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ABSTRACT

We demonstrate all-epitaxial guided-mode resonance mid-wave infrared (MWIR) type-II superlattice nBn photodetectors. Our detectors
consist of a high-index absorber/waveguide layer grown above a heavily doped (n*7), and thus, low-index, semiconductor layer, and below a
high-index and wide-bandgap grating-patterned layer. Polarization- and angle-dependent detector response is measured experimentally and
simulated numerically, showing strongly enhanced absorption, compared to unpatterned detectors, at wavelengths associated with coupling
to guided-mode resonances in our fabricated detectors. The detectors show high operating temperature (T =200 K) external quantum effi-
ciencies over 50% for TE-polarized light with absorber thickness of only 250 nm (~4,/20). We calculate T =200XK estimated specific detec-
tivity for our detectors, on resonance, of ~4 x 10'° cm Hz'/2 W~!, comparable with state-of-the-art MWIR detectors. The presented results
offer an approach to monolithic, all-epitaxial integration of IR detector architectures with resonant optical cavities for enhanced detector

response across the mid-wave infrared.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0047534

The mid-infrared (mid-IR) portion of the electromagnetic spec-
trum (4 ~ 3 — 30 um) is a wavelength range of significant impor-
tance for fundamental scientific investigation and a range of
technological applications. Within the mid-IR, the mid-wave infrared
(MWIR, A2 =3 —5pum) is of particular importance for gas sensing,
free space communication, and thermal imaging of high temperature
objects, due to its overlap with the shortest wavelength atmospheric
transmission window in the mid-IR, as well as its position as the spec-
tral home for the peak thermal emission from objects with tempera-
tures ~580 — 970 K."  All of the above applications require efficient,
and often high speed, detectors. Though advances in micro-bolometer
technology have made thermal imaging arrays significantly more sen-
sitive and cost-efficient, such detectors do not offer the dynamic range,
responsivity, or response speeds necessary for many IR sensing, com-
munication, or imaging applications." For such applications,
semiconductor-based photodetectors are required, traditionally photo-
diodes fabricated in the mercury—cadmium-telluride (MCT) or InSb
material systems."”

Recently, there has been significant interest in a class of mid-IR
detector materials, type-II superlattices (T2SLs), consisting of nano-
scale layers of alternating semiconductor alloys (usually in the 6.1 A
lattice constant family) with type-II band offsets.”” The periodic

nature of the superlattice, combined with layer thicknesses on the
order of electron wavelengths, results in superlattice minibands whose
energies are controlled by both alloy composition and layer thick-
nesses. In this way, T2SL-based detectors offer significant flexibility in
absorber design (with cutoff wavelengths ranging from
Aeo ~ 3 — 30 um) and detector architecture (not only traditional pho-
todiodes, but also bariode architectures).'’”'* T2SL absorbers have
been shown to have lower Auger recombination rates, and have been
predicted to have lower dark currents, than bulk semiconductor
absorbers with the same J,.'”'® The implementation of the bariode
design architectures has led to further improvement of dark current
characteristics in these T2SL-based detectors resulting from the sup-
pression of Shockley-Read-Hall (SRH) recombination, paving the
way for higher temperature operation.”'” Offsetting these benefits,
T2SL absorption coefficients are typically smaller than those of com-
parable bulk semiconductor detectors, resulting in a trade-off between
the design flexibility and improved dark current predicted for T2SLs,
and the decreased responsivity associated with lower absorption coeffi-
cients."® Growing thicker detectors can offset some of the decrease in
detector absorption, but such an approach has limited returns, a result
of the finite diffusion length for minority carriers and the dependence
of dark current on detector thickness. """
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A potential approach to address the weaker absorption in T2SL-
based detectors is the integration of the absorber into resonant optical
structures. Such cavities can take the form of distributed Bragg reflec-
tors, metal surface gratings, or metal-insulator-metal structures.”' **
At mid-IR wavelengths, the former requires numerous thick, epitaxi-
ally grown layers while the latter requires multiple metallization and
patterning steps, as well as substrate removal, which significantly
increases the fabrication complexity of the detector devices. Recently,
the monolithic integration of long wave infrared (LWIR,
/.= 8-13 um) T2SL detectors with heavily doped n™* semiconductor
ground planes has been proposed”” and demonstrated” to offer signif-
icant absorption enhancement in thin, all-epitaxial, detector structures.
The permittivity of these heavily doped semiconductors follows the
Drude model for free carrier response, and thus, in the LWIR, can
behave as plasmonic materials.”” >” However, the doping concentra-
tion required to achieve negative permittivity in n™" III-V semicon-
ductors, across the MWIR, is much higher than what has been
demonstrated experimentally, precluding all-epitaxial plasmonic
device architectures in the MWIR. Such high doping can, nonetheless,
provide a large index contrast between the n'™" semiconductor and
the overgrown T2SL, thus forming a dielectric waveguide for strong
MWIR mode confinement.

