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ABSTRACT: The sensitivity of infrared (IR) focal plane arrays
(FPAs) is often limited by a low pixel fill factor. Solid immersion
microlens arrays address this problem by focusing the light
reaching each pixel into the most sensitive part of that pixel. This
strategy is used in CMOS image sensors but has not been
industrially adopted for IR FPAs due to significant difficulties in
integration with compound semiconductors. Here, we present an
all-in-one solution for producing solid immersion microlens arrays
compatible with various IR FPAs regardless of their substrate
material. Our strategy is to use refractive lenses made of SiO2 and
Si3N4 with very broad-band and efficient focusing abilities. Notably,
our strategy works across a broad range of wavelengths with little
performance degradation, meaning it is scalable to various
applications. We implemented our method in short-wavelength IR FPAs and demonstrated 7.4 times improvement in quantum
efficiency. This is the first demonstration of an immersion microlens array in a non-silicon infrared FPA.

KEYWORDS: short-wave infrared focal plane array (SWIR FPA), sensitivity, solid immersion microlens arrays, fabrication compatibility,
broad-band light coupling, focusing efficiency

■ INTRODUCTION

In today’s technological landscape, infrared (IR) cameras have
become essential devices for observing and understanding
various phenomena from the microscopic to the macroscopic
world. They have found applications in a wide range of fields,
including astronomy, biomedicine, military, and manufactur-
ing.1−3 As the range of applications grows, the demand is for
IR cameras with increasingly high sensitivities. As an example,
the field of exoplanet detection does not yet have an IR camera
with the high-speed sensitivity needed to image Earth-like
exoplanets in the habitable zone of distant stars.4−6 Nonethe-
less, the sensitivity of IR imagers has not matched these
demands despite intense research in this field.7,8

Most efforts toward increasing sensitivity revolve around the
development of smaller photodetectors.9−15 This follows from
the definition of specific detectivity, a common metric of
sensitivity,16 as given by eq 1
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Here, Ao and BW are the optical area and bandwidth of a
photodetector, respectively. NEP is the noise-equivalent
power, defined as the ratio of the responsivity, RI, and the
noise current, In. By substituting the explicit expression for the

responsivity and noise current, the specific detectivity can then
be rearranged as9
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where hc
λ
and η are the energy of the absorbed photons and the

quantum efficiency of the detector, respectively. G and R are
the excess carrier generation and recombination rates in the
detector and Ae and Ao are the electrical and optical active
areas, respectively. t is the thickness of the detector. From eq 2,
it is evident that the sensitivity can be improved by scaling
down the size of the detector’s electronically active area (Ae)
compared to its optically active area (Ao). Another source of
enhanced sensitivity in smaller photodetectors is their lower
internal capacitance, which is proven to enhance their overall
sensitivity.10 For these reasons, nanoscale and low-dimensional
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(LD) detectors such as quantum dots, nanowires, and two-
dimensional materials have recently attracted increasing
attention.17−21 In some important applications, low-capaci-
tance nanoscale detectors have already outperformed larger
conventional detectors in terms of sensitivity and speed.22

Despite the promising performance reported for several LD
detectors, most of them are still plagued by poor light coupling
due to their small sizes, which limits their quantum efficiency.9

Once utilized in an IR imager, these nanoscale photodetectors
have a very small photosensitive area (As), representing a small
fraction of the entire pixel area (Ap), and hence resulting in a
low fill factor and quantum efficiency (η). To recover the full
potential of LD photodetectors, incident light should be
concentrated on the small As using a light coupling system.
This is shown in the conceptual schematic of Figure 1a.
To achieve this effect, we have produced a solid immersion

microlens array (MLA) directly on an IR focal plane array
(FPA), which has been proven effective in conventional
CMOS image sensors.23,24 Nevertheless, current IR FPA
technology still does not employ MLAs due to fabrication
incompatibilities when working with CMOS and compound
semiconductors. Section 1 of the Supporting Information
details the research trends for applying MLAs to IR FPAs and
their limitations. To date, most studies in MLAs applied to IR
detectors have been limited to integration with a single
detector of a large size.11,25,26 An exception to this is
represented by the case of PtSi FPAs based on Si substrates,
which are easy to etch.27 However, this approach is effective to
only Si-based FPAs and thus not scalable to many mainstream
IR FPAs consisting of compound semiconductors. To extend
into various non-silicon IR FPAs, complex and expensive
etching techniques must be separately developed for each
substrate material, which is highly challenging, costly, and
ineffective in some material systems. Therefore, IR MLA
technologies that can provide a common solution for various
substrates are highly sought-after. Recently, research on
metasurface flat lenses has been conducted to address this
issue, showing the potential for monolithic integration with
various IR FPAs.12 While the flat optics has attracted much
attention and achieved interesting results when compared to
the traditional refractive lens, the metasurface lenses still suffer
from relatively poor focusing efficiency and are intrinsically
limited to a narrow wavelength band operation.28−30

