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Abstract
In this article we have investigated two important properties ofmetallic nano-resonators which can
substantially improve the temperature performances of infrared quantumdetectors. Thefirst is the
antenna effect that increases the effective surface of photon collection and the second is the
subwavelengthmetallic confinement that compresses radiation into very small volumes of interaction.
To quantify our analysis we have defined and discussed twofigures ofmerit, the collection area Acoll

and the focusing factor F.Both quantities depend solely on the geometrical parameters of the structure
and can be applied to improve the performance of any detector active region. In the last part, we
describe three-dimensional electronic nano-resonators that provide highly subwavelength confine-
ment of the electromagnetic energy, beyond themicrocavity limits and illustrate that these device
architectures have a tremendous potential to increase the temperature of operation of infrared
quantumdetectors.

Plasmonic nanostructures constitute an important and attractive research topic in the domain of photonics and
nano-electronics [1, 2]. They arewidely investigated in different ranges of the electromagnetic spectrum, starting
from the visible [3, 4], through the infrared [5, 6] and down to the terahertz frequencies [7, 8]. Plasmonic
nanostructure have been already exploited as an efficientmean to compress light in a sub-wavelength region of
the space [7, 9] in order to improve the performances of optoelectronic devices, both as efficient absorbers [10–
19] or emitters [20–23]. In particular, a fundamental property of a resonant absorber, such as plasmonic nano-
particle, is its ability to gather photons from a collection areaAcoll that can bemuch larger than its geometrical
cross sectionσ [24], as illustrated infigure 1. The ultimate limit of this phenomenon is found in the quantum
transition of a single atom at the resonant wavelengthλ, whereAcoll can be identifiedwith an absorption cross
sectionAcoll=3λ2/4π [25].While this concept is widely used in antenna-coupled devices in the low-frequency
part of the electromagnetic spectrum [26], it is clearly underexploited for infrared and optical quantum
detectors of radiation. In particular, we have recently illustrated that in themid-infrared andTHz frequencies
ranges, antenna-coupled quantumwell infrared photo-detectors (QWIPs) can lead to a substantial reduction of
the dark current with respect to the photocurrent signal [15, 16]. High temperature, high performance photo-
detectors in themid- and far- infrared is an actual issue that would enable the realization of sensitive thermal
imaging setupswith a broad range of applications [27]. Resonant structures, such as cavities and photonic
cristals have already been envisioned for the enhancement for both intrasubband [28] and intersubband photo-
detectors [20, 29], however in these studies the antenna effect was not taken into account.

In the current work, we provide a quantitative discussion on hownanoresonator arrays can impact the
performance of quantumdetectors in terms of responsivity, detectivity and background limited thermal
performance. The improvement of the detector performance is expressed in terms of the collection areaAcoll of
the nanostructure, seen as an antenna, and the localfield enhancement factor F, whichwill be introduced below
(equation (7)). These quantities are universalfigures ofmerit, in the sense that they can be adapted to any kind of
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nanostructures and absorbing regions. The detector optimization, following the guidelines of ourfigures of
merit, will lead us to a resonator architectures where the electric field is confined in nano-metric volumes, with
strong potential for high temperature, high performance THz quantumdetectors.

Infigure 1(a)wehave presented a general scheme for a detector built with ametallic resonator of geometrical
cross sectionσ. For our discussion, we shall consider the specific case of unipolar intersubband detectors such as
QWIP.We suppose that the absorbing region of the detector (‘resonant absorber’ as indicated infigure 1(a)) is
made, for instance, of a two-level semiconductor quantumwell with subband energiesE1 andE2, as depicted in
figure 1(b). A typical example of photonic structure of such detector is a double-metal patch resonator, which
acts both as amicrocavity and an antenna [26, 31]. LetΦ be the number of photons incident per unit surface and
unit time on the structure.We define an areaAcoll, larger than the geometrical cross sectionσ, such that the
number of photons absorbed by the detector per unit time are exactly equal toAcollΦ. The total current
produced in the detectors then comprises a photocurrent Iphoto, and a thermally activated dark current Idark:

