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Abstract: High-performance infrared thermal imaging devices are widely used in military, biomedical
and other fields. Upconversion pixel-less imaging is promising for infrared imaging. In this paper,
we propose a hybrid metasurface to achieve high upconversion efficiency of the integrated quantum
well infrared photodetector and light-emitting diodes (QWIP-LED). Systematical investigations on
the performance of the QWIP-LED, including optical coupling efficiency, light extraction efficiency,
and upconversion efficiency, have been carried out via theoretical simulation. We also present
the integration time for different devices with different optical coupling structures. Numerical
results show that 45° edge-coupled QWIP-LED is not suitable for imaging applications for the low
upconversion efficiency. Traditional grating-coupled QWIP-LED can be optimized for real-time
thermal imaging. The hybrid-metasurface-based QWIP-LED can achieve a high frame rate above
300 Hz due to the enhanced upconversion efficiency. This work gives a precise description of QWIP-
LED performance with different device structures and opens the way for large format upconversion
pixel-less imaging.

Keywords: upconversion; metasurface; pixel-less imaging; LWIR detector; QWIP-LED

1. Introduction

Long-wavelength infrared (LWIR) thermal imaging is promising for applications rang-
ing from military, industrial monitoring, biomedicine to epidemic prevention, astronomy
and astrophysics [1-5]. Compared with thermal detectors, photon-type detectors have
greater practical advantages due to their high sensitivity and fast response capabilities [6].
HgCdTe (MCT) detectors, quantum well photodetectors (QWIPs) and type II superlattice
(T2SL) detectors are typical detectors used for LWIR thermal imaging [7-10].

The HgCdTe infrared detector is highly sensitive to infrared light due to its adjustable
bandgap and has a high infrared absorption efficiency [11]. Since its invention, it has been
the first choice for infrared detector manufacturing and it is currently the most mature
infrared detector [12]. However, the HgCdTe detectors that dominate the short-wavelength
infrared (SWIR) and mid-wavelength infrared (MWIR) bands have disadvantages such as
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high substrate cost, poor material uniformity, low yield, difficult fabrication technology,
and low mechanical strength in the LWIR range [13,14].

QWIP is another well-developed LWIR detector based on a periodic heterostructure
material [15]. Thanks to the development of molecular beam epitaxy (MBE), GaAs-based
and InP-based quantum well materials have been widely and deeply studied. Quantum
wells can realize the adjustment of the detection wavelength through structural design.
The defect density of QWIP during material growth is low, and the detector manufacturing
process is stable [16]. At present, some LWIR QWIPs have been commercialized [17].
However, the selection rule of the intersubband transition determines that QWIP responds
to light only parallel to the growth direction of the quantum wells [18]. The absorption
coefficient and quantum efficiency are both low [19]. Although high quantum efficiency
(HQE) QWIP has also been reported, this type of HQE-QWIP often requires complex
surface microstructure design and a high-precision fabrication process [20].

InAs/GaSb T2SL is another periodic low-dimensional quantum structure material
with flexible and adjustable energy bands, which can cover the MWIR to the far-infrared
band [21]. T2SL is compatible with III-V compound semiconductor fabrication technol-
ogy and can realize high-performance infrared detection. In the LWIR and very long-
wavelength infrared (VLWIR) bands, it has excellent material and device uniformity, and
is a promising infrared detection technology. It is also a hotspot in the current infrared
imaging research [22,23]. However, its high processing cost and low yield in large format
fabrication are still problems that need to be overcome [24].

