~ ~OmPanson

cates the percentage of Al present in the alloy. If we assume,
as a first appproximgtion, ths?t part of the electr{)n and the holgaIIy equal whermy /m,> 16 for the 200-A guantum W'_e"'
wave function is in the quantum well and the rest is in theNote that for large values of the hole mass Xie energy is

barrier we may take the total effective mass of the electrofPractically parallel to the one of thé™. In fact, if the hole
and the hole as given by mass is large its confinement energy contribution to the total

energy is negligible, and the difference betweenXtieand
X total energies is just the confinement energy of one elec-
1 P Pip tron, which of course does not depend on the hole mass.
mo m_iW+ my’ @) Next we studied the correlation energy of the positively
charged exciton. In Fig. 4 we plot the correlation energy of
wherem;,, ,m;, are the masses of théh particle in the bar-  the X~ andX™ systems as function of the well width. Note
rier and in the well, and®;,,, P;, are the probabilities of that the correlation energy of thé" is equal to the one of
finding theith particle in the well and in the barrier, respec- X~ (within the numerical accuragy This is in agreement
tively. The results of this calculation are shown in Fig. 2 for with recent experimental datavhere the binding energy of

x=0.3. The correlation energy increases in absolute valughe X* was found to be equal to the one of tKe . In fact
and this is consistent with the fact that the effective massege have

are now larger. The effect of the mass mismatch is important
only in the narrow-quantum-well regime, i.e,<40 A,
where it leads to a substantial increase of the magnitude of ~ Ec(X™)—Ec(X")=E(X")—Ee+Ep—E(X")
the correlation energy. In the=0 limit we obtain now _ L _
Ec(X7)=-7.5 meV, which compares to the 3D correlation =[EXD B~ Ee
energy of a trion in A} Ga -As, which we found to be —[E(X")—E(X)—E}]
E2P(X")=—6.6 meV. The minimum of the correlation en-
ergy is now obtained dt=17 A.

We also studied the dependence of the total energy on ﬂ\ﬁhere E

) s(X*) is the binding energy of a charged exciton
hole mass for & 100-A and a 200-A wide guantum well. Th ystem referred to as the one of the exciton plus one free
result, reported in Fig. 3, shows that the total energy de;

) electron(hole) system,
creases as the hole mass increases. The energy of the nega-

tively charged exciton approaches the energy ofBhein
the same quantum well from above and they become practi- Eg(X®)=E(X)+ Ene)— E(X™), 9

mh/me

=Eg(X")—Eg(X™), (8)
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FIG. 4. The correlation energy of the negatively charged exciton eee— L=200 A
(symbols and the one of the positively charged excit(solid o4l B o
curve vs the well width. The correlation energy of the exciton ’
(dotted curveis given as reference.
= 03
whereE(X) is the energy of the excitory, is the energy & _ r~

of the free electrorthole) andE(X™) is the charged exciton o
binding energy. Consequently, if t?~ and theX™ corre-
lation energy are the same, the corresponding binding ener
gies will also be the same. 0.1

Last we study the wave function of the negatively and
positively charged exciton and the correlation between the 0.0 L L
different particles. The pair correlation function:°(r) 0 50 ; 100 150

L , ) p(A)

=(8(r—|ri—ry])), for a 100-A wide quantum well is shown
in Fig. 5. This function gives the probability to find particle  FiG. 6. The pair correlation function for the electron-electron
i and particlej at a distance from each other. Notice that (g) and electron-holéb) in X~ for different quantum well widths.
g2R(r) is the same for botX~ andX* (dashed curve in Fig.
5) and in both cases the electron and the hole tend to be closg each other. A similar result is obtained for the exciton
(dot-dashed curve in Fig.)5The fact that the intensity of the
correlation function for the exciton is higher than the one of
the charged exciton is a direct consequence of the normal-
ization of the wave function to one. The situation is very
different for the correlation between particles having the
same charge. For theé™ electronsggg’(r) (dotted curve in
Fig. 5 shows that the two electrons avoid each other at small
distances and have the highest probability of sitting at a dis-
tance of 25 Asag/4. The holes iX " g2P(r) (solid curve in
Fig. 5 shows that the two holes avoid each other at small
distances and have the highest probability of sitting at a dis-
tance of 80 A<4ag/5, thus farther from each other than the

