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Effect of the type-I to type-Il transition on the binding energy of shallow donors
in GaAs/AlAs quantum wells
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The binding energy of electrons to shallow donors in GaAs/AlAs quantum wells in the vicinity of the type-I
to type-ll transition is obtained for impurities lying inside the GaAs layer. The calculation is performed
variationally using a two-parameter trial function, the same for both type-1 and type-II structures. The transition
occurs for a GaAs layer width near 37 A. For widths smaller than 37 A we obtain the binding energy for the
X electrons in a GaAs/AlAs double well, where the impurity lies inside the GaAs middle barrier. For widths
larger than 37 A the binding energy is calculated using a single well forlthelectrons. A change of
symmetry froms-like to p-like is obtained as the transition occurs, for theand for theX electron, respec-
tively. [S0163-182697)02523-X

In GaAs/Ga _,Al ,As quantum wellSQW) with x<0.4  Cunha Lima, Emmel, and Ferreira da Sfudied the same
the conduction subbands in the effective-mass approximatioproblem using a simple variational model of the trial func-
are obtained fronT-type bulk states. However, for>0.4, tion. On the other hand, Wetetreated the case of aX
Ga,_,Al ,As becomes an indirect-gap semiconductor with€lectron bound to a shallow-donor impuritlying in the
the minimum of the conduction bands lying near }@oint ~ AlAS layen in an AlAs/GaAs QW. The effect of th&-X
in the Brillouin zone. Since the first electron subband in ahybridization on the dynamics of an exciton bound to an
QW increases in energy as the QW width decreases, in szed. donor was obtained recently by da Cunha Lima,
GaAs/AIAs QW (x=1) the first subband will lie above the Chazali, and Emmél. .

X-point minima in the AlAs layer, if the GaAs thickness In order to understand the photolumlnescence_ spectra re-
becomes smaller than a certain value. In that case, the GaA%ted to ne_utral dor_lors n GaAS/AlAS structures, It I impor-
layer becomes a barrier for theelectron, and what is, called tant to clarify to which minimum of the conduction band the
y . ' . o bound electron is associated in each ¢age.the present
a type-| to type-ll transition occur;._Near thl_s_tran5|t|on theWork we calculate the effect of the type-I to type-Il transition
electron subband becomes hybnddéda mixing of the o the binding energy of a neutral shallow donor inside a
states at thé’ andlat thg>§ minima. F_rpm the_pomt of VIEBW  GaAs layer of widthL by assuming, in a first model]
of shallow-donor impurities, a significant difference is ex- gjectrons in a type-l structuréa QW in which the AlAs
pected for impurities lying inside such QW's, for widths just |ayers are the barrierand, in a second modeX, electrons in
above and jUSt below that value in which the transition 0C—oy type_” structure. This type_“ structure is represented by a
curs. A donor impurity at the center of a GaAs well binds asymmetric double wel(SDW) for the X electrons in which
I" electron, which is mostly confined inside the well, havingthe barriers are the GaAs layers and the wells are the AlAs
a binding energy between 6 and 15 meV, roughly, dependingayers. In both models the impurity is assumed to lie in the
on the well width. The same donor in a GaAs barrier bindsGaAs layer, which is either the well, for tHe electrons in
an X electron® that is mostly confined outside the barrier, the first model, or the middle barrier, for the€electrons in
having, however, a binding energy that may be higher thamhe second model. Our results show an important change in
in the first case, because of the difference in the effectivéhe binding energy as the transition takes place. Also, a
masses at the minima of the conduction band afltimint  change occurs in the state symmetry, since the obtained
and theX point. This fact provides an interesting mechanismbound state in the type-ll structure is predominantly a
to observe the transition itself. It has been treated in the pagt-like state®
by using two different approaches. Wang, de Andrada e In order to obtain the binding energy of an electron bound
Silva, and da Cunha Linaused a transfer matrix method to a shallow-donor impurityfrom now on simply referred to
based on a mixing parameter to consider the effect of thas impurity in the QW and the SDW, we have used a varia-
I'-X hybridization of the first electron subband on thetional calculation that applies to all symmetric structure,
shallow-donor binding energy in a type-l QW. Recently, dabased on a trial function
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TABLE I. Effective masses of the electronlatandX points in ~ The above equations show that the expectation value of the

units of my. kinetic energy due to the motion parallel to the interface can
be obtained by using a renormalized transversal effective
mp My My, mass corrected by the probability of finding the electron out-
GaAs 0.067 13 0.23 side the GaAs layer.
AlA ' ' ' The termt;, resulting from the contribution of the motion
S 0.15 11 0.19 . . . . . L
in the z direction, is expressed in a way similar to E§),
but has an additional contributiofi,z(z;) carrying the sig-
W ,4(p,2)= Na,gqbw)(z)exq—p/a)exq—|z—zi|/,8), nature of the boundary conditions in the structtire:
(1) h2B 2 Niﬁﬂ'azﬁz/ 1
composed of the unperturbed envelope funci#d®(z), and U= 2m, 28 e cosh2z/ B)Kop(Z).
modulated by a confining function depending on variational (8)
parametersr and 8. z; is the impurity position in the growth
direction ( direction andN, is a normalization factor. In the case of the QW,
The envelope function in the type-| structure is the usual QW \ | 4(0) 2 _
first-subband wave function of a symmetric well: Kap (2)=|#7U(L12)"exp( ~ LI ), ©
and, for the SDW,
© A cogkz) for |z|]<L/2 )
_ SDW,_, \ _ | 4(0) 2 —
¢"(2) B exg—plzl) for Liz<l|z. 2 KepM(zi) =142 (dI2)|*exp(—d/ B)
The first subband of the symmetric double well with inter- — ¢ O (L/2)|?exp — L/ B), (10

faces at=L/2 and=d/2 is whered represents the width of the two AlAs layers plus the

GaAs layer between them. The renormalized longitudinal ef-

fective massn is defined as in E(6).

