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Electronic structure of an isolated GaAs-GaA1As quantum well in a strong electric field

E. J. Austin and M. Jaros
School ofPhysics, The University, Newcastle upon Tyne NE1 7RU,

United Eingdom
(Received 4 February 1985)

An exact numerical calculation for an isolated quantum well of a GaAs-GaA1As system subjected to an
external electric field is presented. Resonance positions and widths, and density-of-states profiles are re-

0
ported for a 30-A well to demonstrate that the rigorous description of the high-field states as resonances
leads to qualitatively new phenomena. In particular, in fields of 4&10 Vcm the effective hole energy
shift is reduced to zero and a new antiresonance state emerges from the continuum into the well.

In novel semiconductor devices, ' carriers are often con-
fined in quantum-well structures and exposed to high elec-
tric fields. The existing attempts ~ to model the electronic
structures of such systems are based on calculations in
which the effect of the external field is treated by approxi-
mate techniques (i.e., perturbation theory, variational
method) appropriate in the weak-field limit. In such calcu-
lations, the confined states are viewed as bound states, and
the field-induced broadening is ignored. Very recently,
Miller et al. extended the variational calculations of Bas-
tard, Mendez, Chang, and Esaki for particles in an infinite
well, to fields up to 105 Vcrn '. They also considered an
exact solution for an infinite well in terms of resonances
described by Airy functions, and concluded that, in the
range of fields in question, both methods yield very similar
results. This means that the near-quadratic increase of
biriding energy with field, characteristic of the low-field
Stark effect, might also be expected in the high-field limit.
In this study, an exact numerical solution is presented for
fields of 0-5& 10 Vcm ', and applied to an isolated
GaAs-GaA1As quantum well of finite depth. It is demon-
strated that, at experimentally attainable fields (e.g. ,
1—4&&10' Vcm '), the tunneling widths are in fact quite
large, and that qualitatively new phenomena occur which lie
outside the scope of the simple bound-state calculations.

Since the chief aim of this paper is to elucidate high-field
effects, only the simplest zero-field model Hamiltonian is
employed. In the envelope-function approximation, the
rapidly varying Bloch component of the wave function is ig-
nored, and the problem reduces to the one-dimensional
effective-mass equation familiar from previous studies. 2

For a particle of charge e (taken here and in the remainder
of the paper to be positive) and mass m', initially localized
in a well of width 2a and depth Vo, the Schrodinger equa-
tion is

= (2eF)"'x+,
q, IxI & a,

2eF "'
allows (1) to be written in the standard form

d2$

QP
+yQ =0

which has the full solution

pi= Ai( —y), x ( —a

iii2= CiAi( —y)+ C28i( —y), Ixl ~ a

ili3 = C3Ai( —y) + C48i( —y), x & a

(2)

(4)

where Ai and Bi are Airy functions. The numerical values
of the coefficients Ci, C2, C3, C4 can readily be found by
matching the values of if' and its first derivative at the
points x= fa. In the method of phase-shift analysis (pre-
viously applied to the hydrogen Stark problem by Damburg
and Kolosovs) the Stark resonances are characterized by a
rapid increase of n in the phase $, where

C4
tang =

3
(5)

The position Eo and width I can be calculated using the
Breit-%igner parametrization

when F is nonzero the particle can always lower its potential
energy by tunneling out of the well; this means that the
zero-field bound states are converted into resonances. In
moderate fields the Stark states should nevertheless be ob-
servable since, as in the atomic case, the tunneling rate
should be small compared to the spectroscopic observation
time.

The coordinate transformation

y = (2eF)'~'x — ( &o —E)2

(2eF) ~

—( Vo+ eFx)$ =0, IxI ~ a
2m dx I

2(E,—E) (6)

—eFxy =0, IxI & a
2m dx

where I' is the electric field applied perpendicular to the in-
terface plane. As in the well-known example of the atomic
Stark effect, the applied field causes a shift of the energy
levels with respect to their zero-field values, accompanied
by a broadening. Since the potential term in (1) tends to
—~ as x + ~, the system has strictly no bound states;4

(This parametrization is, of course, only approximate for
the broad resonances expected at high fields. )

For the numerical calculations, the values of Vo and m'
appropriate for electrons and heavy holes in GaAs-
Gai „Al„As quantum wells were employed:

m'=0. 067mo, Vp=400 meV (electrons);

m"=0.45mo, V0=70 meV (holes),

5569 1985 The American Physical Society



31M JAROSE J. AU STIN AND

to PCCur 1Sd tipn for this
~

ate con 1'etely i ehe apPrpxim

= —Ep,a=—
r y. F, thus corre-

which th top of
well is pwe

'
pulled down y to

cm ot ons and

of th hi
us in o

ec, 1 the res
htly below F,.

be ex-

ectrons, ony
f this pp

odominant t e
b

to be o
can be

ill be hig,

tates b

tion rate wi
thods.

