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We study the emission properties of an electroluminescent THz frequency quantum cascade

structure embedded in an array of patch antenna double-metal microcavities. We show that high

photon extraction efficiencies can be obtained by adjusting the active region thickness and array

periodicity as well as high Purcell factors (up to 65), leading to an enhanced overall emitted power.

Up to a 44-fold increase in power is experimentally observed in comparison with a reference device

processed in conventional mesa geometry. Estimation of the Purcell factors using electromagnetic

simulations and the theoretical extraction efficiency are in agreement with the observed power

enhancement and show that, in these microcavities, the overall enhancement solely depends on the

square of the total quality factor. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4963891]

The ability to realize efficient sources and detectors at

terahertz (THz) frequencies is of importance as this opens

the way to a wide range of potential applications in molecu-

lar spectroscopy, imaging, security scanning, and in the fun-

damental studies of low energy chemical and physical

processes.1 For optoelectronic devices operating in the THz

range, the light-matter interaction can be significantly

enhanced by confining the electromagnetic field into highly

sub-wavelength metallic structures. Effective volumes as

low as 10�7k3, where k is the radiation wavelength, have

been achieved in passive double-metal micro-cavities com-

prising a dielectric layer bounded by a metallic back-plane

and a patterned top metal layer.2 Similarly, Purcell enhance-

ment of spontaneous emission has been observed in LC

microresonators as well as mirror-grating metal cavities3,4

and microcavity effects for THz quantum cascade lasers

have been discussed.5,6 Double-metal confinement lends

itself to the creation of arrays of patch antenna microcavities

and has led to the demonstration of the ultra-strong light-

matter coupling regime and the realization of efficient infra-

red and THz detectors.7–9 In the case of square resonators,

the resonant wavelength, k, is set by the length of the square

side, s, through the formula s¼ k/2neff, where neff is the

effective mode index. This photonic structure is ideal for

intersubband (ISB) emitters as the oscillating dipoles of the

electronic transition align with the intracavity TM mode

polarization. In addition, this geometry behaves as a patch

antenna, rotating the polarization of the confined field by 90�

when radiating into the far-field. Therefore, one can realize

surface emitting photonic devices in which the light-matter

interaction can be enhanced by resonantly tuning the energy

of the microcavity mode with a radiative ISB transition by

adjusting only the geometric parameter s.10

In this letter, we study THz frequency emission from

arrays of double-metal patch microcavities containing a

quantum cascade (QC) active region. We demonstrate the

enhancement of the electroluminescence owing to an efficient

out-coupling that is achieved by carefully choosing the thick-

ness of the active region in combination with large array perio-

dicities. We investigated thin active regions (L¼ 2 lm and

4 lm) as a function of the array period p¼ dþ s (where d is

the distance between the two resonators), and the lateral reso-

nator dimension, s. The active region is a GaAs/Al0.15Ga0.75As

QC electroluminescent design with a radiative ISB transition

at 4.5 THz, similar to the structure described by Jasnot et al.11

The layer sequence from the injection barrier is designed to be

(in Angstr€om, Al0.15Ga0.75As barriers in bold) 44/266/40/164/

22/154/22/148/24/146/26/144/28/140/34/134, with the under-

lined GaAs wells Si doped at a concentration of 2� 1016

cm�3. Three different active region thicknesses were used for

this work. The reference sample comprised 80 periods

(�12 lm) and was processed in a single plasmon waveguide

mesa with a 45� polished facet to out-couple the radiation.

Two other structures comprising 27 periods (�4 lm) and 13

periods (�2 lm) were patterned into arrays of patch microcav-

ities. All emission data were obtained by mounting the devices

on the cold finger of a continuous flow helium cryostat, operat-

ing at a temperature of 10 K. Radiation was collected using

90� off-axis F#1 parabolic mirrors, allowing large collection

angle and coupled to a helium-cooled bolometer. All devices

were biased with a 10 kHz, 50% duty cycle modulation, gated

by an 85 Hz square modulation to achieve lock-in detection

with the bolometer.

Figure 1(a) shows an SEM picture of a typical device

comprising a 13� 13 array of ICP-etched patch resonators

with lateral dimension s¼ 11 lm, period p¼ 26 lm, and an
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active region thickness L¼ 4 lm. The upper surfaces of the

resonators are connected by 2-lm-wide metal strips to

ensure electrical injection into all elements of the array.

Lateral contacts of size 50� 100 lm2 were included for wire

bonding, but kept as small as possible to limit their contribu-

tion to the emitted power.