Here, we present an all-in-one MLA solution that is
compatible with various types of IR FPAs regardless of the
substrate material. This approach has the potential to achieve a
high focusing efficiency for many small or LD devices across a
broad range of wavelengths. Figure 1b shows a conceptual
schematic of a solid immersion MLA integrated with IR FPAs
based on LD photodetectors.
In this implementation, SiO2 was chosen as the material for

the refractive immersion MLA due to its broad-band
transparency, wide etch selectivity, and ability to be deposited
on any detector substrate (Figure 1b). Additionally, a Si3N4
layer was inserted between the SiO2 MLA and the InP
substrate to act as a broad-band antireflection coating. We
performed a design-oriented numerical simulation of such
MLAs to verify a good agreement with experimental
characterizations of both the focusing and transmission
properties of the MLAs in the short-wave infrared (SWIR)
band. Most notably, we implemented the proposed MLAs on
SWIR FPAs that we fabricated. To the best of our knowledge,
this report presents the first successful demonstration of solid
immersion MLAs on a non-silicon FPA that could be used for
low-dimensional detectors made of different material systems.

■ RESULTS

Fabrication Compatibility and Focusing Efficiency.
The focal length ( f) of an immersion MLA is a very crucial
optical parameter in determining the fabrication compatibility
since it should be matched to the thickness of the detector’s
substrate (see Section 1 of the Supporting Information). To
evaluate the range of focal lengths that can be obtained with
the proposed MLA scheme, consisting of a SiO2/Si3N4 (196
nm) multifilm stack, we performed a finite-difference time-
domain (FDTD) simulation of electromagnetic wave prop-
agation using a commercial software package (Lumerical).
Details of the simulation conditions are shown in the
Experimental Methods section. Here, the pixel pitch and the
diameter of the MLA were set to 30 and 25 μm, respectively, to
match the design of typical FPAs. For a fixed diameter, the
desired focal length can be controlled by tuning only the sag,
which is the height from the base of the lens to the highest
point of the lens’ surface. Here, the sag is used instead of the
radius of curvature for controlling the focal length, as it is more
convenient in terms of fabrication. The sag is expressed as eq 3

Figure 1. (a) Conceptual schematic showing that applying a light coupling system to LD photodetectors enables preservation of a large optical area
by concentrating photons from an entire optical area (Ao) into the smaller photosensitive area (As). (b) Schematic of a SiO2/Si3N4 immersion
microlens array (MLA) integrated with IR FPAs based on LD photodetectors.
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where R and D are the radius curvature and diameter of each

microlens, respectively.

In Figure 2a, the focal length as a function of the lens sag for
a SiO2/Si3N4-based MLA and an InP-based MLA under 1550
nm plane wave illumination is shown. The focal length of
SiO2/Si3N4 lenses is much longer than that of InP-based
lenses, thanks to the relatively low refractive index of SiO2.
Achieving focal lengths that are compatible with high-

Figure 2. (a) Comparison of microlens focal lengths for SiO2/Si3N4 (red circles) and InP (black squares) as a function of the lens sag. (b)
Transmittances (blue squares), focusing efficiencies (blue circles), and focal lengths (red triangles) for SiO2/Si3N4 as a function of its sag. This is
for a lens with a diameter of 25 μm.

