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A new quantum interference phenomenon in optical absorption is reported. This effect manifests itself
in a striking suppression of the absorption coefficient as a function of the electric field concomitant with
a negligible Stark shift of the transition in suitably designed coupled-quantum-well semiconductors.
This phenomenon, which does not arise from a reduced overlap of the final and initial states of the tran-
sition, is shown to be caused by quantum interference between two spatially separated transitions. The
basic and general nature of this mechanism could be exploited in other artificially structured materials

as well.

PACS numbers: 78.66.Fd, 78.20.Jq

Quantum interference effects in the absorption of
atoms and molecules have been investigated since the
seminal work of Fano on continuum resonances [1]. Re-
cent examples include interference between multiple ab-
sorption pathways in two-photon absorption [2] and in
molecular dissociation [3], absorption cancellation in
dressed three level atomic systems which may lead to las-
ing without inversion [4], and the production of a large
index of refraction with vanishing absorption by atoms
prepared in a coherent superposition of an excited state
doublet [5].

The development of molecular beam epitaxy (MBE)
[6] and band-gap engineering [7] has made possible the
design and realization of quantum semiconductor struc-
tures with new and unusual optical properties [8]. Of
particular interest in this respect are quantum dots [9]
and coupled-quantum-well structures [10,11] which
behave, respectively, as giant artificial atoms and “quasi-
molecules” with dipole matrix elements between electron-
ic states many orders of magnitude larger than atomic
and molecular ones.

In this paper we report the design and demonstration of
a coupled-quantum-well semiconductor exhibiting a new
quantum interference effect in absorption between elec-
tronic states. This phenomenon manifests itself in a strik-
ing electric-field-induced suppression of intersubband ab-
sorption, accompanied by a negligible Stark shift of the
corresponding transition. As such the large modulation
of the dipole matrix element in our effect does not origi-
nate from a reduced overlap between the wave functions
as in the case of the quantum confined Stark effect [12]
and of the linear Stark effect of interband transitions in
coupled quantum wells [13], but has its subtle origin in
the quantum interference between the two coupled wells.

The sample, grown by MBE on a semi-insulating GaAs
substrate, comprises fifty modulation-doped coupled
quantum wells. Each period consists of two GaAs wells,
respectively 62 and 72 A thick, separated by a 20 A
Alp.33Gage7As barrier. The coupled-well periods are
separated by a 1450 A Alg33Gage7As spacer layer. To
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supply the electron charge in the wells, a §-doped Si layer
(1x10'?/cm?) is inserted in the spacer layers to ensure a
symmetric charge transfer [14]. The growth sequence
starts and ends with a GaAs contact layer, doped with Si
ton=1%x10"%cm 3,

Figure 1(a) shows the conduction band diagram of a
period of the sample at zero bias. Indicated are the ener-

gy levels and the modulus squared of the wave functions.
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FIG. 1. (a) The energy band diagram of a single period of
the GaAs/Alo33Gaos7As modulation-doped structure. Shown
are the positions of the calculated energy subbands and the cor-
responding modulus squared of the wave functions. We com-
puted £1=63 meV, E;=80 meV, E3=198 meV, and E4=250
meV. (b) Square of the intersubband dipole matrix element
(z13)2 and (z14)? (as indicated) computed as a function of the
electric field. Dotted line: tight-binding model for (z13)2.
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The energy levels and wave functions are computed by
solving Schrodinger’s and Poisson’s equations in the
envelope-function formalism [15,16]. The exchange in-
teraction (Slater term) is included in the local-density ap-
proximation [17].

To get a better insight into the behavior of the
coupled-well system as a function of the applied electric
field, let us first consider the two quantum wells, denoted
here as wells a and b, coupled by the barrier in a tight-
binding approach [15]. In such a model, the calculated
wave functions y; (i=1,...,4) of this system are ex-
panded in terms of the eigenfunctions <P{‘,‘2” of the first two
bound states 1,2 of the two isolated wells. In the tight-
binding approximation, the dipole matrix element zy;
=(y|z|y;) (i=3,4) between the first and the third or
fourth state of the coupled-well system can now be writ-
ten as the sum of the contribution from the two wells a
and b,

2 =Cyi ey le®z 8+ letXyiledzts )]

where z{, and z%, are the transition matrix elements com-
puted for the isolated wells. As y; is the ground state of
the system, (y,|ef) and (y,|ef) have the same sign. On
the contrary, since the second excited state w3 crosses
zero twice and is constructed from the antisymmetric
wave functions ¢£°%, (y3le$) and (ys|¢$) have opposite
signs. Therefore, if we consider a transition between the
first and third state of the coupled-well system, the two
terms of Eq. (1) have opposite signs. One thus expects
large values of z3 for large absolute values of the electric
field where both wave functions are localized in either
well a or b [first or last term of Eq. (1) dominates] and a
null for some intermediate value of the electric field. At
this field the absorption will be suppressed. This behavior
is clearly apparent in Fig. 1(b), where we display (z;3)2
as given by Eq. (1) along with the exact calculation, us-
ing the parameters of the sample. As expected, z3 de-
creases with the applied field and has a null for an elec-
tric field of —22 kV/cm. The tight-binding result is in
good agreement with the exact computation in which z3
is directly computed from the wave functions w3, sup-
porting our interpretation of this effect as an interference
phenomenon. The self-consistent potential takes into ac-
count the screening of the applied electric field by the
charges inside the coupled wells. The interference effect
still occurs even if the self-consistent potential is neglect-
ed, although at a different applied field. It is important
to note that the suppression of the dipole matrix element
(z13=0) does not arise from the parity selection rule,
since for all electric fields the wave functions y; and w3
do not have a well-defined parity.