= F ( )I RA E 1photo coll 21

s= -( ) ( ) ( )I T J T E k Texp 2dark 0 act B

HereR is the internal responsivity of the detector, J0 is a constant that depends solely on the properties of the
absorbing region [26],Eact is an activation energy that inmost cases can be identifiedwith the energy of the
quantum transition E21=E2− E1, and kB is the Boltzmann constant. In the following, wewill assume that the
electromagneticmode of themetallic nano-structure has a resonant frequency fres that is alwaysmatchedwith
the frequency of the quantum transition, fres=E21/ћ.When the photon flux arises from the thermal emission
of a 300 Kbackground, we can define an importantfigure ofmerit, which is the background limited performance
(BLIP) temperature of the detector,TBLIP [26]. This quantity is inferred from the temperature dependence of the
dark current equation (2) through the condition Iphoto=Idark(TBLIP). The value ofTBLIP sets the temperature
abovewhich the detectivity is limited by the dark current. BelowTBLIP the noise properties are imposed by the
photocurrent from the 300 Kbackground and no detectivity improvement can be obtained by lowering the
temperature of operation. Typical values of TBLIP for intersubband detectors are 70 K for resonant wavelength
around 9 μm [33, 34] andmuch lower (10 K–17 K) for detectors operating at THz frequencies [35]. This
decrease of the performance can be easily deduced from equation (2)where Eact∼E12 scales with the energy
separation between levels 1 and 2 [36].

The benefit from the antenna effect is apparent immediately from equation (1) as the photo-current Iphoto is
proportional to the photon collection areaAcoll, and the dark current to the geometrical cross sectionσ. In that
sense, the areasAcoll andσ can be identified as the ‘photonic’ and ‘electric’ area of the detector [27]. Therefore, in
the casewhereAcoll?σ the photocurrent signal is enhancedwith respect to the dark current, leading to a

Figure 1. (a)Ageneral scheme of a detectorwhich comprises a resonant absorber embedded in ametallic nanoresonator. Thanks to
the antenna function of the resonator, photons are gathered on a collection areaAcoll that can bemuch larger than the detector cross
sectionσ. The quantityσ indicates the number of photons incident on the structure per unit surface and unit time. (b)A resonant
absorber based on the confined subbands in semiconductor quantumwell of a thickness Lqw, typical for aQWIP. For simplicity, the
in-plane parabolic dispersion is not indicated. Electrons are promoted from thefirst level E1 to the second E2 either by photo-
absorption (photocurrent Iphot) or thermal excitation (dark current Idark). (c)A standard geometry for the characterizations of
absorbing regions based on quantumwells. The photonflux is coupled into the absorber through the angle-polished facet of the
semiconductor substrate. In that case, the photon absorption areaAcoll coincides with the geometrical cross sectionσ.
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higherTBLIP [15, 16, 37]. Note that so far, intersubband devices have been essentially implemented in the regime
whereAcoll=σ, with some exceptions [7, 8, 30].

Using themodel from reference [15], the internal responsivityR of the structure, which is defined in
equation (1) can be expressed as:

= ( )R B Q
eg

N E
3isb

qw 21

The term ‘internal’ is used in the sense that the photocurrent has been normalized on the number of photons
coupled into the device, in accordancewith the definition ofAcoll from equation (1). HereQ is the quality factor
of the resonant structure and the coefficientBisb describes analogously the fraction of the electromagnetic field
absorbed by the quantum transition, and averaged per cycle of oscillation, normalized on the total number of
photons stored in the cavity. The quality factorQ thus has three contributions: 1/Q=Bisb+1/Qrad+1/Qnr,
withQrad describing the radiation loss of the resonator, owe to its couplingwith the free space radiation, andQnr

describes all non-radiative loss channels (i.e. loss in themetal) other than the resonantQWIP absorption
described byBisb. The parameter g is the photo-absorption gain (number of electrons generated per photon
absorbed), and e is the electron charge. Using the results from [15], the coefficientBisb(E) can be expressed as a
function of the energy E of the incident photons:

=
G

- +
G

( )
( ) ( )
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2
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Here G is the linewidth of the quantum transition, EP is the plasma frequency that depends on the number of
available carriers for photo-absorption [15], and fw is the geometrical overlap between the electric field of the
nano-structure and the quantum absorbing region in the direction perpendicular to the surface of the device. In
the case of a double-metal structure, as described infigure 1(a), it can be expressed as fw=NqwLqw/L, with L the
thickness of the double-metal structure (figure 1(a)), Lqw the thickness of the quantumwell andNqw the total
number of quantumwells inserted themetallic structure.

In order to evaluate the impact of the geometrical layout from figure 1(a)we compare it to a standard
substrate-coupled geometry, also referred as ‘mesa’, depicted infigure 1(c). Themesa configuration is used to
characterize the detector absorbing region alone [38]. In this configuration the incident photons are coupled
through the angle-polished facet of the semiconductor substrate. To recover the standard definition of the
photocurrent in this case [30], we assume that the quantityAcoll coincides with physical detector dimensions,
Acoll=σ. The photocurrent is then expressed as I 0photo=tR0σΦE21, where t is the transmission coefficient of
the facet, and h= ( )R eg N Eqw0 21 is the intrinsic responsivity of theQWIP.Here η is the absorption quantum
efficiency of the transition [36]. The BLIP temperature of themesaT 0