Figure 3. (a) Schematic of measurement setup and (b) method to measure the focal length: the red dashed lines represent the focusing plane of the
three microscope images of focal spots obtained from the MLA (right). Here, a 1550 nm collimated beam was used. “z” is the distance between the
substrate surface, where the MLA is located, and the focal plane of the microscope. (c) Cross-sectional three-dimensional (3D) plot of the
measured focal intensities. (d) Simulated E-field intensity distribution of 1550 nm plane wave illumination onto a single microlens (SiO2/Si3N4)
with D = 25 μm and S = 1.6 μm. (e) Focal length plots obtained by simulation (black-dotted) and measured (circle points: “H”, “M”, and “L”).
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resolution FPAs is a crucial advantage of our method. In
particular, the SiO2/Si3N4 MLA allows using detector
substrates above 200 μm thick, essential to ensuring reliable
device fabrication, as shown in the orange-colored zone of
Figure 2a. Additionally, SiO2 enables thicker lenses, which are
easy to fabricate compared to InP for a given focal length (i.e.,
substrate thickness). Using thicker lenses relaxes the
constraints on etch selectivity and increases the repeatability
and yield of the process. Section 2 in the Supporting
Information numerically explains why thin InP MLAs are
difficult to realize. Overall, these results imply that solid
immersion MLA implementations can be more easily
accomplished by employing low refractive index materials (n
is 1.44 for SiO2 and 1.99 for Si3N4 at λ = 1550 nm).
Focusing efficiency of the microlens is another crucial

consideration. To investigate this, we simulated the focusing
efficiency of a microlens and monitored the performance as the
lens sag was varied. The focusing efficiency was calculated as
the optical power (Pout) transmitted to the photosensitive area
at the focus (−5 μm ≤ x, y ≤ 5 μm, z = f) divided by the input
optical power (Psource) incident across the pixel pitch area (−15
μm ≤ x, y ≤ 15 μm, z = 0), as detailed in eq 4

P
P

n E z f x y

P x y z

( )d d

( 15 m , 15 m, 0)

S xy
out

source

1
2

2

source

0

0
∫

μ μ
=

=

− ≤ ≤ =

ε
μ

(4)

where n, ε0, μ0, and Exy(z = f) are the refractive index of InP,
vacuum permittivity, permeability, and the lateral electric field
intensity distribution at the focus location, respectively.
As shown in Figure 2b, a larger sag (high numerical aperture

(NA)) leads to higher focusing efficiency. In addition, the
transmittance hardly reduces even with a thick sag. In short,
MLAs with a larger sag will generally be preferred.
Theoretically, a focusing efficiency of 90% or more can be
achieved with a sag greater than 4 μm. However, there is a
trade-off between fabrication compatibility and focusing
efficiency. Typically, to achieve good coupling, the focal length
of the MLA needs to be matched to the substrate thickness.
Therefore, an MLA with a short focal length will require an
FPA with a thin substrate. This imposes practical limits on the
focal lengths that can be achieved with conventional processing
and integration techniques. Therefore, it is necessary to find
conditions that satisfy both manufacturing compatibility and
high focusing efficiency when designing MLAs for integration
with IR FPAs. In our experiments, we limited the focal length
to 200 μm or more, which corresponds to MLA with a lens sag
of 2 μm or less. We noted in our experiments and simulations
that MLAs with a lens sag smaller than the target wavelength
(i.e., less than 1 μm) do not effectively collect incident light.
Considering the fabrication and performance limitations, the
range of the recommended lens sag (orange zone in Figure 2b)
is about 1−2 μm, which is similar to the size of the design
target wavelength (λ = 1.55 μm). The corresponding range of

Figure 4. (a) Simulated transmittance of AR coating, AR+MLA, InP, and MLA. (b) Schematic for MLA transmittance measurement, which uses a
laser beam spot larger than the microlens diameter (T1) and a low NA focused laser beam spot smaller than the microlens diameter (T2). The
experimental transmittance results of (c) T1 and (d) T2 methods.
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the focusing efficiency in the recommended operation zone is
75−88%.
To experimentally validate the simulation results, we

