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Quantum cascade devices processed into double metal cavities with subwavelength thickness and a
grating on top are studied at terahertz frequencies. The power extracted from the devices as a function of
the device thickness and the grating period is analyzed owing to electrodynamical modeling of dipole
emission based on a modal method in multilayer systems. The experimental data thus reveal a strong
Purcell enhancement, with Purcell factors up to �50.
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E. M. Purcell [1] was the first to point out that sponta-
neous emission (SE) dynamics is modified when the source
is placed inside a cavity with dimensions comparable to the
wavelength �. If the source is resonant with a cavity mode,
the SE is enhanced by a factor f � �3=4�2�Q��3=V �
which is proportional to the ratio of the quality factor Q
and the volume of the resonant mode V . The Purcell effect
has been first demonstrated in the microwave region for
Rydberg atoms inside a high Q superconductor cavity [2].
In semiconductors, Purcell enhancement and inhibition
have been evidenced in the optical domain [3], and the
control of the dynamics has now become a workhouse for
the design of more efficient and directional devices, as well
as compact single photon [4] or entangled photon pair [5]
sources for various quantum electrodynamics (QED)
experiments.

In all the works cited above, the Purcell effect relies on
cavities with fully tridimensional confinement of the mode,
to provide low volume V and high Q factors. In planar
microcavities, which are in closer connection with the
usual laser devices, SE is also modified. In this case, the
enhancement almost exclusively originates from the con-
finement of the electromagnetic field, rather than high Q
factors. For horizontal dipoles (parallel to the mirrors), f
does not exceed a few units in approximately half-
wavelength microcavities [6]. However, for vertical di-
poles (perpendicular to the mirrors), f is expected to
increase as the ratio of the wavelength to the cavity thick-
ness L, for example [7]:

 f �
3

4n
�
L

(1)

for a dielectric medium with refractive index n inside a
single-mode planar cavity with perfectly conducting me-
tallic mirrors. Then the confinement of the field in a
strongly subwavelength microcavity can give rise to a
very large enhancement of vertical dipole emission dynam-
ics. This can be achieved in the long wavelength region of
the optical spectrum, at terahertz (THz) frequencies, where

intersubband transitions in semiconductor quantum wells
provide large vertical dipoles, suitable for laser emission
[8], and metallic mirrors exhibit excellent reflectivity at
almost all incident angles.

In this Letter, we demonstrate the Purcell enhancement
of the electroluminescence emitted by THz quantum cas-
cade structures in metallic microcavities through the cavity
thickness dependence of the SE rate. The photons are
coupled out of the cavity by a rectangular slit metallic
grating which also serves as an upper mirror. The inter-
pretation of the results relies upon a detailed modeling of
both the electromagnetic and electrodynamic properties of
the dipole emission in the cavity, in order to distinguish
between a static contribution to the emitted power, due to a
grating period dependent extraction coefficient, and a dy-
namical contribution, due to the SE rate enhancement
observed while reducing the cavity thickness.

In the experiments, the sources of THz radiation are
GaAs=Al0:15Ga0:85As quantum cascade (QC) devices
grown by metalorganic chemical vapor deposition
(MOCVD). The QC active region consists of N identical
repetition modules, 92.5 nm thick, the detailed epitaxial
structure of which is given in Ref. [9]. They are sand-
wiched between Si-doped contact layers with thicknesses
80 nm and 300 nm, and respective doping levels 2�
1018 cm�3 and 3� 1018 cm�3. Identical layer stackings
are grown in four distinct samples which only differ by the
number of modules N � 39, 19, 9, and 4, and measured
thickness 3:50 �m, 1:76 �m, 0:88 �m, and 0:44 �m,
respectively, �5% less than nominal.

