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Abstract— We demonstrate room temperature mid-wave
infrared detectors with high peak detectivity. Our detector
structures consist of type-II superlattice nBn detectors with
ultra-thin (∼ 250 nm) absorbers, integrated into an all-epitaxial
guided-mode resonance architecture. The resulting devices show
strong spectral selectivity, controlled by grating period, and
low dark currents. We achieve room temperature TE-polarized

peak specific detectivity (D∗) of ≈ 1.2 × 1010 cm
√

Hz/W at
λ = 4.4 μm and ≈ 1 × 1010 cm

√
Hz/W at λ = 4.7 μm, for

grating periods of � = 1.6 μm and � = 1.8 μm, respectively.
The presented all-epitaxial devices offer a unique approach to
efficient room temperature mid-wave infrared detection with
strong spectral and polarization selectivity.

Index Terms— Photodetector, mid-infrared, superlattice,
sensor.

I. INTRODUCTION

THE mid-wave infrared (MWIR, 3−5 μm) is a technolog-
ically vital wavelength range with potential applications

for gas sensing, free-space communication, and thermal imag-
ing of hot objects. All of the above benefit from, or require,
sensitive, high-operating-temperature (HOT) photodetectors.
The current state of the art MWIR detectors are generally
InSb or HgCdTe (MCT) photodiode detectors. InSb detectors
often require cryogenic cooling in order to maintain acceptable
dark currents, while MCT detectors suffer from growth non-
uniformity and concerns regarding toxicity of their constituent
materials. Recently, there has been significant interest in III-V
type-II superlattice (T2SL) materials for mid-IR detection
applications. T2SLs offer an effective band-gap controlled
by choice of layer materials and thicknesses, have been
predicted to benefit from reduced Auger recombination [1]
and therefore lower dark currents, and can be integrated into
a range of photodetector architectures, including p-i-n-junction
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photodiodes [2], bariode devices (such as nBn or CBIRD) [3],
[4] or even phototransistors [5]. However, the spatial offset
of electron and hole wavefunctions in T2SL materials results
in a reduced absorption coefficient, when compared to bulk
materials [6], [7]. Countering this reduced absorption requires
thicker detectors, which, consequently, will increase detector
dark current (noise) and reduce detector response times [8].

Accordingly, there has been interest in incorporating T2SL
detectors into resonant optical structures in order to enhance
the detector material’s effective absorption coefficient [9]–[11].
Recently, it was demonstrated that MWIR T2SL nBn detectors
could be integrated into guided-mode resonance (GMR) struc-
tures to allow for spectrally-selective detection with external
quantum efficiency (EQE) of over 50% [12]. The GMR [13]
structure is effectively a grating-capped dielectric waveguide,
where at certain distinct frequencies (for a given polarization
and incidence angle), the constructive/destructive interfer-
ence between incident, transmitted, and scattered light results
in sharp dips/peaks in transmission/reflection, making these
structures of significant interest for light filtering applications
across a wide range of wavelengths [14]–[16]. The initial
(Top = 200 K) demonstration of MWIR GMR T2SL detec-
tors leveraged a low-index highly doped semiconductor layer
beneath an nBn detector to form the waveguide structure, with
the grating etched into a sacrificial GaSb layer grown above
the nBn detector. These detectors, while showing excellent
performance up to T = 200 K, degraded with increasing tem-
perature and demonstrated anomalously large turn-on voltages
(problematic for detector array operation). In the current work,
we demonstrate room temperature (RT = 296 K) operation
of redesigned MWIR GMR detectors, with enhanced EQE
(EQE ≈ 60%), and peak TE-polarized specific detectivity,
D∗ > 1 × 1010 cm

√
Hz/W. In addition, our detectors show

turn-on voltages less than −0.2V. The presented high EQE
and high-detectivity devices offer a potentially transformative
detector architecture for a range of vital mid-IR applications.