fabricated three MLA samples with different lens sags and
measured their focal lengths using a 1550 nm collimated beam.
For convenience, the three samples were denoted as ‘L’ (low:
0.5 μm), ‘M’ (medium: 1.1 μm), and ‘H’ (high: 1.6 μm),
depending on their sag. Details on the fabrication and focal
length measurements of the MLA samples are discussed in the
Experimental Methods section (Figure 3a,b). Figure 3c shows
a cross-sectional 3D beam intensity plot of the ‘H’ sample,
which was obtained by grayscale pixel information extracted
from a series of microscope images (Figure 3b). The measured
focal length and beam spot size are 235 μm and 6.4 μm (4.13
λ), respectively (Figure 3c), both in good agreement with
simulated values (Figure 3d). Similarly, the measured focal
lengths of the “M” and “L” samples also agree with the focal
lengths obtained from the FDTD simulations (Figure 3e).
Among the three samples, the ‘H’ type lens had the brightest
and smallest focal spots, as expected due to the lower F# (for
‘L’ and ‘M’, see Section 3 of the Supporting Information). In
conclusion, we performed FDTD simulations on our proposed
structures and matched the simulated results to experimental
results with good agreement. This validation allows for the
utilization of these simulations to estimate the optical

properties of various SiO2/Si3N4 multifilm MLAs and guide
the design of the MLAs for integration with SWIR FPAs.

Transmittance across SWIR. To ensure high quantum
efficiency across the SWIR band, we need to minimize the
optical loss caused by reflection. For InP (nInP ≈ 3.16 @ λ =
1.55 μm) surrounded by air (nair = 1), the reflectance at normal
incidence is estimated by the Fresnel equation to be about
27%, corresponding to a transmittance of 73%. The simulation
results in Figure 4a show that the reflection at the InP interface
can be naturally reduced even with just a SiO2 MLA (T = 83%
@ λ = 1.55 μm). By inserting the Si3N4 layer between the InP
and SiO2 MLA, the transmittance can be further enhanced up
to 96% at λ = 1.55 μm, which is comparable to the
transmittance of an ideal AR coating. To verify these
simulation results, we measured the transmittances of bare
InP (double polished), AR-coated InP (double coated), as well
as of the ‘H’, ‘M’, and ‘L’ samples, via a conventional
spectrophotometer equipped with a wide wavelength-tunable
light source (0.8−2.5 μm) and an integrating sphere (T1 in
Figure 4b). Since the spot size is much bigger than a single
microlens, the fill factor of the microlens significantly affects its
transmittance. In the ‘H’ and ‘M’ samples, the Si3N4
antireflection (AR) coating layer outside the MLA region
was completely etched, while in the ‘L’ sample, it was not. The
transmittance of the ‘L’ sample is about 87% at λ = 1.55 μm,
and it is above 75% throughout a wide wavelength range

Figure 5. SEM images of (a) an HPT detector of 2 μm diameter, defined by the III−V material etching process, (b) a metal layer exposed after the
BCB etch-back process, and (c) under-bump metal (UBM) layer connected with the detector metal electrode. Aligner microscope images showing
alignment accuracy between (d) detectors and (e) reflowed resist lens arrays. (f) SEM image of a SiO2 MLA (an MLA test sample was prepared ad-
hoc on a Si bare wafer to avoid the possible damage and contamination of an actual FPA sample during these measurements.) (g) Microscope
images of detector arrays and read-out integrated circuitry (ROIC) with indium bumps. (h) Uniform FPA device packaged by flip-chip bonding
and wire bonding. (i) Face photo taken with the uniform SWIR imager (left) and a face photo taken with a smartphone camera (right) under the
same illumination conditions.
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(1.25−2.5 μm) (Figure 4c). Meanwhile, the transmittances of
‘M’ and ‘H’ were lower than those of the ‘L’ sample: this
difference is attributed to the fact that the ‘M’ and ‘H’ samples
do not include any AR coating layer outside the microlens.
Nevertheless, even these samples had a quite high trans-
mittance across SWIR broad-band (>70% at 1.25−2.5 μm). To
exclude the effect of the fill factor, we performed additional
transmittance measurements using a laser beam focused on a
spot smaller than the size of a microlens with a low NA, as
shown in T2 of Figure 4b. The transmittance of the region
outside a microlens (“H”) is about 73% (at λ = 1.55 μm),
which is identical to the results obtained by the Fresnel
equation (Figure 4d). Meanwhile, the transmittance of the
microlens is roughly 87% (at λ = 1.55 μm), showing a 15%
enhancement in transmittance when compared to bare InP.
The difference in transmittance between the microlens (87%)
and AR samples (90%) is only 3%, which is in agreement with
the simulation result (AR: 99%, AR + MLs: 96%).
Furthermore, considering that the incident beam for the
transmittance measurement must pass through both sides of
the InP substrate unlike the IR FPAs and conceding some
losses in the measurement due to high-angle scattering, the
actual transmittance of the MLA is likely higher than 87% at λ
= 1.55 μm. Although it is difficult to accurately measure the
focusing efficiency experimentally, when considering the
measured high transmittance (∼87%), small and bright focal
spot (6.4 μm), and the above simulated high focusing
efficiency (∼85%), it can be predicted that our MLAs have a
high focusing efficiency of about 70−80%. From these results,
we can confirm that our MLAs are ideal for applications with
SWIR FPAs.
Compatible FPA Integration Process. After evaluating

