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In this paper, a patch-antenna-array enhanced quantum cascade detector with freely switchable operating modes

among mid-wave, long-wave, and dual-color was proposed and discussed. The dual-color absorption occurs in a

single active region through an optimized coupled miniband diagonal-transition subbands arrangement, and a
successful separation of the operation regimes was realized by two nested antenna arrays with different patch sizes
up to room temperature. At 77 K, the 5.7-pm channel achieved a peak responsivity of 34.6 mA/W and exhibited a
detectivity of 2.0 x 10'° Jones, while the 10.0-um channel achieved a peak responsivity of 87.5 mA/W, giving a
detectivity of 5.0 x 10'* Jones. Under a polarization modulation of the incident light, the minimum cross talk of
the mid-wave and the long-wave operating modes was 1:22.5 and 1:7.6, respectively. This demonstration opens a
new prospect for multicolor infrared imaging chip integration technology. ~© 2024 Chinese Laser Press
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1. INTRODUCTION

Over the past few decades, extraordinary progress has been
made in the field of infrared imaging technology, much of
which can be attributed to dramatic advances in the analysis
and processing of infrared sensor manufacturing [1]. The next
generation of infrared imaging systems requires a larger number
of pixels, faster frame rates, higher sensitivity, elevated operating
temperatures, and multicolor functionality [2-4]. Among the
many requirements, the capability of dual-color/multicolor de-
tection is particularly important. Multispectral detection or si-
multaneous collection of signals from different infrared bands
provides enhanced target discrimination and identification, and
has attracted increased interest [5,6]. In this region, the quan-
tum cascade detector (QCD) is a very competitive candidate,
but barely exploited. Confined by the ladder-shaped subbands
arrangement, the photoexcited transitions in QCDs are com-
plicated. It allows the absorption of several colors to occur in a
single active region [7-10]. As a consequence of the bound-to-
bound optical transition, each photoresponse peak is sharp,
clear, and has no overlap with others. Conventional multicolor
detectors have to work with external bias [11,12], and there-
fore, the signals from different channels have to be output
in sequence. However, thanks to the asymmetric intersubband
(ISB) structure, QCDs are photovoltaic devices [13-15], and
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the signals of several channels can be output independently as
well as simultaneously. In addition, operating with zero bias
avoids mutual electrical interference among different channels,
which is beneficial to reduce cross talk. Moreover, according to
the ISB selection rule, infrared absorption of QCDs is possible
only when the electric field vector of the radiation has a com-
ponent perpendicular to the quantum well layers [16-19]
(i.e., QCDs are generally unresponsive to normal incidence),
which is good news for multispectral detection with a single
active region, as we can realize wavelength selection utilizing
a specific optical coupling structure under normal incidence,
and then separate the operation regimes. Compared with con-
ventional multicolor detectors with multiple single-color active
regions grown in stacks [20-22], QCDs can effectively simplify
the material growth and manufacture. In recent years, coupling
to patch antenna resonators has drastically redefined the per-
spective of the ISB pathway [23-28]. In our previous work,
it has also been confirmed that a performance-enhanced
dual-color QCD can be achieved with this geometry [29].
However, the separation of the two channels and the coupling
cross-talk characteristic still required further investigation.

In this paper, a patch-antenna-array enhanced quantum cas-
cade detector with freely switchable operating modes of mid-
wave, long-wave, and dual-color was presented. The detection
of two colors was realized utilizing an optimized coupled
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miniband diagonal-transition subbands arrangement, while
the separation of the two channels was realized utilizing two
electrically isolated nested antenna arrays with different patch
sizes. This work provides effective ways for realizing high-
performance multicolor detectors and is expected to be used
in the development of multicolor focal plane arrays and imag-
ing systems.