To obtain double metal cavities, the QC structures are
bonded on host InP n� substrates. The bonding layer is an
Au-In alloy with metallic properties and serves as the
lower planar mirror of the cavity. After removal of the
growth substrate by selective wet etching, 400 nm thick
TiAu gratings with periods p ranging from 10 �m to
22 �m and 50% duty cycle are lithographically deposited,
and 200� 400 �m2 wet etched rectangular mesas formed
(Fig. 1, upper left panel). Finally, annealing at 350 	C
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reduces the contact resistances while preserving very low
scattering of long wavelengths at the metal-semiconductor
interfaces. The top 80 nm contact layer lying just below the
grating is thinner than the bottom one in order to minimize
absorption of the out-coming radiation. In this grating-
coupling scheme (Fig. 1, upper right panel) the generated
THz power is extracted uniformly from the entire surface,
rather than from the edge over an absorption length which
depends on the cavity thickness. As shown in Fig. 1, a
planar cavity is formed between both pairs of metallic and
doped layers, which exhibit high reflectivity in the THz
range (the plasma frequency is 17 THz for a doping con-
centration of 3� 1018 cm�3).

The devices are electrically and optically characterized
between 200 and 4.5 K. Figure 1 shows the current-voltage
characteristics of the devices at low temperature (4.5–
11 K). The rectifying part of the characteristics (below
�1 V) and the voltage drop caused by access resistances
are removed, so that the curves can be scaled to one QC
period. The rising edge is governed by the resonant tunnel-
ing effect responsible for the current injection into the
upper state of the THz optical transition. In the thinner
samples the resonance voltage is higher because the QC
injectors are more depleted on the average, due to carrier
diffusion into the contact layers. Above resonance, how-
ever, where a high field domain progressively extends over
the whole QC, the width of the current plateau, about
40 meV, does not depend on the QC thickness (except for
a slightly lower value in the N � 4 case). This indicates
that, near resonance, similar injection conditions prevail
over all the active regions, and all of the latter contribute to
the THz emission equivalently.

Spectral measurements at low injection current (inset of
Fig. 2) reveal a 0.5 meV wide emission line occurring at
17 meV, i.e., � � 73 �m (4.3 THz). The cavity thick-
nesses are thus notably smaller than the wavelength in
the semiconductor material, even for the thickest N � 39

devices. The narrow linewidth (��=� � 3%) and the low
level of background emission attest the excellent homoge-
neity of the MOCVD layers along the growth axis.

At THz frequencies the enhancement of the SE rate can
be evidenced in cw experiments through the relative mag-
nitude of the emitted intensities. This requires, however,
that power losses and power collection effects do not con-
ceal the dynamical origin of the enhancement. Therefore,
measurements of the electroluminescence-current charac-
teristics are performed at low temperature (T & 10 K) in
order to investigate the cavity thickness dependence of the
emitted power. Figure 2 shows the electroluminescence per
QC period for a p � 14 �m period grating for the four
samples. The extracted power per period clearly increases
when the cavity thickness is reduced, approximately as
1=N.

The power per QC period P=N radiated from the device
through the grating can be written as:

 

P
N
� �ext

�sp

�nr � �sp
@!

I
e
; (2)

where �sp is the SE rate, �nr is the rate of nonradiative
transitions (�nr 
 �sp), @! is the photon energy, I the
electric current, e the electron charge, and �ext the extrac-
tion coefficient. In the experimental setup, the sample is
placed at the entrance of a Winston cone and the optical
signal is detected by a cooled Ge bolometer inside a
photometer placed just in front of the cone. In this con-
figuration, the radiation is collected from the sample in a
large aperture estimated at about 120	, and �ext is very
close to the intrinsical extraction coefficient of the metallic
grating, owing to the almost perfect extraction efficiency of
the Winston cone [10].

The rate of nonradiative transitions �nr is mainly gov-
erned by LO-phonon, interface roughness and electron-

FIG. 2 (color online). Electroluminescence per QC period N as
a function of the injected current in devices with a 14 �m period
grating, for the four samples. The solid lines are square root fits
according to Eq. (3). Inset: experimental spectrum of a N � 39
device at T � 11 K.