the characteristics of SiO2/Si3N4 MLAs, we fabricated two

SWIR FPAs based on InGaAs/InP heterojunction photo-
transistors (HPTs) with integrated MLAs. One FPA was
designed to check the performance difference with or without
microlens by inserting the MLA in a checkerboard pattern,
while the other FPA was designed to have a uniform MLA to
check whether our strategy can guarantee yield and reliability.
The epitaxial structure is detailed in our previous work.22 The
fabrication sequence is as follows: (i) detector array
fabrication, (ii) MLA generation, and (iii) hybridization. The
detailed procedures are explained in Section 4 of the
Supporting Information.
The fabrication sequences were carefully designed to prevent

performance degradation of the detector and MLA, by taking
into account the effects of heat, mechanical pressure, and
etching damages at each stage. For example, immediately
following the detector array fabrication, a Si3N4 passivation
layer was deposited onto the array to avoid possible damage
and contamination of the detectors during the following
processing steps, such as mechanical polishing or dry etching.
To ensure process compatibility, all fabrication steps for the
MLAs were conducted before read-out IC hybridization. The
backside alignment accuracy between MLA and detector arrays
was within 2 μm at the center of the array, as shown in Figure
5d,e. The alignment accuracy across the entire FPA is
discussed in Section 5 of the Supporting Information. The
surface morphology of the fabricated MLAs is smooth, as
shown in the scanning electron microscopy (SEM) image in
Figure 5f and the AFM image in Figure S5b. Moreover, the
measured lens profile fits well with the designed radius of
curvature, and the root-mean-square surface deviation is as
small as 1.7% (see Figure S5c in Section 6 of the Supporting
Information). It is also important to confirm the stability of the
SiO2/Si3N4 thin film since IR FPAs are typically operated at

Figure 6. (a) Microscope image of the ‘M’ type MLA in a checkerboard pattern. (b) Bare (red) and lensed (green) pixels’ raw output responses to
a pulsed beam: the maximum measured enhancement is 7.4 times. (c) Response of a 4 × 4 pixel region to diffused (left) and collimated (right)
illumination, normalized to the average response of bare pixels. (d) MLA improvement factor for the same pixel region: the improvement factors
were obtained by dividing the collimated response by the diffused response. The maximum measured enhancement is about 7, and the average
measured enhancement is about 5.
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low temperatures using the cooling system. The stacked thin
film must survive for a long period without any cracks despite
sudden temperature changes in a wide temperature range. No
damage was found to the MLA after repeated cool-down
cycles. After MLA fabrication, indium bumps were formed on
the detectors and ROICs (Figure 5g), followed by chip dicing
and flip-chip bonding. The flip-chip bonded sample was
packaged to a chip carrier and wire-bonded for electrical
connection to our camera measurement system (Figure 5h).
To verify if our approach is compatible with the SWIR FPA
fabrication, the heat map showing the respective pixel’s
operational responses (320 × 256 pixels) was obtained
(Section 7 of the Supporting Information). Furthermore, we
succeeded in imaging objects with the SWIR imager
integrating with a uniform MLA. Figure 5i compares
photographs of a face taken with the SWIR imager and with
a smartphone camera under the same conditions. Considering
that our device was fully manually fabricated into a chip scale,
our strategy suggests that it can provide high reliability and
operability. In addition, the noise and responsivity character-
ization shown in Section 8 of the Supporting Information
confirmed that the lens formation process did not adversely
affect the pixel performance. As a result, our approach allows
MLAs to be manufactured on a wafer scale without
performance degradation, enabling mass production of high-
quality IR FPAs. Thanks to these advantages, we expect this
study to provide crucial insights for the adoption of solid
immersion MLAs in the IR FPA industry. A schematic of a

potential wafer-scale FPA fabrication flow is shown in Section
4 of the Supporting Information.