BLIP is defined as I
0
photo=Idark (T

0
BLIP), and

depends solely on the quantumdesign of the absorbing region and the properties of the semiconductormaterial,
but not on the device cross sectionσ. Using the expression of the quantum efficiency η from [36]we obtain the
following relation:

h
q
q
l
p

=( ) ( ) ( )B E E
L

cos

sin 2
5isb 2

21

Here, θ is the incident angle infigure 1(c) that shall be considered θ=45° as usually found in experiments, and
l = c E21 21 is the resonant wavelength. Combining all definitions stated above, we arrive at the following link
between the BLIP temperatureT BLIP of the antenna-coupled structure as a function ofT

0
BLIP of the reference

sample described infigure 1(c):

=

- - +

( )⎧⎨⎩
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In this formulawe have defined two quantities F andK such as:

l
= ( )F

A

V
Q 7coll 21

whereV=σL is the volume of the nano-structure, as shown infigure 1(a), and

p q
q

= ( )K t
2 cos

sin
8

2

Equation (8) contains quantities that depend only on themesa configuration. TakingGaAs substrate with a
refractive index n=3.5 and θ=45°wehave t=4n/(1+ n)2=0.7 and the first term can be numerically
evaluated at lnK=1.82.
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Equation (6) indicates that the BLIP temperature of the detector can be increased if the factor F is increased
by judicious of the geometry of the structure. This quantity, which is an important figure ofmerit for any
detector architecture, has a straightforward interpretation in terms of the local electric field enhancement of the
photonic resonator [39]. Indeed, let Eout be the electric field amplitude of the incident wave. Then the powerflow
density of the incident wave can be expressed as ε0c|Eout|

2/2. IfEin is the amplitude of the electricfield stored
inside the resonator, then the total energy density can be expressed as ε0ε|Ein|

2V/2with ε=n2 (the factor½
arises from cosine variation of the electric field along the patch [7]).We used the fact that the electric energy
density ε0ε|Ein|

2V/4 is equal to themagnetic energy density at resonance. Then the energy conservation dictates
thatAcollε0c|Eout|

2/2=ε0ε|Ein|
2V/2×(Q/ωres)withωres the angular frequency of the resonantmode, which

leads to the equality: ε|Ein|
2/|Eout|

2=F/2π. Because of this interpretation, the factor F shall be referred in the
following as ‘focusing factor’, as it expresses quantitatively how the density energy of free space photons is
compressed into the cavity volumeV. It is remarkable that if we consider the case of a single elastically bound
electron, we haveAcoll=3λ21

2 /4π, and then the factor F/2π ultimately becomes the Purcell factor of the system.
These considerations indicate that the definition (7) has amore general bearing than the particular case of
intersubband detectors that we used to establish the results (6) and (7). Indeed, we expect that for other type of
detectors the numerical constant lnKwill be different, yet of the order of unity, and the equation (6)will
still hold.

Since, according to equation (6), the BLIP temperatureTBLIP has a logarithmic dependence on the focusing
factor F, a substantial increase in the temperature performance can be achievedwhen F is varied through several
orders ofmagnitude. From equation (7), the design parameters at hand are the collection areaAcoll, the volume
of the absorbing regionV and the quality factorQ. This last term can be analyzed by comparing the intrinsic
quality factor of the resonatorQcav, defined from1/Qcav=1/Qrad+1/Qnr and the coefficientBisb. Typically,
in double-metal resonators with strongly subwavelength thickness we have 1/Qrad=1/Qnr [7]. In the case of
very lowQcav cavities, a system too lossywith 1/Qcav?Bisb, the detector is inefficient asmost of the incident
photons are absorbed by themetal rather than the quantum transition. In the opposite regime, whereBisb?1/
Qcav, all photons are absorbed by the quantumwells. This situation occurs in the case of very highQcav

resonators (which could be, for example, photonic crystal resonators [30]). Notice that in this limit the
responsivityR does not depend anymore onBisb and the focusing factor becomes inversionally proportional to
Bisb. There is no interest therefore in further increasing the rate of absorption as it will simply increase the noise
due to the increase of photogenerated carries. In this counter-intuitive limit the highQcav cavity acts as a photon
storage that ‘slows down’ the absorption in the active region, thus increasing the TBLIP.Moreover, increasing the
absorptionwould imply the use of heavily dopedQWIPs [40, 41], which have a strong dark current and low
BLIP temperature and detectivity. Optimumdetector performance has been already established by relatively low
doping levels: on the order of 1010 cm−2

–1011 cm−2 depending on the spectral region of operation [36]. The only
degrees of freedom that are left to improve the photonic resonator that contains the absorbing region are the
geometrical properties contained in the factor F defined in equation (7).