To achieve thermal imaging, the above three detectors require the integration of pho-
tonic focal plane array (FPA) detectors and Si-based readout integrated circuits (ROIC).
FPA and ROIC are interconnected using indium bumps in the standard flip-chip pack-
aging process [25]. The difference in the thermal expansion coefficient of the materials
(Si/In/detector) is likely to cause pixel failure after the repeated heating and cooling pro-
cess. To solve this problem, H.C. Liu et.al proposed upconversion pixel-less imaging [26].
The core of this imaging scheme is an upconversion device integrated into series by QWIP
and LED using MBE growth technology. The entire LWIR image is transmitted in the
detector, then is restored by near-infrared (NIR) light-emitting diodes (LED) and is finally
detected by a Si charge-coupled device (CCD) [26]. The greatest advantage of such pixel-
less imaging method is that no ROIC is required [27]. Therefore, it solves the thermal
mismatch problem of the traditional FPA-ROIC and makes it promising in large format
infrared thermal imaging [28]. This technique makes use of an upconverter instead of
separate pixel elements in the optical receiving terminal, which simplifies the fabrication
process significantly [29]. After more than 10 years of development, pixel-less imaging
technology has achieved a temperature resolution below 60 mK [30]. Unfortunately, its
response speed is slow. The reason is that the upconversion efficiency of QWIP-LED is
low, which leads to a long integration time for CCD (several seconds or tens of seconds)
to collect the upconverted NIR photons [31]. However, this problem has not been solved,
which prevents the pixel-less imaging from making progress.

In this paper, the finite-different time-domain (FDTD) method has been used to study
the light-coupling efficiency (CE) of QWIP and light extraction efficiency of LED in tra-
ditional QWIP-LED devices (both 45° edge-coupled device and grating coupled device)
theoretically. The reason for the low upconversion efficiency of QWIP-LED devices has
been clarified. In particular, we systematically investigate the upconversion performance of
QWIP-LED by analyzing the light CE of QWIP port and light extraction efficiency of LED
port. We also demonstrate the relation between the frame rate of the pixel-less imaging and
upconversion efficiency. Moreover, the optimized design of hybrid-metasurface-coupled
QWIP-LED is presented and the performances of optimally designed QWIP-LED are also
given and discussed in detail. Owing to the special 45° edge-coupled structure, there is no
room for improvement in upconversion efficiency. The CE of grating coupled QWIP-LED
could be significantly enhanced due to the tunability of peak-coupling wavelength in
metallic two-dimensional gratings.
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2. Principle of Pixel-Less Thermal Imaging

The principle of QWIP-LED upconversion pixel-less imaging is shown in Figure 1a.
The LWIR image is focused on the upconversion device through the optical system. After
passing through the upconversion device, the LWIR image is upconverted into an NIR
image, which is then “seen” by the silicon-based CCD. The microscopic mechanism of
upconversion is shown in Figure 1b. LWIR is first absorbed in the quantum well region,
which excites the excited bound state electrons in the well to continuous state electrons,
thereby generating photo-carriers. Driven by an electric field, carriers transport to the
LED active area for radiative recombination, then producing NIR radiation. The response
spectrum of QWIP and the emission spectrum of LED are shown in Figure 1c. The peak
response of the QWIP port in the upconverter is at 9 um, while the peak emission wave-
length of the LED is 870 nm. The inset of Figure 1c shows the upconversion process, where
LWIR radiation (9 um) is upconverted into NIR radiation (870 nm) after passing through
an upconverter (QWIP-LED). The detailed epitaxial structure of the device simulated in
this paper is shown in Figure 1d [30]. From bottom to top are the 700 nm GaAs n-type
contact layer (with Si doped to 1.5 x 10'® cm—3), the 10-period quantum well structure
(GaAs[5.4 nm]/AlGaAs[35 nm)]), followed by the undoped sandwich structure LED (40 nm
Al Gay_xAs[x varying from 0.24 to 0.1]/30 nm GaAs/40 nm Al Ga;_4As[x varying from 0.1
to 0.24]), and then the material growth transitions from two Al,Gaj_As layers (100 nm and
50 nm, x = 0.24 and x vary from 0.24 to 0.1, respectively), the p-type-doped Alj14GaggsAs
contact layer (1100 nm, with Si doped to 1 x 10" cm~3), and finally a p-type-doped GaAs
contact layer (with Si doped to 2 x 10! cm™3). All structures simulated and optimized
in this paper are based on the above QWIP-LED structure. The dielectric functions of
GaAs/AlGaAs are calculated in terms of a classical dielectric function for damped har-
monic oscillators in combination with a Drude model [32], and the dielectric functions are
shown in Appendix D.

