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We demonstrate mid-infrared detectors embedded into an array of double-metal nano-antennas. The

antennas act as microcavities that squeeze the electric field into thin semiconductor layers, thus

enhancing the detector responsivity. Furthermore, thanks to the ability of the antennas to gather

photons from an area larger than the device’s physical dimensions, the dark current is reduced

without hindering the photo-generation rate. In these devices, the background-limited performance is

improved with a consequent increase of the operating temperature. Our results illustrate how the

antenna-coupled microcavity concept can be applied to enhance the performances of infrared

opto-electronic devices. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4862750]

In the mid-infrared spectral region (5 lm< k< 20 lm),

the performances of quantum detectors are intrinsically lim-

ited by the small energy of the electronic transition involved

in photon absorption. Electrons can be thermally excited,

even at low temperature, to the upper state of the transition

inducing a dark current that deters the noise properties of

detectors.1 In this paper, we show that the concept of nano-

antennas can be very beneficial for the improvement of their

thermal performances. Nano-antennas have been actively

investigated as tools to harness the interaction between quan-

tum objects and light confined in extremely sub-wavelength

regions of the space.2–10 Here, we report on a mid-infrared

detector design exploiting an array of metallic nano-

antennas11 coupled to a quantum well infrared photodetector

(QWIP).1,12 The antenna array allows the harvesting of pho-

tons from an area much larger than the device itself and com-

presses the electromagnetic field into sub-wavelength

microcavities where the photodetection takes place.13–15 As

a result, the dark current of the detector, that is proportional

to the device area, is reduced, while the photo-induced cur-

rent, that is proportional to the area of collection of photons,

is preserved. This geometry has a direct impact on the

Background-Limited Performance (BLIP) temperature, that,

as shown further, rises from 72 K for conventional QWIPs

operating at 9 lm (Refs. 1, 16, and 17) to 86 K.

Our detector design, as shown in Figure 1, relies on an

array of metal-semiconductor-metal microcavities with a

strong sub-wavelength light confinement. According to the

intersubband (ISB) selection rule, the quantum wells absorb

light polarized perpendicularly to the semiconductor layers.1

As the electric field of the fundamental cavity TM100 mode

is dominantly polarized in the same direction, this architec-

ture maximizes the ISB absorption and ensures contacts for

the photogenerated electrons. As displayed in the images in

Figure 1(a), the top metal (TiAu) has been patterned into an

array of square patches of edge size s, all electrically

connected by 150 nm wide wires. The period of the array is

about 3 lm, much shorter than the wavelength to be detected,

k� 9lm. The absorbing semiconductor material, made of

quantum wells, is inserted between a ground plane on the

bottom and the metallic array on the top. Electromagnetic

simulation of the electric displacement Dz of the fundamen-

tal TM100 mode of the structure is provided in Figure 1(b),

showing strong field localization in the semiconductor

FIG. 1. Patch cavity-coupled detectors. (a) Scanning electron microscope

picture of the device, with a close up of the electrically connected patch

antennas. (b) Simulations of the vertical component of the displacement vec-

tor Dz of the fundamental mode of the structure. (c) Photocurrent-bias and

dark current-bias characteristics of the devices with different patch sizes, at

77 K, obtained with a calibrated black body source at 500 �C under normal

incidence to the grating.
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region.13 The corresponding resonant wavelength is

k¼ 2neffs, with neff being the effective index of typical val-

ues in the range of 4.2–4.5.18 The absorbing material is a

repeat of eight 6.5 nm GaAs quantum wells cladded between

20 nm Al0.25Ga0.75As barriers. The wells are Si-doped with

sheet density 7� 1011 cm�2. The ISB transition energy

between the two bound states of the well is 138 meV

(k¼ 9.0 lm), including the depolarization shift.19 The total

thickness of the semiconductor slab is 371.5 nm, together

with the top (50 nm) and bottom (100 nm) contacts Si-doped

at 5� 1018 cm�3.