electron couple inX™. However the average distana(éfi

- Fj|), of the two electrons iiX™, does not differ much from
the average distance between the holeXin We found
250 A and 216 A, respectively. The average distance be-
tween the electron and the hole is 150 A and is found to be
the same in th&X™ and in theX™. In the inset of Fig. 5 we

show the 2D pair correlation functiorgisz(p)=<5(p—|5i

o) 100 200 300 400 —pjl)), for a 100-A wide quantum well, where the same
r(A) curve conventions are used as for the 3D pair-correlation
functions. These 2D correlation functions express more
FIG. 5. 3D pair correlation function for different pairs of par- clearly the Coulomb correlation between the particles. In the
ticles inX~ and inX™ vs the distance between the particles. In the 3D correlation functions the direction is still involved. In
inset the 2D pair correlation function is shown. The curve conventhis direction the quantum well potential forces the particles
tion is the same in the two plots. towards the middle of the well. As a consequence all 2D

1.2-l'l0-4 ]
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FIG. 8. Contour maps of the conditional probability for tké
in a quantum well of width 100 A-ag. The fixed particles are
indicated by symbolgcircle with a cross for the hole and circle
with a minus for the electrgn The dotted lines indicate the quan-
tum well boundaries.

second electron sits on top of the hole and the largest part is
situated outside the white ellipse defined by the position of

correlation functions are more spread out as compared tthe fixed electron. Thus now the fixed electron and hole act
their 3D counterpart. The peaks in the electron-electron anfike an exciton to which the second electron is bound. The
hole-hole correlation functions are shifted towards larger dissituation is similar in thexz-plane where part of the second

tances. The average distances in phglane of the electrons

in X~ and of the holes iX* are (|p;—p/|)=249 A and
214 A, respectively. This result differs only by a few ang-

electron sits on top of the hole and the other part is almost
symmetrically distributed in two puddles around=
+2.2a5.

stroms as compared to the 3D result, suggesting that the In Fig. 8 we show the contour plots dbo(r 1, 25, o) |2

charged exciton, foL =100 A, is almost bidimensional.
We now look at the 2D correlation function for different

well widths (see Fig. 8. Notice that the peak of the correla-

tion function for the electron-electron couple X1 slowly

shifts towards smaller distances as the well width decreases

[see Fig. 6a)], at the same time the tail of the function be-
comes smaller. The peak of the electron-hole correlatio
function also increaselsee Fig. €)] but is still centered
around zero. With decreasing well width te becomes
less extended. A similar behavior was observedXor

In Fig. 7 we show the contour plots fbo(r 1e.F 2e.Fn)|?

for a negatively charged exciton in a quantum well of width
100 A, where lighter regions correspond to lower probabil-

ity. In Figs. 7Ma) and {b) we plot the projection of the elec-
tron probability density in thexy- and xz-plane when the

hole is fixed atr,=(0,0,0) and one of the two electrons is

n

for a positively charged exciton in a quantum well of width
100 A. In Figs. 8a) and 8b), we plot the projection of the
electron probability density function on they- and the

xz-plane where we fixed the two holes %11;1=(0,0,0) and

o>n,=(2.2a5,0,0). The distance between the holes is now
equal to their average distance. Notice that the electron is
now equally distributed over the two holes. Notice dlsee

