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ABSTRACT
A quantum well-integrated metallic microcavity infrared photodetector is designed and fabricated to achieve highly polarized narrowband
wavelength selective detection. Linear grooves are etched on top of the mesa and then the whole device is completely coated with Ti/Au to
form an open metallic microcavity, and the resonant mode of the metallic cavity can be detected by the embedded quantum well active layer.
The obtained devices show very narrow wavelength selective detection ability as well as strong polarization-dependent characteristics. High
performances such as a quality factor of 60 and a polarization extinction ratio of 146 are noticed. Our work provides a promising basis for
developing highly integrated infrared cameras with a remarkable performance.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0002012

Multispectral and/or polarization imaging are inevitable requirements for the next generation of infrared cameras.1–9 Compared to
monochrome/panchromatic imaging, narrow and multispectral imaging can provide more abundant object information, making it possible
to determine the absolute temperature of the object, and reducing the
sensitivity of the camera to atmospheric conditions. The combination
of several adjacent spectral channels facilitates the detection of buried
objects in a complex environment.5 Artiﬁcial objects (such as metal
and glass) normally have different polarization characteristics to that
of natural objects. Acquiring polarization information therefore has
the potential to identify certain objects, and is considered to be an
important means to improve the identiﬁcation efﬁciency and reduce
false alarms.2–4 Traditional multispectral and polarization technologies
are based on the incorporation of a single spectral focal plane array,
spectrometers, and/or polarizers, which often require a high-cost
mechanical scanning instrument and extra space. These additional
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instruments also require additional refrigeration to suppress their own
infrared radiation, especially for long-wavelength infrared detection,
and therefore lead to high cooling power.1–3
In order to achieve a multi-functional infrared detector with high
performance, tremendous efforts have been dedicated to integrate
camera pixels with spectral or polarization detection ability,10–23 such
as the Fabry–Perot ﬁlter,14,15 plasmonic ﬁlter,16–19 lenslet array,23 and
micropolarizers.19–22 In most cases, the quality factor [Q-factor, which
is deﬁned as the ratio of resonant mode wavelength and the full width
of half maximum (FWHM) of the mode] and the polarization extinction ratio (PER, which is deﬁned as the ratio of the maximum and
minimum response), are used to evaluate the device performance.
However, the reported Q-factor is less than 16 at the wavelength of
1.5–4 lm23 and the PER does not exceed 13 at the wavelength of
3–5 lm.20 On the other hand, quantum well infrared photodetectors
(QWIPs) with various coupling structures (3D tubular, resonator or
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optical polarimetric coupling structures) have shown their superiority
on wide angle detection, room temperature operation, narrowband
detection, and/or polarization detection.24–34 Previous studies found
that the mesa structures in QWIPs can be directly used as resonators or
polarimetric coupling structures (such as sub-wavelength metallic resonators,25 diffractive optics resonant cavity,26 quantum grid,27,28 lamellar
gratings,29–31 and metal-dielectric-metal plasmonic microcavity32) to
further improve the device performance. Although the PER could be
large,32 the resonance in these structures is produced by the refraction
index mismatch and such a weak bound cavity can hardly lead to a
very narrow response.26–32 That is, to achieve a high Q-factor and a
large PER simultaneously is challenging.
In this Letter, we design and fabricate QWIPs with a metallic cavity (MC-QWIP), which not only achieve very narrow wavelength
selective detection but also have a very high PER. The FWHM
achieved by our prototype device is as narrow as 0.095 lm at 5.71 lm,
resulting in a Q-factor as high as 60 and the PER achieved by our prototype device is as high as 146 at 9.13 lm. We also experimentally and
theoretically study the inﬂuence of device geometry on the detection
performance of the device. The promoted performance makes the current device promising in providing multispectral and polarization
information, which is considered essential for the next generation of
infrared photodetectors.
The structure of MC-QWIP is schematically shown in Fig. 1(a),
and two multilayered QW materials with bottom contacts of different
thicknesses (denoted as M1 and M2, see Fig. S1 in the supplementary
material) were used for device fabrication. In the current design of
MC, one or two linear grooves are etched on the top of the mesa in
order to couple more incident light into the cavity, and the HfO2 ﬁlm
is used to prevent short circuit caused by Ti/Au on the sidewall.
Figure 1(b) shows the scanning electron microscopy (SEM) image and
the transmission electron microscopy (TEM) image (inset) of the cross

