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Quantum-confined Stark effects of an exciton bound to an ionized donor
in a GaAY Ga; _,Al,As quantum well
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We have calculated by a variational procedure the binding energy of an exciton bound to an ionized donor
(D",X) in a GaAs/Ga_,Al,As quantum well withk=0.15 andx= 0.30 as a function of the well width and
an electric field~ perpendicular to the well interfaces. The dependence of the correlation energy on the electric
field is investigated and compared with those of a shallow d@fband an excitorX. It is shown that the
correlation energy of thel{™,X) complex decreases monotonically at increagingalues in the case of large
well widths (L=10 nm). However, it is not sensitive to the electric field in narrow QW'’s. For all investigated
well widths, the D*,X) complex remains stable compared to its product of dissociation.
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. INTRODUCTION mass ratio c=mZ/m; satisfies the conditiono=o2P

o ) ) =0.426. However, in the two-dimensionglD) case,
The electric field effects on insulating quantum well struc-giauffer and Steel® have shown that theD(*,X) complex

tures have received, in the last years, much interest due to thgmains stable untir< 02=0.88, a value about two times
possibility of making fast electro-optic devices. It has beenlarger than that obtained in the 3D case. Erzbeal! cal-
shown that the electronic properties of quantum W&W)  cyjated the binding energy of ®(*,X) complex with a do-
systems may change significantly when an electric fieldhor |ocated on the surface of a nonpolar semiconductor in
is applied along the growth directidnBoth the induced function of o and the high-frequency dielectric constant
polarization and the energy level shift of the confined carri-of the host semiconductor occupying the semi-infinite space.
ers are responsible for the intensity decrease and peak shifhey showed that the binding energy of the complex de-
of the photoluminescence(PL) spectra observed in creases with botlr and e, and that no unstable range of
GaAs/Ga_,Al,As multi-quantum-well structures. appears. Stee et al*'* extended their 3D and 2D calcula-
Theoretically, the electric fiel& effects on the energy of tions to the case of an exciton bound to an ionized impurity
confined electrons and holes were studied by variational anidcated at the center of a GaAs/GaAl,As single QW with
exact numerical calculation by Bastaetial? and Austinet ~ X=0.15 andx=0.30. They concluded that the binding en-
al.® Later, Brum and Bastafdextended the calculations to ergy lies in the range between the 3D and 2D cases.
Wannier excitons states and showed that their binding ener- In the present work, we study the influence of an applied
gies are little affected by in narrow QW'’s. However a electric field on the binding energy of an exciton bound to an
significant reduction of the exciton binding energy occurs iniohized donor in GaAs/Ga Al,As QW's. We use the effec-
QW structures with larger well widths (L=100 A)). tive mass appr_OX|mat|0n and ad(_)pt a4tr|a_1I envelope wave
Brum and Priestémeported the electric field dependence onfunction extending that used previouSty® without any ex-
the binding energy of shallow donors in GaAsiGaAl,As ternal f|_eld. In the next section we qutlme our method of
QW's for different well widths and impurity positions. Re- calculations. Our results are reported in Sec. Ill.
cently Dujardinet al? studied the influence on an electric
field on the energies of a negatively charged excitons in
semiconductor quantum wells. They found that the correla-
tion energy, defined as the difference between the energy We consider a™,X) complex located at the center of a
associated with the relative motion and that of the three fre€aAs/Ga_,Al,As single quantum well in the presence of a
particles, increases with the electric field strength and withuniform electric fieldF perpendicular to the well interface. In
the well width. However, for narrow wells, the correlation the envelope function approximation the Hamiltonian reads
energy is little affected as it has shown in the case of exci-
tons. To our knowledge, there does not exist any work con-

Il. THEORY

cerning the influence of an electric field on an exciton- Hooo e —EA —ZA _i 1 _i
ionized-donor P, X) complex in a semiconductor quantum (OTX) 7% 276 250 v Ty ren
well

) e h

Historically its possible existence in three-dimensional TVt Vyt+f(ze=2zp), 1)

(3D) semiconductors was predicted in 1958 by Lampért.

