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Magnetoexciton states in GaA&Ga, Al ;As double quantum wells:
The effects of well-width asymmetry

Carlos L. Beltra Rios and N. Porras-Montenegro
Departamento de Bica, Universidad del Valle, A. A. 25.360, Cali, Colombia
(Received 15 May 2003; published 20 October 2003

The binding energies for 3, 2P..-, and 3. -like exciton states and some allowed transition energies
between these states have been calculated in GgA8GaAs double quantum wells as a function of the well
and barrier widths in the presence of a magnetic field applied in the growth direction. We have used the
effective-mass approximation and considered the symmetric and asymmetric well widths in the double quan-
tum well structure. We have found that the binding energy of the ground and all exciton excited states is higher
in double quantum well structures, when the width of the wells are slightly difféesymmetric cagethan
when they are equabymmetric casg a diference which is increased by the barrier width. Our results show
that the binding energy of the exciton ground state increases with the magnetic field for all values of the well
widths. We have found that the binding energy of the,2 and 3. -like excitonic states decreases with the
magnetic field, which additionally splits the binding energies ofrtRe(m= = 1) excited states. This behavior
is similar to that observed in single quantum wells.
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I. INTRODUCTION II. THEORETICAL FRAMEWORK

In Fig. 1 we show a schematic representation of a
aAsGg-AlgAs DQW. The z axis corresponds to the
rowth direction of the structure, the indexand h denote

In recent years the study of the double quantum weIIG
(DQW) semiconductor structures has exhibited an impres-

sive growth. Authors have reported different theoretical an he electron and hole, respectively. CB and VB refer to the

experimental studies on such systems. In particular Kamizat@,nquction and valence band. The magnetic field is applied
et al! studied the binding enerd§BE) of excitons as a func- in the z direction.

tion of the well and barrier widths, which determine the bi-  The Hamiltonian of the system, in dimensionless units for
dimensional character of excitons. D|gnml2 studied the energy and |engtﬁ2’ can be represented in Separated Ham”_
four lowest energy levels and oscillator strengths sfek-  tonians for the electronH,), hole (H;), and excitonic
citons in a coupled DQW in the presence of an applied stati¢H, ) parts by

electric field. Cen and Bajagalculated the BE of excitons in

symmetric DQW, under the action of a magnetic field ap-  H(p,#,Z¢,2n) =He(Ze) + Hp(zn) + Hexd py 9,26, 21),

plied in the growth direction, as a function of the interwell .y
coupling and well size, and for different values of the mag-ynere

netic field, including subband mixing effects. Kasapoglu

et al* calculated the binding energy for the ground state of uw 0°
the exciton in asymmetric and symmetric DQW’s under the He(ze)=— E—’—Ve(ze)r (29
action of uniform magnetic fields applied in the growth di- e e
rection, using a variational procedure for small well widths, w 3
showing basically the competition between the magnetic and Hp(zp) = — — — +Vu(z,), (2b)
the geometric confinement on the exciton BE. Mathbal® My 92
have studied the diamagnetic shift, of the&s-llke and
2S-like states of excitons, in symmetric DQW system using GagAlpsAs  Gay,AlysAs Gay ;Alp 3AS
the fractional-dimensional approach. Others authdfhave Gahs GaAs
been focused on studying the effects of the temperature, elec- T ’|‘
tric field, and bosonic condensation on these systems. VA S BV RS
While some authofs® have calculated the BE of the J i 5
ground and the &like state of excitons in DQW with thin
barrier widths, in this work we present the BE not only for B
the 1S-like state(the exciton ground stakebut also for the S YN *
2P. - and 3. -like excitonic states in a GaAs@@lgAs Ve Vi VR
DQW as a function of the right well width, for different N J L
barrier widths, under the action of magnetic fields applied in i —— i 2z
the growth direction. Also, we present some allowed transi- L =
tion energies. On the basis of these results we analyze the
role of the well width asymmetry on the exciton BE. FIG. 1. Schematic representation of a GaAg@d, ;As DQW.
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FIG. 2. (a) BE of the 1S-like heavy hole exciton state in a
GaAsGg-Aly As DQW, withL, =120 A, as a function of the right
well width Lg, without an applied magnetic field?, A, @, B
correspond to DQW'’s with barrier widths of 5, 10, 20, and 50 A,
respectively(b) BE of the 1S-like light hole exciton state$, @,

A, V¥, &, O correspond to DQW's with barrier widths of 0, 10, 20,
30, 40, and 50 A, respectivelic) BE as a function of the barrier

width (L,) for both symmetric [, =Lgr=120 A) and asymmetric

(L,=120 A, Lr=130 A) DQW:’s for a heavy hole exciton.
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FIG. 3. Probability amplitud for the ground state of a heavy hole
exciton in three different GaAs@aAl, ,As DQW's, for two values
of the applied magnetic field(a) For a DQW with Lg=L_
=120A, andLz=10A, (b) for a DQW with L, =120 A, Ly
=130A andLg=10A, and(c) for a DQW with L, =120 A,
=200 A andLz=10A.