The interference phenomenon occurs for the 1-3 transi-
tion because the two terms in Eq. (1) have opposite signs.
On the contrary, as (y4l¢%) and (w4|©s) have the same
sign, the two terms of Eq. (1) for the 1-4 transition add
constructively. For large values of the electric field, the
ground state wave function y; will be localized in one
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FIG. 2. Intersubband absorption spectra in a two-pass
waveguide at 7=8 K for different applied biases, as indicated.
The absorbance for polarization parallel to the plane of the lay-
ers (—logioTy) is subtracted from the absorbance normal to the
plane of the layer (—logioT1) to remove instrumental, sub-
strate, and free carrier absorption contributions. A strong
modulation of the absorption of the 1-3 and 1-4 transitions is
observed.

well and 4 in the other. The two wave functions y; and
w4 now having a small overlap, the resulting dipole ma-
trix element z;4 will be small. This behavior appears
clearly in Fig. 1 where (z,4)? is displayed as a function of
the applied field. z;4 is maximum at about —22 kV/cm
and decreases for positive fields or larger negative fields.
For the experiments, the samples were processed into
square mesas (800 um side) and Ohmic contacts were
provided to the n* contact layers. They were then
cleaved in strips and the cleaved edges were polished at
45° to provide a two-pass waveguide. The absorption
spectra were measured with a Nicolet 800 Fourier trans-
form infrared spectrometer (FTIR) using this wedge
waveguide geometry. In Fig. 2 the low-temperature ab-
sorption spectra are shown for different applied biases.
Positive bias refers to the band diagram configuration in
which the thick well is lowered below the thin well. The
height of the absorption peak corresponding to the 1-3
transition (136 meV) decreases regularly when the ap-
plied bias U, is changed from 30 to —20 V, has a
minimum at this value, and rises again if the bias is de-
creased further to —30 V. At —20 V, the integrated ab-
sorption of the peak has decreased to 1.6% of its value at
30 V. Meanwhile, as shown also in Fig. 2, the 1-3 transi-
tion energy has changed by less than 1 meV in the same
bias range. Thus the modulation of the absorption is not
due to an electric-field-induced shift of the transition like
in the Stark effect. As expected from the computations,
the 1-4 transition has the opposite behavior; its oscillator
strength is maximum for U, =20 V and not observable
anymore at 30 V. Although there is a clear exchange of
oscillator strengths between the 1-4 and 1-3 transitions as
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FIG. 3. (a) Comparison between the measured and calculat-
ed (solid lines) E.3 and E»3 transition energies. In order to
track E3 for a larger range of applied fields, the temperature
was raised to 70 K to induce a thermal population of the second
level. (b) Square of the transition matrix element (z;3)? (right
axis), as derived experimentally from the integrated absorbance
below the 1-3 peak (left axis) at T=8 K. The solid line is the
calculated value.

a function of bias, the sum of the oscillator strength of
these two transitions is not constant because the 1-2 tran-
sition also exchanges oscillator strength with the 1-3 and
1-4 transitions. The energy of the 1-2 transition has its
minimum near Uy, =—20 V. At this bias, the second
state drops slightly below the Fermi energy, allowing the
observation of a third peak at hv=124 meV correspond-
ing to the 2-3 transition. However, by evaluating the
electron sheet density ns(z) in the second state from the in-
tegrated absorbance below the 2-3 peak, we find n®
=3x10'"cm 72, less than 10% of the ground state densi-
ty. Therefore, the population of the second state has a
negligible impact on the modulation of the 1-3 absorp-
tion.

The characteristic anticrossing of the first two levels as
a function of the applied bias is clearly apparent from
Fig. 3(a) where the measured transition energies E 3 and
E >3 are reported along with the theoretical predictions us-
ing the full self-consistent model. As shown in Fig. 3, the
experimental points are in excellent agreement with the
theory. In Fig. 3(b), (z,3)? is derived from the measured
integrated absorption [18] and the nominal electron sheet
density n; =5x10'"" cm ~2, as obtained from prior cali-
bration of the MBE system [14] on similar samples. The
agreement with the theoretical prediction is excellent. As

expected, (z,3)? decreases first as the field is increased,
has a minimum for U, = — 20 V, and then rises again.

As expected from an interference phenomenon, the am-
plitude of the wave functions in each well enter in Eq.
(1), and these wave functions must remain coherent
across the coupled-well system. The importance of this
coherence has recently been demonstrated in the genera-
tion of terahertz radiation from charge oscillation in cou-
pled wells [19] and in quantum transport phenomena
such as the ‘“resistance resonance” [20]. A sufficient
amount of disorder will localize the wave functions in ei-
ther well and completely destroy the interference effect.
Indeed, this localization effect has recently been observed
[21]. In this work, the absorption of a coupled-well sys-
tem with a thicker tunnel barrier (40 A) is reported as a
function of the applied field. The wave functions are lo-
calized in the two wells and no modulation of the dipole
transition element z,3 is observed [21]. The modulation
of the absorption is entirely due to a transfer of electrons
from the ground state of one well to the ground state of
the other well having a different transition energy.

In conclusion, we have demonstrated a new quantum
interference effect in optical absorption which results in
the electric-field-induced suppression of the latter. The
large modulation of the transition matrix element could
be useful in modulator applications. The basic nature of
this mechanism could possibly also be exploited in other
material systems such as organic quantum wells [22].

It is a pleasure to acknowledge many stimulating dis-
cussions with C. Sirtori and P. von Allmen.
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