It has been experimentally and theoretically shown that arrays of resonators can feature a strong ability to
absorb the incident radiation on a large cross-section [7, 42, 44]. Therefore, following the ideas developed in
previousworks [8, 15, 16, 45], we have analyzed diluted arrays of double-metal square patch-cavity resonators as
amodel system to illustrate the roles of the parametersAcoll and F. In that caseBisb=0 andQ=Qcav. For our
analysis, we started by varying the filling factor of a set of arrays with identical patches as described infigure 2(a).
The resonators aremade of a 2 μmthickGaAs layer sandwiched between twometal plates. The patches have a
lateral width of s=10 μm, thus resonating at a frequency fres=c/(2neff s) around 4.5 THz, where neff∼3.3 the
effective index of the confinedmode [7]. The arrays are periodic with a square unit cell area p2=Σ. As shown in
figure 2(a) the semiconductormaterial is dry-etched by inductively coupled plasma everywhere except under the
squaremetal patch.While the area of the square patch is kept constant at 10×10 μm2,we studied arrayswith
periods p=15 μm, 25 μm, 35 μm, 55 μmand 80 μm (respective unit cells:Σ=225 μm2, 625 μm2, 1225 μm2,
3025 μm2 and 6400 μm2). Infigure 2(b)we show the reflectivity spectra of the arrays, obtainedwith theGlobar
source of a Fourier Transform Interferometer at almost normal incidence (15°with respect to the array normal).
Themode of the double-metal patch is revealed as a dip in the reflectivity spectra at the expected value
fres=4.5 THz. Apart the quality factorQ and the resonant frequency fres, the dip is characterized by its
‘contrast’ R= -C 1 min , withRmin the reflectivityminimum. The values of bothC andQ, extracted from
Lorentzian fits of the data are plotted as function ofΣ infigure 2(c). Note that bothC andQ depend strongly on
the array periodicity, as previously observedwith split-ring resonators [43] and patchwire cavities [8].
According to energy conservation, the contrastC provides the fraction of photons absorbed by the array at
resonance. Since the number of incident photons per unit time on each element of the array isΦΣ, the collection
element for each patch in the array is provided by the equation:
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R= - S = S( ) ( )A C1 9coll min

The reflectivity spectra therefore allow a direct determination of the collection areaAcoll per element. This result
has been plotted infigure 2(d) (dots).We can already notice that the typical values ofAcoll aremuch larger than
the cross section of the square pad (10×10 μm2), up to 15 times in themeasured values.

The remarkable behavior that is evident from the results infigure 2 is that, while the contrastC is optimum
for dense arrays and decreases with the unit cell areaΣ, the collection areaAcoll increasesmonotonically withΣ
and seems to saturate.We thus observe a rather counter-intuitive result that, when put together, the absorbing
elements tend to decrease their individual absorption area.On the other side, the system as awhole has an
optimumability to absorb the incident radiation, when the contrastC reaches unity for a particular value ofΣ
(critical coupling point, [7]). To capture this behavior and to estimate themaximumvalue ofAcoll in our system
we rely on the analyticalmodel described in [8], wherewe provided an explicit expression of peak contrastC as a
function ofΣ and the characteristics of the individual resonators:

a
a

a
l

=
+

=
S( )

( )C
D

Q

Q

4

1
, 10

rad

nr

rad
2

21
2

In thismodel, the effect of the radiation loss latter is evaluated according to the expressionQrad=λ21πneff
2 /

(4LDrad)=73 [8]with neff=λ21/2 s=3.3, and thusQrad is typically one order ofmagnitude greater thanQnr.
Using the values of themeasured quality factorQ as a function of the unit cell areaΣ (figure 2(c)) and our
analyticalmodel from equation (10)we obtainedC as a function ofΣ, as shown as a continuous curve in
figure 2(c) (upper panel). The agreement between ourmodel and the experiment is excellent, without any fit
parameters, except for the denser array (Σ=225 μm2). The discrepancy at that point can be explained by near-
field coupling between the resonators [45], which introduced additional linewidth broadening. Using our
model, we can nowprovide an analytical expression for the collection areaAcoll of the patch antenna array as
defined in equation (9):

Figure 2. (a)Opticalmicroscope picture of an arraywith square patch resonators (up) and a scanning electronmicroscope picture of a
single element with thickness L and square side s (down). In the present case L=2 μmand s=10 μm.Wehave indicated the array
unit cell surfaceΣ. The collection areaAcoll for each resonator is expected to be somehow smaller or equal toΣ, as illustrated. (b)A set
of reflectivity spectra for arrayswith different square unit cellsΣ, indicated for each spectrum. (c)Amplitude of the reflectivity dipC
(also called ‘dip contrast’) and quality factorQ as a function ofΣ. The dots are experimental data and the continuous line is themodel
from equation (10). (c) Individual collection areaAcoll as a function ofΣ. The dots are experimental data and the continuous line is the
model. The upper dotted line shows the asymptotic value ¥Acoll for a single resonator.