H __|1 3( c?)+1 P
eXC(p:¢lzeyZh)— ;% p% ;W
mh me i Jd 1 2 2 2
+(M M>7"§¢+479 o

(209

with r=p?+(ze—z,)%, M=m,+m,, m, andm, are the
electron and hole effective mass in thalirection, i is the
effective mass in they plane, andy= (e/c#) (a%)B, where
a, is the effective Bohr radius. In the above equatias the
relative distance between the electron and the hole ixyhe
plane, ¢ is the azimutal coordinate, and is the applied
magnetic field.

The functional form of the electron and hole potential
profiles is
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FIG. 4. BE of 1S-like heavy(a) and light hole(b) exciton states
as a function of_ for different values of the applied magnetic field FIG. 5. BE of 2°_-like (a) and 3P_-(b) exciton states as a
in a GaAsGg-AlgsAs DQW with L, =120 A andLg=10A. (c)  function of theLg and zero magnetic field in GaAsG#AlqsAs
Binding energy of the $-like heavy and light hole exciton states as DQW with L, =120 A andLg=10A. (c) BE of the 2P_-like
a function of the applied magnetic field for a symmetric DQW heavy hole exciton state as a functionlgf for different values of
(Lg=L_=120A, Lg=10A). the magnetic field in a DQW with, =120 A, Lg=10A.

155316-3



CARLOS L. BELTRAN RIOS AND N. PORRAS-MONTENEGRO

l.. L) I T I ¥ I L} I L} l T I
2 -ﬁﬁ«g:.,‘ -
- .ﬂv“““ -
9 i - vbs\“ _.
~ MG
(] 2 \n\ﬂ\‘ - L ]
é 4 \‘ﬂ\n "~,‘ -
> | AN A
g o \n\”\: ™~
c | [Ligth Hole N
w -8 |5 _ _ o -
o | |LTLeT120A L=10A ]
E-10 T2, =
'g - |——2P, i
512 -
14 = -
'l I L ' 1 I 'l I 'l I 1 ' L '
0 2 4 6 8 10 12 14
(a) Magnetic Field (T)
L) I T I L} I L) I 1 I L] I T I
o= _
‘Y
v
— [ % 1
= 3
.10 | QQ -
E ¥
~ L %\, j
> Ry
o-20 |- AN —
c AN
L L AN J
o> Light Hole AN
.30 |- |l =120A. L =104 \:\,‘ -
"6 —o— 3P \'\.\:\n
£ - . ° A J ‘D\-_, -1
m — _3P+ "\'\\:k
-40 |- ~g
P SN NTU U U BTSN MU |
0 2 4 6 8 10 12 14
(b) Magnetic Field (T)
( e,h
veEn <1 -
Lg
O, - LLi ? =7<<
L
_ eh B
V(z)={ V§", |Z|<7:
B L
0, —<z=—+Lg,
2 2 R
L
(e.h) B
Vg, z>—+Lg

The trial wave function for the exciton in tha,],m) state is

taken as
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FIG. 6. BE of the .- and
3P.-like exciton states as a
function of the magnetic field for
a symmetric GaAsGgAlyAs
DQW (L, =Lg=120A, Lg
=10A).

®)

whereE, | , is the energy of the exciton in the(,m) state.
The BEERLm for the (n,l,m) excitonic state is calculated by

means of

EY, n=E2+EP+y—Epim.

n,l,m

For computational purposes the BE is expressed in meV.