$'%(z)=1 B cogkz) for Li2<|z|<d2 (3 In order to obtain the term resulting from the Coulomb
Cexp—plz]) for d/2<|z|. interaction, it is worthwhile to define the Fourier transform

o of the probability density in the direction as
In both cases the parameters assure normalization and conti-

A coshipz) for |z|<L/2

nuity of wave functions and probability current densities at % ] (O)r o112

the interfaces. The formalism used here applies to the impu- Fpla,z)= ﬁxdz exdia(z—z)][¢'”(2)|

rity lying anywhere in the structure, but it is assumed, in the

present calculation, to be located inside the GaAs layer at a X exp —2|z—zl/B). (11)
distancez; from its center. In general, the effective masses

are tensors and depend on the coordinate along the axis pél'rhen,

pendicular to the interfacez(axis), since the values are dif- e? w
ferent for GaAs and AlAs, as shown in Tabl&The expec- te=— —Niﬁazf dq G.(q)ReF4(q,z), (12
tation value of the Hamiltonian can be written as K 0

(‘I’a,3|H|‘I’a3>:E(O)+H+t|\+tc- @) where Re stands for real part, agd(q) is defined as

In the above equatioc(® is the energy of the first subband, G.(q) = Jlds S(1—s— a’q?s2/4) 1. (13)

the termt, is due to the motion in the plane parallel to the 0

interfacest; represents the kinetic energy due to motion in . . .
the z direction, andt, is the Coulomb interaction with the ~ The calculation was performed using the conduction

impurity. minima in a Ga_,Al,As/GaAs heterostructure given as
The kinetic contributiort, in Eq. (4) becomes functions of the Al concentration, in meV and at 4 K,'by
722 Ep=1519+911x+ 147, (14)
tL: 2m ’ (5)
L Ex=1992-295. (15
with . - .
In Fig. 1 we show the binding energy as a function of the
1 1 my, —m,, GaAs width for an impurity lying at the layer center. The
mo m_+ mom calculation forL<37A was performed in the SDW model
L teL with d=200, 300, and 500 A. With these values we have
I ansd2 9 (2)|2exp(— 2|z— 7|/ B) performed a second degree polynomial regressiondntd/

© ()2 —ol7— 2. ., (6 obtain the binding energies for— . The results are shown
Jsto@Z|¢(2)"expl—2[2=2]15) as the lowest curve in the left side of Fig. 1. The curve in the
and right side was obtained from the QW model. We observe a
large change in the binding energy at the transition, of the
my, for GaAs @) order of 10 meV, which is due to the difference in kend
m,, for AlAs.

m, (z)= . ) . X
1(2) I' effective masses. It is worthwhile to mention that cyclo-
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FIG. 1. Binding energy as a function of the GaAs layer width  FIG. 2. Binding energy as a function of the impurity position.
for an impurity atz=0. The curves at the left ot =37 A are  The width of the GaAs layer it =37 A. The lower curve repre-
obtained for an X electron in the SDW model with sents al'electron in a type-l QW. The upper curve represents an
d=200, 300, 400, 500 A and a second degree polynomial regres¢ electron in a type-1l SDW witld=500 A.
sion in 14 to obtain the case in whicti—o. The curve at right is
obtained for a electron in the QW model. energy were obtained fop around 10 A. This gives a

p-like character, as suggested by GhaZali.

tron resonancé and Faraday rotatidfi experiments lead to In conclusion, we have shown that the type-I to type-l|

values of the effective Rydberg in the bulk AlAs in the rangetr.ans.ition in 8 GaAs/AlAs .QW affects the .Shé?"ow'do.”or
25.85-356.47 me\ much higher than that of thE elec- binding energy both quanntatl\(ely and quahtauyely_. First,
trdn in bulk' GaAs ' d_ue to the (d_|ﬁerenges on effective masses, the_blndlng ener-
In Fig. 2 we shc.>w how the binding energy depends on th \es are typu_:ally h_lghe_r n _the type-ll QW tha_n in the type-l
impurity .position in the two models, for a GaAs width of 37 W, for the impurity Iymg_ in the GaAs layer in both situa-
A and takingd=500 A in the cas:e of the SDW model tions. Second, a change in the state symmetry occurs, from
. o .\ _ans-like symmetry in the type-I to @-like symmetry in the
Together with the change of the binding energy, there is alsgype-ll QW. We believe this change in symmetry is an im-
a c.hang.e on th_e symmetry. _Our results show that. th eDortant factor to take into account, as well, in other Coulomb
1s-like signature is preserved in the type-l structure, sinc

the minima of the binding energy were obtained in the ”mitcenter problems, e.g., type-l excitons lifetimes in similar
9 gy L structures, since the particle symmetry may establish new
of B—oo, for all values ofL andz . This is in agreement

with th neral choice of either 0 or expl o) for selection rules for transitions caused by confined and inter-
Ne general choice of elther expﬁ_ )9 exp( fp) fo face optical modes. This question, however, is beyond the
the trial function of the neutral impurity in a QW.In the scope of the present work

case of the SDW model, on the contrary, a finités neces- ‘

sary for binding the electron. The minima of the binding One of us(A.T.C.L.) was supported by CNPg-IC.
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