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The e — AY acceptor-related photoluminescence spectrain GaAs-(Ga,Al)As quantum wells
under applied longitudinal electric fields are obtained for different doping profiles within
the ivell. Calculations are based on tlie effective-mass approximation and the variational
method for determining the acceptor binding energy and envelope wave function. Results
show that the positions and intensities of the structures in the spectrum lineshapes are
sensitive t0 both the fidld strength and the acceptor distribution within the quantum well
indicating that the applied electric field can be used to probe the asyminetry of the impurity

distribution within the well.

Nowadays, molecular-beam epitaxy (MBE), ion-
beam technology, and metal-crganic chemical vapor de-
position (MOCVD) dlow tlierealization of high-quality
systems consisting of alternating layers of different ma-
terial ~vith controllecl layer thicknesses and sharp in-
terfaces. Such man-made muterials exhibit a variety of
remarkable electronic properties which are due to con-
finement effects not present in ordinary bulk materials.
As a coiisequence, these systems present wide-ranging

potential application ill electronic devices.

The presence of shallow - hydrogenic impurities!!!
in low - dimensional structures givc rise to a number of
phenomena which are of considerable technical and sci-
entific relevance. Recent reviews!?l present a detailed
account of scientific work concerned with shallow 1m-
purities in quantum wells (QWs). The physical prop-
erties of semiconducting heterostructures significantly

change under externally applied electric ficlds as po-

quantum states of the system play an important role,
for instance, in controlling and modulating the out-
puts of optoelectronic devices. Theoretically, Brum et
al 1% studied the binding energies of hydrogenic impuri-
ties in GaAs-(Ga,Al)As QWs under the presence of an
electric field perpendicular to the interfaces. Weberl4
and Lépez-Gondar et al.l%) calculated the electric-field-
clependent density of iinpurity states associated with
shallow donors and acceptors in infinite- and finite-
barrrier QWs. In addition, in arecent work, Santiago et
al 1% investigated the irnpurity-related optical absorp-
tion spectra in GaAs-(Ga,Al)As QWs subjected to an
externally applied electric field. Experimentally, Miller
and Gossard!” studied some effects of a longitudinal
electric field on the intrinsic and extrinsic photolumi-
nescence of Be-doped GaAs-(Ga,Al)As multiquantum
well samples grown by MBE.

The present work is concerned with the effects of
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growth dire:ztion of the QW on the photoluminescence
lineshape associated with ¢ — AY acceptor-related re-
coinhinatioi in GaAs-(Ga,Al)As QWs

Tlie Harailtonian for a shallow acceptor iii a GaAs-
(Ga,Al)As QW with an applied clcctric field F paralell
totlie z-gro vth direction of tlielieterostructuremay be
written as

2

e[p? + (z — z)2]172
Fzx. )

H =

—(R?/2m;)\V? —

+ Vi0(22 = L2/4) + |e

The z origin is taken at the center of the well and
the energy origin at the bottom of the GaAs conduc-
tion band. Tlie impurity position along the growth
axis is denoted by z;, and r = [p* + (2 — 2)?"/? with
p = (z? + 1'2)]/2, is tlie distance from tlie carrier to
the acceptor site. V4 is the band offset equal tol®91 0.4
times the baiid-gap discontinuity('”) AE, = 1.247z eV
for the valence band, m} = 0.33mqg (myp is the free-
electrori mass) is an spherical carrier effective mass -
we neglect tlie effect of coupling of tlie top four valence
bands{!!) - which gives a bulk value of 26 meV for tlic
acceptor binding energy!®1213 and is considered con-
stant across the interfaces, and 0(z) is the Heavyside
unit-step furction. We disregard the mismatch of the
dielectric constant of the two materials and assume tliat
e =13.1 (Ref. 14). Oneshould note that tliefield F' ap-
pearing in Eq.(1) is the internal screened electric field.
We neglect t inneling effects due to the presence of the
electric field.

The grouad-state wave function and cnergy of the
above Hamltonian can be obtained approximately us-
ing a variational procedure. A convenient choice for
the trial envelope wave function # is given!® by the
normalized product of the ground-state wave function
¢5(z) for the QW in tlie absence of tlie impurity and
a hydrogenic s-wave function exp(—=Ar), in which X is
taken as tlie variational parameter. The optimal value
of X is determined by minimizing the expectation value
< ¢:|H|¢ > . The acccptor binding energy is then de-
fined as

FE; = E(L,Zi) = Eg— < L//]Hll,) >, (2)

where Fy is the QW ground-state energy of the n = 1
valence subband in the presence of the applied electric
fidd and mitliout the impurity, which is given by the
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lowest root of a transcendental equation (Eq.(2.8) in
Lépez-Gondar et al.ll),