FIG. 1. (a) Schematic diagram of an MC-QWIP. The multi-layered structure is illustrated in the inset. (b) SEM image and TEM image (inset) of the cross section of an
MC-QWIP. The layers are highlighted by the dashed lines. (c) Responsivity measured at 40 K with 2 V bias. Red and black (5 times magniﬁcation) lines are
obtained from the MC-QWIP and a planar device with a 45 edge facet, respectively. The black line is ﬁve times magniﬁcation. The inset schematically shows the
structure of the planar device. (d) Response R(kpeak) as a function of the polarization angle.
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section of an MC-QWIP. The images prove that the MC is formed by
a Ti/Au coating as expected. In addition, the morphological characterization shows that the HfO2 ﬁlm has a superior step coverage ensuring
reliable insulation between the Ti/Au and the QWIP mesa.
When infrared light propagating along the z-axis illuminates the
device from the bottom side, standing waves of certain wavelengths
are generated in the MC and give rise to cavity modes. The responsivity
of the device made from M1 with width w ¼ 5.7 lm and h ¼ 2.0 lm
was measured [red line in Fig. 1(c)], and the result obtained from a
200  200 lm2 planar device made from M1 with a 45 edge facet
[inset of Fig. 1(c)] is also demonstrated as a black line (5 times magniﬁcation) in Fig. 1(c) for comparison. It is worth noting that the spectrum
of the device with a 45 edge facet gives the intrinsic absorption characteristic of the QW material (see Fig. S2 in the supplementary
material).35 The spectrum of the MC-QWIP exhibits an enhanced
response peak (about 5 times compared with the response of the 45
device) at 8.12 lm with an FWHM of 0.22 lm (Q-factor of 36.9) which
is much narrower than that of the intrinsic broad response spectrum,
indicating a strong resonant mode within the MC. Besides the narrowband characteristic and response enhancement, the MC-QWIP also
has strong polarization dependence. The polarization dependent photocurrent spectra of an MC-QWIP made from M2 with w ¼ 6.4 lm
and h ¼ 2.2 lm were obtained by rotating the polarization of the incident light in the xy-plane (see Fig. S3 in the supplementary material).
Figure 1(d) shows the response at the peak of the spectrum R(kpeak) as
a function of the polarization angle, and the calculated PER is 146,
which is higher than the previous record of 136 in the literature.32 The
polarization response of the MC-QWIP has a sine-squared dependence
on the polarization angle, which is the same as the polarization
characteristic of a 45 device.25 Nevertheless, the MC-QWIP has the
advantage of easily being fabricated into the focal plane array. Such a
highly integrated device with a narrow band characteristic and strong
polarization dependence is promising in acquiring high dimensional
infrared image data (including spatial, spectral, and polarization
information).6,30,31
For practical applications, the response of the device should be
tunable.26–31 In our experiment, we indeed notice that the resonant
wavelengths of the MC-QWIPs can be tuned by the mesa width
w (Fig. 2) and the cavity height h (see Fig. S4 in the supplementary
material). The experimental results in Figs. 2(a), 2(b), and S4 demonstrate that for the obtained devices, the resonant wavelength shifts to a
longer wavelength with an increasing mesa size (w and h).
In the case of resonance, the incident electromagnetic wave
should form a standing wave. The distribution of the electric ﬁeld in
the z direction Ez and resonance of the MC are carefully studied with
the help of the simulation.36,37 In the simulation, the incident light was
set as an x-polarized plane electromagnetic wave with the electric ﬁeld
amplitude E0 and illuminated the MC-QWIP from the bottom side.
Figures 2(c)–2(f) show the simulated distribution of Ez/E0 for the
MC-QWIPs at resonant wavelengths. Figure 2(c) corresponds to the
MC-QWIP made from M1 with w ¼ 5.6 lm and h ¼ 2.0 lm and
Figs. 2(d)–2(f) represent three different modes from MC-QWIP made
from M1 with w ¼ 8.4 lm and h ¼ 2.0 lm. The pattern of the standing
wave can be clearly observed in all the simulations. Here, the numbers
of peaks and valleys of Ez distribution in the horizontal and vertical
directions, (M, N), can be used to identify the cavity mode.38
Accordingly, the experimental resonant modes in the Fig. 2(a) are
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FIG. 2. The normalized photocurrent spectra of the fabricated MC-QWIPs with different mesa widths: (a) w ¼ 5.3–6.6 lm and (b) w ¼ 7.5–8.7 lm. The devices are
illuminated by unpolarized light during measurement. (c)–(f) The simulated Ez/E0
distribution for MC-QWIPs made from M1 at resonant wavelengths. E0 is the electric ﬁeld amplitude of the x-polarized incident light. The width and height are 5.6
and 2.0 lm, respectively, for (c) and 8.4 and 2.0 lm, respectively, for (d)–(f). The
white boxes in (c)–(f) indicate the QW active layer, and the mode numbers are
marked.