5

New J. Phys. 18 (2016) 113016 DPalaferri et al



p l
=

+
S

=
( )

( )
( ) ( )⎛

⎝⎜
⎞
⎠⎟

A
A Q

A Q
A Q Q

1
4

,
64 V

11coll
coll nr

coll nr
coll nr nr

1

1 2
1

21

Here ( )A Qcoll nr
1 is the collection area obtained by lettingS  ¥ for a given quality factorQnr and as such it

represents the collection area of a single element of the array. Note that the area Acoll
1 is 4 times bigger than the

area of the unit cellΣ at the critical coupling, i.e. whenC=1 and S = A4 .coll
1 As seen from the data infigure 2(c)

the quality factor has a strong dependence onΣ and therefore the asymptotic limit that provides the collection
area of a single element is obtained as:

p l
= =S¥

¥ ¥( )∣ ( )A Q A Q
64 V

12coll nr coll nr
1

21

with the ¥Qnr the asymptotic limit of the non-radiative contribution in the quality factor for very diluted arrays,
obtained from the data infigure 2(c). Equation (11) accounts well for themonotonic increase of the collection
area observed in experiments, as shown infigure 2(d). It expresses the fact that the collection area per element is
always smaller when elements are arranged in an array. Using ourmodel, we can extrapolate the ‘intrinsic’ value
of ¥Acoll to be 1717 μm

2=41×41 μm2, almost 17 times larger than the cross section of the square pad.With
the analytical expression of ¥Acoll we evaluate themaximum localfield enhancement for the patch antenna
geometry, for a volumeV=Ls2:

l
p

= =
+

¥
¥

¥
¥( ) ( )F

A

V
Q

Q

e

64

1
13coll nr21

2

Here, = ¥e Q Qnr rad is the extraction efficiency of the resonator. It is remarkable that the limiting value ¥F is
completely independent from the aspect ratio of the resonator, and namely the resonator volume, but depends
only on the resonator loss. This limit is intimately related to the fact that the patch antenna resonance relies on
propagation effects, i.e. the lateral dimensions of the cavity are commensurable with thewavelength in the
material. Indeed, themodes of these structures can be described as a standing–wave Fabri-Perot like resonances
[7]. As thewavelength of the first ordermode is provided byλ21=2neffs, the resonator dimensions cancel by
combining equations (7) and (12). The same considerations can be easily shown to be valid for patch antenna

resonators with an arbitrary cross sections. In particular, taking = - =¥ -

¥( )Q 28,nr Q Q

1 1 1

rad
we obtain from

equation (13) a limiting value F∞=1.1×104. Let us considering the THz detector from [16], which operates at
5.4 THz and had a BLIP temperatureT0BLIP=17 K. An activation energy Eact=17.7 meVwas obtained by
fitting the dark current as a function of the temperature with equation (2) from the data reported in [16]. These
figures lead to amaximumachievable BLIP performance of =¥T K38BLIP from equation (6).

As ¥F is independent from the shape of themicrocavity, and hence the resonant wavelength, we can use the
above results tomake predictions for infrared detectors operating in other ranges. For instance, our results can
be extrapolated to theMid-Infrared (MIR) range (λ=9 μm), which is practically important for thermal
imaging [36]. Typically, for aλ=9 μmwehaveT BLIP

0 =70 K [34], and the quality factors are twice lowerwith
respective to THz cavities, because of the increasedmetal loss [46]. Extrapolating these numbers to theMIR
domainwe obtain = ´¥F 3 103 which provides =¥T 100 KBLIP for a cavity-embeddedQWIP detector
at 9 μm.

From a practical point of view, it is important to compare the collection efficiency of the detector, seen as a
single pixel, with the performance of the optical system, used, for instance, in an imaging array. Provided a
wavelength of operationλ21, the ultimate diffraction-limited spot has an area of the order of l .21

2 This value is
generally superior to the collection area of a single detector. Indeed, in the present geometry, using equation (12)
the ratio l¥Acoll 21

2 is readily estimated at 0.4. Since it is practically difficult to achieve diffraction-limited spots, a
natural solution is to use an array of elements that covers wide illuminated area. However, as shown from
figure 2(d), this leads to a reduction of the individual collection areaAcoll and hence a lower temperature
performance. These considerations show that there is always some trade-off between themaximum
temperatureTBLIP required and the overall collection ability of the detector array. This is further illustrated in
figure 3, wherewe have shownboth the BLIP temperature and the reflectivity contrastC as a function of the
array unit cell surfaceΣ, assuming the same absorbing region as in [16]. This graph shows that themaximum
temperatureT∞