We are interested in calculating the transition prob-
ability per unit time Wi (L, z;) for conduction to accep-
tor transitions (associated to a single impurity located
at z = z;), which can be obtained*® from the matrix
element of tlie electron-photon interaction H;,, between
the wave functions of theinitial (n = 1 conduction sub-
band) and final (acceptor) states, with Hi, = Ce.p,
where c is tlie polarization vector in the direction of
the clectric field of the radiation, p is the momentum
operator, and C is a prefactor which contains the pho-
ton vector potential. Therefore, Fo a GaAs-(Ga,Al)As
QW of width L, we can writel!7:13]

i = w3 () 3)
5%z, X, k1 (w))0(A) 3)

where aq is the Bohr radius, and

A = hw—e+ E(L, z), (4.a)

kL) = (@miA/R)Y?, (4.b)

¢ = Ey+E_ +E;,_4, (4.¢)
4m

Wo = #ag;cmepm? (4.d)

In the above equations, E, is the bulk GaAs gap,
Eé_1(E¥_;) is the bottom (top) of the first conduc-
tion (valence) subband, Py; is a matrix element of the

momentum operatorl!”l, and Sz, A ki (w)) IS given by

Sy
Sz, M k(W) = ZIB]‘T;X
[ it 81z - ss@s3(20e e (9)
with
B=Bk)= (k] + 27917, (6)

and N} and N, are the normalization factors for the ac-
ceptor envelope wave function and the first conduction
subband, respectively.

We assume an na(z) density of non-interacting ac-
ceptor iinpurities per unit of volume and consider a QW
in which electrons have heen optically injected intothe
conduction band and recombine with holes in the ac-
ceptor or valence bands (see Fig. 1). We are concerned
with the linesliapc of tlie recombination associated with
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Figure 1: Schematic represcntation of a GaAs-(Ga, Al)As
QW with an acceptor impurity band and submitted to a
constant electric field. The parabolas represent a pictorical
view of the ky dispersion of the n = 1 conduction and va-
lence subbands. Also shown are the Fermi distribution for
the conduction-subband electron gas (on the left) and the
dependence of the acceptor binding energy as function of
the impurity position (on the rigth).

holes in the acceptor band and we assume that the tem-
perature is low enough (7" << 300 K) such that each
acceptor state is filled with a hole. The photolumines-
cence spectrum associated with the n = 1 conduction-
subband to neutral acceptor transitions (¢ ~ A® recom-

bination) is therefore given by

Lo _— .
L(w):—fj/_LﬁcltiﬂA(zi) Lz w)f(er),  (7)

with
Ffler) = 1/{1 +exp{(fw — ¢, + E; — Er)/kpT]}

is the Fermi occupation number for the conduction-
subband electron gas, and Ep is the quasi-Fermi-energy
levell!®) (measured from the bottom of the n = 1 con-
duction subband) of the electron gas in the steady-state
quasi-equilibrium.

Results for the ¢ — A® acceptor-related photolumi-

nescence spectra are shown in Fig. 2 for an L = 504
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GaAs-Gag 7Alg3As QW, at T = 5 K, for quasi-Fermi
levels Fr = —1 and 1 meV, and for different applied
electric fields. Unless otherwise stated, calculations
were performed by considering an homogeneous distri-
bution of acceptors inside the QW, 1.e. na(z;) = 1. The
quasi-Fermi leve. associated to the electron gas in the
conduction subband may be calculated through a bal-
ance equation for the carrier density in the steady-state
quasi-equilibrium, with results!!¥] indicating that at low
temperatures (7' < 10 K) Ep is less than ~ 1 meV for
high laser intensities (~ 10* W/cm?) and of order of -1
meV for low laser intensities. In such regimes, the over-
all features of the acceptor-related photoluminescence
spectra and their dependence on the applied electric
field are not very sensitive to the value of Ef, only the
intensity being modified due to corresponding changes
in the carrier density with Ep. The spectra are essen-
tially characterized by the presence of three features,
namely, one peaked structure associated to transitions
involving acceptors with binding energies EF°*P*" at
the top of the impurity band (cf. Fig. 1) and two van
Hove-like structures (with discontinuity of the deriva-
tive) related to acceptors at the two edges of the QW.
The “binding energies” associated to these features may
be obtained by considering the energy shift with re-
spect to FE., (onset to conduction-to-valence transi-
tions) and are shown in Fig. 3 as functions of the ap-
plied electric field. On the experimental ground, donor
and acceptor features have heen observed as extrinsic
structures in photoluminescence experimentst212:20] in
GaAs-(Ga,Al)As QWs in the absence of an applied elec-

218,211 of some of these

tric field; theoretical discussion!
results have been reported in the literature. The ef-
fects of applied electric fields on the impurity-related
photoluminescence have been studied by Miller and
Gossardl”], although in their work the electric field con-
ditions were not well established. With recent progress
in experimental techniques, we believe that the pre-
cise dependence of the acceptor-extrinsic features in the
photoluminescence spectra with electric field (as pre-
sented in Fig. 3) may be obtained.