The control of semiconductor permittivity by doping, thus, opens
the door, even in the MWIR, to a number of optical architectures for
improved absorption in T2SL (or other MWIR absorber) materials. In
particular, the ability to design and grow all-epitaxial dielectric wave-
guide structures offers the opportunity for the integration of MWIR
detectors into guided-mode resonance (GMR) structures.”’ ** The
GMR phenomenon is observed in waveguides consisting of a high-
index dielectric core (patterned with a grating), sandwiched between
two lower index layers. While the grating couples incident light into
the dielectric waveguide modes, it also allows outcoupling from these
modes to free space. At resonance, there is destructive interference
between the transmitted (reflected) incident light, and the light which
couples to (and then outcouples from) a waveguide mode, resulting in
a transmission (reflection) null, and reflection (transmission) maxi-
mum, with extremely narrow bandwidth. The spectral features associ-
ated with these resonances can be tuned by control of the grating and

scitation.org/journal/apl

waveguide dimensions, as well as the angle and polarization of the
incident light. GMR structures are of particular appeal for optical fil-
tering applications, offering strong spectral features in structures hav-
ing thicknesses on the order of a wavelength or less (compared to
much thicker optical interference filters).” In addition, there has been
significant effort to demonstrate the integration of optoelectronic devi-
ces in GMR architectures for enhanced solar cell efficiency and laser
operation.” "

In this work, we propose and demonstrate an all-epitaxial GMR
structure with a MWIR T2SL nBn detector monolithically integrated
into the resonant waveguide [Fig. 1(a)]. We leverage the ability to con-
trol our semiconductor permittivity during epitaxial growth, using
doping concentration, to grow dielectric waveguide structures with
high-index contrast between the core (our MWIR detector) and the
cladding (n"" semiconductor and air) layers [Figs. 1(b) and 1(c)]. We
model, grow, fabricate, and characterize the GMR photodetectors and
report spectrally selective absorption enhancement (>10x) with reso-
nant absorption tunable across the MWIR. We demonstrate on-
resonance TE-polarized external quantum efficiencies (EQE) in excess
of 50% from our detectors, with sub-wavelength thickness absorbers
(250 nm, or ~/,/20). The devices’ polarization-, temperature-, and
angle-dependent response is measured and compared to rigorous
coupled-wave simulations with excellent agreement. While the results
presented are for a single, surface-illuminated, detector element, the
demonstrated architecture is also compatible with substrate-
illuminated, focal plane array (FPA) configurations, with appropriate
adjustments to device geometry and layer thicknesses.

Our detector structures are designed using rigorous coupled-
wave analysis (RCWA),” which provides the reflection (R), trans-
mission (T), and field profiles in our structures as a function of
wavelength, incident angle and polarization. In our model, light is
incident upon the devices in the xz plane with the GMR 1D grating
periodicity in x. For this orientation, we denote s-polarized incident
light (electric field E,, parallel to the sample surface) as “TE-polarized”
and p-polarized incident light (magnetic field H, parallel to the sample
surface) as “TM-polarized,” as shown in Fig. 2(a). The n** layer is
modeled as a Drude metal with plasma wavelength 4, = 6 um and
scattering rate y = 1.5 x 108 rads ™!, extracted by fitting reflection

(a) UIDGasb Opur— S T B ' ]
T2SL Contact { \ GaSb | Air -
AlAsSb Barrier 12
T2SL Absorber UID GaSb ]
- 104-. - a
Rk = 1 —MWIR T2SL |} ]
e = 81 —n™ T2SL ]
GaSb Substrate =
5. 1|
4 | g ! ’/
2 Sl N S .
(1) U i 0 0 : — :
2 8 1000 1500 2000 2500 3000

