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We propose an efficient hyperentanglement source emitting photon pairs entangled in both energy and po-
larization. The compact electrically driven room-temperature source, based on intersubband two-photon
emission from semiconductor quantum wells (QWs) exhibits pair generation rates several orders of magni-
tude higher than alternative conventional schemes. A theoretical formalism is derived for the calculation of
photon pair generation spectra and rates. The results are presented for superlattice structures similar to
quantum cascade lasers of GaAs/AlGaAs QWs emitting in the mid-IR and far-IR and for InN/AlN QW
structures suitable for telecommunication wavelengths. © 2008 Optical Society of America
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Various applications of quantum information pro-
cessing require efficient and reliable sources of en-
tangled photons [1–3]. Entanglement in more than
one degree of freedom (hyperentanglement) [4] was
shown to provide higher quality quantum informa-
tion processing [5]. Moreover, using high-dimensional
entanglement significantly improves quantum data
security [6] and quantum metrology [7]. Currently,
the most widely used approach to generate hyperen-
tangled photon pairs is based on spontaneous para-
metric downconversion (PDC) [8]. A substantial re-
search effort has been made to miniaturize and
enhance PDC [9,10], limited, however, by the rela-
tively weak ��2� interaction. Moreover, PDC requires
dispersion compensation techniques using material
birefringence or quasi-phase matching [11] as well as
strong optical pumping. A promising technique was
demonstrated for the generation of photon pairs via
fiber Kerr nonlinearity [12–15], where photons are
inherently coupled into the fiber spatial modes with
the small ��3� nonlinearity being the limiting factor.
Quantum dot devices offer an alternative means of
creating entangled photons [16,17]. However, their
cryogenic operation and low emission rates prevent
the integration of these sources into communication
systems. Recently, a compact current-driven en-
tanglement source was proposed based on interband
two-photon emission (TPE) from a semiconductor de-
vice [18,19] offering much higher pair generation
rates and technological feasibility.

Here we propose a compact high-intensity source of
hyperentangled photons based on intersubband TPE
in electrically pumped semiconductor quantum wells
(QWs) at room temperature that does not require any
phase matching. In TPE, a photon pair is simulta-
neously emitted by a single electron undergoing a
level transition. We analyze semiconductor QW inter-
subband TPE processes in contrast to the previously
considered interband TPE [18]. In some QW inter-
subband TPE transitions, the in-plane emitted pho-
tons are orthogonally polarized owing to the selection

rules [20,21], which do not determine, however, the
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polarization of each individual photon. Furthermore,
the energies of the two emitted photons must sum up
to the electronic energy difference owing to energy
conservation, while each photon’s energy is not deter-
mined. Therefore the photon pairs will be hyperen-
tangled in both energy [22] and polarization. The
implementation of such devices is feasible using con-
figurations similar to those of quantum cascade la-
sers (QCLs). The TPE probability is calculated using
the Hint=−e /m0p̂ ·Â Hamiltonian, where Â and p̂ are
the vector potential and electron momentum opera-
tors, respectively. The transition amplitude is given
by the second order time-dependent perturbation
theory [23]:
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where ��i� and ��f� are the initial and final electron
states, ���� are the intermediate states that span the
virtual state, e and m0 are the free electron charge
and mass, ke=1/4��0, �1,2 are the photon polariza-
tions, �1,2 are the photon frequencies, V is the quan-
tization volume, � is the dephasing, and nr is the ma-
terial’s refractive index. QW electron wave functions
can be written as

��n� = eikxx+ikyy	n�z�uk�r�, �2�

where uk�r� is the crystal’s Bloch function, kx and ky
are the two orthogonal in-plane crystal momentum
components, and 	n�z� is the envelope function in the
layer growth direction z. Assuming that 	n�z� varies
slowly over a crystal unit cell, the matrix elements

are [24,25]
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where pif=�	f�z�pz	i�z�dz; 
n is the transition sub-
band index difference; �� and ke,� are the in-plane
photon polarization vector and in-plane electron crys-
tal momentum, respectively; and mn is the effective
electron mass in the nth conduction subband.