3D semiconductors its stability and binding energies have 5

been the subject of several theoretical studiféss a result, V. = E V. 9( 22 L_) )
. + . . . W i i .

it appear$ that the O™, X) complex is stable if the effective i=eh 4
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Here V|, (i=e,h) are the electron and hole quantum well The in-plane part of our wave function depends on the

potentials with the well width.. V, andV,, are the electron Hylleraas type coordinates t andu defined by

and hole band offset9)(x) is the Heavyside unit-step func-

tion ande, corresponds to the energy gap the well material. S=Pe~Pen: 1=petpen, U=ph,

re, Nh, andrgy, are the(electron, holgionized donor dis-

tances, and electron-hole distance. We used effective atomic

units with a length unit equal to the 3D donor effective Bohrwherep,, py, andp,, are the electron and the hole coordi-

radius,aD=;<iiZ/e2m§,,c , and an energy unit equal to twice nates in the plane perpendicular to the growth axisn, n,

the absolute value of the 3D donor RydbergRx2 p, andr are positive integers or zero.

=h?/m*a3. f=FIF, is a dimensionless parameter for the The linear variational parametey,,q, as well as the

electric field intensity, wheré,=e/ a3 is the unit of the three nonlinear parametesg,, oy, andk are determined by

electric field. We neglect band nonparabolicity and both dif-minimizing the mean value of the total energy

ferences of the effective masses and dielectric constants be-

tween the well and barrier materials. E min (YIH @+ xl¥) ®
We determine the ground state energy using the varia- g ap K (¥l

tional method. In the case of an electric field parallel to the ) .

growth direction, the symmetry of the problem is not modi-S© they must satisfy the conditionsi(H o+ x))/dk

fied comparatively to the case with no external field. Thus= #H+ x)/ dae=(H o+ x)/ dan= d(Hp+ x)/ ICimnpr

we use a trial wave function analogous to that we used™ 0. for all possible values of the indicesn,n,p,r. The last

previously? in the study of the D *,X) complex in a semi- €duation is equivalent to the eigenvalue problem

conductor QW. However, in the present case, we replace the (H—ES)C=0 ©)

electron and hole QW ground states wave functions by the '

corresponding functions taking to account the existence of awhereC denotes the column matrix of the linear coefficients

external electric field analogous to that obtained by BrumC,,, .. The matrixH andS are defined with respect to the

and Bastard.Thus our trial wave function reads basic functions defined above.

0<s, —us<t<su, O<sus<s, (7)

I1l. NUMERICAL RESULTS AND DISCUSSION
() =N x)XelZe)X(Zn) 2 Cimnprp(Ze)br(2n)
mnpr In order to study the stability of theD(*,X) complex
against dissociation into the most stable dissociation

ks) |
X ex -5 s'um", (3)  products

(D", X)—D%+h,
ap(ze) =20 exp(—acz) and b (z,)=2,exp— anzp),

(4) (D", X)=X+D™, (10
. it is necessary to know the values of the ground state of the
(2= A X~ BeZe) XM — el ze]) if [z >L/2, neutral donoD® and the excitorX with the same accuracy
XelZe B exp — BeZe)cOgKezp) if |ze|<L/2, as the exciton-ionized donor energy To this purpose we

(5) have performed a variational calculations for both neutral
donor and exciton using the following trial waves functions:

[Ahexﬁﬂhzh)exﬁ_%ﬁhb if |z,|>L/2,
Xnl4nh) =

B/, expl( Bnzn) cos knzp) it |zy|<L/2. Ppo=Npoxe(Ze) 2 Cpzb expl( — aezi)exp —kp),
Np+x stands for the normalization constan;(z)
(i=e,h) are the groupd state wave fun_ctio_ns of an electron ¢X:NXX9(Ze)Xh(Zh)E CprZS exp— aezi)z{,
or a hole in a QW subjected to an electric field parallel to the pr

growth axis. The constantd; and B; (i=e,h) are deter- 2
mined by the continuity conditions for the(z) functions X exp(— anzi) expl—kp), (12

and their derivatives atzy==*L/2. The vectorske,de  wherep is the in-plane separation of the electron-hole pair in
(kn,dn) are the characteristic wave vectors for the groundthe case of the exciton and the in-plane electron-ionized do-
state QW electronthole) wave functions at zero electric nor distance in the case of the donag, a;,, andk as well

field ke=+v2E., kn=\(2/0)En, de=v2(Ve—Es), 0 asC, andC, are variational parametergandr are positive
=2/0(V,,—E}). E. andE,, are the confinement energies of integers or zero. After some preliminary computations, we
the lowest electron and hole QW bound statgsand3, are  have obtained the required accuracy with a three terms wave
variational parameters which depend on the electric fieldunction for the neutral donor, i.ep<2, and a six-terms
strength and are determined in the case of simple electrowave function for the exciton, i.ep+r=<2.

and hole problem. It is useful to define the “correlation energies” by
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.
EL M=Ep+x)—Ee—&n, (13
EX=Ex—&—&n, (14
ED’—Epo—&,, (15)

where Epo and Eyx correspond, respectively, to the ground
state energies of the neutral donor and of the excifprand

&y are the energies of the electron and the hole in a QW in

the presence of an electric field Thus the stability condi-
tions of the D *,X) complex may be written

c

E(D+,X)S EDO@E(D+,X)S (I:DO’ (16)
E(D+1X)$EX<:>E((:D+,X)$ E;:( (17)

We compute the binding energy of thB{,X) complex
as a function of the well widti., the mass ratiar, the
electric field intensityF, and the conduction and valence
bands offset¥, andV,,. In the presence of the electric field,

odd and even terms are necessary to express the polarization.
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However, at zero field, due to the existence of the inversion FIG. 2. Calculated dependence of the correlation energies of
symmetry along the growth axis, the wave function mustthe shallow donor impurity, the exciton and the{,X) complex
have definite parity, and for the ground state only the evern a GaAs/Ga ,Al,As QW with x=0.15, versus the GaAs well
order terms have to be taken into account. We have firghicknessL, for three values of the electric fiel#=0, 10, and

determined the nonlinear variational parameters,, and

20 kV/cm).

ayp, using a ten-term wave function defined by the conditions

[+m+n<2 and p+r=0. In the present study, keeping
fixed these predetermined valueskofy,, and«,,, we use a
112-term wave function defined by the conditidrsm+n

We have done our numerical calculations in the case of a
GaAs/Ga_,AlL,As QW. We use the following material
ata®®®m?*/my=0.0665,my,/my=0.34, and«=12.5. The

<5 and (r)=00,11. This choice corresponds to a realisticheavy hole mass has been propd&éd order to fit experi-

compromise between accuracy and computing time.

-3

—
| GaAs/Ga, Al As
o =0.196

Epy (MeV)

-15 R 1 . 1 R 1 . ] . 1
30
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60

FIG. 1. Electric field dependence of tiiz{,X) complex corre-
lation energies in a GaAs/GaAl,As QW (x=0.15 and 0.3D
for different values of the well thickness €10, 15, 20, 25, and
20 nm.

mental observations in both parabolic and square GaAs
QW'’s. We remark that this value lies between the theoretical
in-plane and the perpendicular values 0.11 and 0.38, ob-
tained using the Luttinger parameteys=6.85, y,=2.10,

and y;=2.90. Nevertheless, it must be stressed that in the
present work we have not taken into account the possible
difference between the barrier and well materials. The bands
offsets are given by.=Q.A€ey, and V,=QnA€,, Where
Q=0.57=1-Qy. Furthermore, we assume that the band
gap differenceA ey and the Al concentratiox are related
by'" Aey=1.15%+0.3%? eV. In this case we gelr
=0.196 for the effective mass ratiap,=9.95 nm for the
effective neutral donor Bohr radius and 2 R$1.58 meV

for twice the effective neutral donor Rydberg, arfg

= 11.638 kV/cm for the electric field unit.