Lensed Pixel Measurement. The results presented in this
work are from a fabricated SWIR FPA, which was designed to
simultaneously include pixels both with and without micro-
lenses to evaluate the effect of the MLA. Lenses were
fabricated in a checkerboard pattern (Figure 6a). The sag
and diameter of the fabricated lenses are the same as for the
“M” sample mentioned above. Detailed camera measurements
are explained in the Experimental Methods section. First, the
photoresponses of two random adjacent pixels are compared in
Figure 6b. The maximum measured output signal of the lensed
pixel is increased by 7.4 times when compared to the pixel
without a microlens. To more effectively separate the effect of
the lenses from the intrinsic gain variation between pixels, we
additionally characterized all pixels using diffused light. Since
true diffused light (Lambertian) cannot be focused by a lens, it
enables us to assess the performance of individual pixels
without the effect of the lens. Figure 6c shows mapping images
of the output response of 4 × 4 pixels obtained by heavily
diffused illumination (left) and collimated illumination (right).
Notably, under diffused illumination, the photoresponse of
pixels with and without lenses is almost the same, and the
checkerboard pattern is not observed. Conversely, the
responses to the collimated beam clearly show the checker-
board pattern (right mapping image in Figure 6c), which
corresponds with the design of the fabricated MLA pattern.
The photoresponse of all lensed pixels is higher than that of

Figure 7. (a) Simulated transmittance of MLA, InP, and AR-coated samples in the MWIR band (3−5 μm). (b) Focal lengths and spot sizes
simulated as a function of lens sag under a beam source with a center wavelength of 3.5 μm. (c) Etched depth of SiO2 MLA under various gas
mixing conditions. The inset shows the cross-sectional SEM image of a single microlens fabricated under CF4/O2 = 10/70 sccm gas conditions.
The lens sag is about 490 nm. (d) Bird’s eye view SEM image of an MLA with different diameters. The upper left and lower right regions include
MLAs with 8 and 25 μm diameter, respectively.

ACS Applied Electronic Materials pubs.acs.org/acsaelm Article

https://doi.org/10.1021/acsaelm.2c00109
ACS Appl. Electron. Mater. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/suppl/10.1021/acsaelm.2c00109/suppl_file/el2c00109_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.2c00109/suppl_file/el2c00109_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.2c00109/suppl_file/el2c00109_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c00109?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c00109?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c00109?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.2c00109?fig=fig7&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.2c00109?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the bare pixels. To obtain the respective lens improvement
factor, we normalized the collimated response to the diffused
one: the results are shown in Figure 6d. The average measured
improvement factor of the MLA was about five times, showing
a significant improvement in the quantum efficiency of the
detector thanks to the MLA. To the best of our knowledge,
this is the first demonstration of solid immersion MLAs on
SWIR FPAs.
Broad Applicability to Various IR FPAs. To ensure the

compatibility of the proposed MLA implementation with
various types of IR FPAs, it is necessary to first consider the
optical properties of the MLA over a wide range of
wavelengths. For this purpose, we used FDTD numerical
simulations to investigate the optical properties of SiO2/Si3N4

MLAs in the MWIR band (see Sections 9 and 10 of the
Supporting Information for LWIR and MWIR, respectively).
Since the refractive index of InP is close to that of the
substrates used in many MWIR FPAs, the InP material was
used as a substrate material in these simulations. The geometry
of the simulated MLA was the same as that of the SWIR MLA,
except for the thickness of the AR coating layer, which was
increased to 400 nm. Interestingly, the MLA has transmittance
above 90% across the MWIR broad-band (3−5 μm), showing
great potential for MWIR FPAs (Figure 7a). Figure 7b shows
the simulated focal lengths and focusing efficiency formed by
such MLAs under λ = 3.5 μm collimated light sources from the
simulation. The focusing efficiency of 80% or more can be
achieved with a sag greater than 4 μm. However, when
compared to the SWIR MLA, the focal length of the MWIR
MLA is much shorter overall, and the focusing efficiency is
lower under the same lens sag. In short, it means that the
integration of the MWIR MLA is more challenging than that of
the SWIR MLA. This short focal length for the lens operating
in MWIR is primarily due to the relatively long target
wavelength but not due to the difference in the lens material or
approach; hence, this issue is intrinsic to most MWIR lenses.
Despite the challenging design condition, our MLA strategy
can be compatible with MWIR FPAs when using 1.6 μm of sag
corresponding to a focal length of about 150 μm. At this focal
length, the focusing efficiency is 63%, which is expected to be a
practical and promising result. This is a noteworthy result in
that it suggests that these MLAs can cover broad-band
operations ranging from SWIR to MWIR.
In terms of manufacturing, for the MLA to be compatible