(6

The electron effective mass is,=0.067m,, the heavy and
light hole effective mass in the direction arem,=0.45n,
and m;=0.082n,, wherem, is the bearing electron mass.
The dielectric constant is=12.5, and the effective mass of
the heavy and light hole in they plane areu,=0.04n, and
©=0.05Im, . The effective Rydberg for the heavy and light

hole  excitons

the DQW.

are Ry3.47369 meV
=4.44067 meV, respectively. We have assumed the same

value of these parameters for the barrier and well regions of

and

Ry

IIl. RESULTS

In Fig. 2 (a) we show the BE for the %like excitonic

hole wave functions andP,, (r,B,,m) are the hidrogenic state as a function of the right well width.£) for different
values of the applied magnetic field. In this figure it is ob-
served that whem. increases, starting frohg~0 A, the

BE diminishes, but wheh ~Lg it reaches a minimum, in-

variational polynomials in whiclg, | , and\,, | , are varia-

tional parameter$.

The Schradinger equation for the exciton in a DQW is

155316-4
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creases again up to a maximum at a certain valué (gof 80— 77—
after which the BE continues decreasing, showing the same
behavior as if the exciton were confined in a single quantum
well, going to the bulk limit for large values dfg. Also, it
is observed that the minimum &t ~Ly is reached in a
smaller range of_g for wider barrier widths. Note that this
behavior is the same for both the heavy and light hole exci-
tons. This behavior of the exciton BE in a DQW as a func-
tion of theLg, whenL, is constant, can be understood as
follows: WhenLg diminishes from large values, the BE in-
creases because the geometrical confinement is increased.
When the size of the exciton is comparable with the
tunneling probability increases and both the electron and
hole can exist separately in one or another well of the struc-
ture and consequently the BE diminishes up to get a mini-
mum in the symmetric casd_g=L,). WhenLg continues '
decreasing, frolbg=L, to Lg<L,, the BE increases again 0 . .
because the exciton prefers to localize at the wider (tiedi 0 2 4 6 8 10 12 14
left well) and to get the BE, it would have, if the structure (5 Magnetic Field (T)
were of a single quantum we{QW). Effectively whenLg
=0, the exciton BE recovers the expected value for a single Nr——T T T T T 1
QWS In other words, we have found that the binding en- ] L =L =120A
ergy of the ground state is higher in double quantum well 809 Heavy Hole LL=1F5A
structures, when the width of the wells are slightly different —a— 18 -> 2P, A
(asymmetric cage than when they are equabymmetric —e—1§->2P
case, a difference which is increased by the barrier width. At -
this point it is well to stress that our results coincide quite —A—18->3P,
well with those reported by Kasapogdt al* who only con- —v—18->3P
sidered the study of the DQW with, =120 A andLg
=10 A and forLg<L, =120 A. As it is observed in Figs.
2(a) and (b), the BE for heavy and light hole excitons in a
DQW behaves as in a single QW when the barrier width is
very small. In Fig. Zc) it is observed the behavior of the BE
of a heavy hole exciton as a function of the barrier width ]
(Lg) for both symmetric and asymmetric DQW. The BE pre- 10
sents a minimum value in both cases for a different value of
Lg, atLy, in asymmetric DQW and aty, in symmetric 0 . . . . . . . ;
DQW. Also, it is observed that whelng=0, the BE in the 0 2 4 6 8 10 12 14
symmetric DQW is a little greater than that one in the asym-  (b) Magnetic Field (T)
metric DQW. This is a typical behavior of the BE in a single
quantum well QW, that is, the BE diminishes with the width ~ FIG. 7. 1S—nP allowed transition energies for light and heavy
of the well. WhenLg is increased fronLg=0 the BE goes hole_excnons as a function of the applied magnetic field in a sym-
down until to reach a minimum valug.y, is smaller than Meric GaAsGaAloASs DQW (L =Lg= 120A, Lg=10A).
L, because in asymmetric DQW the exciton is more local-
ized in the wider well and the tunneling probability dimin- presented for two values of the magnetic field in Fig. 3. It is
ishes faster than in the symmetric DQW, whep is in-  observed that the symmetry of the DQW reflects itself in the
creased. In the interval<OLg<Ly; the BE of the exciton in  symmetry of the exciton probability density as it is observed
the symmetric DQW is a little greater than in the asymmetricin Fig. 3@. When the symmetry of the DQW is diminished,
DQW, as expected, and it is seen that the barrier width in thishat is when the width of one of the quantum wells is a little
range has practically no effect upon the BE. Egr>Ly,;  different than the othefFig. 3 (b)], the exciton probability
the BE of the asymmetric DQW is greater than the BE indensity changes drastically, indicating that the exciton pre-
symmetric DQW. This behavior of the BE is the same as thafers to be localized at the widest well. This behavior is en-
shown in Figs. 2a) and 2b). After the minimum, we found hanced in Fig. &), where the right well is wider than the left
that the BE increases withg and although it is not shown, well in Fig. 3(b). This result is in agreement with the expla-
its maximum value is reached first in the asymmetric than imation given above for the appearance of the minimum in the
the symmetric DQW. These results are in good agreemer@E of the 1S-like exciton state wheh, =Lg.
with those in Refs. 1, 3, 4. In Fig. 4 we present the BE of the ground state of a heavy
The z dependence of the probability density of the ground(a) and a light(b) hole exciton in a DQW as a function ok
state of a heavy hole exciton in three different DQW's isfor different values of the applied magnetic field. The mini-