CCD
(a) Upconverter
IR lens
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Radiation
(b) P e —
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Figure 1. (a) Schematic of upconversion pixel-less imaging (the key device of the imaging technology
is the upconverter framed by the red square). (b) Micro-mechanism of the process inside QWIP-LED
device: LWIR photon excites the electron in the QW area. The photo-excited carriers are injected into
the LED portion for recombination and emitting NIR photons. (c) The Response spectrum of QWIP
and the emission spectrum of LED at 77 K. The inset shows the upconversion process, where LWIR
radiation (9 um) is upconverted to NIR radiation (870 nm) after passing through an upconverter
(QWIP-LED). (d) The detailed structural parameters of upconvertor.
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3. 45° Edge-Coupled Upconverter

In this paper, we first study the QWIP CE of devices with different structures. Then,
we study the LEE of LEDs and consider the upconversion efficiency of different structures
(detailed setting parameters and dielectric functions are shown in Appendix C). QWIP
with a 45° edge-coupled structure has always been a benchmark in QWIP detector research,
and its CE has been studied in detail in LWIR and terahertz QWIP [32,33]. However, the
typical optimized QWIP-LED structure has only ten periods of quantum well (the detailed
parameters are shown in Sections A and B), which causes the active area structure of QWIP
in the upconverter to be much smaller than the single QWIP. How to realize high-optical
CE in QWIP-LED should be further systematically studied. As shown in Figure 2a, it is
a schematic diagram of a 45° edge-coupled QWIP-LED. According to the definition of
quantum efficiency in Ref [32]:

e 2d|5|m Ey|*ds )

n is the refractive index, d is the length of the detector in the horizontal direction, and ag
is the coefficient of light absorption in the vertical direction. The above parameters can
be treated as constants. Ej is the total intensity of the incident electric field that we set
ourselves, and Ey, is the self-consistent electric component vertical to the growth direction
in the region. Thereby we define the CE as [33]:

[far|Ey[*ds
RS

Since the thickness of the substrate is much thicker than the wavelength of the incident
light, it can be considered that the light propagating downward to the interface will no
longer affect the active area. The same is true on the right side, so we set the four boundary
conditions as Perfect Match Layer (PML). It should be noted that the AlGaAs top contact
layer reserved for the grating in the typical structure is no longer needed in this structure.
Therefore, only 404 nm QWIP, 260 nm LED structures and adjusTable 700 nm bottom
contact layer are considered in our calculation process. L. Li et al. conducted detailed
research on different electrode structures of 45° QWIP devices [33]. If the QWIP-LED device
uses solid electrodes, the LED will not emit light. Therefore, we adopt a ring electrode
structure in a 45° upconverter.

Ne = (2)

e ]
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7 9 11 12
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Figure 2. (a) Schematic of distortion image induced by 45° edge-coupled upconverter and optical path
inside the device. (b) Schematic diagram of the y component of electric field distribution (E,) inside the
45°device. (c) The CE of 45° edge-coupled device. The inset shows the electric field distribution Ey in the
active area.
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The y component of electric field distribution is shown in Figure 2b. When the incident
light enters the interior of the device, it will be reflected at the GaAs-Air interface and
interfere with the incident light, thereby enhancing the electric field inside the device. The
electric field distribution in the active area of QWIP-LED for 9 um incident radiation is
shown in the inset of Figure 2c. The maximum value of the interference light is located
exactly within the active area. Therefore, it can be considered that for 9 um incident
light, the 45° edge-coupled structure is already the optimal device structure. The CE
improvement of the device by optimizing the device size is very limited. If we want to
improve the CE, we can only optimize the quantum well structure. But at present, there is
no effective way to improve the CE of QWIP through this method. And because it cannot
respond to normal incident light, the light receiving surface is very small. Moreover, this
edge-coupled structure will also cause distortion of the image. As shown in the schematic
diagram in Figure 2a, when a circle is upconverted, due to the incident 45° facet, the image
shape will be stretched by a factor of v/2, causing the imaging pattern to be distorted into
an ellipse. Therefore, the 45° edge-coupling structure is not suitable as an upconversion
pixlless imaging device, and other structures need to be used for optical coupling.