with various substrates with different refractive indices, it is
necessary to demonstrate the feasibility of a wide range of radii
of curvature. For a fixed diameter of the microlens, the radius
of curvature is determined by the sag of the lens. Thus, we
tested various SiO2 MLAs with different sags by tuning the
CF4/O2 ratio during the RIE. As shown in Figure 7c, by simply
changing the gas mixing ratio, we were able to reliably tune the
MLA radius of curvatures over a range from 200 to 20 μm,
corresponding to sags of 400 nm and 4 μm, respectively.
Thanks to the wide etch selectivity of SiO2, size scalability of
these MLAs was also demonstrated: a fabricated MLA with a
pixel pitch of less than 10 μm is shown in Figure 7d.
Consequently, when considering optical properties and
manufacturing comprehensively, our strategy has great
potential to be extended into various IR FPAs based on
different material systems and resolutions.

■ DISCUSSION

To maximize the sensitivity of IR FPAs, it is necessary to
jointly optimize the performance of both the photodetectors
and the MLA. As mentioned above, scaling down the size of
the photodetectors reduces both the dark current and junction
capacitance, which improves the sensitivity. However, this
approach can also lead to a reduction in quantum efficiency
due to relatively poor light coupling, which would hinder the
detection performance. For this reason, including consider-
ations on the size, weight, and power consumption (SWaP) of
imagers, the optimal FPA design was found to correspond to
diffraction-limited pixel sizes.13,31 This size depends on the
wavelength and detection materials of interest. Furthermore,
the practical optimal detector size may be slightly larger to ease
the constraint on diffraction-limited optics.
There are three methods to optimize the performance of

MLAs to approach the fabrication of diffraction-limited
imagers. The first is to lower the F# of the MLA by decreasing
the thickness of the substrate. As discussed, in this study, the
thickness of the InP substrate was limited to ensure stability
during the fabrication (focal length: 280 μm), so MLAs with
relatively high F#, and hence large spot size, were designed.
However, a focal spot (d) larger than the pixel photosensitive
region (As) can lead to optical loss in the nonsensitive area
(see Figure 1a). Therefore, to minimize the area difference
between As and d, it is crucial to find the minimum substrate
thickness that retains stability through the entire fabrication
process. For wafer-scale fabrication, a carrier substrate can be
used to help provide stabilization during mechanical polishing,
permitting further reduction of substrate thickness without
compromising structural integrity.32−34 Envisioning the devel-
opment of thin wafer processing in the future, the optical
characteristics of low F# lenses are simulated in Section 11 of
the Supporting Information.
The second optimization method is to maximize the fill

factor of the lenses, defined as FF = A
A

o

p
(see Figure 1a). In this

study, we used the most accessible reflow method, and the FF
was about 50%. When using a reflow method, a gap between
the resist patterns is essential for the resist to transform into a
lens-like shape, making this FF reduction inevitable.35 For this
reason, the higher the FPA resolution, the smaller the FF.
Alternatively, the FF of the MLA can be improved by
employing other reported methods such as hexagonally packed
lens array35 and grayscale photolithography.36 As an example,
the grayscale photolithography method, which enables the
generation of lens-shaped resists without a reflow process, can
help achieve a higher FF. In short, the presented strategy is not
necessarily tied to the reflow method and the specific pattern
array. Finally, the lensing can be further improved by
implementing a more accurate alignment between the
photosensitive region and focal spots. While our MLA showed
a considerable improvement in FPA quantum efficiency by an
average factor of 5, it is expected that the effect of the MLA can
be even further improved if the MLA fabrication is optimized
as discussed.