2. METHODS

As is known to all, metals have unique optical properties because
of their extremely high electron concentration [30-32]. In par-
ticular, a localized surface plasmon resonance will be formed
when the frequency of the incident light coincides with the fre-
quency of the free electron oscillations, and the light can be
squeezed into sizes much smaller than the wavelength. For a
metal-dielectric-metal structure, the most prominent feature
is that it is able to support TM-polarized electromagnetic modes,
which are tightly localized at the double-metal areas, and the res-
onance frequency depends entirely on the size of the limiting
region. These double-metal structures operate both as antennas
and microcavities [28,33,34].

For the patch antenna shown in Fig. 1, when the dielectric
layer thickness L is much smaller than the wavelength 4, the
double-metal region supports a guided TM 79 mode, which
does not have a cut-off frequency. However, in the open single-
metal regions, the electromagnetic field can be seen as a con-
tinuum of plane waves. Due to the strong impedance mismatch
between the single-metal and double-metal regions which carry
the TMpy0 mode, a lateral Fabry—Perot effect arises and
hence the formation of the standing wave pattern. The resonant
features can be identified with TMy;,0 modes confined
under the metallic patch, with frequencies provided by the

equation
VN? 4+ M?, (1)

where s is the size of the patch, and n.g = 3.3 is the effective
refractive index of the resonator. For the TM 4y mode or TMy;,
mode, considering that ¢ = 1 -v, Eq. (1) is simplified as

Ay = 2neg - 5, ()

where 4, is the resonant wavelength. Therefore, for a given di-
electric material, the resonant wavelength of a patch antenna is
only related to its dimensions. Utilizing a dual-color active region
design, switchable operating modes will be achieved by two elec-
trically independent patch-antenna arrays nested with each other.

The device architecture and material energy band diagram
are described in Fig. 2. As shown in Fig. 2(a), to separate the
two channels, two arrays of metal—dielectric-metal microcavity
patches, which provide a strong subwavelength electric field
confinement and act as antennas, are nested within each other,
and respectively connected to their own top metal electrode (B
and C). They share the Ti/Au ground plane as the bottom
metal electrode (D). Each array consists of 20 x 20 periodic
square patches, which are row selected electrically connected
by 200-nm-wide connecting wires in the diagonal direction.
The patch sizes of the arrays were designed to match the target
dual-band wavelengths. According to Eq. (2), the array with
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Fig. 1. [Illustration of a patch antenna. The figure shows the simu-
lated vertical component of the distribution of the electric field £, in
the dielectric area. The impedance mismatch between the single-metal
and double-metal regions leads to a lateral Fabry—Perot effect and
hence the formation of the standing wave pattern.

patch size s; = 1.5 pm is therefore in resonance with
A; = 10.0 pm, while the array with patch size s, = 0.9 pm
is in resonance with 4, = 5.7 pm. As long as the dielectric layer
thickness L is small enough, the detection wavelengths of the
patch-antenna array are determined by their patch sizes only,
and are independent with the period p. However, p affects
the absorption efficiency of the device, which is related to
the effective optical area of the patch antenna. In this work,
the period p of both arrays was chosen to be 5 pm, in the same
order of magnitude as the target detection wavelengths. By sep-
arately reading out the electrical signals between the metal elec-
trodes B-D, C-D, and BC-D, the operating mode can be freely
switched among long-wave, mid-wave, and dual-color.

To match the device design, the active region of the wafer
composed of five periods of infrared dual-band quantum cas-
cade active cores was optimized to room temperature operation.
The layer sequence of one period of the structure in nanometers
is as follows: 4.5, 6.7, 2.0, 3.1, 4.9, 3.25, 4.6, 3.25, 4.4, 3.4,
2.5, 3.9, 2.8, 4.9, 3.0, 6.25, where the Ings,Alj 43As barrier
layers are in bold font, the Ing 53Gag 47As well layers are in nor-
mal font, and the underlined layers are Si doped to
n=3x10" cm™. The conduction band diagram and rel-
evant energy levels of one period active core are shown in
Fig. 2(b). In this design, the dual-color detection is achieved
by a vertical transition in the active quantum well
(Ey = E7) and a diagonal transition across the adjacent quan-
tum wells (Ey = E)-