II. DEVICE DESIGN AND GROWTH, EXPERIMENTAL

SET-UP

The improved performance of the MWIR GMR photodetec-
tors, compared to previous devices [12], results from changes
to the device design and T2SL materials employed. First,
the decrease in turn-on voltage was achieved by thinning our
barrier layer, and p-doping the contact layer to create a tunnel-
junction to the GaSb. The increase in Top results from the
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Fig. 1. (a) Growth stack for MWIR GMR detector structure and (b) band
structure of nBn detector. (c) Cross-sectional schematic of a single period
of the GMR detector, with location of top and bottom detector contacts
shown on the left and right side, respectively. (d) Electric field profile of
MWIR GMR structure for TE-polarized incident light of wavelength λ =
4.44 μm. (e) Scanning electron micrograph of fabricated detector structure
with expanded view of the � = 1.6 μm gratings.

use of a shorter cut-off wavelength absorber (λco ∼ 5 μm),
which dramatically reduces detector dark current Jdark . The
T2SL period in this work is half of that in Ref. [12], to take
advantage of the significantly higher absorption coefficients
of short-period T2SLs [7]. Our devices were grown on a
2-inch lightly n-doped GaSb substrate in a Varian Gen II
molecular beam epitaxy (MBE) system, beginning with a
200 nm n-doped GaSb buffer, followed by the device growth
stack: a 1 μm thick highly doped n++ InAs/InAs0.49Sb0.51
T2SL, above which is grown the nBn detector structure, con-
sisting of a 250 nm thick InAs/InAs0.49Sb0.51 T2SL (12 ML
Period) absorber, an 80 nm thick unintentionally doped (UID)
AlAs0.08Sb0.92 barrier and a 20 nm contact layer of the same
T2SL material as the absorber. The structure is capped with
a 600 nm thick UID GaSb layer. All superlattice layers have
the same composition but different doping concentrations. The
absorber is unintentionally doped (lightly n-doped), whereas
the contact is p-doped to a concentration of 1018cm−3. The
n++ T2SL layer serves as a low-index bottom cladding layer,
where the high doping of the material reduces the permittivity
according to the Drude formalism, which provides an accurate
mechanism for calculating the dielectric response of highly-
doped semiconductors in the mid-IR [17]. Although it uses
the same T2SL as the detector absorber, state-filling and ultra-
fast non-radiative recombination times [18] in the n++ layer
ensures that it does not contribute to the optical response of the
detector. The top GaSb layer serves as the high-index grating
material. The device layer stack and band structure are shown
in Fig. 1(a-b).

Fig. 1(c) & (e) show the cross-sectional schematic and
scanning electron micrograph (SEM) of a fabricated device,
respectively. Top (bottom) contacts (Ti/Pt/Au, 40/15/180 nm)
are patterned and deposited above (around) an etched mesa.
Gratings of period � = 1.6 and 1.8 μm are etched into the
top GaSb layer of the mesa, to within 10’s of nm of the

nBn contact layer. Grating devices are compared to a control
sample for which the entire top GaSb layer of the mesa
is etched to the same depth as the gratings. The fabricated
devices are mounted and wire-bonded to leadless chip carriers
(LCC). Temperature-dependent dark current-voltage measure-
ments are made with a copper shield (to block any external
light from the device) attached to the cold-finger upon which
the LCC is mounted. The GMR detector spectral response
is measured using a Bruker Vertex 80v Fourier-transform
infrared (FTIR) spectrometer, and normalized to the calibrated,
known response of commercial detectors, to account for the
spectral weighting of the FTIR output beam. The detector
signal resulting from the emission from a calibrated 1000 ◦C
blackbody source, modulated by an optical chopper, and
passing through a variable aperture and a 3.6 μm bandpass
filter, is then measured. We then calculate the wavelength
dependent EQE by scaling the normalized FTIR spectra by
the responsivity measured at λ = 3.6 μm.