Microcavity detectors with different square patch sizes

s¼ 1.1, 0.95, 0.85, and 0.75 lm were investigated. The

modes of the cavities with s¼ 1.1 lm are almost resonant

with the ISB transition, while that of the other structures are

progressively blue-shifted as s decreases. Figure 1(c) reports

the dark current and photocurrent measurements for all the

devices at T¼ 77K.20 While the voltage-current characteris-

tics of the dark current remain identical for all structures

(Figure 1(c)), the photocurrent decreases by an order of mag-

nitude when the cavities are detuned from the ISB transition.

In Figure 2, we show the spectra of the responsivity at

1 V (Figure 2(a)) and the reflectivity at 0 V (Figure 2(b))

obtained by illuminating the samples at 77 K under normal

incidence. The responsivity has a weak dependence on the

incidence angle h and peaks at normal incidence (inset of

Figure 2(a)). This angular behavior is typical of the patch-

cavity arrays.13 The responsivity spectra display a main peak

at the ISB transition energy (138 meV) and a secondary fea-

ture attributed to the cavity mode that progressively blue-

shifts as s decreases. This is confirmed by the reflectivity

measurements (Figure 2(b)) showing that the s¼ 0.75 lm

cavity is detuned by about 45 meV from the ISB peak. As

the cavity is brought in resonance with the ISB transition, we

observe a polariton splitting of about 10 meV.21 This phe-

nomenon indicates the onset of the strong coupling

regime,21–23 related to the increased overlap between the

electronic polarization and the tightly confined photonic

mode.

To take into account the array and microcavity effects

on the photocurrent, we have developed a model based on

the electromagnetic energy conservation that provides the

overall responsivity of the device

RespðxÞ ¼ 1� RðxÞð Þ Aisb

Aisb þ 1=Qcav

eg

�hxNQW
: (1)

Here, �hx is the photon energy, g is the intrinsic photocon-

ductive gain per quantum well,1 Qcav is the quality factor

describing the cavity loss rate other than the ISB absorption

(i.e., the loss at the metal and doped contact layers), and

R(x) is the reflectivity of the structure.20 The dimensionless

quantity Aisb is defined as Aisb¼ (1/(xU))dU/dtjisb, where U
is the total electromagnetic energy density stored in each res-

onator, and dU/dtjisb is the ISB absorption rate.

Equation (1) contains all the physical quantities neces-

sary to optimize a microcavity-coupled photodetector. The

first term 1�R(x) is the fraction of the incident radiation

coupled inside the microcavity array. The second term is the

fraction of photons absorbed per unit time in the quantum

wells compared to the total optical loss. The last term is the

intrinsic responsivity of the detector which depends only on

the heterostructure design and the doping.1 Clearly, the peak

responsivity is optimized if the first two factors of Eq. (1) are

close to 1, implying that all the impinging optical power

would be coupled into the cavity and predominantly dissi-

pated as ISB loss. This limit underlines the two main advan-

tages of our detector design. First, each patch in the antenna

array harvests all the photons impinging on an area equal to

the array unit cell, R¼ p2 (Figure 1), which is always larger

than the geometrical area of the patch antenna, s2. Since the

ratio R/s2 (9 in the present case) is proportional to the ratio

between photocurrent over dark current, this opens the possi-

bility to improve the detectivity and the noise limited per-

formance of the photodetector.

The second advantage of the microcavity is that, while

preserving Aisb � 1/Qcav, the optimization of the responsiv-

ity becomes possible with few quantum wells only, contrary

to the usual QWIPs.1 The improvement of the detectivity

through the increased electromagnetic confinement and bet-

ter quality factors have already been exploited in photonic

crystal designs;24,25 however, in this geometry the photon

collection and absorption area are very similar.

The first factor of Eq. (1) is obtained directly from the

reflectivity spectra such as those shown in Figure 2(b). For

the case of the resonant cavity (s¼ 1.1 lm), and unpolarized

light (i.e., in the same conditions as the responsivity meas-

urements of Figure 2(a)), we obtain 1�R(xres)¼ 0.50.