4 5 6 71
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FIG. 1. (a) Layer stack of as-grown GMR detector structure. (b) Schematic of one period of fabricated GMR detector with scanning electron micrograph of detector cross sec-
tion. (c) Wavelength-dependent complex permittivity for GMR detector constituent materials: GaSb (gray), MWIR T2SL (blue) and n** T2SL modeled as a Drude metal (red).
The imaginary component of the MWIR T2SL is 8/\II' as in our model we set &'/, = 0. (d) Refractive index of the detector layer stack at wavelength 2 = 4.5 um. Inset shows

schematic of GMR detector band structure with electron (red) and hole (blue) minibands.
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data of calibration samples consisting only of highly doped material.
The T2SL absorber and barrier layers are modeled as having constant
real permittivity (¢') calculated from the weighted average of their con-
stituent materials. We use an anisotropic imaginary permittivity (¢”) in
our model of the T2SL absorber to mimic, to first order, the absorption
selection rules in T2SL materials;”’ thus e, = 8/‘/ and ¢, =0,
where &’ T ‘ [the blue dashed line in Fig. 1(c)] is extracted by fitting to the
experimentally measured responsivity of an unpatterned detector device.
As can be seen in Fig. 1(d), the high-index contrast required to sustain
the guided modes is achieved by sandwiching the high-index T2SL/
GaSb between the nt+ InAs/InAsSb and air. The 1D GaSb grating pro-
vides a grating momentum allowing incident light labeled as TE- (TM-)
polarized to couple to TE (TM) modes propagating in the x-direction
(see the supplementary material for field plots). Due to the T2SL selec-
tion rules (¢, = 0), absorption in the TM modes will be weak (as the
electric field is primarily in the z-direction).

Figure 1(c) shows the real and imaginary permittivity spectra of
the different layers in our epitaxial stack. Using the simulated field

ARTICLE scitation.org/journal/apl

FIG. 2. (a) Schematic of GMR detector
indicating incident angle and polarization.
Normal-incidence  transmission  (gray),
reflection (black), simulated EQE (color),
and total absorption (1 — R — T, dashed
color) for (b) TM- (red) and (c) TE- (blue)
polarized light. EQE contour plots for (d)
TM- and (e) TE-polarized normal-inci-
dence light as a function of grating period
(assuming ridge width w = 0.3A). (f) TE-
Abs polarized angle-dependent simulated EQE

spectra for GMR detector with A = 1.6
0.6 and w = 0.48 um. Field profiles |E,| for
0.5 TE-polarized resonant absorption features
(9 A=39um at 0=230° (h) 4
o —45umatd=0° and (i) 2 = 5.02 um
0.3 at 0 = 30°. Profile of the GMR detector
0.2 cross section is shown in white over each
- field plot.
0.0
E|
2.5
2.0
1.5
1.0
0.5
0.0

X (pm)

profiles, we can extract the absorption in the detector absorber
region,”” which is effectively equivalent to EQE, as the absorber region
is quite thin, particularly in comparison to the typical diffusion length
of Ga-free T2SLs.”® We thus refer to simulated absorption in the detec-
tor absorber region as the “modeled EQE” for the remainder of this
work. Figures 2(b) and 2(c) show the simulated polarization-
dependent R, T EQE, and total absorption (A = 1 — R — T for nor-
mally incident light ona A = 1.6 um, w = 0.3A GMR detector struc-
ture (corresponding to the geometry of our fabricated A = 1.6 um
detector). A clear resonant absorption feature is observed at
A = 4.5 um, for TE-polarized light, corresponding to the structure’s
guided-mode resonance. The resonant coupling wavelength can be
tuned across much of the MWIR by varying the grating period
[Fig. 2(e)], or by changing the incident angle [Fig. 2(f)]. Representative
electric field profiles for resonant absorption at 6 = 0° and 0 = 30°
are shown in Figs. 2(g)-2(i), demonstrating the guided-mode nature
of the resonances. Our detector structures were designed with the goal
of strong (EQE > 50% on resonance) and spectrally selective response
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in the MWIR, from ultra-thin absorber layers (to minimize dark cur-
rent). Additional optimization, or tuning of the device’s optical and
electronic properties, could certainly be achieved by further explora-
tion of the device geometry and electronic design parameter space.

The MWIR GMR detectors were grown by molecular beam epi-
taxy (MBE) in a Varian Gen II system with valved cracker sources for
arsenic and antimony and effusion sources for gallium, indium, alumi-
num, and silicon. Figure 1(a) shows the epitaxial layer stack of our
detectors, which are grown on a lightly n-doped GaSb substrate.
Growth begins with an n-doped GaSb buffer followed by 1.5 um of
n" InAs/InAsysSbys T2SL, which serves as the low-index bottom
cladding layer of the dielectric waveguide. Note that the n** T2SL
does not contribute to the detector photoresponse, a result of the
Burstein-Moss shift in the absorption band edge (state-filling) and the
negligible minority carrier lifetime in degenerately doped semiconduc-
tor materials. Following the n** layer, we grow the MWIR T2SL nBn
detector structure which, from the bottom up, consists of a 250 nm
T2SL absorber layer, a 150 nm AlAsSb barrier, and a 50 nm n-type
T2SL contact. The T2SL absorber and contact use the same InAs/
InAs5Sbgs (19.8 ML/4.2 ML) superlattice as the n*+ bottom cladding,
with the only difference being the doping concentration. Above the nBn
structure, we grow 700 nm of unintentionally doped (UID) GaSb (lightly
p-doped) which serves as the high-index material for our grating.