As the temperature of the sample is reduced, the
energy distribution of the electrons in the conduction
subband becomes sharper and, as a consequence, the
structures in the impurity-related photoluminescence

spectrum become more pronounced. Such an effect is il-
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Figure 2. Acceptor-related pliotoluminescence line shapes (in units of Wy -
QW, for T = 5K, quasi-Fermi levels £r = -1 meV [(a) and (b)] and 1 meV [(c) and (d)], and different electric fields.
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see text) for an L = 50A GaAs-Gag7AlpsAs
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Figure 3: Acceptor binding energies (corresponding to fea-
tures in the ¢ — A® plotoluminescence spectra) versus the
internal screened clectric field I for an L = 50 A GaAs-
Gag 7Alo 3 As Q\’V.
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Figure 4: Photoluminescence liiie shapes (in units of Wy -
sce text) associated with electron - to - acceptor recombi-
nations for an L = 50 A GaAs-Gag rAlgaAs QW, /7 = 50
kV/em, Er = 1 meV, and temperatures 7' = 1K (solid line)
and T = 5K (dashed liii€).
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lustrated in Fig. 4, which shows results for an L = 504
GaAs-Gag 7Alp aAs QW, with quasi-Fermi level Ep =
1 meV, internal clectric field F =50 kV/cm, and tem-
peratures 7" =1 and 5 K.

Significant changes in the e — A% acceptor-related
photoluminescence spectra may be observed when QWs
of different widths are considered. Calculated results
for an L = 100 A GaAs-Gag7AlpsAs QW, at T=5
K, for quasi-Fermi levels Fp = —1 and 1 meV, and for
different applied electric fields are presented in Fig. 5.
As tlie magnitude of the applicd electric field increases,
there is a decrcase il tlie weight of the two structures
related to transitions involving acceptors with binding
energies E7°P" ag the top of the impurity band and
acceptors near the right edge of the well (cf. Fig. 1).
In fact, for F = 100 and 150 kV/cm, the van Hove-
like singularity associated to right-edge acceptors has
essentially disappeared.

We present in Fig. 6 the acceptor-related pho-
toluminescence spectra for an L = 100 A GaAs-
Gag.7Aly 3As QW with impurity profiles corresponding
to lcft and right 1/2-doped wells, for 7" = 5 K, quasi-
Fermi level Ep = -1 meV, and electric fields F = 50
aud 150 kV/em. One may notice that tlie asymme-
try in tlie impurity distribution inside the well leads to
markedly different features in the photoluminescence
lineshape in the presence of an externally applied elec-
tric field. In addition, as expected for the doping pro-
files under consideration, the average of the results for
tlie left and right 1/2-doped wells equals the spectra
previously shown il Figs. 5 (a) and 5 (b).

Tn conclusion, we have presented asystematic study
of the e — A° acceptor-related photoluminescence spec-
tra in GaAs-(Ga,Al)As QWs under applied electric
field.  The impurity-related photoluminescence line-
shape depends on the strength of the longitudinally
applied clectric {ield, the temperature, the quasi-Fermt
energy Of the conduction-subband electron gas, and on
the acceptor distribution along the QW. We have shown
that tlie spectrum lineshapes in tlie case of a uniform
impurity distribution are essentially characterized by
the presence of three features (occuring at energies de-
pending on the electric field), namely, one peaked struc-
ture associated to transitions involving acceptors with
binding energies at the top of the impurity band and
two van Hove-like structurcs related to acccptors at the
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Figure 5. Acceptor-related photoluminescence spectra (in units of Wy - see text) for an L = 100A GaAs-Gag.rAlosAs QW
for T=5K anid quasi-Fermi levels £y = -1 meV [(a) and (b)] and 1 meV [(c) aiid (d)]; results are shown for different electric

fields.
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Figure 6: ¢—A° photoluminescence spectra (in units of Wo -
sec text) at T = 5K from an L = 1004 GaAs-Gao 7AlosAs
QW with Er = —1 meV, and different acceptor doping
profiles aiid applied electric fields; full (daslied) curves cor-
respond to aleft (right) 1/2 - doped QW.

two edges of the QW. Moreover, the sensitivity of the
theoretical results to both tlie field strength and the ac-
ceptor distribution within the quantum well indicates
that the applied clectric field may be used to probe the
asymmetry of the impurity distribution within the well.
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