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We demonstrate the external control of the coupling between the intersubband transition and the
photonic mode of a GaAs/AlGaAs microcavity with multiple quantum wells embedded. By
electrical gating, the charge density in the wells can be lowered, thereby quenching the intersubband
polaritons and reverting the system to uncoupled excitations. The angle-dependent reflectance
measurements are in good agreement with theoretical calculations performed in the transfer matrix
formalism. The experiment shows the prospects offered by intersubband microcavities through
manipulation of the system ground state. © 2005 American Institute of Physics.
�DOI: 10.1063/1.2006976�

Intersubband optical phenomena involve the transition
between two-dimensional electronic levels within the con-
duction band of semiconductor heterostructures. They have
been attracting great attention due to their successful appli-
cation in many device concepts, such as ultrafast optical
modulators,1 quantum-well infrared photodetectors
�QWIPs�,2 and quantum cascade lasers.3,4 Equally vast is
their relevance for the study of fundamental physical prop-
erties, such as response nonlinearities5 and quantum coherent
effects.6 The possibility of controlling by structural design
the resonance parameters �oscillator strengths, lifetimes, car-
rier density� facilitates the engineering of the required prop-
erties and enables new functionalities.

Recently, the interaction of intersubband excitations with
the confined electromagnetic field of a semiconductor micro-
cavity has become the object of intense investigation.7–11 The
cavity field and the electronic transition can be viewed as
two oscillators, which interact strongly when they are
brought into resonance and the coupling is larger than any
dephasing time or lifetime. As is well known in the case of
excitons,12–14 this results in a coherent periodic energy ex-
change between the excitation and the quantized electromag-
netic field, with the formation of new elementary quasi-
particles. The latter are eigenstates of the full photon-matter
Hamiltonian, and are usually called cavity polaritons. The
coupled modes exhibit an anticrossing in energy with a sepa-
ration termed “vacuum-field Rabi splitting,” in analogy to
the atomic physics phenomenon.15 Intersubband cavity po-
laritons were first observed through angle-dependent reflec-
tance measurements in GaAs/AlGaAs multiple quantum
wells using a resonator based on total internal reflection.10 A
clear mode splitting of several meV was detected up to room
temperature. The phenomenon was later studied also in the
photoconductive response of QWIP-like waveguide
structures.11

Intersubband microcavities represent a particularly ap-
pealing system because their versatility allows for new fea-
tures and regimes to be explored. One example of consider-
able interest is the possibility of realizing the situation in
which the vacuum Rabi frequency is comparable to that of
the photonic mode.16 Another important aspect is the capa-
bility of manipulating the system ground state, a characteris-
tic difficult to implement in excitonic microcavities. In this
spirit, here we show how the mode coupling, and thereby the
polariton dispersion, can be easily controlled electrically, to
the limit where the Rabi splitting is suppressed and the po-
lariton picture is destroyed. In the strong coupling scheme,
the Rabi splitting of a collection of oscillators in a single-
mode cavity is proportional to the square root of their num-
ber N. In essence, the ensemble of oscillators interacts col-
lectively with the cavity field and behaves as a single one
with oscillator strength N times larger, thereby increasing the
rate at which energy is exchanged with the electromagnetic
radiation.17 For the case of intersubband transitions, the role
of the oscillators is played by the quantum-well electrons.
Their number can be easily altered by applying a gate volt-
age that progressively depletes the wells. Changing the gate
voltage has thus the same effect as tuning the strength of the
electromagnetic coupling.

The polarization selection rule for intersubband transi-
tions dictates that there must be a component of the radiation
electric field perpendicular to the quantum wells �transverse
magnetic �TM� polarization�. It has been previously shown
that a microcavity for oblique incidence can be implemented
confining the radiation between a low-refractive index AlAs
layer and the semiconductor-air interface through total inter-
nal reflection.10 The surface reflection from a semiconductor-
metal interface can also be used instead of the latter. When a
metallic layer is deposited on the sample surface, the TM
electric field has a maximum at the semiconductor-metal in-
terface, which enhances the coupling with the intersubband
transitions when the wells are close to the sample surface.18a�Electronic mail: a.tredicucci@sns.it
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The same metallic layer can be used as a Schottky gate to
control the carrier density in the quantum wells.

Two samples were grown by solid-source molecular-
beam epitaxy on an undoped GaAs �001� substrate. Their
structure is schematized in Fig. 1. In both cases, the thick
AlAs layer used in Ref. 10 is replaced by a 1.2 �m thick
layer of GaAs n-doped to 5�1018 cm−3, followed by a
1.5 �m thick layer of AlAs. The doped GaAs layer allowed
a refractive index of 2.4, even lower than the AlAs one �at
the price of some absorption�. The reduced AlAs content
ensured an improved structural stability of the samples. The
cavity was designed for 70° angle propagation and featured
three GaAs quantum wells in one sample and ten in the
other. The wells were 7.5 nm thick and separated by 107 nm
thick, Si-� doped �nSi=6�1011 cm−2� Al0.33Ga0.67As barri-
ers. On reference samples without the doped GaAs layer, the
electron density was measured to be about 5�1011 cm−2 at
1.5 K after illumination. The transition was computed to be
at about 9 �m wavelength. In the three quantum well
sample, a 908.5 nm thick Al0.33Ga0.67As layer was inserted
above the AlAs to give the correct cavity length. Note that
due to the different boundary conditions at the metallic and
total internal reflection interface, the latter was not in trivial
relation with the transition wavelength. The samples were
completed with a 7.5 nm GaAs cap layer to avoid Al oxida-
tion. The gates were formed by evaporating Cr/Au with a
thickness of 10/200 nm. Annealed ohmic contacts to the
wells were provided by Ni/AuGe/Ni/Au with thickness
5/150/5 /100 nm. The cavity reflectance was obtained by
employing mechanically lapped wedge-shaped prisms, with
the facets at an angle of 70° with respect to the cavity plane.
The experimental procedure is detailed in a previous
article.10 In order to study the depletion of the electrons in
each well, the capacitance of the sample was measured at
liquid helium temperature for different gate voltages at
100 kHz with a LCR meter �HP 4284�.

