
Research Article Vol. 33, No. 6 / 24 Mar 2025 / Optics Express 13217

Quantum efficiency enhancement using
photon-trapping structure on extended SWIR
type-II superlattice nBn photodetector
DONGHO GWAK,1 SEUNG-YEOP AHN,1 JINHA LIM,1 JAEYONG
JEONG,1 BYOUNGWOOK LEE,2 YOUNGHO KIM,2 AND SANGHYEON
KIM1,*

1School of Electrical Engineering, Korea Advanced Institute of Science and Technology (KAIST), Daejeon
34141, Republic of Korea
2i3system, Inc., Daejeon 34113, Republic of Korea
*shkim.ee@kaist.ac.kr

Abstract: Type-II superlattice (T2SL) material systems are emerging as promising alternatives
to conventional materials such as InGaAs and HgCdTe for extended short-wavelength infrared
(eSWIR) detection, a field experiencing growing demand due to its diverse applications. However,
T2SL photodetectors typically suffer from relatively low quantum efficiency. In this study, we
demonstrate a significant enhancement in the quantum efficiency of eSWIR T2SL photodetectors
through the implementation of a photon-trapping structure. The photon-trapping structure,
consisting of top diffraction gratings and a bottom reflective metal layer incorporated via wafer
bonding, effectively increases the optical path length within the active region by redirecting
incident light to propagate laterally. Optical measurements demonstrate a 77.2% improvement in
average quantum efficiency for the photon-trapping photodetector compared to a conventional
reference photodetector over the 1.7 µm to 2.5 µm wavelength range. Finite-difference time-
domain (FDTD) simulations of electric field distributions and optical resonance analyses reveal
that this enhancement is driven by the combined effects of Fabry-Perot resonances and multiple
guided-mode resonances, arising from the synergy between the bottom reflective metal and the
diffraction grating.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The extended short wavelength infrared (eSWIR) region, spanning from 1.7 to 2.5 µm, is gaining
significant attention due to its diverse applications in both civilian and military domains, including
surveillance, hyperspectral imaging, astronomical observation, and weather forecasting [1–5].
The two most commonly utilized material systems for eSWIR photodetectors are indium gallium
arsenide (InGaAs) and mercury cadmium telluride (HgCdTe, also known as MCT) [6]. However,
both materials exhibit inherent limitations that constrain their performance and applicability.

InxGa1−xAs photodetectors, lattice-matched to an indium phosphide (InP) substrate, contain
a 53% indium composition, resulting in a cut-off wavelength of 1.7 µm [5,7]. Extending
the absorption range of InGaAs towards 2.5 µm necessitates an increase in the indium content.
However, this adjustment leads to lattice mismatch with the InP substrate, causing dislocations that
degrade the crystallinity of InGaAs, and consequently, impair its performance [8,9]. Furthermore,
it significantly impacts the uniformity and structural point defects, imposing challenges in array
formation. Meanwhile, the complex growth processes and low yield associated with HgCdTe
photodetectors further limit their widespread adoption [10–12].

As an alternative, type-II superlattices (T2SL) have emerged as a promising breakthrough for
eSWIR photodetectors. These superlattices offer several advantages, including cost-effectiveness,
uniformity, stability in large-area fabrication, and suppression of Auger recombination [11,12].
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A key feature of type-II superlattices is the ability to engineer the band gap by varying material
composition and proportions, allowing for the precise tuning of the desired absorption wavelength
band [13]. Despite these advantages, type-II superlattices currently suffer from relatively low
quantum efficiency compared to other material systems [12,14]. Quantum efficiency, defined as
the proportion of incident photons that are converted into photogenerated electrons, is a critical
parameter in evaluating photodetector performance [15].

One straightforward approach to enhance quantum efficiency is to increase the thickness of the
absorption layer, which extends the optical path length and thereby increases the absorption rate in
accordance with the Beer-Lambert law [16]. However, thickening the absorption layer introduces
several drawbacks. Firstly, it leads to an increase in dark current, making high-temperature
operation difficult [17]. Additionally, thicker absorption layers result in longer epitaxial growth
times and higher costs. Furthermore, the absorber layer thickness is limited by the carrier
diffusion length, beyond which carrier recombination reduces efficiency [18]. Therefore, it is
crucial to increase the effective optical path without compromising the absorber thickness.