Detector response is modeled using rigorous coupled-wave
analysis (RCWA) [19], which solves for reflection and trans-
mission, as well as the optical fields in our structures, as a
function of wavelength, incidence angle and polarization. The
n++ T2SL is modeled as a Drude metal with plasma wave-
length λp = 5.7 μm and scattering rate γ = 1 × 1013 rad s−1.
The real parts of the permittivity for the T2SL layers and
barrier are determined from a weighted average of their
constituent materials. The complex permittivity of our T2SL
absorber is estimated by fitting RCWA simulations to the
experimental spectral response of our control device (nBn
device with only 20 nm planar GaSb layer on top), using the
detector absorption coefficient α(λ) as our fitting parameter,
assuming an anisotropic absorption coefficient where only the
in-plane components of α are non-zero [20]. The extracted
α at λ = 4.4 μm is 3100cm−1, in line with the expected
absorption coefficient of short period T2SLs [21]. We use
the simulated field profiles to model the detector EQE by
calculating the difference between the Poynting flux at the bar-
rier/absorber and absorber/n++ interfaces. Because the typical
diffusion length associated with T2SL materials is significantly
longer than our absorber thickness [22], we assume a 100%
collection efficiency of photo-generated charge carriers. The
model considers light directly transmitted through the detector
and reflected from the backside of the wafer. The lightly
n-doped GaSb substrate absorption coefficient is modeled
with a combination of electron free carrier absorption and
inter-valley conduction band absorption [23] verified with
reflectance and transmittance measurements on a bare GaSb
wafer. Our simulations suggest that ∼ 2% of our peak EQE
results from backside reflection.

III. RESULTS AND DISCUSSION

Fig. 2(a) shows the dark current as a function of temperature
from a representative � = 1.8 μm grating detector. A clear
turn-on is seen in the devices at a reverse bias as low as
−0.1V as shown in the inset of Fig. 2(b) where the T =
296 K device responsivity, at the bandpass wavelength λB P =
3.6 μm, is plotted as a function of the applied bias. The dark
current remains largely constant for reverse biases larger than
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Fig. 2. (a) MWIR GMR nBn detector dark current density, Jdark for
temperatures from 140 K to 296 K. (b) Arrhenius plot of dark current (blue
triangles) at V = −0.2 V . From this plot, we can extract the effective cut-
off wavelength of our detector at room temperature (dashed line, λco =
4.8 μm). Also plotted is the predicted dark current for an MCT detector with
λco = 4.8 μm using the Rule 07 heuristic (red solid line). Inset shows device
T=296 K responsivity vs. applied bias at λB P = 3.6 μm.

−0.2V, indicative of diffusion current dominating the total
dark current. As the dark current densities of a photodetector
are proportional to the thickness of the absorber (in diffusion-
limited operation), the ultra-thin GMR detectors are expected
to have significantly lower dark current than much thicker
photodetectors operating at the same wavelength. This is evi-
dent in Fig. 2(b), where the dark current (at V = −0.2V) vs.
temperature is compared to the predicted current for an ideal
MCT detector calculated using the so-called “Rule 07” [24],
a heuristic often used as a benchmark for mid-IR detector dark
currents. While our detector dark currents do not approach
the recently demonstrated dark currents from MCT detectors
leveraging carrier depletion Auger suppression [25], they are
below or comparable to Rule 07 for temperatures above 160 K,
and well below those of typical III-V semiconductor MWIR
photodetectors [26], [27].