We first demonstrated the increase of spontaneous emis-

sion by varying the lateral dimension s of the square patches,

keeping the distance, d, between the resonators and number

of resonators fixed. This tunes the micro cavity mode in and

out of resonance with the ISB transition at 4.5 THz. The

inset to Figure 2(a) shows the electroluminescence spectra

for three devices with s¼ 10 lm, 11 lm, and 12 lm, where

L¼ 4 lm and d¼ 15 lm. The s¼ 11 lm device shows the

spectrally sharpest and strongest emission, whereas the two

other devices exhibit a broader and complex spectral profile

attributed to the detuning of the energy of the cavity mode

from the electronic transition energy. This behaviour is con-

sistent with the system operating in the weak coupling

regime, with the observed enhancement of the spontaneous

emission occurring through the Purcell effect.3,4 This is fur-

ther systematically revealed in Figure 2(a), which shows the

I–V characteristics and measured optical power for the same

active region as s is varied from 8 lm to 12 lm. The decrease

in optical power for bias voltage above 1.3 V is attributed to

a decoupling of the injection state with the upper state of the

radiative transition, confirmed by band structure simulations

(not shown).These data are summarized in Figure 2(b) and

complemented with the results for two further values of the

resonator spacing, d¼ 5 lm and d¼ 10 lm. This plot shows

the maximum optical power as a function of the patch micro-

cavity lateral size, s, for a current density of �50 A/cm2 in

all devices; both the d¼ 10 lm and 15 lm curves show a

clear resonance at s¼ 11 lm. The d¼ 5 lm curve is feature-

less, which is attributed to evanescent near-field coupling

between the resonators.2 All the following results of our

study are performed with samples at resonance (s¼ 11 lm)

in order to be in the Purcell regime.

In Figure 3, the emission characteristics of the array devi-

ces are compared with that of the reference sample with an

L¼ 12 lm active region, fabricated in an 800� 800 lm2 mesa

with a 45� polished facet for photon emission. This geometry

provides a very short effective photon propagation length

(l¼L/sin(45�)¼ 16.8lm) allowing for the whole mesa sur-

face to contribute to the emission. This is further confirmed by

simulating the mode losses using Comsol (a¼ 12.1 cm�1)

providing negligible absorption (al¼ 0.02).The array spacing

is d¼ 15 lm for the L¼ 4 lm sample and both d¼ 25 lm and

d¼ 40 lm for the L¼ 2 lm samples. In order to compare their

relative performance, all data are normalized by the total vol-

ume of the device (total electrical area (A)� active region

thickness (L)) to take into account the different sizes and

active region thicknesses. A strong enhancement of the elec-

troluminescence by more than one order of magnitude is

observed between the mesa device and the microcavity emit-

ters. The best performance is obtained for the device with the

thinnest active region (2 lm) and the largest array spacing (d)
of 40 lm.

To obtain a systematic study of the enhancement, we

have measured the L-J characteristics (electroluminescent

power versus current density) of all the samples discussed

FIG. 1. (a) SEM picture of a fabricated device. (b) Electromagnetic simula-

tion showing the field distribution of the TM confined modes for s¼ 11 lm.

FIG. 2. (a) L-I-V characteristics as a function of lateral resonator size, s, for

devices with d¼ 15lm and an active region thickness, L¼ 4lm. Inset:

Measured emission and simulated reflectivity spectra for devices with s¼ 9lm,

11lm, and 12lm. (b) Optical power at a current density of 50 A/cm2 for devi-

ces with d¼ 5, 10, and 15lm as a function of lateral resonator size, s, showing

the resonance for s¼ 11lm.
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above, with the electroluminescent signal normalized to the

active region volume of the sample. Electroluminescence

power from THz QC devices follows a square root depen-

dence on the applied current density (instead of the usually

linear behavior) as the dominant scattering mechanism arises

from electron-electron interactions.12 We have therefore fit-

ted the L-J curves, corresponding to the total power inte-

grated by the lock-in amplifier, with the function y0 þ B
ffiffiffi
J
p

,

where the coefficient B is related to the quantum efficiency

of the sample, and with our choice of normalization, B is

also the emission enhancement factor. y0 accounts for offsets

due to small electronic background. Only the first portion of

the curves are fitted (bias range from 0.5 to 1.3 V) to avoid

the effect of the structure misalignment reducing the optical

power, as discussed above. A similar fitting protocol in the

case of THz electroluminescence has been used in Ref. 4.

Figure 3(b) summarizes the values of B compared to the ref-

erence mesa on a linear scale for various arrays fabricated

for this study, as a function of the Purcell factor Fp, which is

explained below (Eq. (1)). We observe that the enhancement

is strongest for the thinnest samples (L¼ 2 lm) with the larg-

est array spacing, d¼ 40 lm.