An alternative approach to enhancing the quantum efficiency of photodetectors involves coating
the device with a thin-film anti-reflection layer to reduce surface reflections. Anti-reflection
coatings typically consist of one or more layers of dielectric materials with carefully optimized
refractive indices and thicknesses. When incident light interacts with these layers, destructive
interference occurs at the interfaces, effectively canceling a portion of the reflected light and
thereby reducing overall reflectance. However, anti-reflection coatings have a limitation that
they do not prevent light from escaping through the bottom of the active region, which can
contribute to optical losses. Additionally, anti-reflection coatings are typically designed for
specific wavelengths and incidence angles, making them less effective for broadband imaging
and multi-angle applications.

To overcome the limitations of such approaches, photon-trapping has emerged as a pivotal
mechanism in the development of advanced infrared photodetectors. The concept of photon-
trapping leverages engineered nanostructures to manipulate incident light, creating optical
resonances that confine photons within the active region of the detector. Conventional photon-
trapping photodetectors typically employ nanostructures such as gratings on the device surface to
enhance absorption [4,19–24]. However, these designs suffer from a critical limitation that the
absorption layer is placed on substrates with similar refractive indices or on oxides with minimal
refractive index contrast. As a result, diffracted light from the upper surface can easily escape
through the bottom of the device, making it difficult to form optical resonances and thereby
reducing the overall trapping efficiency.

To address these limitations of conventional photon-trapping structures, we introduce a
novel approach to enhance the quantum efficiency of infrared photodetectors by integrating a
diffraction grating on the upper surface and a reflective metal layer beneath the active region. This
configuration completely blocks light from escaping through the bottom of the device, instead
reflecting it back into the active layer to facilitate strong Fabry-Perot resonances and guided-mode
resonances. We experimentally demonstrate an InAs/GaSb/AlSb/GaSb type-II superlattice
n-type/barrier/n-type (nBn) photodetector with significantly enhanced quantum efficiency in the
extended short-wavelength infrared range. Employing two-dimensional diffraction gratings on
the top surface and a bottom reflective metal layer implemented through wafer bonding, this
design enables incident light to be diffracted and propagate laterally along the active layer. As
a result, the effective optical path length is elongated without increasing the absorption layer
thickness, leading to a substantial improvement in quantum efficiency.

2. Design

Figure 1(a) illustrates the overall structure of the fabricated InAs/GaSb/AlSb/GaSb type-II super-
lattice photodetector. The epitaxial layers of the type-II superlattice nBn structure consist of the
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following layers: a 100 nm InAsSb etch stop layer, a 100 nm n-type InAs/GaSb/AlSb/GaSb 5/1/5/1
monolayer (ML) contact layer, a 1,000 nm InAs/GaSb/AlSb/GaSb 9/1/5/1 ML absorber layer, a
500 nm AlAsSb/GaSb 5/2 ML barrier layer, and another 50 nm n-type InAs/GaSb/AlSb/GaSb
5/1/5/1 ML contact layer. The epitaxial layer structure of this device consists of an n-type absorber
and an n-type contact surrounding a barrier layer, forming an nBn architecture. Figure 1(b)
presents the band diagram of the nBn structure under reverse bias, where the device operates,
illustrating its role in suppressing dark current. In this configuration, the barrier effectively blocks
the transport of non-photo-generated electrons outside the absorber region, thereby reducing dark
current while allowing efficient photocarrier collection.

Fig. 1. (a) Structure of the photon-trapping T2SL photodetector. (b) Band diagram of nBn
structure under reverse bias. (c) Bandgap alignment of InAs/GaSb/AlSb/GaSb 9/1/5/1 T2SL
absorber layer. (d) Schematic of the simulated diffraction gratings. (e) Simulated absorption
spectra comparison between conventional reference photodetector with a bare surface and
photon-trapping photodetector. The inset shows the schematics of two photodetectors.