BLIP=38 K is obtained forΣ=3015 μm (array period p=55 μm), where the photon rejection
rate is 1−C=57%, however the temperature drops only by less than one degree if the array is operatedwith
50% rejection rate. On the other hand,TBLIP for a dense array operating at the critical couplingwithC=1 is
equal to 25 K, still about 8 Khigher than the intrinsic valueT 0

BLIP=17 K.
A possiblemethod to optimizeAcoll is to use planar antennas, such as bow-tie or spiral have the ability to

collect efficiently the incident radiation on areas larger than the diffraction limit [47, 48], however these
structures are not naturally compatible with the intersubband selection rule. Alternative solutions have been
proposed, such as the combination of planar antennaswith patchmicrocavities [23], or exploring ‘monopolar’
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resonators combinedwith loop antennas [49–51]. In the following, we propose another approach to increase the
focusing factor of the array F, and hence the value ofTBLIP even for dense arrays, which adds degrees of freedom
for the optimization of the system.

Since the fundamental limitation (equation (13)) inmicrocavities arises frompropagation effects, a possible
alternative is to explore electromagnetic resonators that are not subject to this limitations. A natural choice for
such systems is the circuit resonators, which are used as building blocks ofmetamaterials in the high frequency
part of themicrowave spectrum [52]. Indeed, such resonators operate well below the propagation limit [53], and
could therefore providemuch higher focusing factors F. Such structures have been recently demonstrated
specifically for intersubbandTHz devices [51, 54–60]. Typically, such circuit-like structure have a double-metal
part, that plays the role of the capacitance, and an inductive part, that confines themagnetic field. In that case the
volumeV in the expression of the focusing factor (equation (7)) corresponds to the volume of the capacitance
[61]. Note that this type of electromagnetic resonators could be implemented also at higher frequencies.
However their fabrication could be already very challenging in themid-infrared spectral region and extremely
difficult in the near-ir/visible.

We recently proposed a three-dimensional architecture, which allows for an increased confinement of the
THz electric field and is compatible with the selection rule of intersubband transitions [59]. Our design is
recalled infigure 4(a). It consists of a thinmetal strip instead of a continuous ground plate, a dielectric slab and a
topmetal loop. Infigures 4(b) and (c)wepresent simulations of the electric Ez andmagneticHzfield of the
structure in a plane that crosses themiddle of the dielectric slab, with the z-axis is perpendicular to the plane of
the slab. These simulations reveal that the electric field Ez is strongly confined in the regions of overlap between
the top and bottommetals, while themagnetic fieldHz is rather localized around the loop. The analysis
presented in [59] allows to assign a capacitanceCdb and an inductance Lloop as a function of the geometrical
parameters of the structure. The resonant frequency is then obtained as p=f C L1 2 .res db loop This design
allows therefore the reduction of the capacitive part by expending of the inductive one, while the resonant
frequency fres is kept constant [59]. In that case the capacitance volumeV can bemademuch smaller than the
resonant wavelength, resulting in a high focusing factor F, according to our definition equation (7).

To probe this concept experimentally, we realized structures with progressively shrinking capacitanceswhile
the inductive loops have been adjusted so that all structures resonate around 3 THz. For these proof of principle
studies we used SiO2 dielectric layers which simplified the fabrication process. Scanning electronmicroscope

Figure 3.Plot of the peak contrastC and the BLIP temperature TBLIP as a function ofΣ, assuming an absorbing region resonant at
5.4 THz, as the one described in [16]. The dashed line indicatesC=0.5, which corresponds to a 50%of photon rejection rate.

Figure 4. (a) Schematics of a three-dimensionalmetallic circuit-like resonator with a reduced volume of the capacitive regions. The
resonant absorber is inserted in the capacitors. (b), (c)Numerical simulations of the electricfield component Ez (b) andmagnetic field
componentHz (c) in themediumplane of the substrate. (d)The plot (b) shows the strong localization of the electric field in the
capacitive parts.
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pictures of the structures are shown infigures 5(a)–(c), and the corresponding optical characterizations are
presented infigures 5(d)–(f). The cross section of the capacitive part was respectivelyσ=1×1 μm2,
0.5×0.5 μm2 and 0.35×0.35 μm2. The dielectric slab thickness was respectively L=1 μm, 0.5 μmand
0.25 μm.The spectra presented infigures 5(d)–(f) are transmission spectra, for the indicated array unit areaΣ.
For the 0.5×0.5 μm2 structure (figure 5(b))wemeasured arrays with two differentΣ as indicated infigure 5(e).
The collection area for these systems that have both transmission and reflection ports is nowdefined as

R T= S - -( )A 1coll min min in a straightforward generalization of equation (9). In our structures, we observed
no features in the reflectivity port (Rmin=0) and therefore T= S -( )A 1coll min .