Fig. 8b)] that the electron does not penetrate into the barrier,
opposite to what happens for the , indicating that the elec-
tron is now more strongly bound. In Fig(d, we show again
the projection of the probability density function on the

xy-plane, where now the second hole is fixed ﬁ%
=(1.5a5,0,0). In this case the lobes of the electron probabil-
ity density function repel each other and are no longer cen-
tered on the position of the holes. The holes are closer than
their average distance but the distance among the centers of

fixed atr ;o= (1.5a5,0,0). The distance between the particlesthe lobes is still approximately equal to the hole-hole average

is equal to the average electron-hole distance intheThe
two symbols show the positions of the two fixed particles

distance in thex™. In Fig. 8d) we fix the position of the

-electronr .= (0,0,0) and the first hole;,= (1.5a5,0,0), such

tron sees an exciton consisting of the hole-second electrogyerage distance. The second hole is now centered around

couple. Notice, from Fig. (b), that the second electron
slightly penetrates into the barrier. In Figgcjfand 7d) we
plot the projection of the probability density in tixg- and

xz-plane when the hole is fixed E“: (0,0,0) and one of the
two electrons is fixed af1e=(aB,0,0). Thus, the distance

the electron, which is the same as the behavior of the second
electron inX™ [see Fig. 7a)]. We found that the contour plot
of the probability density of finding the hole inX™ at a

positionr when the two electrons are fixed, is practically the
same as the one for the electron in e with the two holes

between the electron and the hole is now smaller than thixed [see Fig. 83)].

average distance. Now, in they-plane a small part of the

In Fig. 9 we show the wave function of the hole X1
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FIG. 9. The wave function of the hole iK™ when the two 0.5
electrons are fixeddotted curve and of the electron ilX™ when , , ‘ ‘ ‘
the two holes are fixe€dashed curvealong the directiorj1,0,0]. 0 50 100 150 200 250 300
The two solid dots indicate the two equally charged fixed particles. L(A)
S .
and the electron irX™ along thex-axis when the two par- FIG. 10. The theoreticashaded curveand experimentalopen

ticles having the same charge are fixedlid circles in Fig. circles binding energies of the negatively charged exciton in a
9). Notice that although the trions are in a singlet state thesaAs/AlGaAs quantum well vs the well width. The theoretical re-
wave function is antisymmetric for reflections around thesults of the quantum Monte Carlo calculation of Ref. 22 are shown
midpoint between the two fixed particles. The reason is thaby the open squares.

interchanging the two fixed particles must result in a sign

change of the wave function. Remark that the electroX’in = yaiyes are 2.1, 1.15. 1#40.1, and 0.90.1 meV, respec-

is more localized on the two holes as compared to the hole Bvely, and are compared in Fig. 10 with our theoretical re-
X~ that is spread out over the two electrons. However ing " The value 0Eg=2 meV for a 80-A well is for a

both cases the wave function has a node between the WO As/AIAS quantum well and was measured by Yl 2!
fixed particles, in contrast to what would happen if the mtc:::r'The theoretical results for the binding energy are represented
by a shaded region that gives the accuracy of our calculation

action among the particles would be “chemical bonding”-
r the binding energy. Note that the accuracy obtained for

like. It seems then reasonable to say that in the same way
which theX ™ can be described as an exciton with an extray,q yo1a| energy is better than 1%, however, its error propa-
electron moving around the electron-hole couple and weakl

. ¥ . S .
bound to it, theX™ can be viewed as an exciton in which an 4o+ have to be made in order to obtain the binding energy,
extra hole moves in an orbit around the electro_n-hol_e Coupl‘%Nhich is one order of magnitude lower than the total energy.
The latter picture is different from a system in which tWo an 'important consequence of this observation is that any
hole; bind th.rough an electron, i.e.; Hike. .Another cpnﬂr- approximation made in the calculation®fX*) may lead to
mation for this picture comes from the pair-correlation func-gypstantial errors in the binding energy. For comparison we
tions. Suppose that the electron, X, is in the origin, then 155 report(open squarésthe theoretical result obtained by
the hole will be near the origin as indicated by the eleCtrO”Tsuchiya and Katayarfausing the quantum Monte Carlo
hole correlation function and the other electron will be situ-,athod. Notice that the results of Ref. 22 agree very well
ated around the position of the peak in the electron-electrofitn ours. however. our calculation goes down to smaller
pair correlation function. Then the picture we get is the On&ye|| width. The binding energy first increases with increas-