Light Hole L o1
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mum of the BE atLg=L, is present for all values of the energy of the uncorrelated electron-hole system in their
applied magnetic field. The magnetic field applied in theground state in the DQW.
growth direction certainly modifies the tunneling probability =~ The 1S—nP allowed transition energies for light and
of the carriers through the barrier, spreading out the carrieheavy hole excitons are displayed in Fig. 7 as function of the
wave function in the direction, effect which combined with applied magnetic field for a symmetric DQW. It can be ob-
the preferably localization of the exciton in the wider well, asserved that the transition energies increase with the magnetic
pointed out in Figs. &) and 3c), consequently increases the field and that the $—nP, transition energies are greater
exciton BE. This effect is displayed in Fig(c}, where we than the B—nP_ for both light and heavy hole excitons.
show the BE of the heavy and light hole exciton ground statér'his behavior is similar to that found in a single Q\Refs.
as a function of the applied magnetic field for a symmetric6, 7) and in QWW’s**
DQW with Lg=L, =120 A andLg=10A.

In Fig. 5 we show the BE as a function bf and zero IV. SUMMARY
magnetic field for P-like exciton statedFig. 5a)], for
heavy and light hole exciton, and?3like heavy hole exciton
state [Fig. 5b)]. In Fig. 5c) we present the BE of the
2P-like heavy hole excitonic state as a function lo§ for
different values of the applied magnetic field. In these figure
it is observed that the BE is smaller in these states than in t
1S-like, although their behavior is similar withg. Notice
that these exciton excited states also have a higher BE i
asymmetric DQW than that in the symmetric DQW. It is

important to mention that the BE of theP2 excited exci- case, a difference which is increased by the barrier width
tonic state for8=2 T is negative for all values diy. Also, Our results show that the BE of the exciton ground state

it can be observed the splitting of theP2-like excitonic . : e
state due to the magnetic field. The BE is higher for thenereases with the magnetic field for all the values of the well

excitonic excited states wittn=— 1, than for those withm vwdth_s. Otherwise, the BE of thef2, , 3P, , and P_ ex-
= . SR citonic states decreases and these states are less bounded
=+1 for all values ofLg. This behavior is similar to that

observed in previous works in single QUi with the magnetic field. Also we have found that the mag-

Figures 6a) and Gb) displays the BE of the .- and netic field splits the binding energies of timP (m==*=1)

T ; . -~ excited states in a similar way to that observed in single
3P..-like light hole exciton states, and Figgcpand Gd) the , . ) ; e
BE of the 2P.- and 2P.-like heavy hole excitonic states, QW'’s. We believe that the present calculation will be of im

respectively, as a function of the magnetic field for a Sym_portance in the quantitative understanding of future experi-

metric DQW (L, =Lr=120A, Lg=10A). Excepting the mental works on this subject.
2P _-like heavy hole exciton state, which binding energy is
positive and practically does not change with the magnetic
field, the BE of the P, - and 3P _.-like heavy and ligth hole The authors express thanks to Professors J. M. Calero and
exciton states diminish with the magnetic field and are negaJ. C. Granada for comments on the manuscript. This work
tive for a wide range of the magnetic field. The negative BEwas partially financed by Colciencias, the Colombian Scien-
means that the energy level of these states is higher than thiéic Agency, under Grant No. 1106-05-11498.

Summing up, we have calculated the ground and some
heavy and light hole exciton excited states in a
GaAsGa /Al 4As double quantum well structure as a func-
éion of the well width, for different barrier widths and several

alues of the magnetic field applied in the growth direction.

e have found that the binding energy of the ground and all
xciton excited states is higher in double quantum well struc-
ures, when the width of the wells are slightly different
(asymmetric cage than when they are equasymmetric
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