Figure 1(c) depicts the bandgap alignment of the T2SL InAs/GaSb/AlSb/GaSb 9/1/5/1 structure
consisting absorber layer. The eSWIR T2SL absorber is formed by the periodic growth of
these compound layers at specific monolayer thickness ratios, creating the proper bandgap
characteristics necessary for optimal infrared detection. Then, the device is fabricated as a mesa
structure positioned on a reflective gold layer and passivated with aluminum oxide and SU-8 to
mitigate sidewall leakage currents.

To investigate the grating dimensions for enhanced quantum efficiency, finite-difference
time-domain (FDTD) simulations were performed using ANSYS Lumerical FDTD. The imag-
inary index of the eSWIR T2SL absorber was derived using the Beer-Lambert law from the
experimentally measured quantum efficiency of the conventional reference photodetector with a
bare surface.
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Figure 1(d) presents a schematic representation of the diffraction gratings on the active region.
Since one-dimensional gratings are sensitive to the polarization of incident light, two-dimensional
square-shaped diffraction gratings were chosen to mitigate this effect [25]. The design of the
diffraction gratings involves three key parameters: the grating period p, the duty cycle a/p, and
the grating height h. By varying these parameters, we calculated the average absorption across
the extended short-wavelength infrared region. During the optimization process, we incorporated
the slanted grating sidewall profile observed in scanning electron microscope (SEM) imaging to
ensure the simulation accurately represents the actual structure. The grating dimensions were
determined to be a period of 1.75 µm, a grating size of 1.25 µm, and a grating height of 400 nm
based on fabrication feasibility.

Figure 1(e) compares the simulated absorption spectra of the conventional reference pho-
todetector and the photon-trapping photodetector. The conventional reference photodetector
exhibited an average absorption of 21.9% across the wavelength range of 1,200 nm to 2,600 nm.
In contrast, the photon-trapping photodetector achieved an average absorption of 31.6% over the
same range, representing a 44.3% increase. The distinct Fabry-Perot resonances with orders of 5,
6, and 7 induced by the bottom reflective metal are observed at wavelengths of 1.77 µm, 1.48 µm,
and 1.27 µm, respectively. The increased absorption in the eSWIR region, in addition to the
Fabry-Perot resonances, is attributed to the various guided modes enabled by the photon-trapping
structure. For instance, the increased absorption near the fifth Fabry-Perot resonance peak in the
eSWIR region is attributed to the optical path elongation facilitated by the combined effects of the
diffraction grating and the bottom reflector. In a conventional structure, the incident light passes
through the absorber, and any unabsorbed light escapes into the substrate. As a result, the optical
path length is limited to the thickness of the absorber. However, in the photon-trapping structure,
the diffraction grating scatters the incident light, while the bottom reflective metal prevents it
from escaping to the substrate. This configuration allows the light to propagate multiple times
through the active region, dramatically elongating the optical path length and ensuring that a
greater portion of photons is absorbed by the absorber.

3. Experiment

The type-II superlattice epitaxial layers were grown on a lattice-matched GaSb substrate using
molecular beam epitaxy (MBE). If the GaSb substrate directly adjoins the active region, the
diffracted incident light may escape from the active region at the interface due to the higher
refractive index of GaSb compared to the active region. To ensure that the light travels laterally
through the active region, it is necessary to place a reflective metal layer at the bottom of the
active region to eliminate transmission out of the active region. This was accomplished using
wafer bonding technology [26].

To incorporate the reflective metal beneath the active region, a bare Si substrate was utilized,
and 30 nm/100 nm of Ti/Au was deposited onto both the Si substrate and the T2SL epitaxy.
The T2SL epitaxy was then flipped and directly bonded with the Si substrate. Here, since the
T2SL epitaxy is flipped and bonded, the Ti adhesion layer for the Au reflector is positioned
directly beneath the active region. As a result, light passes through the Ti layer before being
reflected by the Au reflector, leading to inevitable optical loss due to absorption in the Ti layer.
Following the bonding, the GaSb donor substrate was removed via a back etching process using
a CrO3-HF-H2O solution.