To understand the influence of the different geometrical

parameters of the array on the emission, we need to under-

stand the influence of photonic confinement (Purcell factor

Fp) and photon recycling (quality factor Q). To this end, we

performed electromagnetic simulations of the reflectivity

curves for the arrays using a finite element method

(COMSOL), which provide the modal characteristics of the

structure.10 The simulations were realized for an infinite

array by using a simulation box with periodic boundary con-

ditions. For gold and GaAs, the complex refractive indices

from Ref. 13 were used. The quality factors were extracted

from the simulated reflectivity spectra by fitting with a

Lorentzian profile. Figure 4(a) shows the quality factors, Q,
for arrays with L¼ 2 lm and 4 lm as a function of the dis-

tance, d, between the microcavities. There is a clear increase

in Q as the period of the array is increased. The validity of

the simulated quality factors is tested experimentally through

reflectivity measurements on large arrays of patch microcav-

ities of 3� 3 mm2 with L¼ 2 lm (shown in the inset of

Figure 4(b)) using an FTIR spectrometer and a broadband

source (Globar). Large arrays are used to enable a good

signal-to-noise ratio, a large beam diameter, and to remove

any parasitic contribution from the bonding contacts. The exper-

imental data are in excellent agreement with the simulations.

By varying the distance between resonators from 5 to 40 lm,

the quality factor Q is improved by approximately a factor of

three. The inset of Figure 4(a) shows the quality factors

obtained from the simulation for different thickness L of the res-

onators at fixed s (11 lm) and d (40 lm). We observe that the

quality factor is maximum for L around 2lm, explaining our

choice for studied devices’ thicknesses. Lower Q for L< 2 lm

is attributed to increased ohmic losses and reduced radiative

losses, i.e., stronger overlap of the cavity mode with the lossy

metallic layers owing to the higher confinement. Lower Q for

L> 2 lm thickness is attributed to increased radiative losses

and reduced ohmic losses.

This improvement affects directly the Purcell factor Fp,

which is expressed in the present case as3,14

Fp ¼
3

4p2

k
n

� �3
Q

V
; (1)

where k is the vacuum emission wavelength, n is the refrac-

tive index of the cavity mode, and V is the volume of a patch,

V¼ Ls2. Besides, the expression of the Purcell factor is the

same for a single resonators and an array of resonators for

which the optical modes are strongly localized.15

Figure 4(b) shows the estimated Purcell factors for

L¼ 2 lm and L¼ 4 lm as a function of distance, d, between

resonators. The highest Purcell factor Fp¼ 65 is obtained for

the thinnest micro cavities with L¼ 2 lm, and for the largest

value of d (¼40 lm). Indeed, this array combines the highest

quality factor Q¼ 25 observed in dilute arrays with the

smallest volume V¼ 242 lm3. The Purcell factor thus has a

very similar dependence on the geometrical parameters of

the arrays as that observed with the experimental values of B
in Fig. 3(b). However, in order to estimate the overall emis-

sion enhancement contained in the coefficient B, the photon

extraction efficiency must be considered alongside the

Purcell factor. The extraction efficiency is defined as Q/Qrad,

where Qrad is related to the radiation loss of the structure. It

can be extracted from the experimental data via

Q

Qrad
exp :ð Þ ¼

Fp;mesaTmesa

Fp;patch

Bpatch

Bmesa
; (2)

where Fp;mesa and Fp;patch are the Purcell factors of the mesa

and the patch antenna devices, respectively. Tmesa is the trans-

mission coefficient through the polished facet of the mesa,

and Bpatch and Bmesa are the enhancement factors. The value

of Fp;mesaTmesa is close to 1. Indeed, the enhancement of the

FIG. 3. Optical power normalized by

overall device volume (total electrical

area A� active region thickness L) as a

function of injected current density for

three patch microcavity array devices,

and (red dots) a reference device fabri-

cated in a mesa geometry. Fits are

shown in solid lines. (b) Enhancement

factor, B, as a function of Purcell factor

for various devices.
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power emitted by a single dipole embedded in the array with

respect to a dipole in free space is provided by the product FpQ/

Qrad. This quantity reflects the acceleration of the spontaneous

emission weighted by the photon out-coupling efficiency and is

defined as the emission enhancement factor B determined from

our experiments, but instead of a free space dipole, we have an

edge emitting mesa device. Because of the top metal layer, and

the direction of the emitting dipole that is perpendicular to the

metal, the Purcell factor for the mesa device is given by

Fp¼ 2.16 The photon out-coupling is given by the transmission

coefficient of the polished facet T ¼ 4n
ð1þnÞ2, which is of the order

0.7, with n¼ 3.6. In reality, the photon out-coupling efficiency

is lower as the transmission has to be integrated over the entire

dipole radiation pattern. We can thus assume that the enhance-

ment factor of the mesa to be Bmesa� 1.