In Fig. 1 we show the electric field dependence of the
correlation energy of® ", X) for different values of the well
width (L=10, 15, 20, 25, and 30 nnwith aluminum con-
centrations<=0.15 andx= 0.30. We note that the correlation
energy increases with the field intensity. This increase is neg-
ligible for narrow wells =10 nm) because the quantum
confinement effect overrides that of the electric field, but
become significant for higher values of the width (
=20 nm).

Figure 2 shows the calculated correlation energies of the
(D*,X) complex, the exciton and the shallow donor impu-
rity, as functions of the well width, for three values of the
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FIG. 4. Variations of the correlation energies of the exci¥on
and the D *,X) complex in the case of a GaAs/GaAl,As QW as
functions of the Al concentratior for F=20 kV/cm and for dif-
ferent values of well width..

FIG. 3. Variation of the electron-hole pair averageeparation
(|zer]) in the (D*,X) complex as a function of the electric field
intensity forx=0.30 andL=30 nm.

electric field intensity==0, 10, and 20 kV/cth At zero elec-  —hvp+x), we compare in Fig. 4 the exciton and bound ex-
tric field, whenL decreases, the correlation energies of theciton correlations energies for different values of the well
three systems first decrease because of the confinement #fidth as functions o and for F=20 kv/cm. We remark
fects, and subsequently they increase because the spread it the localization energy is little affected by the aluminum
of the wave functions outside the well. We remark that theconcentrationx because the quantum confinement for the
correlation energies of the three systems are not sensitive gxciton and for the@ *,X) complex are of the same order.
the strength of the electric field in the vicinity of the mini- On the other hand, wheln increasesAhv decreases.

mum (L=5 nm). When the width of the well increases, the

correlation energies remain negative for the three values of 4 :_GaAs/AsHAIXAs ‘
the field intensity. For all values of the field intensity in the 5[ X030 T 1
range [0,20 kV/cm] and for L<30 nm, it appears that p ©=0196 ——(D"X) ]

Ep+ x/Epo>1 andE(,. 4 /Ex>1. Thus in these cases the
complex is stable against dissociation.

In Fig. 3 we show the variation of the electron-hole pair
averagez separation(|z|) in the (D*,X) complex as a
function of the electric field intensity fox=0.30 andL
=30 nm. It appears that, as expected, this separation in-
creases with the electric field. Indeed, the electric field tends
to repel the electron and the hole towards the opposed inter-
faces. This leads to a reduction of the Coulombic potential
energy and of the absolute value of the correlation energy.

In order to estimate the position of thB {,X) lines, it is
necessary to make a hypothesis concerning the radiative pro-
cess involved in the transition. The most simple one consists
in a transition between an initial state involving an ionized
impurity D and a 0 *,X) final state. The energy balance

E° (meV)

corresponding to direct transitions reads 0 10 20 30 40 50 60

c c F(kV/em)
hV(DJrﬁx):hVX‘i‘ EX_E(DJr,X)’ (18)
FIG. 5. Electric field dependence of the exciton and the corre-
wherehvp+ x) andhvy are, respectively, the ionized donor |ation energies of the exciton and th® {,X) complex on the cor-
bound exciton and exciton transition energies. In order tqelation energies in a GaAs/GaAl,As QW with x=0.30 for two
give an estimation of the localization energyhv=hvy  values of the well thicknesd_(=10 and 20 nm
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In order to show the effect of the electric field on the determine the location of theD(",X) line relative to the
localization energyAhv, we show in Fig. 5 the variations of exciton line.
the correlation energies of th®(",X) complex and the ex-
citon as functions of the electric field intensity for two values ACKNOWLEDGMENTS

of the well width L=10 and 20 nm As a resultAhv is not This work has been performed in the frame of the “Ac-
sensitive to electric field. The two last figures may be used tdion integree franco-marocaine” Grant No. 97/046/SM.
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