identiﬁed as mode (4, 0.5) and the modes in Fig. 2(b) are identiﬁed as
mode (8, 0.5) and (6, 0.5). The resonant wavelength shifts to longer
wavelengths with increasing mesa widths for all the modes. In addition, Figs. 2(a) and 2(b) further demonstrate that the FWHMs of the
photocurrent spectra of MC-QWIPs are much narrower than that of
the QW’s intrinsic response (see Fig. S2). For instance, the mode
(8, 0.5) of the device with w ¼ 7.7 lm [red curve in Fig. 2(b)] at
5.71 lm has an FWHM of 0.095 lm, resulting in a high Q-factor of
60. In addition, the spectrum of the device with w ¼ 7.5 lm [black
curve in Fig. 2(b)] exhibits two notable peaks indicating that two
strong resonant modes exist in the metallic cavity. They are identiﬁed
as mode (8, 0.5) and (6, 0.5), respectively. With the increasing of w,
mode (8, 0.5) becomes weak and ﬁnally disappears. This is because an
optimized cavity structure is required for a speciﬁc mode to achieve
effective coupling. The change of the cavity structure leads to deviation
of the resonance condition and thus the weakening of the mode.
We have demonstrated the potential of the MC-QWIP in narrowband wavelength selective detection and polarization detection.
With the increase in the mesa width w or cavity height h, the resonant
wavelength shifts to a longer wavelength. In the case of vertical incident light, the resonant wavelength of each mode can be roughly estimated by the following equation:
2neff
k ¼ sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 2  2 ;
M
N
þ
w
h
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The relations between the resonant wavelengths and the cavity
sizes predicted by Eq. (1) are shown in Fig. 3. The resonant wavelengths and the Q-factors extracted from the measured photocurrent
spectra are also displayed. The theoretically predicted resonant wavelengths agree well with the experimental results, and the small deviation is attributed to the inaccuracy of the cavity’s effective size as well
as the effective refractive index of the cavity material. Speciﬁcally, the
HfO2 coating on the mesa results in a bigger cavity while the grooves
on the top of the mesa would reduce the “volume” of the cavity.
Besides, the cavity formed by the Ti/Au ﬁlm has an opening at the bottom which reduces the “quality” of the resonator. It is worth noting
that the effective refraction index of 3.1 was adopted in the calculation
of Eq. (1) to ﬁt the experimental results. However, in the concerned
wavelength range, the refraction index of the QW material should
decrease as the wavelength increases.39 As can be seen in Fig. 3, this
simpliﬁcation would lead to a deviation of the resonant wavelength to
a longer wavelength since a constant effective refraction index is used.
We also investigate the factors that affect the Q-factors of the
devices. The peaks of intrinsic response spectra of M1 and M2 are at
8.32 and 8.53 lm, respectively. It seems that the closer the resonant
wavelength approaches to the intrinsic absorption peak, the wider the
resonant spectrum is (or the smaller the Q-factor is). This is probably
due to the increased loss from the quantum well absorption.26–28 In
addition, by examining the Q-factors of the (6, 0.5) mode at 8.0 lm,
we ﬁnd that the Q-factor of the mode decreases when the h decreases.
The inﬂuence of the height is also reﬂected by the fact that the Q-factors
of devices made from M1 are generally smaller than that from M2. In
addition, for the devices with the same design, there may also be a tiny
difference in the structure caused by processing like the etching step.
All these inﬂuence factors lead to quality differences of the MC and
give rise to different Q-factors. Nevertheless, the co-effect of MC with
high quality and QW with low absorption results in a narrow response
of MC-QWIP.
From Eq. (1) and the current experimental results, both the cavity
width and height affect the cavity resonant mode. When the width of
the metal cavity becomes larger (for example, the pixel size is
30 lm), the cavity mode will be much more complicated. Similarly,
the height of the cavity will also affect the resonant mode. An optimal
cavity height is required to reduce the reﬂection of incident light and

(1)

where neff is the effective refraction index of the medium within the
metallic cavity.38
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FIG. 3. Resonant wavelengths (and Q-factors) of different modes vs the mesa
width w. The circles are extracted from the measurements and the solid lines are
calculated according to Eq. (1). Here, neff ¼ 3.1 are employed in the calculation.
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ensure total internal reﬂection at the bottom interface, thereby ensuring multiple cycles of light in the cavity. For a detection wavelength of
8 lm, an optimal height of the cavity is 2 lm. Simulation work
shows that the grooves on the top surface of the mesa play an important role in exciting the desired cavity mode. Matching the period and
number of grooves to the cavity mode will help to select and enhance
the resonance of a mode [for example, mode (M, 0.5)]. A qualitative
explanation is that when the incident light enters the cavity, due to the
reﬂection of the metal wall and the bottom interface, the incident light
will be diffracted by the grooves and then circulated in the cavity
before being completely absorbed or dissipated. If there is a match
between the groove and cavity modes, the cavity mode is repeatedly
enhanced during the cycle of light. Although large pixels are needed
today to achieve a high optical response, a large format and small pixel
focal plane arrays are also future trends. Exploring a clearer mechanism and correspondingly developing a better MC-QWIP will be carried out in our subsequent work.
In summary, MC-QWIP is fabricated by coating the Ti/Au ﬁlm
on the QWIP mesa resulting in an integration of MC and QW sensor
pixel. The resonance produced by the MC ensures a very narrow and
tunable response spectrum of the detector. The Q-factors of most resonant modes are 30–50, and the highest is as high as 60 at 5.71 lm. The
MC-QWIP is strongly polarization-dependent, and the PER achieved
is as high as 146 at 9.13 lm. Since the resonance can be conveniently
tuned and manipulated by the geometry of the mesa, many novel
infrared imaging cameras or spectrometers could be realized by using
such a versatile detector.
See the supplementary material for the details of the device simulation, fabrication, and measurement, as well as the measured photocurrent spectra.
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