To investigate the coupling between the cavity mode and
the intersubband transition, the cavity resonance was tuned
across the intersubband one, by varying the angle of inci-
dence. TM reflectance spectra measured at room temperature
with zero gate voltage are shown in Fig. 2 for the three
quantum well sample. Two dips, corresponding to the
coupled cavity-intersubband modes could be clearly identi-
fied. By increasing the angle, the position of the dips shifted
with a typical anticrossing behavior, manifesting the polar-

iton dispersion. The relative Rabi splitting was observed to
be about 13.2 meV at an internal angle of 68.67°. In the
inset, the energy position of the dips is plotted as a function
of internal angle, to better show the polariton anticrossing.

Figure 3 depicts the 300 K reflection spectra of the same
sample at the resonance angle as a function of gate voltage.
As the negative voltage applied between the gate and the
quantum wells was increased, causing a progressive deple-
tion of the wells, the magnitude of the Rabi splitting corre-
spondingly decreased and, at about −5 V, the spectra became
single-peaked signaling the transition to the so-called “weak
coupling” regime and the destruction of intersubband polari-
tons. It is worth noting that the spectra remained symmetric
around the uncoupled intersubband energy in the whole
range of applied biases, with the two polariton peaks moving

FIG. 1. Schematic view of the prism-shaped gated microcavity. The gate
width was about 1.6 mm, which allowed easy focusing of the infrared light
in the depleted region. The large arrows represent the optical path in the
substrate.

FIG. 2. Reflectance of the microcavity sample for different angles of inci-
dence in TM polarization. The spectra were collected at 300 K, with a
resolution of 2 cm−1. The inset contains the experimental points correspond-
ing to the energy position of the dips.

FIG. 3. Room-temperature reflection spectra of the microcavity system at
the resonance angle of 68.67° as a function of gate voltage. Note that the
intensity of the peak is only slightly affected by the depletion, since in this
case it is mainly determined by the strength of the cavity resonance. In the
inset, we report the analogous reflectance data from the ten quantum-well
structure at 4 K.
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in opposite directions and finally merging into a single one
located in the middle. This rules out any transition shift or
broadening, and clearly demonstrates the change in coupling
strength induced by the electric field.

In order to understand the dependence of the normal-
mode splitting on the applied voltage, we studied the ten
quantum-well structures, where the sequential depletion of
each well can be better followed in the evolution of the spec-
tra. Measurements were conducted at liquid-helium tempera-
ture to lower leakage current and allow the use of
capacitance-voltage �C-V� curves to monitor the carrier den-
sity. The reflectance data at anticrossing are plotted in the
inset of Fig. 3. The same trend as for the three quantum-well
sample was observed as a function of gate voltage, with a
Rabi splitting varying from 18.4 meV at zero bias to
12.7 meV at −6 V. Above −6 V, the gate became too leaky
to allow for reliable determination of the electron depletion.
The splitting values are plotted in Fig. 4, together with the
measured device capacitance, as function of gate voltage.
The C-V curve displayed plateaus, each corresponding to the
capacitance between the gate and the uppermost occupied
well. Due to surface depletion near the Schottky contact, the
first well was found to be partially empty even with zero gate
voltage. At a gate voltage of −3 V, the first three quantum
wells were fully depleted.

The coupling between the cavity photons and the inter-
subband mode can be computed by modeling the structure as
a multilayer stack and using the optical transfer matrix for-
malism. The contribution of the two-dimensional electron
gas was considered by including in the dielectric constant of
the quantum well layers, an additional term in the form of an
ensemble of classical polarized Lorentz oscillators:

���� = �� +
Nse

2f sin2 �

m0�0Leff

1

��0
2 − �2� − i��

, �1�

in which �� is the quantum-well background dielectric con-
stant, Ns is the electronic sheet density in the well, e is the
electronic charge, f is the oscillator strength of the intersub-

band transition, 	�0 is its energy, m0 is the electronic rest
mass, �0 is the vacuum permittivity, � is the intersubband
linewidth, and Leff is an effective quantum-well width related
to the confinement of the electronic wavefunction.10 The os-
cillator strength is related to the dipole matrix element d
between the envelope functions of the two subbands, f
= �2m0 /	��0d2. In the present case, d was computed to be
1.9 nm. Ns was fixed at 5�1011 cm−2 from the reference
sample. The calculated values of the Rabi splitting at the gate
voltages where each quantum well was sequentially depleted
�corresponding to the flex point between the plateaus� are
shown in Fig. 4. We assumed that one-third of the electrons
in the first well were absent, due to the surface depletion.
The theoretical zero-bias value was fit to the observed one by
adjusting the confinement length Leff to 8.8 nm. The pre-
dicted splittings were well in line with the experimental find-
ings.

Our results prove the mechanism for electrically control-
ling the polariton coupling and confirm the versatility of the
system. They pave the way for the observation of novel mi-
crocavity effects and the implementation of a new concept
for ultrafast electro-optic modulators.
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