FIG. 1 (color online). Current-voltage characteristics for the
four samples at T � 4:5–11 K. Upper left: electron microscope
picture of a metal-bonded mesa with a grating on top. Upper
right: schematic of the device. The active medium is modeled as
a set of electrically excited dipole sources.
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electron scattering. In GaAs, the LO-phonon channel is
blocked below 20 K for the transition energy @! �
17 meV is lower than the phonon energy (36 meV). This
is confirmed by the temperature dependence of the lumi-
nescence, which does not vary with T below 20 K and
exponentially decays as a function of 1=T above [11].
While the interface roughness contribution to �nr does
not depend on the carrier density and the current, the
remaining electron-electron contribution is proportional
to the square root of the current [12]. As Fig. 2 shows,
the results are satisfactorily reproduced if the electron-
electron interaction mechanism is considered to be domi-
nant [9], and at low temperature the radiated power per
period is written in the form:

 P=N � c�ext�sp

�������������
I � I0

p
@! (3)

with c a constant and I0 the rectification current, apparent
from Figs. 1 and 2. A square root fit of the radiated power
versus current curve (Fig. 2) in the low injection region
gets rid of the current dependence of the luminescence and
yields the product �ext�sp.

In order to be conclusive on the relative variation of
�sp, the gratings with different periods are used as a probe
of the extraction efficiency. The experimental results are
summarized in Fig. 3 where �ext�sp�N; p� normalized to
�ext�sp�N � 39; p � 18 �m� is plotted as a function of
the grating period for the four distinct values of N. Several
data points obtained for different mesas with identical
geometry show very moderate dispersion of the measure-
ments (full symbols), the origin of which lies in small shifts
of emitted wavelength and slight positioning irreproduci-
bility from sample to sample. Clearly, for a given cavity
thickness, the experiment reveals peaked behavior with a
maximum nearby p � 16 �m, roughly on the second dif-
fraction order of the grating for the wavelength 70 �m.
While only slightly shifting to shorter periods, the maxi-

mum significantly increases when the cavity thickness is
reduced.

To interpret this behavior, the experimental results are
compared to a theoretical model for the radiation emitted
by a dipole source in a cavity, based on the modal method
[13], upon surface impedance boundary condition. Details
of the model can be found in Refs. [14,15]. In this frame-
work both the product �ext�sp and �sp can be evaluated
independently. To accurately obtain �ext�sp, the overall
radiation in a cone with 120	 opening around the grating
normal is computed, and the spatial variation of the elec-
tromagnetic field inside the cavity is taken into account by
averaging the radiated power over all the possible dipole
positions.

As can be seen from Fig. 3, this model very satisfactorily
accounts for the experiment, over a large span of cavity
parameters p and L. In particular, the maximum of the
extracted power as a function of the grating period p is
correctly predicted, as well as the extracted power depen-
dence on the cavity thickness L. The runaway data points
can be explained by variation of the emission wavelength
due to small variations of the thickness of the quantum
wells across the wafer, as can be seen from the comparison
of the data plot with the dotted line, computed for N � 9
and � � 80 �m.

Agreement between experiment and theory allows a
reliable evaluation of the quantity �sp and the Purcell
enhancement factor f from the model, which yields [14]:

 f � fcavity � fgrating (4)

for f � �sp=�0 with �0 the free space SE rate. The first
term fcavity is the Purcell enhancement of a virtual planar
cavity, in which the grating is replaced by a planar mirror.
The second term fgrating is the contribution of the grating.
The numerical simulations show that, for the geometry of
the samples, this contribution is negligible due to the
screening effect of the doped contact layers. In fact f has
almost identical values as those predicted by Eq. (1), which
therefore can be used to estimate the Purcell effect in the
devices, with L now being the active region thickness and n
the undoped GaAs refractive index. This means that the
guided TM modes propagating in the virtual cavity that are
directly coupled to the vertical dipole are only weakly
altered by the diffraction grating, and they benefit exclu-
sively from the Purcell acceleration of the dynamics.