Taking account of the actual situation with connecting
wires, the simulated electric field component distribution
and reflectivity spectrum are presented in Fig. 3. Since the
patch connecting wires lead to the asymmetry of the geometry,
the incident light with different polarization directions was
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Fig. 2. (a) Scanning electron microscope image of the detector, with partial enlargements of the electrically connected patch antennas. The main
parameters of the array are indicated in the diagram. Region A: the photonic collection area. Region B: the top metal electrode for the 10.0-pm
channel. Region C: the top metal electrode for the 5.7-pm channel. Region D: the bottom metal electrode. Region E: SiO, for electrical insulation.
Region F: the Ti/Au ground plane. (b) Conduction band diagram and relevant energy levels of one period active core. The shaded wells are Si doped,

and the optical transitions are indicated by the black arrows.
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Fig. 3. (a) Respectively normalized simulated distribution of the ab-
solute vertical component of the electric field |E,| at the center plane
of the active region. The wavelengths and polarization directions of the
incident light are indicated in the figure. (b) Simulated reflectivity
spectrum of the devices.

investigated. For the sake of convenience, the direction
perpendicular to the connecting wires is specified as the 0°
polarization direction. Since both natural light and circularly

polarized light can be regarded as the synthesis of two linearly
polarized lights with equal amplitude and vertical vibration di-
rection, circularly polarized incidence was used instead of natu-
ral incidence in this simulation. Figure 3(a) indicates that the
patch antennas with different sizes have strong coupling effects
on the light with specific wavelengths. In addition, when the
polarization direction of the incident light is perpendicular to
the connecting wires, the electric field distribution follows a
standing wave pattern, with the node at the center of the square
and the antinode at the edges, showing strong field localization
in the dielectric region. When the polarization direction of the
incident light is parallel to the connecting wires, the electric
field distribution is disturbed.

As shown in Fig. 3(b), the reflectivity dips observable in the
spectra correspond to resonant absorption within the structure.
When Eq. (1) is satisfied, the incident photons are coupled into
the structure, yielding the reflectivity minima in the spectra.
While p = 5 pm, the reflectivity of the array reached nearly
0 at the target resonant wavelengths. The existence of the con-
necting wires in the polarization direction of the incident light
leads to a decrease of the absorption intensity and a shift of the
peak absorption wavelength. Inspired by the polarization
dependence of this design, it is suggested that the cross talk
between two channels can be reduced by modulating the
polarization direction of the incident light, which is confirmed
by the subsequent results.

3. CHARACTERIZATION AND ANALYSIS

The detector chip was mounted on an oxygen-free copper heat
sink and fixed on the cold finger of a well-designed liquid-nitro-
gen cryostat to perform device characterization. The optical
characterization of the device at zero bias was obtained with
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a Fourier transform infrared spectrometer and calibrated with a
1000°C blackbody source. Figure 4(a) presents the normalized
responsivity spectrum of the device at 77 K and zero bias, in
the case of unpolarized incident light. The operating mode of
the device can be freely switched among mid-wave, long-wave,
and dual-color. The two response peaks are centered at
5.7 pm (218 meV) and 10.0 pm (124 meV), respectively.
The peak responsivity R of the detector as a function of
the temperature at zero bias is shown in Fig. 4(b), and the
Johnson noise-limited detectivity obtained according to the for-
mula D} = Ry % is shown in Fig. 4(c), where R, is
the differential resistance at zero bias, A is the area of the detector,
kp is the Boltzmann constant, and 7" is the operating temperature
of the detector. As the temperature increased gradually from 77 K,
the responsivity slightly increased initially and subsequently de-
creased, which is ascribed to the inefficient ionization of the donor
dopants at the liquid nitrogen temperature [35]. Nevertheless, the
Johnson noise-limited detectivity continued to decrease with the
increasing temperature, as the value of RyA decreased much
faster than that of R, increased. The operating temperature
has reached room temperature when the device works in the