4. Metasurface Enhanced Upconverter

Metasurface is an alternative approach that can be used to manipulate light infor-
mation at sub-wavelengths, which is a promising method to improve the performance
of upconverter [34,35]. Two-dimensional grating is a simple metasurface which has been
systematically explored in the early QWIP research and widely used in commercial thermal
imaging cameras. Liu et al. naturally applied the two-dimensional diffraction grating
structure to QWIP-LED devices for normal incidence response and thermal imaging. The
schematic diagram of the two-dimensional grating-coupled device structure is displayed in
Figure 3a. A two-dimensional grating is etched on the surface of QWIP-LED. A thin layer of
gold is sputtered on the surface to achieve near total reflection of infrared light (the detailed
parameters are shown in Sections A and B). The two-dimensional grating is then flip-chip
bonded onto a sapphire substrate using optical adhesive. Because the refractive index (n)
of optical adhesive and sapphire substrate is close (n ~ 1.5 at 870 nm). The situation of NIR
radiation passing through gold and entering the solidified optical adhesive is similar to
that of entering air directly (n = 1). Therefore, we made a simplification in the calculation
process, that is, the refractive index of the dielectric layer on the gold layer defaults to 1.
Although there may be some fluctuations in light extraction efficiency, this does not affect
the optimization process and final conclusion of this paper. The substrate at the bottom of
the QWIP is removed by mechanical thinning and chemical polishing like the fabrication
process of the traditional QWIP focal plane array. Finally, the electrode preparation and
packaging of the device are completed. The detailed structural parameters and fabrication
processes of the device can be found in Ref [30]. This approach has been proven to be
an effective pixel-less imaging method. However, experimental results indicate that this
method cannot achieve effective real-time imaging due to the long integration time. We
carried out FDTD simulations to study the essential points of this problem. Due to the
anisotropy of optical field distribution within the two-dimensional grating structure device,
the two-dimensional simulation approximation of the 45° edge-coupled structure fails in
this case. Only the three-dimensional simulation of the optical field distribution can reveal
the real physical image inside the device. Therefore, in this case, the CE of QWIP is defined
as [36]:

_ [lfagl By a0

3
RS R
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Figure 3. (a) Schematic of 2D grating upconverter and scanning electron microscope picture of grating
(the incident light is indicated by the red waving arrow). (b) Cross section of Ey, at x-y plane of active
area for the period of 2.8 um with incident light of 9 um (The area between the black dotted lines is
the QWIP area). (c) Ey, at x-z plane for the period of 2.8 um with incident light of 9 um. (d) Ey at y—z
plane for the period of 2.8 um with incident light of 9 um (The position indicated by the gray dotted
line in Figure 3b). (e) CE of grating structure for period varying from 3.3 pum to 3.7 um with 9 um
incident light. (f) CE of grating structure for different periods with incident light wavelength varying
from 7 um to 10 pm. (g) Cross section of E;, at x-y plane of active area for the period of 3.47 um.
(h) Ey at x-z plane for the period of 3.47 um. (i) Ey at y-z plane for the period of 3.47 um. (j) CE of
grating structure of period varying from 2.2 um to 4 um, while incident light wavelength varies from
7 um to 10 pum.