After the removal of the GaSb substrate, optimized diffraction gratings were patterned on the
etch stop layer using maskless photolithography with SS03A9 photoresist. The gratings were
formed through a wet-etching process employing an H2O2-H3PO4-C6H8O7 mixture. Following
the grating formation, the photodetector mesa was defined using the same wet etchant. The
defined pixel size was 300× 300 µm2. Immediately after mesa definition and photoresist
stripping, the pixels were passivated with a 50 nm thick Al2O3 layer using atomic layer deposition
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(ALD) to prevent degradation due to surface oxidation. SU-8 was then applied to smooth the
sidewalls, ensuring a reliable electrical connection between the top electrode and the contact pad.
Subsequently, a contact via was etched into the passivation layer using buffered oxide etchant.
Finally, 30 nm/150 nm of Ti/Au was deposited by e-beam evaporation, followed by a lift-off
process to form the contacts.

An optical microscope (OM) image of the fabricated photon-trapping photodetector is shown
in Fig. 2(a), and an enlarged scanning electron microscope image of the diffraction grating on the
device’s top surface is presented in Fig. 2(b). The designed dimensions were well-represented by
the fabrication process.

Fig. 2. (a) Optical microscope image of the fabricated photon-trapping photodetector.
(b) Scanning electron microscope image of the magnified diffraction gratings on the top
surface. (c) Cross-sectional SEM image of the single diffraction grating.

To verify the successful formation of the grating, the cross-sectional profile was examined
using focused ion beam (FIB) milling followed by SEM imaging. As shown in Fig. 2(c), the
grating structure consists of the etch stop layer, the contact layer, and a part of the absorber, all
passivated with Al2O3. The background platinum layer was deposited during the FIB milling
process to facilitate SEM imaging. The grating height measured via SEM was 395 nm, consistent
with the intended design. Due to the inherent limitations of wet etching, the grating sidewalls
exhibited a slight slant. A precise dry etching process would likely yield a more vertical grating
profile.

4. Results and discussion

Figure 3(a) shows the dark current density as a function of applied bias voltage for the photodetector
with a photon-trapping structure, measured at various temperatures ranging from 160 K to 300 K
with 20 K interval. At forward bias, the dark current is effectively suppressed due to the barrier
that impedes electron flow. The measured dark current density at 160 K under a -0.2 V bias
was 4.8× 10−8 A/cm2. At room temperature (300 K), the photodetector exhibited a dark current
density of 8.6× 10−3 A/cm2 under the same bias condition. In comparison to previous studies on
eSWIR T2SL photodetectors, the dark current densities of the photon-trapping photodetector
were similar or up to five times lower than those reported in other works [27–30].

To determine the activation energy of the device, an Arrhenius plot of the dark current density
versus the inverse of temperature (1/T) was generated at -0.2 V bias as shown in Fig. 3(b). A
-0.2 V bias was selected since the dark current reaches saturation at this applied bias. Fitting
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Fig. 3. (a) Dark current density versus applied bias voltage characteristics of photon-trapping
photodetector measured at different temperatures. (b) Arrhenius plot of the dark current
density under -0.2 V applied bias.

the data from 160 K to 300 K to the Arrhenius equation yielded an activation energy of 360
meV. According to the following analysis of bandgap energy extraction, the activation energy
typically lies within the range of half the bandgap energy to the full bandgap energy. In a
diffusion-limited photodetector, the activation energy would be expected to match the full bandgap
energy. However, the observed discrepancy suggests that additional dark current mechanisms
such as generation-recombination processes or trap-assisted tunneling, may be contributing to
the overall dark current [31]. This indicates the potential for further dark current reduction by
implementing strategies to suppress these non-ideal carrier pathways.