In order to estimate the effective volumes of our structures, we simulated the electromagnetic field by using
finite difference domain software. The effective volume of the electricfieldwas estimated as

ò= ( )V w dV wmax ,e eeff wherewe is the time-averaged electric energy density. To take into account the

intersubband selection rule, this quantity was correctedwith a factor 1/Ψ, defined as

ò òY = + +∣ ∣ (∣ ∣ ∣ ∣ ∣ ∣ )E dV E E E dV .z x y z
2 2 2 2 The values obtained for the effective volumeVeff/Ψ are thus used

for the estimation of the focusing factor in equation (7). The numerical results are summarized in table 1, in
comparisonwith the geometrical volumeV=2σL.

The focusing factors F for both patch cavities and LC-resonators is presented infigure 6(a) as a function of
the array cross sectionΣ. Even if themicrocavities and LC resonators studied for this plot operate at different
THz frequencies, we expect that the orders ofmagnitude of the focusing factors will be the same. For the patch

Figure 5. (a)–(c) Scanning electronmicroscope pictures of circuit resonators realizedwith SiO2 layer of thickness L. For eachfigure,
the side of the square capacitive parts is equal to thewidths of the uppermetallic part for the indicated values. The other dimensions of
the resonators are respectively: (a) L=1 μmand 6 μm×4 μm (internal length times internal width of the square loop), (b)
L=0.5 μmand 8 μm×4 μm; (c) L=0.25 μmand 6 μm×6 μm. (d)–(f): reflectivity spectra on arrays of LC resonators. The
spectrum corresponds to the structure indicated above. The array unit cell surfaceΣ is indicated for each spectrum.

Table 1.Effective volumeVeff (obtained by finite difference domain software)
and geometrical volumeV for LC structures with different capacitative area.Ψ
is a correction factor as a consequence of the intersubband selection rule.

Structure Veff (μm
3) Ψ

Veff/

Ψ(μm3)
V=2σL
(μm3)

1×1 μm2 0.7 0.72 0.97 2

0.5×0.5 μm2 0.2 0.72 0.28 0.25

0.35×0.35 μm2 0.047 0.66 0.071 0.061
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cavities we have indicated the single resonator limit from equation (13), that is independent from the operating
wavelength, as the quality factors in such systems do not change significantly from3 THz to 5 THz.We observe
that the LC structures have systematically higher focusing factors F than the patch cavities, even for dense arrays
with smallΣ. According to our results for the evolution ofAcoll as a function ofΣ (figure 2(d)), even higher
focusing factors should be expected in low density arrays.

Infigure 6(b)we show the expected elevation of the BLIP temperature as a function of the focusing factor F
(equation (5)) for the THz detector from [16]. The continuous curve is a numerical result obtained from
equation (6). The stars correspond to the experimental data from [16]. The projectedTBLIP for the LC circuits,
even in dense arrays is above 70 K, while the limit for the patch-cavity systems is =¥T 38 K.BLIP Capacitive parts
withwidths as small as 100 nmare feasible by electrical lithography. This resonator architecture therefore could
allow reaching operating temperatures close to the liquidNitrogen temperature. Clearly, this concept will be
beneficial also forMid-IR detectors where theTBLIP temperature could reach 130 K from =T 70 KBLIP

0 .
Another important figure ofmerit that can be impacted by the architecture of the resonators is the specific

detectivity, which should be redefined appropriately. Sincewe expect the effect of the dark current to be reduced
in our architectures, we are going to consider the background limited specific detectivityD*

BLIP.We use the
following definition:

=
+( ( ))

( )*D
R A

eg I I T4
14BLIP

coll

photo dark

Here, differently from the standard definition in [32, 36] the specific detectivity has been normalized on the
collection areaAcoll instead of the area of the deviceσ. This choice is justified as follows: at low temperature, the
dark current is negligible, and themain source of noise in the detector is the photocurrent Iphoto. Then, using
equation (1), we can express the specific detectivity at low temperature:

= =
F

( ) ( )*D
R

egE
T 0K

4
, 15BLIP

K21 300

withΦ300K the number of photons per unit surface and per unit time radiated by a black-body at the peak
absorption energyE21 of the detector. In equation (15), the specific detectivity becomes independent of the
collection areaAcoll, as required for the standard definition. The responsivity entering this formula is the internal
responsivity defined in equation (3). Infigure 7, we have plotted the predictions from equation (14) for the
different THz devices envisioned in this work and [16]. Themaximumdetectivities at low temperature have
been computed from the experimental data reported in [16]. Thefirst feature that is clearly visible is the increase
of the temperature performance of the detector through the higherTBLIP as discussed above. In accordancewith