We compare the experimental and theoretical extraction

efficiency in Table I. To calculate the theoretical value of the

extraction efficiency, Q was determined by electromagnetic

simulations (Fig. 4(a)) and Qrad by the relation17

Qrad ¼
pk3

16� 3:8V
(3)

Note that the dependence Qrad� k3/V is similar to that

expected for the case of electrically small antennae.18,19 The

experimental and theoretical extraction efficiencies are in

reasonable agreement and demonstrate very high photon

out-coupling. By comparison, only a few percent extraction

efficiencies have been previously reported in the case of

rectangular shaped patch microcavities with strong lateral con-

finement along one direction leading to significantly higher radi-

ative quality factors.17 We note that the experimental Q/Qrad is

generally higher than the prediction, which can be attributed

to an antenna effect from the 2-lm-wide wires connecting

the resonators that enhance the photon out-coupling. On the

other hand, the reference sample owing to a single plasmon

confinement is expected to show lower losses than the dou-

ble metal microcavities,20 which would lead to an underesti-

mation of the Purcell factor. Furthermore, the proximity of

absorbing layers, i.e., the doped contact layers of the struc-

ture could increase the spontaneous emission rate, a phenom-

enon known from the fluorescence of molecules close to an

absorbing metal mirror.16

In Figure 4(c), we compare the theoretical enhancement

factor FpQ/Qrad with the values from Fig. 3(b). By taking the

product of Eqs. (1) and (3), the total enhancement factor can

be reduced to

Fp
Q

Qrad
¼ 12Q2

4p3n
; (4)

which only depends on the squared total quality factor of

the patch array. A good agreement is obtained, although

the theoretical model underestimates the extraction effi-

ciency, as discussed above. It reveals that in such structures

the emission is mainly governed by the overall quality

factor Q and not by the aspect ratio of the resonator. The

FIG. 4. (a) Quality factors deduced

from the simulated reflectivity spectra

for L¼ 2 lm and L¼ 4 lm, and experi-

mental quality factors (blue squares)

for L¼ 2 lm and d¼ 5, 15, and 25lm.

Inset: Simulated quality factor as a

function of the cavity thickness for

s¼ 11 lm and d¼ 40 lm. (b) Estimated

Purcell factors from the simulations

for L¼ 2 lm and L¼ 4 lm. Inset:

Experimental reflectivity spectra. (c)

Comparison between experimental and

theoretical enhancement factor (FpQ/

Qrad) for L¼ 2 lm and 4 lm.

TABLE I. Comparison between theoretical and experimental extraction effi-

ciency Q/Qrad.

L(lm), d(lm) Q/Qrad (theory) Q/Qrad (exp.)

4, 5 0.83 0.68

4, 10 0.82 0.97

4, 15 0.8 0.95

2, 5 0.66 0.65

2, 25 0.48 0.66

2, 40 0.41 0.67
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dependence of the emission on the geometrical parameters,

such as thickness and array periodicity, appears mainly in

the dependence of the quality factor on these parameters, as

shown in Fig. 4(a).

In conclusion, we demonstrate enhanced electrolumines-

cence in arrays of double-metal patch microcavities with an up

to 44-fold improved performance when compared to a device

with the active region in a mesa geometry, according to the

results from Figs. 4(b) and 4(c). The origin of this improvement

is attributed to high Purcell factors (of up to 65) increasing the

spontaneous emission rate owing to the small volume of the

microcavities, as well as higher quality factors as the array

period is increased. In addition, we show in these structures sig-

nificantly better photon extraction efficiency than reported in

previous studies which can be controlled via the array period

and the thickness of the resonator. This design provides a way to

achieve efficient surface emitting THz sources. Possible further

investigations would include the realization of surface emitting

quantum cascade lasers in which control of the losses would be

of interest to access higher optical powers. Such devices, with

elongated resonators coupled to an external cavity, have been

recently reported but only in the case of a thick active region

(>10lm) and much larger modal volume.21 Considering the

high field confinement and hence high power densities enabled

by square patch microcavities, these are a promising means to

realize sources based on optical nonlinearities, such as up con-

version or second harmonic generation.22–24
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