Figure 4 presents the spectral quantum efficiency, which was derived from the spectral
responsivity measurements taken under a -0.5 V applied bias across a temperature spanning
from 100 K to 300 K with 20 K interval. As the applied bias was gradually increased, the
quantum efficiency saturated at -0.5 V, indicating that all photo-generated carriers were fully
collected. Therefore, the quantum efficiency spectra were measured at this bias. The overall
quantum efficiency increases from 100 K, reaching a peak at 180 K, before declining with further
temperature increases. It is believed that this trend is driven by the temperature-dependent
behavior of carrier mobility and carrier lifetime [32]. The data exhibit a distinct redshift in
the cut-off wavelength as the temperature increases. This shift can be attributed to bandgap
narrowing, which occurs due to the thermal expansion of atomic spacing and the enhanced
interactions between lattice phonons and electrons at elevated temperatures [33]. From the
cut-off wavelengths, we calculated the bandgap energies at various temperatures as shown in
the inset of Fig. 4. To estimate the 0 K bandgap energy, we employed the Varshni expression,
which is a second-order approximation of the Bose-Einstein model that effectively describes the
temperature-dependent changes in bandgap energy [34]. The Varshni expression is given by

Eg(T) = Eg(0) −
αT2

T + β
(1)

where Eg(T) is bandgap energy at temperature T; α and β are fitting parameters. By fitting the
data with the Varshni expression, the bandgap energy at 0 K was determined to be 576 meV,
while the parameters α and β were calculated to be 0.29 meV/K and 107 K, respectively.

To evaluate the quantum efficiency enhancement effect of the photon-trapping photodetector,
we fabricated and measured the quantum efficiencies of two additional reference photodetectors.
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Fig. 4. Measured quantum efficiency spectrum of the photon-trapping photodetector
at various temperatures. The inset shows the calculated bandgap energies from cut-off
wavelengths at various temperatures with a line fitted to the Varshni expression.

The first one is a conventional reference photodetector with a bare surface and no reflective metal
at the bottom. The second is a bonded reference photodetector, also with a bare surface, but
incorporating reflective metal at the bottom through wafer bonding. The comparison with the
bonded reference photodetector aims to determine whether the observed increase in quantum
efficiency in the photon-trapping photodetector is solely due to the presence of the bottom
reflective metal.

Figure 5 presents the comparison between the experimental and simulated quantum efficiencies
of the conventional reference photodetector, the bonded reference photodetector, and the photon-
trapping photodetector at 200 K. The measured average quantum efficiency of the conventional
reference photodetector in the extended SWIR region, spanning from 1.7 µm to 2.5 µm, is 14.5%.
In the same wavelength range, the bonded reference photodetector and the photon-trapping
photodetector exhibit average quantum efficiencies of 17.5% and 25.7%, respectively.

The spectral quantum efficiency of the bonded reference photodetector displays periodic
oscillations, with increases and decreases in quantum efficiency as the wavelength changes,
which is attributed to vertical Fabry-Perot resonances induced by the bottom reflective metal.
In contrast, the photon-trapping photodetector, despite also having a bottom reflective metal,
shows an increase in quantum efficiency across all wavelengths. This enhancement is due to the
diffraction grating, which induces multiple guided-mode resonances within the active layers. As
a result, the photon-trapping photodetector achieves a significant average quantum efficiency
improvement of 77.2% relative to the conventional reference photodetector, while the bonded
reference photodetector shows only a 20.7% increase. Further improvements can be achieved
by integrating an anti-reflective design with the photon-trapping structure and optimizing them
simultaneously.

Figure 5 also includes simulated spectral quantum efficiencies for all three devices. The
general consistency between the experimental data and simulation results suggests that the device
structures were precisely implemented. It is believed that the minor discrepancies between the
measured and simulated values are likely due to inevitable fabrication variations.

We further investigated the electric field distributions using FDTD simulations to understand the
mechanisms underlying the quantum efficiency enhancement in each photodetector. Figure 6(a)
illustrates the electric field distribution within the active layers of the conventional reference
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Fig. 5. Measured quantum efficiencies and simulated absorptions of the conventional
reference photodetector, the bonded reference photodetector, and the photon-trapping
photodetector. The extended SWIR region is colored.

photodetector at a wavelength of 2.34 µm. In this case, a weak Fabry-Perot resonance is observed,
primarily due to the limited reflection of light at the interface with the GaSb substrate. However,
a significant portion of the incident light is reflected from the surface rather than being absorbed
by the active layer, resulting in suboptimal quantum efficiency.

Fig. 6. Simulated electric field distributions of (a) the conventional reference photodetector,
(b) the bonded reference photo-detector, and (c) the photon-trapping photodetector.