For the estimate of the second term in Eq. (1), we need

to quantify Aisb and 1/Qcav. The first quantity can be

FIG. 2. Spectral characterizations of the detectors. (a) Responsivity spectra

for cavities with different patch sizes at 77 K and 1 V bias, obtained with a

Globar source under normal incidence. To obtain the absolute value of the

responsivity, the Globar spectra were compared to that of a calibrated black

body. The inset shows the variations of the responsivity of the resonant

(s¼ 1.1 lm) sample with the incident angle. (b) Reflectivity spectra of the

samples obtained at 77 K, zero bias and with light polarized perpendicular to

the connecting wire (Figure 1(a)). Bold lines are the measured spectra, while

thin lines are the simulated ones.
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expressed as a function of the complex dielectric function of

the quantum wells eQW(x) as Aisb¼ fwIm(e=eQW(x)), where

fw is the overlap factor between the optical mode and the

quantum wells, and e is the static dielectric constant. In the

case of a bound-to-bound transition, we have: e=eQWðxÞ ¼
1þ x2

P=ðx2 � ~x2
21 þ ixCÞ with the ISB transition frequency

~x21, corrected by the depolarization shift, C is the ISB line-

width, and xp is the ISB plasma frequency.19 These parame-

ters can be extracted from the reflectivity curves of the

sample shown in Figure 2(b) (continuous lines) using the

model described in Ref. 26. The position of the resonances

and the shape of the curves are correctly reproduced with the

nominal parameters of the sample: xp¼ 40 meV,

~x21¼ 138 meV, fw¼ 0.133, and homogeneous broadening

C¼ 6 meV. The contact layers are described by the Drude

model using a doping 5� 1018 cm�3 and a collision time of

60 fs, while the metal layers are modeled as in Ref. 18.

These parameters provide the maximal value of Aisb at the

ISB resonance Aisbðx ¼ ~x21Þ ¼ fwx2
P=C~x21¼ 0.26. The

cavity loss 1/Qcav is extracted from the reflectivity spectra of

the off-resonant cavities with Epeak> 150 meV (s¼ 0.95 lm,

0.85 lm, and 0.75 lm), where we obtain, respectively,

1/Qcav¼ 0.134, 0.142, and 0.154. This provides an estimate

of 1/Qcav¼ 0.128 for the resonant s¼ 1.1 lm sample through

linear extrapolation (assuming that 1/Qcav varies slowly as

compared to Aisb(x)). As a result, we obtain a branching ra-

tio of Aisb/(Aisbþ 1/Qcav)¼ 66% at resonance, implying that

a significant amount of photons coupled inside the microcav-

ities contribute to the photocurrent generation. Note that this

estimation does not take into account the mixing between the

cavity and ISB losses due to polaritonic effects, which is jus-

tified since the light-matter coupling energy of 10 meV is

close to the ISB absorption width, C¼ 6 meV.

For the s¼ 1.1 lm resonant cavity, the fraction of pho-

tons absorbed by the quantum wells can now be estimated to

be (1�R(xres))Aisb/(Aisbþ 1/Qcav)¼ 0.50� 0.66¼ 33%. This

value, obtained here for only 8 quantum wells, is already

greater than the typical absorption obtained in a multipass

geometry, that is in the order of a few percent.27,28 Knowing

the corresponding peak responsivity Resp(138 meV)