1 1

th t th d
11 observab e. co

it o . This cannot e

fact exp
'

1

p t d

te metho s (whtc
-theory

ie

bldil obt bbut is rea
h

(8)

formalism. The c a

dg(E

se Airy functions, w ich
h

d h herpre
a

'
ed by adding the p

must e i

otentiastates induced by a

comP

5570

Th se para eters»es
tain a

e-electron m
in prder «

re mp 1is the free-,
e chpsen in o

g tard equal. ;

whe
'dth of 3 A

1 ulations o
nly pne whe

A were . f Qasa
the w

'son with
11 which suP

1 resents s

well w1 .
the cacu

u port on
direc

prresppnds
d holes. Fig

tp the

t comparis
tp we s

1 ure pr
this choice o

h electrons»ed
fields

'th fiel

bpund sta
obtained

te for bpt
for a"p

ared wibe comP
xl

shifts
ns these can

the two ca-

e Sta
—1 For electro

be expected,
'

ns are th

5 10 cm .
As wo

all dev1a

.
tional result

t lpw fields'
its at higher

are in agr
'

nal an
p

culations
the variatipn

pnly abou
are re

nd between
iatipn fpund

1 calculations
he largest de

he variatipna
f electrons h

fjelds T
r sP t e

' thecaseo e
le

binding energy
ld regime in

a remarkab P

total '
n this fie

t shpws a
pre s

rl adequat
ce energy

b cpmes m

clear y
h resonance

nce e g
ches a

hole .
the re

Fo
—at lpw fields

f' ld is increase
—1 and sub-

featu —
the applied

f 2.5x 10' V'
h extent

negat
F in the reg

'
increase .

h fields.

jve as
iono

tot e

.
;mum for

the field is
t very

tl increases
es Positive

but at much

sequent y '
shift becom

e]ectrons,
that the energy

fpund «r -1 The physica
r is aiso

6 m ')
ciear,

Simtar
s (& .

is n e.
ber

behavipr
1 2x10 Vcm

t entirely c
field ~~lues

nd in e~e~gy
d in a num

highe
h turnaroun

1 been foun
'

h dro-

~

nce
revious

r atomic

nlf lean
e effect has p

articular for,
l tp be

ut the sam
ulatipns, 1n P

highly unlike y

Star -e
such e

n t us

k- ffe«calc '
'b h~~ior is

h suggesting
that

1 calculat'o
to about

iati na
.

1 up
redicted by

h calculations a
f hole states

that fo
1 The greater

ck to thei~ sm
for a

5 Vcm
e traced &ac

't regime pr

2x1
fields can b

hi h-1ntenslty
F is the

lectric
The on

d as F ~ . .
Ppears

ing energy'
roughly define

jpnization disap
11 can be

barrier to
fjnite we

the tunnelingfie
'

ld for which t e

-20

F (105 V cm 2
5

F (10 Vcm
and holes. Theelectrons an . Theshifts for e e anlculated energyFIG. 1. Ca

re the shifts orcrosses are t e
3).

eak width 8'it -of-states peaI and density-o-width aFIG. 2. Resonance
for holes.



31 ELECTRONIC STRUCTURE OF AN ISOLATED GaAs-GaA1As. . . 5571

F=24
(x9) F =1.0

0-
-0.4

20—

0-
E

-100
I

-80
I I

-60 -40 -20

ENERGY (meV )

=0

20

FIG. 4. Plots of hp for holes at various field intensities (in units
of 10 Vcm ). The peak height decreases with increasing field; to
compensate for this the curves have been scaled as indicated.
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FIG. 3. Resonance and antiresonance energies (Ep, Eg) and po-
sition of the density-of-states maximum (EM) for holes.

cle system. It follows that a peak in Ap would be expected
to occur at or close to the resonance energy. This explana-
tion is confirmed at low fields but, as shown in Fig. 3, the
energy of the peak becomes steadily more negative as the
field is increased, in contrast to the behavior of the reso-
nance position. Figure 4 shows some typical hp profiles; as
the applied field is increased the negative shift of the peak is
accompanied by a broadening and a decrease in peak height.
In addition, the profiles can be seen to have the characteris-
tic Fano shape, which corresponds to interference between
the "resonant" and "background" contributions to Ap.

Further study of the energy dependence of the phase shift
reveals an additional interesting feature. The resonance
state is characterized by a rapid phase increase of m, at
higher energies the phase starts to decrease, and passes
through n/2 from above, apparently tending to zero at high
energies. This behavior follows from the fact that $ is a
continuous function of E; the high-energy phase shift ~ould
be expected to tend to zero on physical grounds so at some
point, P, having increased at the resonance energy, must

pass through a maximum and then decrease. The energy at
which $ passes through m/2 from above is readily identifi-
able from plots of tang; this corresponds to an antireso-
nance state. The behavior of this feature is also plotted in
Fig. 3. At high fields the antiresonance is drawn down into
the well and annihilates the resonance in the sense that
beyond fields of 4.6& 10 Vcm ' it is no longer meaningful
to perform even an approximate Breit-Wigner parametriza-
tion, since the phase does not pass through rr/2 Aresid. ual
peak does,

'

however, persist in the density of states and,
perhaps surprisingly, the annihilation of the resonance ap-
pears to have very little effect on its general shape.

In conclusion, the results presented here demonstrate
that, in shallow wells, new tunneling effects occur at high
fields which completely alter the electronic structure. Both
the breakdown of the bound-state variational approach and
the finite-barrier height are key factors in accounting for the
new phenomena; the magnitude of the threshold field and
the degree of level broadening strongly reflect the form of
the zero-field electronic structure in the well and in the con-
tinuum. Although in this study only the simplest possible
zero-field Hamiltonian is considered, a rich variety of high-
field effects is expected in more complex cases. In particu-
lar, recent electronic structure calculations of Jaros, Wong,
and Gell' have shown that there are a number of well-
localized states just above the confining barriers and at
secondary minima. Since the effective barrier "seen" by
some of these states is very small, such states are expected
to be strongly affected by a high electric field. The applica-
tion of the method described in this paper to more complex
quantum-well systems is currently being investigated.

We thank Dr. A. S. Dickinson for helpful discussions and
Dr. D. A. B. Miller for supplying a copy of Ref. 3 prior to
publication. E. J. A. acknowledges financial support from
Newcastle University.
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