of an electron-hole pair with an extra electron movingjng quantum well width and then, after reaching a maximum
around it. If we switch the role of hole and electron, a similar ¢ Eg=1.6 meV atL~35 A, starts to decrease. The de-

picture can be imagined for the", with the only difference  rease becomes very slow for quantum well width above
being that now the extra_ holeislts even further from _the70 A. The increase of the binding energy with decreasing
electron-hole couple than in the". Thus, the charged exci- qyantum well width agrees qualitatively with the experimen-

ton is similar to the charged positronium. The similarity in (5| gata, but the experimental increase is much faster than the
the structure of the two different species of charged excitong e we find theoretically. The inclusion of the conduction

is consistent with the fact that their correlation energy ispgyng nonparabolicity would increase the binding energy only

\jates and increases because of the subtradttmesEq.(9)]

found to be equal. slightly. We believe that the increased discrepancy between
theory and experiment with decreasing well width is a con-
IV. COMPARISON WITH EXPERIMENTS sequence of the localization of the trion due to the presence

of quantum well width fluctuations, as was also found for
Experimental data in zero magnetic field were reporteciexcitonst’? This is consistent with the fact that fdr
for the binding energy of the&X™ in a 100-A!° 200-A% =300 A our result agrees with the experiments and that the
220-A 2% and 300-A (Ref. 20 quantum well. The reported effect of the guantum well width modulation on the localiza-
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' ' ' ' ' ' ing L as compared to the experimental data, which is prob-
Sor B PL Wojtowicz ef . 1 ably a consequence of the above mentioned increased local-
45t o S R apap eltowiez st ization of the trion.

a0k Present Theory ] For the ZnSe structure we use the parameters of the ZnSe/
ZnBeMgSe structuresAV=230 meV with Vo=0.7QAV,

350 B ] V,=0.30\V, m,=0.16m,, m,=0.8m,, andag=30.05 A,

30 g . which results inRy=53.34 meV. The results are qualita-

o5l . Y ] tively similar to the one obtained for the GaAs/AlGaAs
Tg guantum wells. The agreement with experiment is also in
20r 8y ) this case not satisfactorfsee Fig. 1lb)] except for the

1 200-A wide quantum well.

To understand the fact that the theoretical results for
CdTe- and ZnSe-based structures underestimate so much the
0.5 77, . . . . ] experimental data even for large well widths, we have to take
100 200 300 400 500 600 into account that these materials are strongly polar. In the

L(A) present paper we are neglecting polaronic effects and it is

: : known, at least for the case of excitons, that this leads to an
PL ZnSe/ZnBeMgSe underestimation of the binding energy of the systér@ur-
Refl. ZnSe/ZnBeMgSe | rently only a calculation of the polaron correction to the
ZnSe/ZnMgSSe ] ground state of & ~ system is availabfé but no calculation
ﬁ'r‘fi:t”ﬁfes;y for the trion system has been published. For e system
] o ] we know that the polaron correction equals the 3D polaron
correction down to rather small well widths. When, we shift
.00 the results in Figs. 1(&) and 11b) by the constant values 1.1
SRR v v o E meV and 1.6 meV, respective[gotted curve in Figs. 1&)

L ] and 11b)], they agree very well with the experimental re-
' o sults over a large range of quantum well widths. We believe