Firstly, we simulated the CE of QWIP-LED device reported by E. M. Dupont in
Ref [29]. The results show that for the QWIP with a peak response wavelength of 9 pm,
the current two-dimensional grating structure is not the optimal structure. Figure 3b—d
shows the optical field distribution inside the device for the period of 2.8 pm with the
incident wavelength of 9 pm. We can find that the y component of the electric field in the
QWIP active layer region is not strong, which directly leads to lower CE. Since QWIP is
a narrow-band detector, the normal incidence response depends on the optical coupling
structure. This results in that the CE of the device with specific quantum well parameters
is highly sensitive to the geometric structure. Subtle structural differences will lead to
huge changes in CE. Furthermore, in order to suppress the number of electroluminescence
(EL) hot spots as much as possible for achieving large-area pixel-less imaging, QWIP-LED
devices only use 10 period quantum wells. The thickness of the active area is one order
of magnitude smaller than traditional thermal imaging devices. This makes the grating
parameter determination method of traditional QWIP invalid in QWIP-LED [18]. Therefore,
it is necessary to optimize the two-dimensional grating parameters theoretically. As shown
in Figure 3e, when the grating period changes from 3.3 pm to 3.7 um, the CE shows
significant enhancement in the range of 3.4-3.55 um, with the incident wavelength of 9 um.
The green line of Figure 3f shows the CE of the device with a grating period of 3.47 um, in
which a high value of 7.6815 was achieved. The optimized CE is two orders of magnitude
higher than that of the unoptimized structure. During the optimization process, we found
that as the period changes from 2.8 to 3.47 um, the peak wavelength of the CE also increases
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from 8 to 9 um (Figure 3f). As shown in Figure 3g—i, under the condition of 3.47 pm
period, the internal optical field distribution (E,) of the optimized structure has been
significantly enhanced compared to the unoptimized one. We preliminarily attribute this to
surface plasmon polariton (SPP) enhancement in the metal-dielectric-air (MDA)-coupling
structure. In order to further clarify the mechanism of the enhancement, we extend the
simulation range of the period from 2.2 to 4 um, and an obvious red shift phenomenon is
shown in Figure 3j. The variation of the resonance wavelength with the grating period is a
typical feature of SPP [37]. The simulation results confirm that metasurface-based SPP can
significantly enhance the CE of QWIP over traditional grating structures.

It is worth noting that QWIP-LED is not a pure detector. The LWIR photons absorbed
by QWIP need to be further converted into NIR photons by LED. Therefore, we must pay
attention to the external quantum efficiency of LEDs. For GaAs-based LEDs optimized for
low-temperature operation, the internal quantum efficiency can approach 100% [38]. Light
extraction efficiency (LEE) is a key factor in determining the external quantum efficiency
of LEDs. The two light emission modes of QWIP-LED mentioned above are the planar
light emission mode involving the GaAs/air interface, and the grating light emission
mode involving the GaAs/Au/air interface. Here, we carried out the three-dimensional
optical simulations with the FDTD method to calculate the LEE for devices with different
geometries. The LED devices with planar structure and grating structure are shown in
Figure 4a,b, below which are the cross-sectional electric field distribution (| E|) for each
geometry.

—g— 450
—{— Grating
—O— Metasurface

S

o TTHHHHHH 0
[E| (V/m) 0 820 840 860 880 900
‘Wavelength (nm)

Figure 4. (a) Schematic of planar structure LED and simulated electric field distribution. (b) Schematic
of 2D grating structure LED and simulated electric field distribution. (¢) Schematic of hybrid meta-
surface structure LED and simulated electric field distribution. (d) LEE of a different structure for
wavelength change from 810 nm to 900 nm.

We found that the LEE of the planar structure is very low, which is caused by the
total internal reflection of light at the GaAs/air interface. This is also consistent with the
calculation results of Fresnel’s reflection law. Less than 2% of the light can be coupled
out of the device, and 98% of the light is trapped inside the device. Unexpectedly, the
light field distribution in Figure 4b shows that the LEE of the grating structure is even
lower than that of the planar structure. This is because the grating structure is covered
by a gold layer on the surface of the etched grating to achieve the normal incident light
response of QWIP. The Au film greatly weakens the LEE of LED. This result reminds us
that the optimal structure for QWIP is likely to significantly suppress the LEE of the LED.
To achieve efficient upconversion, we must trade off the optical CE of the QWIP against the
LEE of the LED. It has been proved that the microlens-based metasurface could enhance the
LEE of the LED efficiently [39,40]. Previous studies have shown that surface microlenses
with a radius of one micron can effectively enhance the light extraction efficiency of GaAs
LEDs [41]. In order to simultaneously achieve the enhancement of QWIP optical CE and
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LED’s LEE, we propose a hybrid metasurface based on gratings and microlenses. For LEDs,
microlenses can significantly suppress total internal reflection, thereby enhancing LEE. As
shown in Figure 4c, although the surface of the microlens is covered with an Au film, there
is still a lot of light coupled out. The LEE of hybrid metasurface LEDs is significantly higher
than that of planar structures and grating metasurfaces (as shown in Figure 4d)