Dual-color Mode

Long-wave Mode

dual-color mode or the long-wave mode, and a near-room tem-
perature of 280 K when the device works in the mid-wave mode.
At 77 K, the 5.7-pm channel achieved a peak responsivity of
34.6 mA/W and exhibited a detectivity of 2.0 x 10! Jones, while
the 10.0-pm channel achieved a peak responsivity of 87.5 mA/W,
giving a detectivity of 5.0 x 10! Jones. At the dual-color operat-
ing mode, the ratio of the peak responsivity of the 5.7-pm channel
and the 10.0-pm channel was 1:2.5.

While the detector operated in single-color master mode,
the corresponding slave wavelength was not thoroughly filtered
out, resulting in cross talk. For simplicity, the cross talk of nar-
rowband dual-color detection can be defined as the peak re-
sponsivity ratio of the slave to master detection bands. The
cross talk of the mid-wave and the long-wave operating mode
was 1:12.4 and 1:5.7, respectively. The reason for the cross talk
is that the active region itself can respond to two wavelengths
simultaneously, as long as the ISB selection rule is fulfilled.
Since the bottom Ti/Au ground plane has a scattering effect
on the incident light, the scattered light is not perpendicular
to the quantum well layers. This effect leads to an electric field
vector component perpendicular to the quantum well layers,
and results in the response of the slave detection band.
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Fig. 4.

(a) Normalized responsivity spectrum of the device at 77 K and zero bias, in the case of unpolarized incident light. (b) Peak responsivity of

the device as a function of temperature. (c) Detectivity of the device as a function of temperature. From left to right, the device works in dual-color,

long-wave, and mid-wave modes sequentially.
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(a) Normalized responsivity spectrum of the detector as a function of the polarization angle of the incident light, at 77 K and zero bias.

(b) Peak responsivity as a function of the polarization angle, at 77 K and zero bias. From left to right, the device works in dual-color, long-wave, and

mid-wave modes, respectively.

Interestingly, the long-wave signal was easier to be filtered out
although its peak responsivity was higher than that of the mid-
wave signal. This is mainly because the dimensions of the patch
antennas and the incident light are of the same order of mag-
nitude. So there exists diffraction effect, which is closely related
to the ratio of the slave detection wavelength 4 and the size
s (r = A/s). The larger the ratio is, the more obvious the dif-
fraction effect is, and the less radiation enters the active region.
This ratio when the device works in the mid-wave mode
(r = 11.1) is much larger than that when the device works
in the long-wave mode (» = 3.8), and that is why the long-
wave signal was easier to be filtered out.

As mentioned above, the polarization dependence helps to
lower the cross talk for these kinds of patches with antisymmet-
ric structure. To decrease the cross talk, polarization modula-
tion was introduced to the incident light. Through setting a
polarizer in front of the optical window of the cryostat, the
polarization angle of the incident light can be modulated.
The normalized responsivity spectrum of the detector as a func-
tion of the polarization angle of the incident light, at 77 K and
zero bias, is shown in Fig. 5(a). The ratio of the responsivity
between the two detection wavelengths varies with the polari-
zation angle, but the shift of the peak position is almost neg-
ligible. As the polarization angle increases from 0° to 90°, the
FWHM of the spectra also increases, which is attributed to the
gradual decrease of standing wave effect with the increase of
polarization angle under this integrated patch connecting wires
condition. Figure 5(b) presents the peak responsivity of the two
detection wavelengths as a function of the polarization angle.

For the 5.7-pm channel, the peak responsivity reached the
maximum value of 20.3 mA/W at 0° polarization angle, and
the minimum of 9.4 mA/W at 90° polarization angle. For
the 10.0-pm channel, the peak responsivity reached the maxi-
mum value of 78.8 mA/W at 0° polarization angle, and the
minimum of 47.3 mA/W at 90° polarization angle.