■ CONCLUSIONS

In summary, solid immersion MLAs are presented here as an
avenue to boost the performance of the next generation of IR
photodetectors based on small detector sizes and LD materials.
We have experimentally and numerically demonstrated the
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compatibility of SiO2/Si3N4 immersion MLAs with various IR
FPAs. The focal length of the MLA is applicable to various IR
detector substrates, thanks to the low refractive index of SiO2.
The transmittance was found to be as high as 90% across a
broad-band range from SWIR to MWIR. In addition to the
evaluation of the lens itself, we characterized lensed pixel
detectors from an actual SWIR FPA and demonstrated the
quantum efficiency improvement thanks to the MLA. Most
importantly, our strategy can be applied to various FPA
platforms with high efficiency regardless of the detector
substrate and resolution. We believe that our study will
constitute a good reference for integrating MLAs on IR FPAs
and represent a promising candidate as a standard process for
IR solid immersion MLAs.

■ EXPERIMENTAL METHODS
MLA Fabrication. To replicate the simulation results, the backside

of an InP bare wafer was polished to a mirror-like condition. A 196
nm thick Si3N4 AR coating layer was deposited on both sides of the
wafer using plasma-enhanced chemical vapor deposition (PECVD).
The wafer was then cleaved into three samples to fabricate different
types of MLAs. After cleaning the samples thoroughly, three SiO2
layers with different thicknesses (0.6, 1.2, and 1.8 μm) were deposited
on one side of the respective samples by PECVD. To improve the
surface adhesion between SiO2 and the resist, hexamethyldisilazane
was coated on the samples, followed by baking at 110 °C for 1 min.
After baking, a spin coating of the AZ 4620 photoresist was applied to
the sample surface. The photoresist thickness applied to all samples
was approximately 7 μm. This layer stack yields a 30% resist aspect
ratio, which is our optimized condition for obtaining high-quality lens-
shaped resists. The samples were soft-baked at 110 °C for 1 min,
followed by a 1 h rest for rehydration between soft bake and exposure.
Using a photolithography aligner (maskless aligner 150), cylinder
resists were patterned. The sample was baked at 130 °C for 2 min to
reflow the cylinder resists into a lens shape. To ensure reliable etching
control, the total gas flow of CF4/O2 was set to 80 sccm. For “L”, “M”,
and “H”, the CF4/O2 gas conditions were 10/70, 35/45, and 45/35
sccm, respectively. The RIE was then performed until all resists were
removed so that the lens-shaped resist’s curvature can be transferred
to SiO2.
Focal Length Measurement. Figure 3a shows a schematic of the

optical setup for measuring the focal lengths of the fabricated samples.
Each sample was mounted with the MLA facing downward on a
motorized micropositioning stage that can scan in the z-axis with sub-
μm accuracy. The top SWIR microscope was focused on the top of
the substrate (i.e., the backside of the MLA), and a 1550 nm
collimated beam was incident from the bottom (i.e., the front side of
the MLA). A series of microscope images were captured while the
MLA sample position was scanned along the z-axis. As shown in the
conceptual schematic of Figure 3b, the focal length of the MLA was
measured by finding a z-axis position with the maximum intensity of
their focal spots.
Camera Measurement. To find the improvement factor due to

the MLA, we first needed to compensate for the individual gains and
fill factors of each of the photodetectors. The gains were found by
measuring the detectors’ responses to pulses of light produced by
passing an expanding beam through several dispersive layers. This
ensured that each detector saw a uniformly glowing screen, so that
incident light arrived from all possible angles and was not relevantly
focused by the microlenses. The MLA was arranged in a checkerboard
pattern on the FPA, so each lensed pixel was adjacent to four bare
pixels. These provided a local reference for how a bare detector
responded to the same conditions that the lensed detectors
experienced. The responses for both types of pixels were normalized
by their respective gains to compensate for differences in fill factor
between the pixels. The improvement factor was then calculated as
the ratio of the lensed response to the bare response.
FDTD Simulation Condition.

• FDTD range: [x] = [−15, 15 μm], [y] = [−15, 15 μm], z =
[−400, 10 μm]

• Launch source type: Gaussian beam (NA = 0.059, λ = 1550
nm), grid size = 1

15
λ

• SiO2 lens: diameter = 25 μm, n = 1.44
• Si3N4 layer: [x] = [−15, 15 μm], [y] = [−15, 15 μm], z = [0,

0.196 μm], n = 1.99
• InP substrate: [x] = [−15, 15 μm], [y] = [−15, 15 μm], z =

[−400 μm, 0], n = 3.1649
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