The Purcell factor f is then estimated in absolute value
according to Eq. (4): f � 4:2 for N � 39 periods, and f �
50 for N � 4 periods, which is more than 1 order of
magnitude enhancement as compared to a feedbackless
device. Taking n � 3:6 and � � 73 �m, Eq. (1) gives a
slight underestimate in the thinnest cavities: f � 4:3 for
L � 3:5 �m, and f � 35 for L � 0:44 �m.

Moreover, the power enhancement observed experimen-
tally cannot be attributed to an enhancement of the extrac-
tion efficiency �ext. An estimate of this quantity can be
obtained from the above model by using a TM guided

FIG. 3 (color online). Power extracted from the cavity as a
function of the grating period, for four different cavity thick-
nesses: experiment (full symbols) and theory (solid lines). The
theoretical curves are calculated at � � 70 �m, the dotted curve
(N � 9) at � � 80 �m. The error bars are confidence intervals
of the fitting procedure [Eq. (3)].
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cavity mode as a source term [16], instead of a localized
dipole. Then the waveguide loss Ag due to diffraction is
computed from the ratio of the vertical and horizontal
components of the Poynting vector, and �gext is provided
by [16]:

 �gext � Ag=�Ag � A� (5)

where A is the propagation loss due to absorption, mainly
in the contact layers. Although not strictly equivalent, �ext

and �gext are very related, since the TM-polarized dipole is
emitting mainly in the TM (actually TM0) guided cavity
modes.

The quantity �gext obtained for the guided mode prop-
agating perpendicularly to the slits is plotted in Fig. 4, for
comparison to Fig. 3. The same resonant behavior as a
function of the grating period p is observed, which means
that the p dependence of the product �ext�sp is mostly
contained in the �ext factor. A striking feature of Fig. 4 is
that the maximum extraction efficiency strongly decreases
when the cavity thickness is reduced. Indeed, the compu-
tation shows that whereas Ag slightly decreases, the propa-
gation loss A strongly increases because of increased
overlap between the intracavity field and the absorbing
contact layers (inset of Fig. 4). Therefore, a Purcell en-
hancement effect has to be invoked not only to explain
enhancement of the maximum extracted power observed in
the experiment (see Fig. 3), but also to compensate for the
decrease of the extraction efficiency, due to absorption,
when the cavity thickness is reduced.

In conclusion, subwavelength metallic cavities have
been fabricated and studied using an MOCVD grown,
THz-emitting quantum cascade as a source. The intersub-
band electroluminescence is out-coupled by a metallic
grating deposited on the top of the device, which also
serves as the upper cavity mirror. Theoretical analysis of

the grating diffraction shows that the out-coupling effi-
ciency drops with the device thickness, whereas the ex-
perimentally observed power per quantum cascade period
rises when the thickness is reduced. The power enhance-
ment is thus due to the Purcell effect, as confirmed by a an
elaborate electrodynamical model for the dipole emission
inside the grating-mirror cavity, based on the retro-action
field. A Purcell factor of 50 is estimated for the thinnest
device. To our knowledge, this is the first time Purcell
effect is evidenced at THz frequencies with QC structures,
which opens up perspectives to take advantage of cavity
QED for higher radiative efficiency cavity devices in this
frequency range. Indeed, in the present configuration, the
Purcell effect is expected to occur even for a single laser
mode, since the Purcell enhancement comes solely from
the field confinement, and the cavity density of states is not
involved.
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FIG. 4 (color online). Computed [Eq. (5)] extraction efficiency
�gext as a function of the grating period, for four different cavity
thicknesses. Inset: propagation loss A vs the number of QC
periods N (� � 73 �m).
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