¼ 0.074 A/W (Figure 2(a)), and using Eq. (1) we extract a

value of the photoconductive gain g¼ 0.25. This rather low

value of the gain can be attributed to the ISB upper state

being too deep below the barrier edge.29

To fully take advantage of the concept of microcavity

detector and limit the dark current to the area under the me-

tallic patches, where the photocurrent generation takes place,

we have removed the semiconductor material in between the

patches. In Figure 3, we compare the performance of the

s¼ 1.1 lm device before (Fig. 3(a)) and after (Fig. 3(b))

etching. In both cases, we report current-voltage characteris-

tics of the sample, cooled at 77 K, either in the dark (dashed

lines) or when the detector is exposed to a 300 K background

with a field of view (FOV) of 30�. For a typical operation

bias, 0.5 V, we observe that the dark current, Idark, is reduced

by a factor of 3, while the background current Ibackground

remains almost unchanged. The improvement of the ratio

between Ibackground/Idark is evident on a very wide range of

operating voltages. The reduction of the dark current is con-

sistent with the reduction of the total device area AD, if one

takes into account the 100� 100 lm2 contact pad (Fig. 1(a)).

Indeed, before etching we had AD¼ 100� 100 lm2þ 200

� 200 lm2¼ 5� 104 lm2, while after etching A0D¼ 100

� 100 lm2þ (1/9)� 200� 200 lm2¼ 1.4� 104 lm2, where

the factor 1/9 comes from the ratio R/s2 as explained above.

We have AD/A0D¼ 3.6 that accounts well for the observed

reduction of the dark current. On the contrary, the fact

that Ibackground is almost unchanged means that the

photo-generation rate is surely not reduced, but even slightly

improved in the etched devices. Indeed, the antennas still

collect photons from the same effective area R¼ p2, as illus-

trated in the insets of Figure 3.

In order to evaluate the impact of the reduction of the

dark current on the BLIP performance of the detector, we

performed systematic studies of the Ibackground/Idark ratio as a

function of the temperature, as reported in Figure 4. For

etched devices, the cavity resonance is shifted due to a slight

change of the modal effective index.20 We therefore fabri-

cated a device with a patch size s¼ 1.4 lm that becomes res-

onant after etching. In Fig. 4(a), we report the measured

ratios Ibackground/Idark as a function of the temperature, and in

Fig. 4(b) we show a photocurrent spectra of the s¼ 1.4 lm

after etching that shows only one peak, thus indicating that it

has been tuned in resonance with the ISB transition.

In Figure 4(c), we plot the maximum ratio

Ibackground/Idark measured for the s¼ 1.1 lm device before

and after etching, as well as for the etched s¼ 1.4 lm device.

No BLIP condition is observed for the unetched device. We

attribute this behavior to the presence of a tunnel contribu-

tion to the dark current that dominates the transport at low

temperature.30 In the case of the etched devices, we observe

a BLIP temperature of 83 K for the s¼ 1.1 lm device and

86 K for the s¼ 1.4 lm device in the negative bias, much

higher than the BLIP temperature of 72 K reported in the

substrate coupled configuration for optimized QWIP operat-

ing at 9 lm.1,16,17 This significant improvement of the BLIP

temperature illustrates once again the fact that in our

FIG. 3. Current-voltage characteristics of the s¼ 1.1 lm sample before (a)

and after (b) the etching of the semiconductor, at 77 K. For each case, the

dark current, Idark, is plotted in dashed (black) lines and the background cur-

rent, Ibackground, in continuous (red) lines. Ibackground is the current measured

when the detector is exposed to 300 K illumination. The insets sketch the ge-

ometry of the sample before (a) and after (b) the etch process, together with

an illustration of the Poynting flux of the wave absorbed by the antenna

(lines).
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antenna-based design the effective area that contributes to

the photocurrent (signal) can be made larger than the area

contributing to the dark current (noise). Furthermore, the

light collection can be still optimized with a proper design of

patch microcavity arrays, which will enable to push the sys-

tem to the critical coupling regime, where R(xres)� 0 and all

incident photons are absorbed in the structure.13

In conclusion, we have demonstrated antenna-coupled

microcavity QWIP. This geometry brings important degrees

of freedom in the design of infrared photodetectors, as it

allows for an efficient light funneling into the active region,

independent of the incident angle and polarization.

Potentially, this concept will lead to an ultimate detector

containing only one quantum well, while absorbing almost

all of the incident radiation to generate photocurrent.
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