! 1 that these shifts are due to polaron effects. &hal?’ ob-

- 0 tained an upper limit of~0.4a% w| o to the polaron contri-

bution to the binding energy of thB~ system in a wide

(b) quantum well @ is the electron-phonon coupling constant

andZw | ¢ is the optical phonon energyin anX™ system the

hole is not localized, which will strongly reduce the polaron
effect to an estimated value of 0.1-872w, . For CdTe

FIG. 11. The binding energy of the negative charged exciton Vj;uﬁa_niu; rr\:veeillls\/vvr\]/:ltz:roz.igg?d{;:) E%:ﬁ:'ﬁa\ze\ig]fzg;’]e ds
the quantum well width for the charged exciton for CdTe-based, " ) ’ a=>

structures(a) and for ZnSe-based structuré®. The experimental hiw 0=31.5 meV and consequently 1.3-2.6 meV. These

data are taken from Refs. 2 and 24, for the CdTe-based structure\é‘,r"lue are co_mparable to the shiftg in Fig.(@land 11b),
and from Ref. 25 for the ZnSe-based structures. Our theoreticaﬁmd agree with the fact that the shifts for the ZnSe quantum

results are given by the solid curve. The dotted curve is our resulfVells is larger than for CdTe quantum wells.
shifted by a constant.

E; (meV)

(=)

o400 7

E; (meV)
n w B [6)] [o)] ~ o] © o

—_
T
!

0 50 100 150 200
L(A)

tion of the exciton and the trion increases with decreasing V. CONCLUSION

well width. In this paper we applied the stochastic variational method
A similar calculation was done for CdTe quantum well to study the ground state of the exciton and the charged
structuregFig. 11(a)] and ZnSe-based quantum well struc- exciton in a quantum well. This is the first time, to our
tures[Fig. 11(b)]. The binding energy versus the well width knowledge, that a calculation fully includes the effect of the
in these materials is shown in Figs.(&land 11b) (solid  Coulomb interaction and the confinement due to the quantum
curve and is compared to experimental deta® [symbols  well, and thus the particle-particle correlation in both the
in Figs. 11a) and 11b)]. The parameters used in the calcu- direction of the quantum well and the confinement direction.
lation for CdTe based structures avg=216.4 meV,V,  The results obtained do not show a big qualitative difference
=163 meV, me=0.096n,, m,=0.19m,, and ag=54 A,  from the one already present in the literature, however sub-
which results inR,=13.8 meV. The value of the barriers stantial quantitative differences are found. This difference
are taken from Ref. 24. Notice that for this structure we havdeads to an improvement in the agreement with experimental
the same potential barrier heights than for the GaAs caselata. However, the experimentally measured binding energy
however the ratio between the mass of the electron and thfer a negatively charged exciton increases much faster with
mass of the hole is very different, namely,/m,=0.505 increasing well width at a smaller well width than our theo-
(CdTe as compared ton,/m,=0.196(GaAs9. In the range retical results. We believe that this discrepancy is a conse-
200 A<L<600 A the theoretical curve is shifted by about quence of the increased localization of the exciton and trion
1 meV with respect to the experimental results. Belowwith decreasing well width. A similar conclusion was also
200 A the experimental results increase faster with decreaseached recently for biexcitordl’ For CdTe- and ZnSe-
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based quantum wells the polaron effect, which was not inthat the correlation energy fok~ and X* is found to be
cluded in our approach, is expected to lead to a substantigqual.
shift (~1 meV) of the binding energy to larger values. Also
in this case the trapping of the trions on the quantum well

width fluctuations is probably responsible for the rapid in-  part of this work was supported by the Flemish Science
crease of the trion binding energy beldw=100 A. The  Foundation(FWO-VI) and the “Interuniversity Poles of At-
study of the conditional probability distribution of the par- traction Program, Belgian State, Prime Minister’'s Office,
ticles in the system and of the pair correlation functions lead~ederal Office for Scientific, Technical and Cultural Af-
us to conclude that a charged exciton is similar to a chargethirs.” Discussions with M. Hayne and correspondence with
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