Detector devices are fabricated by first depositing metal contacts
(Ti/Pt/Au) on the top GaSb layer using a standard UV-lithography,
metallization, and lift-off process. Gratings (A = 1.6, 2 um) are then
fabricated in the GaSb layer using a lithographically defined SiNy etch
mask and a reactive-ion etch (RIE) process (detectors left unpatterned
serve as control samples). Finally, devices were electrically isolated
with a mesa etch through the barrier layer, and bottom contact made
to the backside of the wafer. Figure 1(b) shows a scanning electron
micrograph of a representative detector device with period
A = 1.6 um. The mesa area spans 500 x 700 um? with grating area
450 x 450 um?. The polarization-dependent spectral response of the
detectors was measured with a Bruker V80v Fourier-transform infra-
red (FTIR) spectrometer, for incident angles from 0° to 40°, and nor-
malized to the spectra obtained from a pyroelectric detector with a
spectrally flat response. Polarization-dependent detector responsivity
is determined by measuring the detector signal from a calibrated
blackbody source filtered by a 3.6 um bandpass filter.”

Figure 3 shows the experimental EQE for TM- and TE-polarized
normal incidence light for the A =1.6pum (w=0.48 um) and
A =2 pm (w = 1 um) GMR detectors. Our polarization-specific EQE
thus provides the measure of the device quantum efficiency for purely
TE (or TM) polarized light. All spectra are compared to the (polariza-
tion-independent) EQE of the unpatterned control sample, as well as
the RCWA-simulated polarization-dependent EQE (modeled with an
incident angular spread of =7° to account for the focused beam of the
experimental setup). Our RCWA simulations model an infinite
periodic structure, which is a reasonable approximation of our
uniformly grating-patterned single element detector which comprises
~225 — 280 grating periods, depending on the grating dimensions.
No substantive TM-polarized resonances are observed in Figs. 3(a)
and 3(b), matching our predicted RCWA-calculated TM-polarized
absorption in Fig. 2(d). The TE-polarized data, on the other hand,
shows a strong, resonant absorption enhancement for both devices.
For the A = 1.6 um device [Fig. 3(c)], EQE of 52.5% is observed
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(a) " Exp.| [(b)

o
N

EQE (TM)

™

Control ™=

(d)

g
oo

<
~

Wavelength (um)

EQE (TE)

Cotlltroll ~
2 3 4 5 6 7 82 3 4 5 6 7 8
Wavelength (um) Wavelength (um)

FIG. 3. Normal incidence simulated (dashed) and T = 200K experimental (solid)
polarization-dependent EQE of nBn MWIR GMR detectors with (a) A = 1.6 um
(TM-polarized), (b) A = 2 um (TM-polarized), (c) A = 1.6 um (TE-polarized), and
(d) A = 2 um (TE-polarized). Inset in (c) shows simulated (dashed) and T = 200 K
experimental angle-dependent TE-polarized EQE for the A = 1.6 um detector with
individual line plots offset by 0.4 for ease of viewing.

(from the 250nm thick absorber) at a resonant wavelength
A =4.5um. At this same wavelength, the control sample EQE is
~4.7%, resulting in over an order of magnitude on-resonance
enhancement of EQE (11x). The A = 2 um sample also showed a
strongly enhanced EQE of ~32% [Fig. 3(d)], at A = 5.3 um, with an
even stronger enhancement over the control (~17x), due to the
weaker T2SL absorption at the longer wavelength resonance of the
A =2 pum device. The inset in Fig. 3(c) shows the angle-dependent
experimental and simulated TE-polarized EQE for the A = 1.6 um
detector. A clear splitting of the absorption features is observed with
increasing incident angle, as expected from our simulations in Fig. 2.
For all devices, polarizations, and incident angles, our simulated EQE
shows excellent agreement with our experimental results.