We also simulated the QWIP CE of the hybrid metasurface structure (detailed param-
eters are shown in Sections A and B). The device structure is shown in Figure 5a. The
simulated cross-sectional light field distribution of gold-coated microlens (radius = 1 pm)
with a period of 3.47 um is shown in Figure 5b—d. We can find that the SPP mode of the
internal grating on the hybrid metasurface still exists. QWIP still has a relatively high
optical CE.

| Ey (V/m)
L P11

(e)

Metasurface (Q— _—3_5'7?“',1—_
3.04 ool
254

£2.04
1.5
1.0

0.5

0.0

33 34 35 36 37 38 70 75 80 85 9.0
Period (um) Wavelength(km)

95 100

Figure 5. (a) Schematic of hybrid metasurface upconverter with incident light indicated by the red
waving arrows. (b) E; distribution at x—z plane (The position indicated by the gray dotted line in
Figure 5¢). (c) Ey distribution at the x-y plane. (d) E, distribution at y—z plane (The position indicated
by the white dotted line in Figure 5c). (e) CE of hybrid metasurface structure with period change
from 3.3 um to 3.8 um. (f) CE of hybrid metasurface structure with incident light wavelength change
from 7 pm to 10 pm for the period of 3.57 um. The inset shows the top view of a single period.

When the incident light wavelength is fixed at 9 um, by scanning the period of the
hybrid metasurface, we can obtain the period parameters that determine the optimal CE of
the device (as shown in Figure 5e). However, when we performed a wavelength scan for
this optimal period parameter, we found that three peaks appeared in the CE curve. This is
due to the geometric structure of the spherical microlens and the surface plasmon inside
the grating. For a certain periodic structure, the sphere at the periodic center does not
directly contribute to the QWIP CE. QWIP CE is mainly controlled by the planar structure
in the hybrid metasurface. Due to the existence of the spherical microlens structure, the
size of the planar structure changes from the constant of the grating to a changing value (as
shown in the inset of Figure 5f). The resonance wavelength of SPP changes numerically
with this period, resulting in multiple peaks.

5. Discussion

The most obvious advantage of pixel-less imaging is that the readout circuit is no
longer needed, and the electrical readout of the traditional focal plane array is changed to
the optical readout of the CCD. This solution overcomes the thermal mismatch problem
of the traditional QWIP focal plane and it has great superiority in large-format imaging
devices.

Previous experimental results show that the imaging speed of pixel-less imaging
devices” upconversion is slow. The integration time is on the order of 10 s, making it
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impossible for real-time imaging. In this paper, we simulate QWIP-LEDs with different
structures in detail. The QWIP optical CE, LED light extraction efficiency, relative upcon-
version efficiency coefficient and corresponding integration time of different structures are
shown in Table 1. We performed theoretical simulations on the 45° edge-coupling structure
and the two-dimensional grating structure, revealing that a low upconversion efficiency is
the main reason for the slow imaging speed. Due to the special incident angle and small
light-receiving surface, it cannot be used for imaging.

Table 1. Key performance of different structure.

. o . Optimized Hybrid

Device 45 2D Grating 2D Grating Metasurface
e 0.2069 0.0486 7.6815 3.6356
LEEg70nm (%) 1.3673 0.1727 0.1569 4.4120
Nup 0.2829 0.0084 1.2052 16.0403
Integration time (s) 0.1782 6 0.0418 0.0032

