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We present theory and extended experimental results for the large shift in optical absorp-
tion in GaAs-AlGaAs quantum well structures with electric field perpendicular to the layers.
In contrast to the Stark effect on atoms or on excitons in bulk semiconductors, the exciton
resonances remain resolved even for shifts much larger than the zero-field binding energy
and fields > 50 times the classical ionization field. The model explains these results as a
consequence of the quantum confinement of carriers.

PACS numbers: 78.20.Jq, 42.80.Ks, 71.35.+2,.73.40.Lq

When semiconductors are fabricated in very thin
layers (e.g., — 100 A), the optical absorption spec-
trum changes radically as a result of the quantum
confinement of carriers in the resulting one-dimen-
sional potential wells.! In such multiple quantum
wells of GaAs, sandwiched between barrier layers
of Al,Ga;_,As of thickness sufficient to prevent
significant coupling between adjacent GaAs layers,
the confinement changes the absorption spectrum
from the smooth function of bulk material to a
series of steps. Additionally, the confinement also
increases the binding energy of excitons, resulting
in exceptionally clear exciton resonances at room
temperature in GaAs-AlGaAs quantum wells.>>

When electric fields are applied to bulk semicon-
ductors, the Franz-Keldysh effect gives primarily a
broadening of the band-edge absorption.® When
the effect of the Coulomb correlation of electron
and hole is properly included’ a Stark shift of the
exciton resonance to lower energies is expected.
However, for fields of the order of a few times the
classical ionization field E; (= Ep/8ea, where Ep is
the zero-field binding energy and a is the Bohr ra-
dius’), the resonance is severely broadened because
field ionization drastically reduces the exciton life-
time and the resonance shift is limited to ~ 10% of
the binding energy.” Similar limitations should be
expected for Stark shifts in atoms.

In GaAs-AlGaAs quantum wells, we have, how-
ever, recently observed large shifts in band-edge
absorption for electric fields perpendicular to the

© 1984 The American Physical Society

layers.? The shifts can exceed the exciton binding

energy and yet the exciton resonances remain well
resolved. Extended room-temperature measure-
ments reported in this paper confirm the existence
of exciton resonances up to ~ S0E; (~ 10° V/cm).
The purpose of this paper is to explain (i) the large
shifts and (ii) the persistence of the exciton peaks
to these large fields.

In contrast with the Franz-Keldysh effect which
is independent of crystal size, the mechanism which
we propose here requires the quantum confinement
in the thin semiconductor layers. Large effects are
to be expected with moderate fields because the
particle-in-a-box envelope functions of electrons
and holes and the exciton envelope functions are
large (~100 A), have low associated energies
(~ 10 MeV), and hence are significantly perturbed
by moderate fields (10 meV across 100 A corre-
sponds to 10* V/cm) 8

The mechanism which we propose is as follows.
(a) Electric fields perpendicular to the quantum
well layers pull the electrons and holes towards op-
posite sides of the layers resulting in an overall net
reduction in energy of an electron-hole pair and a
corresponding Stark shift in the exciton absorption.
Two separate reasons explain the persistence of the
peaks. (b) The walls of the quantum well impede
the electron and hole from tunneling out of the well
in rapid field ionization. (c) Because the well is
narrow (e.g. — 100 A) compared to the three-
dimensional (3D) exciton size (e.g. ~ 300 K), the
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electron-hole interaction, although slightly weak-
ened by the separation of electron and hole, is still
strong, and well defined excitonic states can still ex-
ist. Thus exciton resonances can remain to much
higher fields than would be possible in the absence
of this confinement, and large absorption shifts can
be seen without excessive broadening. Note that,
although the mechanism is discussed for the partic-
ular case of excitons, it is applicable to any hydro-
genic system.

To justify this mechanism (i) we calculate the
overall shifts of the resonances; (ii) we calculate
the exciton binding energy (included in the overall
shift) to show that it remains large; and (iii) we cal-
culate the additional broadening of the resonances
due to tunneling of the individual electrons and
holes out of the well to show that it remains small.