Figure 6(b) shows the electric field distribution for the bonded reference photodetector. Here, a
strong Fabry-Perot resonance pattern is evident, attributed to the presence of the reflective metal
beneath the active layer. This results in periodic oscillations in quantum efficiency as a function
of wavelength.

In contrast, the photon-trapping photodetector exhibits a markedly different electric field
distribution, as shown in Fig. 6(c). The diffraction grating effectively redirects vertically incident
light to propagate laterally within the active layers. This lateral propagation substantially
increases the effective optical path length, thereby leading to a significant enhancement in
quantum efficiency. Unlike the other two photodetectors, where vertical Fabry-Perot resonances
dominate, the photon-trapping structure benefits from the additional guided-mode resonances
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induced by the diffraction grating, which contribute to the observed dramatic increase in quantum
efficiency.

Finally, to gain deeper insight into the optical resonances present in the photodetector, we
calculated the absorption as a function of both wavelength and grating period. Figure 7 illustrates
the absorption distribution, revealing multiple optical resonances characterized by different mode
numbers. Here, two distinct groups of optical resonances are observed.

Fig. 7. Optical resonances with different mode orders indicated on absorption distribution
by grating period and wavelength.

The first group consists of vertical Fabry-Perot resonances, indicated by vertical dashed lines
at wavelengths of 1270 nm, 1480 nm, and 1770nm. These resonances are independent of the
grating period, as they are solely induced by the bottom reflective metal. As noted in Fig. 1(c),
these correspond to Fabry-Perot mode orders 7, 6, and 5, respectively.

The second group is represented by slanted lines, which are dependent on the grating period.
These resonances are attributed to guided-mode resonances. When the diffracted light from the
grating satisfies the guided-mode conditions of the waveguide, it propagates laterally along the
waveguide, resulting in guided-mode resonance at the corresponding wavelength. To further
understand these resonances, we theoretically calculated the guided-mode conditions using an
asymmetric planar waveguide model and applied the diffraction grating equation to predict the
resonance wavelengths [35,36]. First, the vertically incident light diffracts at the grating satisfies
the condition given by

nactive sin θ(m) = −m
λ

Λ
(2)

where nactive is the refractive index of active region, λ is the wavelength of the incident light, Λ
is the grating period, and m is the diffraction order. Second, the guided-mode condition in an
asymmetric planar waveguide is given by

−2kzd + ϕ21 + ϕ23 = −2lπ (3)

here kz is the vertical component wavevector in the active region, d is the thickness of the active
region, ϕ21 and ϕ21 the phase change induced by reflection at the top and bottom interfaces
of the active region, and l is the mode order. The guided-mode resonances with orders (l, m)

were calculated using these equations and are indicated as GMl,m on the absorption distribution
plot in Fig. 7. As depicted, the grating period-dependent absorption peaks generally align well
with the theoretically calculated guided-mode resonances. This alignment confirms that the
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overall enhancement in quantum efficiency observed in the photon-trapping structure results
from the combined effects of both Fabry-Perot resonances and multiple guided-mode resonances.
With these understandings, mode-ware device design will be possible depending on the specific
targeted purpose.

5. Conclusion

In summary, we successfully enhanced the quantum efficiency of the eSWIR T2SL photodetector
by implementing a photon-trapping structure comprising a diffraction grating and a reflective
metal layer. The diffraction grating dimensions were carefully optimized using FDTD simulations,
and the reflective metal was incorporated beneath the active region via wafer bonding. The
diffraction grating diffracts incident light, causing it to propagate laterally within the active region
of the photon-trapping photodetector, elongating the effective optical path length and thereby
increasing absorption.

Optical measurements revealed that the photon-trapping photodetector achieved a 77.2%
increase in average quantum efficiency compared to the conventional reference photodetector
within the eSWIR range. Analyses of the electric field distribution and optical resonances support
the conclusion that this improvement in quantum efficiency is attributable to the combined effects
of Fabry-Perot resonances and multiple guided-mode resonances, induced by the synergy of the
bottom reflective metal and the diffraction grating.
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