On this basis, we optimized the parameters of the two-dimensional grating structure.
After optimizing the design, we can obtain the optimal QWIP-LED structural parameters of
the grating structure, in which the CE of QWIP can be improved by two orders of magnitude.
Unfortunately, since the grating surface is covered by a gold film, the LEE of LED is even
one order of magnitude lower than that of the planar structures. The above simulation
results show that in order to make the upconversion efficiency meet the requirements of
real-time imaging, the CE of QWIP and the LEE of LED must be optimized at the same time.
Therefore, we proposed and optimized the hybrid metasurface structure, which greatly
improved its CE and LEE at the same time. Although the light CE of QWIP is only half that
of the optimized grating structure, the LEE of LED is increased by nearly 26 times. In order
to intuitively show the difference of the performance between the different upconverters,
we defined upconversion efficiency as CE (7.) multiplied by light extraction efficiency
(LEEg70nm)- The upconversion efficiency of the optimized two-dimensional grating is one
order of magnitude higher than that of the optimized grating structure. The upconversion
efficiency of the hybrid metasurface structure is one order of magnitude higher than that of
the optimized grating structure. Here we used the integration time of the experiment results
in a traditional grating-coupled upconverter as a reference. We calculated the theoretical
integration time of other structures. It can be found that although the 45° structure can
greatly reduce the integration time, it still cannot meet the frame rate (>24 Hz) requirements
of real-time imaging. The optimized grating structure benefits from the high QWIP CE
and can perform near real-time imaging, but the frame rate is still less than 50 Hz. The
corresponding upconversion efficiency of the hybrid metasurface also far exceeds real-time
imaging requirements. Theoretically, the integration time of the device can be shortened to
3.3 ms (corresponding to a maximum frame rate of 300 Hz). This result proves that it is
entirely possible to use QWIP-LED for high-speed upconversion pixel-less imaging. This
work provides solid theoretical guidance for the realization of high-speed upconversion
pixel-less imaging.

6. Conclusions

In conclusion, we have reported a systematic theoretical investigation on the QWIP-
LED devices towards high-speed upconversion pixel-less thermal imaging. By simulating
the optical CE of QWIP and the LEE of the LED in QWIP-LED devices with different
structures, the reason for the long integration time of the traditional grating-coupled QWIP-
LED has been clarified. Meanwhile, the upconversion efficiency of the 45° edge-coupled
structure has been studied, and the imaging performance also has been discussed. Accord-
ingly, based on previous grating-coupled studies, we also gave the optimized structure
parameters for the QWIP-LED with a detection peak wavelength of 9 um. Simulated results
indicate that a grating period of 3.47 pm is expected to achieve a high optical CE of 7.6815.
Furthermore, taking account of the LEE of the LED, we proposed a hybrid metasurface
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structured upconverter. The LEE of the LED has been improved and the overall high
upconversion efficiency can also achieve a frame rate as high as 300 Hz.
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Appendix A
The structural parameters of the 45° edge-coupled upconverter:

| Wllp |

Figure A1. Schematic of the 45° edge-coupled upconverter with structural parameters indicated.

Table A1l. Structural parameters of 45° edge-coupled upconverter.

Value Unit

Wup 36 pm
Waub 40 pm
Wg 3 pwm
Tup 1364 nm
Tsub 38 pHm

where Wy, is the width of the upconversion area (width of QWIP and LED), Wy, is the width of the substrate,
Tup is the thickness of upconversion area and bottom contact layer, Ty, is the thickness of substrate, W is the
size of that substrate over the upconversion area. That figure is only a schematic diagram not the actual size ratio.
The total thickness of upconversion area is 1364 nm.

The structural parameters of the unoptimized 2D grating upconverter are as follows:
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Figure A2. Schematic of the 2D grating coupled upconverter with structural parameters indicated.

Table A2. Structural parameters of unoptimized 2D grating upconverter.

Value Unit
Wetch 2080 am
o 1000 o
Hiotal 2479 am
g 2500 o

where P is the period of this structure, Wy, is the width of etched grating, W is width of unetched area, Dt is
the depth of etched grating, Hyy,) is the total height except the Au layer, Ta, is the thickness of Au layer.

Detailed parameters of the hybrid metasurface structure are presented as follows:

Figure A3. Schematic of the hybrid metasurface upconverter with structural parameters indicated.

Table A3. Structural parameters of hybrid metasurface upconverter.

Value Unit

Pmeta 3.57 um
Rsphere 1 pm
Hiop 1.165 pm
Htotal 1.479 Hm

where Preta is the period of metasurface structure, Ryppere is the radius of the sphere, Hyop is the top contact that
not be etched, and Hyyy, is the height of the device except the sphere and Au layer.

The radius of 1 pm microlens structure is shaped by the etched top contact layer, which
means the total height (Hyo, = 1.479 pm) is 1 um less than the two-dimensional grating
structure.