To analyze the problem of the exciton energy in
an electric field F perpendicular to the quantum
well layers (i.e. in the z direction), we consider the
Hamiltonian

H=Hez+th+Heh’ (1)
where
_h—Z aZ
H, = m a—ze‘z— +V,(z,) +eFz,
_h—2 62
H, = — +V,(z,) — eFz,,
hz 2mhakl azhz h h h
—5? 82 2
Hep = Y 2, ,211/2°
2u ort el(z,—z,)*+r°]

Here z, (z,) is the z coordinate of the electron
(hole); m,, (my, ) is the effective mass of the
electron (hole) in the z direction; T is the relative
position of electron and hole in the (x,y) plane;
w=mgmy, [ (mS, +my, ) is the reduced effective
mass in the plane of the layers [m,", (m;, ) is the
electron (hole) effective mass in the plane]. V,(z,)
[V, (z,)] is the built-in rectangular quantum well
potential for electrons (holes) due to the band
discontinuity in the conduction (valence) band.

This is a complete Hamiltonian for the envelope
functions of electrons and holes within the effec-
tive-mass approximation, except for the usual omis-
sion of the center-of-mass kinetic energy of elec-
tron and hole in the plane as negligible kinetic ener-
gy can be given to this motion under optical excita-
tion.

We choose a separable wave function ® for the
exciton for simplicity, i.e., ®(z,z, T)=¥,(z,)
X W, (2, )per (T), where ¥,(z) is the (lowest-
energy) solution of H,V¥,(z,)=E,¥,(z,) for a
given field F and ¥, (z,) is similarly the lowest-
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energy eigenfunction of H,, with energy E,,.
¢, (T) is a 1S-like Bohr orbital with variational
parameter X, ¢g, (T) = (2/m) Y2 exp(—r/\)/\.

Because we have chosen the separable-wave-
function approximation the resultant energy of the
lowest, 1S-like exciton resonance then becomes
E=E, +E, +E.,, where E.,=(P|H,,|®) is
variationally minimized for each field F.

The sample c1)Jsed experimentally® had 95-A GaAs
layers and 98-A Al,Ga;_,As barriers with x =0.32.
The parameters used throughout our calculations
are x =0.32; valence-band discontinuity (hole well
depth), 60 meV; conduction-band discontinuity
(electron well depth), 340 meV; electron effective
mass, 0.0665+0.0835x; heavy-hole effective mass
perpendicular to the plane, 0.45+0.31x; light-hole
effective mass perpendicular to the plane, 0.088
+0.049x (hole effective masses parallel to the
plane were calculated as specified by Miller et al.?);
dielectric constant, e = 12.15. The zero-field heavy-
(light-) hole exciton peak was at a phonon energy
of 1.457 (1.466) eV.

To evaluate E,, we first solve for E,,, E,,, ¥,,

and V,. We use three methods, the first being a
tunneling resonance technique. The actual poten-
tial of the structure in the presence of the field was
modeled by a single well between two finite bar-
riers, with the potentials of all three layers skewed
as appropriate for the applied electric field [e.g., a
potential V,(z,) +eFz, for the electrons]. We
looked numerically for resonances in the tunneling
current through the whole structure as the kinetic
energy of particles incident on the structure was
varied. The energies of the tunneling resonances at
each field give the positions of the energy levels
within the well (this calculation does not give ¥,
and W, directly); these results give the solid lines
of Fig. 1(and the dashed lines of Fig. 2 when the
electron shift is added to the appropriate hole shift).
Second, we derived an exact solution valid for all
field values for the problem of a single particle in
an infinitely deep well in a uniform field. The
resulting wave functions are Airy functions. The
details of this solution will be discussed elsewhere.
Third, we extended the variational calculations of
Bastard et al.! for particles in an infinite well to
higher fields. We found that if we used larger ef-
fective infinite-well widths L.g, chosen to give the
correct E,, and E,, at zero field as calculated with
use of the actual finite-well parameters, then all
three methods of calculation gave very similar
results, even up to 10° V/cm (see Fig. 1). The cal-
culated energies of the first confined levels were
35.7 meV (electron), 5.7 meV (heavy hole), and
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FIG. 1. Calculations of the first confined electron (e)
energy E,., in the conduction band and the first confined
hole energy Ej, in the valence band for the heavy (hh)
and light (Ih) holes as a function of field. Solid lines,
tunneling resonance calculation; broken lines, ‘‘exact”
infinite-well model with effective well widths. The two
models are indistinguishable for the electron at these
fields. The energy zero is chosen at the bottom and
center of the well in each case. The shifts of electron and
hole add in computing the overall absorption shift.

17.7 meV (light hole) at zero field; the resulting ef-
fective well widths were L= 126, 121, and 155 Z\,
respectively. The larger effective widths account
for wave-function penetration into the barriers.
The wvariational and exact infinite-well models
agreed within — 5%. Consequently, we felt confi-
dent in wusing the analytically tractable single-
particle variational wave functions!® (sinusoidal
functions skewed by an exponential) for ¥, and ¥,
in our exciton binding calculations.