Figure 6. (a)A summary of the focusing factors F from arrays of nano-resonators with different geometries discussed in this work. The
squares are the rectangular patches and the other symbols indicate the LC resonators described infigure 5, with the corresponding size
of the square capacitance. Thisfigure combines datawith structures that operate from3 to 5 THz, assuming that the dependence of F
on the frequency is weak in the spectral range. The dashed line is the limit for patch antennas from equation (13). (b)TBLIP as a
function of the focusing factor F (continuous line). The line+symbols curves correspond to the different resonators discussed in this
work, and the dashed line to the patch antenna limit. The stars corresponds to experimental values reported in [16].
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equations (1), (2) and (14) theTBLIP corresponds to the temperaturewhere the detectivity is less than a factor of
21/2 than itsmaximal value (dashed lines infigure 6).While the TBLIP is increased, the decrease of the specific
detectivity with the temperature is also slowed down,meaning that the detector can operate efficiently at
temperature higher thanTBLIP. For these plots, we have assumed that the gain g and the absorption coefficient
Bisb of the detector are constant as a function of the temperature. Note that this hypothesis is a simplification
since the gain can exhibit temperature dependence [62] and the absorption coefficient decreases with the
temperature due to thermal redistribution of carriers [63].

Another impact of the cavity geometry that is visible infigure 6 is the increase of themaximumdetectivity
with respect to themesa device. This increase can be explained by considering equation (5), which links the
absorption coefficient in the cavity geometry (Bisb)with that the quantum efficiency in themesa geometry (λ).
The absorption coefficient is enhanced due to the ratioλ21/L, which expresses the vertical confinement in the
cavity. Indeed, this factor is higher for structures with highly sub-wavelength thickness (L=λ21), which results
to higher responsivities for the cavity geometrywith respect to themesa [16].

It is interesting to note that our results provide a theoretical limit for themaximumachievable background
limited detectivity in amicrocavity-coupled system. Indeed, using the expression (3) for the case,Bisb?1/Qcav,
and replacing the resulting expression for the responsivity in equation (15), we obtain:

=
F

( ) ( )* D
E N

T 0K
1

2
16BLIP

qw K21 300

This results states that themaximumBLIP specific detectivity is optimized in detectors which contain a single
quantumwell,Nqw=1which absorbsmost of the photons fed in the cavity. In that case, the photonflux from
the thermal background coupled in the detector F300K depends only on the energy (Planck’s radiation law) and
the spectral bandwith of the detector. ThemaximumBLIP detectivity is then provided solely by the absorption
energy of the detector E21 and the spectral width of the responsivity curve, as the only source of noise in the
system are the carriers generated by the photons from the 300 K background. A typical value estimated from
equation (16) for a THz detector operating at 5.4 THzwith a single quantumwell and 10% spectral bandwidth is
D*

BLIP=6×1012 cmHz1/2/W.Note that this value does not limit the dark current-limited detectivityD*
signal,

which is expected to increase with the ratio (Acoll/σ)
1/2 [27]. This corresponds to a situationwhere the detector is

shielded from the thermal radiation and is illuminated only by the source to bemeasured.
In summary, we have studied the impact of the lateral and vertical photonic confinement for quantum

detectors of infrared radiation.We have pointed out the importance of twofigures ofmerit, the collection area of
the detectorAcoll and a dimensionless localfield enhancement factor F.We have shown how the collection area
Acoll can be inferred directly from reflectivitymeasurements on arrays of nano-resonators.We also commented
the effect of such array configuration on the detector performance, taking into account the finite size of the
incident beam.Namely, there is always a trade-off between the collection efficiency of the detector array and its
temperature performance.We linked themaximumbackground limited operating temperatureTBLIP to the
localfield enhancement factor F, which has been expressed in equation (7) throughAcoll, the quality factor of the
structureQ and the volumeV.We have found that in systems such as patchmicrocavities, which rely on

Figure 7.Background limited specific detectivityD* as a function of the temperature, for the case of different structures presented in
this work. Themaximumvalue ofD* depends only on the vertical confinement of the structure, expressed as the ratioλ21/L (‘cavity
enhancement effect’). An increased focusing factor F leads to an increase in the temperature range of the detector operation through
an increasedTBLIP.
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propagation effects, F is ultimately limited by the resonator loss. This limit can be exceeded in electromagnetic
resonators based on quasi-static effects, such as LC circuits. In particular, our theoretical predictions indicate
that THz detectors based on such resonators would operate close to the liquid nitrogen temperature. Thefigures
ofmeritAcoll and F introduced here can also be applied to other systemswhich provide highly subwavelength
confinement, such as, for instance, the localized plasmonmodes inmetallic nano-particles [64]. As another
example, we expect very strong high order non-linear effects proportional to F2 or F3, due to the very tightfield
confinement in these nanostructures [65].
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