Appendix B

Detailed material thickness and material composition of 45° edge-coupled structure
devices are as follows:
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Table A4. Detailed material thickness and material composition of the devices (from top to bottom).

Material Composition Thickness Dopant Concenfratlon Name of Layer
(nm) (cm—3)
X varying 19
AnxGarxAs from 0.24 to 0.14 50 Be 110
from 3 x 1018
A Gai_yAs x=0.24 100 Be to1 x 1019 LED
X varying
AnGarxAs from 0.1 to 0.24 40
GaAs 30
X varying
AxGag—xAs from 0.24 to 0.1 40
GaAs 54 Si 5 x 101 10-period
A Gay_yAs x=0.24 35 QWIP
GaAs 700 Si 1.5 x 1018 Bottom contact
GaAs 380,000 Substrate

Detailed material thickness and material composition of the unoptimized two-dimensional
grating coupled structure devices are as follows:

Table A5. Detailed material thickness and material composition of the unoptimized 2D grating

coupled devices.

Material Composition Th:::ll::)ess Dopant Con(ccer:llfgz;tlon Name of Layer
Au 30 Metal contact
GaAs 15 Be 2 x 10" Top contact
AnGaj_xAs x=0.14 1100 Be 1 x 10V
X varying 19
AnGar-xAs from 0.24 to 0.14 30 Be 1> 10
from 3 x 1018 LED
A Gaj_yAs x=0.24 100 Be to1 x 1019
X varying
AnGar—xAs from 0.1 to 0.24 40
GaAs 30
X varying
AnGar-xAs from 0.24 to 0.1 40
GaAs 54 Si 5 x 101 10-period
A Gai_xAs x=0.24 35 QWIP
GaAs 700 Si 1.5 x 10'8 Bottom contact
Appendix C

The simulation parameters and dielectric functions are shown in the following;:

Table A6. Simulation parameters of this manuscript.

Simulation Setting

45°

2D Grating

Metasurface

Dimensions
Boundary conditions (x)
Boundary conditions (y)
Boundary conditions (z)

Simulation of LED
Type of incident light
Wavelength of incident
Emitting wavelength
Type of LED

2D simulation
PML
PML

3D simulation
Plane wave
9 um
870 nm
Dipole

3D simulation
Periodic
PML
Periodic
3D simulation
Plane wave
9 pm
870 nm
Dipole

3D simulation
Periodic
PML
Periodic
3D simulation
Plane wave
9 pm
870 nm
Dipole

Perfect matched layer (PML) means the light hit this boundary will not be reflected back.
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Appendix D
Dielectric functions e(w) of GaAs are as follows [42]:
wp Who(&s — £co)

€ = £eo|l — - Al
(W) = eeo] w(w+idp)” w2y — w? —iwdro (A1)

the first term in the right describes the free carrier absorption. wp = /Ngq?/eoesm{ is the
plasma frequency. The second term is the Reststrahlen term, which describes the interaction
with optical phonons. wrg is the transverse optical (TO) phonon frequency. es = 12.85,
e = 10.88, wto =2p x 8.02 THz, 10 = 2p x 0.06 THz.

Dielectric functions e(w) of metal are as follows [42]:

2

ev(w) =1— [ﬁ] (A2)

wy = 1.11 x 10* THz and 8y = 83.3 ps~ 1.
Dielectric functions e(w) of AlGaAs are as follows [43]:

- (w2 2
S](’Utoj (UPEDO

2
e(w) =€ty —

= wigi — w? —iwlew  w(w —iy) (A3)
is used for each layer where j = 1 refers to GaAs and j = 2 refers to AlAs. The ternary, AlyGal;_,As,
requires the summation since it exhibits mixed mode behaviour. In Equation (A3), Wy is the
transverse optic phonon frequency, I the lattice damping constant, and S; is the j th oscillator
strength. For the electronic contribution, wy, is the plasma frequency and 'y the electron damping
constant. The high frequency dielectric constant is e, which is assumed to vary linearly with
alloy composition. From the lattice contribution, the longitudinal optic phonon frequency, wy.
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