The evaluation of the exciton binding correction,
E.,y,, is more tedious as only one variable (r) could
be integrated exactly for the potential energy leav-
ing a numerical double integral over z, and z,. The
range of z, and z, is in each case + L.yx/2, where
L is in general different for each particle. At zero
field E,,, is the exciton binding energy and we ob-
tain an energy of 8.6 meV (9.3 meV) for the heavy-
(light-) hole exciton with corresponding variational-
ly minimized radius A/2 of 64 A (57 A) in agree-
ment with other calculations.” ! With field, |E.yp|
decreases to 5.9 meV (6.7 meV) at 1005 v/ cm with a
corresponding increase in radius 87 A (76 A). Note

(0]
>
L]
E -10
[
u
I
7
X
<
w
a
r4
o
5 -20 A\ \
E o LIGHT HOLE EXCITON (lh)\ \
x HEAVY HOLE EXCITON (hh) \ \'
- WITH EXCITON BINDING \
~— WITHOUT | CORRECTION \
hhy
\
-30 1 1 1 1 1 L 1 11 i
5 10

ELECTRIC FIELD (10%*V/cm)

FIG. 2. Shift of the exciton peak position with applied
field. The points are experimental. The lines are the
theory discussed in the text with (solid) and without
(dashed) the shift in exciton binding correction Eexp.

that FE. still significantly exceeds the three-
dimensional exciton binding energy (~ 4.2 meV)
despite this reduction. E.,; at other fields may be
inferred from Fig. 2; the solid lines are the sum of
E. and E,, + E,, (evaluated by the tunneling reso-
nance method).

The experimental results in Fig. 2 are the mea-
sured shifts of the exciton optical absorption peaks
at room temperature taken in an extension of previ-
ous® experiments. The error in the field measure-
ment is ~ +10* V/cm.? Comparing theory and
experiment in Figure 2 we find good agreement for
the shift of exciton absorption with field in the mul-
tiple quantum wells, especially as there are no fitted
parameters in the theory. The dominant contribu-
tion, at least at higher fields (=3x10* V/cm) is
the shift of the single-particle energies £,, and E,.
The dominance of the shifts of the hole subbands
over the electron subband (see Fig. 1) can be at-
tributed to the lower confinement energies of the
holes and the larger overall wave functions due to
penetration into the comparatively low hole bar-
riers. It appears to be coincidental that the two hole
levels move at approximately the same rate with
field. The fit to the data could be improved if we
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adjusted the 85%-15% split of the energy-gap
discontinuity between conduction and valence
bands!? to give greater valence-band discontinuity
in agreement with recent measurements.!?

The tunneling resonance calculations also give
widths in energy of the single-particle states due to
the static field; these widths reflect the finite tun-
neling time of the particles out of the well. The
half widths at half maximum are very small at 10*
V/em (< 0.5 weV for electrons and heavy holes
and —~40 weV for light holes). Significant
broadening starts to be apparent at 10° V/cm for the
holes (still < 0.5 ueV for electrons, but ~ 0.7
meV for heavy holes and ~ 6 meV for light holes).
The exciton binding energies remain > 6 meV at
all fields and the half width due to other causes is
already ~ 4 meV,*> so that the effect of this field
broadening should only become strong at the
highest fields used in the experiments. This agrees
with the results (at 10° V/cm, the resonances are
marginally resolvable) even although the field inho-
mogeneity may contribute a further apparent
broadening. Adjusting the band-gap discontinuity
for greater valence-band depth gives even narrower
hole resonances.

In summary, the calculations show that (i) there
is good agreement with the experimental shifts with
no adjustable parameters; (ii) the Coulomb binding
of electron and hole is still strong at high fields be-
cause the particles are confined; and (iii) the addi-
tional broadening due to the tunneling of electrons
and holes out of the wells is only important at the
highest fields used.

In conclusion, we have demonstrated good agree-
ment between theory and experiment for the large
shift of the excitonic optical absorption with field in
multiple-quantum-well semiconductor structures.
We resolve Stark shifts up to 2.5 times the zero-field
binding energy for fields ~ 50 times the classical ioni-
zation field.'* Although demonstrated here in one
specific system, similar Stark effects enhanced by
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quantum confinement should be observable in oth-
er layered semiconductors or confined hydrogenic
systems.
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