The ratio of the responsivity of the two channels as a func-
tion of the polarization angle is shown in Fig. 6. The black
dotted line reflects the ratio of the peak responsivity of the
two channels when the device works in the dual-color mode,
while the blue and red dotted lines reflect the cross talk when
the device works in the single-color mode. Since the angles
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Fig. 6. Ratio of the peak responsivity of the two channels as a func-
tion of the polarization angle.
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between the polarizer and the patch-antenna array were mea-
sured inaccurately, the experimental data seem to be asymmet-
rical with respect to the 0° polarization angle. However,
according to the geometric symmetry of the device, it can
be deduced that the responsivities as a function of the polari-
zation angle were in fact symmetrical. Then we can see that the
cross talk reaches the minimum at 90° for both the 5.7-um
channel and the 10.0-pm channel, being reduced to 1:22.5
and 1:7.6, respectively. At 0° polarization angle, the corre-
sponding values are 1:8.6 and 1:5.0, respectively. The polari-
zation angle with minimal cross talk for both channels is
consistent with each other, which facilitates practical applica-
tions. Although the responsivity is also the minimum at that
time as shown above, for application scenarios that require
lower cross talk and do not demand very high responsivity,
polarization modulation can be used. In the future, through
careful design, we can make the responsivity maximal and
the cross talk minimal in the same polarization direction, to
further improve the performance of the device.

4. CONCLUSION

In summary, we have reported the concept demonstration of an
antenna-enhanced dual-color quantum cascade detector with
freely switched operating modes among mid-wave, long-wave,
and dual-color. At 77 K, the 5.7-pm channel achieved a peak
responsivity of 34.6 mA/W and exhibited a detectivity of
2.0 x 10'° Jones, while the 10.0-pm channel achieved a peak
responsivity of 87.5 mA/W, giving a detectivity of 5.0 x 10'°
Jones. The cross talk of the mid-wave and the long-wave oper-
ating modes was 1:12.4 and 1:5.7, respectively. By modulating
the polarization angle of the incident light, the cross talk
reached the minimum at 90° for both the 5.7-pm channel
and the 10.0-pm channel, and was 1:22.5 and 1:7.6, respec-
tively. Such an all-in-one device also shows potential of working
as single- or dual-color photodetectors at room temperature.
This work has proposed a novel approach in making multicolor
infrared imagers and for the first time, successfully realized
the signals of two channels output independently as well as
simultaneously.
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Fig. 7. Partial enlargement of the electrically connected patch an-
tennas of the “Patch-Parallel” device.

APPENDIX A: CONTROL DEVICE WITH
CONNECTING WIRES PARALLEL TO THE EDGE
OF THE PATCH ANTENNA

As a control experiment, we have also designed and fabricated a
patch-antenna-array device, with connecting wires parallel to
the edge of the patch antenna, as shown in Fig. 7. For the sake
of convenience, we name the device mentioned in the main text
“Patch-Diagonal,” and the control device “Patch-Parallel,” re-
spectively. And the experimental results are shown in Figs. 8
and 9.

It is illustrated that both the “Patch-Diagonal” and “Patch-
Parallel” devices are mode-switchable, and the cross talk can be
reduced by polarization modulation. However, for the “Patch-
Parallel” device, the polarization directions with the lowest
cross talk for the two channels are inconsistent due to the differ-
ence in relative size of the connection line and the mesa, which
is unfavorable to the practical applications. For the “Patch-
Diagonal” device as above mentioned, these two directions
are consistent.
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Fig. 8. Peak responsivity of the “Patch-Parallel” device as a function of the polarization angle, at 77 K and zero bias. From left to right, the device

works in dual-color, long-wave, and mid-wave modes, respectively.
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