In a two-level QW the only contributing intermedi-
ate states are the initial and the final states [21]
yielding orthogonal photon polarizations [Eq. (3)],
one z polarized photon and one in-plane polarized
photon (Fig. 1). Moreover, the emitted photon ener-
gies are complementary but not individually defined.
Hence, for the in-plane emitted pairs the general hy-
perentangled state is

� =� g�����,�z�1��if − �,���2 + ��,���1��if − �,�z�2�d�,

�4�

where �g����2 is the normalized emitted spectral den-
sity per given carrier energy. The pair emission rate
is given by

W =� Rsp�e�ke,���ph�k1��ph�k2�fi�1 − ff�d3k1d3k2d2ke,

�5�

where �e�ke,�� is the electronic reduced density of
states, �ph�ki� is the photonic state density with ki
(the photon wavenumber), fn is the Fermi–Dirac dis-
tribution of the nth subband, and Rsp is the emission
rate for the given final and initial states. In the case
of intersubband transitions,

�e�ke,��fi�1 − ff� =
1

2�2 1 + e��E�k��−EF,i��−1

1 + e��EF,f−E�k����−1, �6�

where E�k�� represents the initial in-plane kinetic
energy of the electron and EF,n denotes the quasi-
Fermi level of the nth subband that for a two-
dimensional electron gas is [26]

Fig. 1. (Color online) Schematic of a QW intersubband
TPE with orthogonal polarizations. The solid arrows are
the electronic transitions via virtual states while the
dashed arrows represent the matrix element calculations
via intermediate states. (a) and (b) Symmetrical Feynman
EF,n = �−1 ln�exp��
�h2

m
Nn� − 1� , �7�

with Nn as the electron sheet density and �
=1/ �kbT�, where kb is the Boltzmann constant and T
is the temperature. The rate of emission per fre-
quency is
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where B=�0
�x1+e�x−�EF,i��−11+e��EF,f−x��−1dx.

As an example of a mature-technology 1000 QW
superlattice [27], the pair generation rate was calcu-
lated for 7 nm thick GaAs/Al0.2Ga0.8As QWs (Fig. 2);
mn was approximated by mn

−1=Pnmin
−1+ �1−Pn�mout

−1 ,
where Pn is the nth level confinement factor and min
and mout are the QW and barrier effective masses, re-
spectively [28]. The electron lifetime in the ground
state is assumed to be much shorter than that of the
excited state owing to efficient draining mechanisms
[29,30]. The transition dephasing, mostly determined
by the carrier decoherence time, is assumed to be less
than 100 fs.

According to the calculations for injection currents
corresponding to carrier sheet densities of about
1012 cm−2 and assuming a 100 �m2 device, the
GaAs/Al0.2Ga0.8As QW pair generation rates are
about 1 KHz/mW/nm. This efficiency is slightly be-
low the best reported fiber-optical
��50 KHz/mW/nm� [15] and PDC-based rates [31].
However, using doubly resonant microcavities, the
TPE spectrum can be concentrated into two narrow
wavelength windows [18], thus increasing the per-
wavelength emission rates by several orders of mag-
nitude.

The main limitation of employing intersubband
GaAs devices is the long mid-IR to far-IR range,

Fig. 2. (Color online) TPE rate per nanometer wavelength
per milliwatt input power for a GaAs/Al0.2Ga0.8As super-
lattice with a 100 �m2 device area and a 7 nm QW
diagrams with interchanged vertices.
 thickness.
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which requires cooling to �60 K to achieve TPE,
which is an order of magnitude stronger than black-
body radiation. Owing to the lack of optical pumping
in the proposed scheme, no parasitic optical nonlin-
earities affect the performance.

A potential semiconductor device for room-
temperature telecom-wavelength hyperentanglement
generation may be based on nitride-compound QWs,
for example, InN/AlN QWs [32]. For a 1.3 nm
InN/AlN QW, the calculated pair emission spectrum
is centered at the near-IR wavelength (Fig. 3). For a
�100 �m2 device the rates are 104 KHz/mW/nm, 3
orders of magnitude higher than the alternative re-
ported photon pair sources. In the proposed near-IR
device the blackbody radiation is 8 orders of magni-
tude weaker than TPE at room temperature and can
be neglected. There is a trade-off between the high
emission rates and the achievable fidelity. We esti-
mated the multiple pair emission probability per
temporal mode to be less than 1% for an �10% single
pair generation per temporal mode, which is compa-
rable to the reported PDC-based sources [33].

In conclusion, we have theoretically demonstrated
an electrically driven room-temperature hyperen-
tanglement source emitting photon pairs entangled
in energy and polarization. Such devices emitting in
the mid-IR and far-IR can be implemented using ex-
isting QCL technologies. In addition, potential de-
vices in the telecom-wavelength range can be real-
ized using nitride-based materials [34], allowing for
their integration into the existing fiber-optic commu-
nication infrastructure. These TPE-based entangle-
ment sources exhibit pair generation rates several or-
ders of magnitude higher than the alternative
schemes. Much simpler design and fabrication con-
siderations make them promising candidates for fu-
ture real-world quantum information technologies as
well as for quantum metrology.
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