The experimental EQE at Top = 296 K for the � =
1.6 μm and � = 1.8 μm grating period detectors, as well
as the control sample, are shown in Fig. 3, for TE-polarized
incident light. Strong peaks in EQE are seen in both grating
period samples. For the � = 1.6 μm sample, peak EQE is
observed at λ = 4.4 μm, reaching a peak value of ∼ 60%,
a factor of × 7.5 enhancement over the unpatterned control
sample. For the � = 1.8 μm sample, peak EQE is observed
at λ = 4.7 μm, reaching a maximum value of ∼ 46%,
a factor of × 14 enhancement over the unpatterned control
sample. Tuning the detector grating period allows for peak
response across the MWIR. Moreover, we observe a substan-
tial enhancement of detector response, with particularly strong
enhancement at or near the bandedge of the T2SL absorber.
Typically, absorption at the bandedge of a T2SL is weak, and if
efficient detection is required at a specific wavelength, λ0, it is
often necessary to use an absorber cut-off wavelength (λco)
much longer than λ0. Such an approach comes with trade-
offs however, as dark current is exponential in absorber cut-
off wavelength, so that specific detectivity (D∗) gains due to
increased EQE are offset by increased Jdark . The GMR MWIR
detector architecture thus allows for a strong enhancement of
EQE at or near the absorber bandedge, without having to resort

Fig. 3. TE-polarized experimental (solid) and modeled (dashed) external
quantum efficiency for the (a) � = 1.6 μm (red) and (b) � = 1.8 μm (blue)
grating detector devices. The EQE from an unpatterned control sample (black)
is shown in (a) and (b) for comparison. Because the absorption coefficient
is determined by fitting the control response, the modeled and experimental
control EQE overlap. The TM-polarized response of the grating devices (not
shown) is similar to that of the control devices.

Fig. 4. Room temperature TE-polarized estimated specific detectivity (D∗)
of the control (black), and the � = 1.6 μm (red) and � = 1.8 μm (blue)
grating detector devices.

to longer λco, effectively decoupling the dark current/EQE
trade-off intrinsic in the majority of MWIR detector materials
and architectures.

In Fig. 4, we present the estimated (TE-polarized) specific
detectivity of our room temperature MWIR GMR detectors.
Specific detectivity is calculated with the expression, D∗ =
Ri

√
A

2q|I |+4 kb T/R , from the experimentally measured detector
current, dynamic resistance, and responsivity (I , R = dV/d I ,
and Ri , respectively), mesa area A, electronic charge q , Boltz-
mann’s constant kb, and temperature T . We obtain peak spe-
cific detectivity of 1.2 × 1010 and 1 × 1010 cm

√
Hz/W for the

� = 1.6 and 1.8 μm period detectors respectively, with sub-
stantial enhancement in D∗ observed at wavelengths near the
absorber’s bandedge, λ ≈ 5 μm. The TM-polarized response
(not shown) is similar to that of the control, with minimal
enhancement at features associated with GMR resonances,
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a result of the anisotropic absorption coefficient of the T2SL.
While we use 1D grating structures here, to more clearly
identify GMR features of the optical response, future detectors
could easily leverage 2D arrays of GaSb pillars for polariza-
tion independent response, and/or the addition of micro- or
immersion-lenses to increase light collection [28].

IV. CONCLUSION

In conclusion, we have demonstrated enhanced MWIR
detectors operating at room temperature (296 K). Leverag-
ing an ultra-thin nBn detector architecture engineered for
MWIR absorption at room temperature, we can substantially
reduce detector dark current allowing for high-temperature
operation. At the same time, by integrating our detectors
into guided-mode resonance structures, we can enhance the
detector response substantially, especially near detector cut-
off. We demonstrate TE-polarized peak EQE ≈ 60% (46%)
for � = 1.6 μm (1.8 μm) grating GMR devices with
> ×7.5 (×14) enhancement, when compared to the unpat-
terned control sample, at λ = 4.4 μm (4.7 μm), near detector
cut-off. We also show estimated peak specific detectivity,
D∗ ≈ 1.2 × 1010 and 1 × 1010 cm

√
Hz/W for the 1.6 and 1.8

μm period grating-patterned detectors, respectively, exceeding
that of state-of-the-art III-V RT MWIR detectors. The all-
epitaxial approach presented here allows us to embed opto-
electronic functionality in resonant optical structures, with
strongly enhanced performance across the technologically vital
MWIR. The ability to efficiently detect MWIR light with room
temperature sensors could have significant implications for gas
sensing, thermal imaging, or even free-space communication
applications.
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