The MWIR GMR detectors show significant resonant enhance-
ment, and spectral selectivity, of detector response. Engineering this
strong enhancement requires a series of trade-offs, largely a result of
the strongly dispersive permittivity of both the T2SL and n™™" semi-
conductor materials. As can be seen in Fig. 2(f), for non-normal inci-
dence angles, the shorter wavelength resonances show significantly
weaker enhancement than their longer wavelength counterparts. This
effect is primarily a result of the weaker dielectric confinement pro-
vided by the n™" bottom cladding layer at shorter wavelengths [seen
clearly in Figs. 2(g) and 2(i)]. Fortunately, the all-epitaxial material sys-
tem employed offers significant design flexibility. The T2SL absorption
coefficient can be tuned across much of the MWIR by adjusting the
constituent materials and/or the superlattice layer thicknesses.
Similarly, control of doping concentration in the bottom cladding
layer allows for control of the layer permittivity (bounded by the dop-
ing limits of the n** semiconductor™). The ability to engineer both
the semiconductor absorber material (and detector architecture) and
the surrounding optical environment during epitaxial growth provides
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a welcome ability to control and balance the waveguiding properties of
the optical structure and the detector performance.

Ultimately, detector performance is not measured solely by the
device EQE; we must also take detector noise into consideration, in
order to extract the detector’s specific detectivity, D* (the figure of
merit allowing comparison of different detector materials, architec-
tures, and operating wavelengths). A primary driver for the demon-
stration of thin IR detector architectures is the potential for significant
reduction in the dark current, which for a diffusion-limited detector
scales linearly with the detector thickness. Figure 4(a) shows experi-
mental temperature-dependent dark currents for the A = 1.6 um
GMR detector device, and Fig. 4(b) shows the temperature-dependent
device dark current (black squares) at the operating bias (—0.78 V).
We observe rather large device turn-on voltages (~ — 0.5V), which
we attribute to a combination of hole collection through the top GaSb/
T2SL interface, and a potential valence band offset between our
AlAsSb barrier and MWIR T2SL (which has been observed in previ-
ous work on ultra-thin T2SL detectors™). In addition, we do not
observe the strong dark current saturation which, in traditional nBn
T2SL detectors, indicates diffusion-limited dark current operation.
Future work will endeavor to understand (and mitigate) both the large
turn-on voltage and weak dark current saturation observed in our
devices.

The grating/waveguide structure surrounding our thin absorber
makes a straightforward measurement of detector cutoff from absorp-
tion measurements difficult, as absorption is modulated by cavity/
interference effects. However, T = 200K photoluminescence (PL)
spectra of our material, as-grown and with the GaSb layer etched off,
suggests a cutoff wavelength for our detectors between 7and 7.5 um
(see the supplementary material). Given the non-negligible detector
response observed experimentally between A = 6 — 7 um, the T2SL
absorption coefficient extracted from the control sample responsivity,
and our PL data, a cutoff wavelength close to A, = 7 um is realistic
(even conservative) for our materials. In Fig. 4(b), we compare our
device dark current to the temperature-dependent Rule07 plots (the
heuristic predicted limit for infrared HgCdTe detector dark current as
a function of cutoff wavelength and temperature'’) for three different
cutoff wavelengths (4, = 6.5,7, and 7.5 um), in order to account for
the uncertainty in A,. At our operating temperature of T = 200K,

ARTICLE scitation.org/journal/apl

our detector beats Rule07 for all of the above cutoff wavelengths. For
Jeo = 7 um, our experimentally measured dark current is over an
order of magnitude less than the Rule07 limit, in line with the expected
decrease in the dark current resulting from the approximate order of
magnitude reduction in absorber layer thickness (compared to typical
MWIR T2SL detectors) achieved in our detectors.

On-resonance, TE-polarized estimated specific detectivity for the
A = 1.6 um detector with 300 K background is plotted in Fig. 4(c), as
a function of applied bias, using the expression inset in Fig. 4(c).
Though peak estimated detectivity (4.49 x 10 cm Hz!/>? W™1)
occurs at a bias of V = —0.43'V, detector responsivity here is weak
and, thus, not particularly indicative of the potential operating condi-
tions for the device. Instead, we indicate estimated D* for voltages
associated with 90% (V = —0.51 V) and 100% (V = —0.78 V) of the
detector’s peak response. For these applied biases, we nonetheless
observe estimated D*’s (4.46 x 10'° and 4.09 x 10'° cm Hz!/2 W1,
respectively) competitive with state-of-the-art MWIR detectors.*"**
Additional improvements to detector performance could be achieved
by further optimization of the device geometry, or by introducing
alternative T2SL designs with stronger absorption coefficients but
degraded vertical mobility (which is less important for ultra-thin
detectors).

We have demonstrated an all-epitaxial guided-mode resonator
with an integrated type-II superlattice nBn detector architecture for
enhanced absorption in the MWIR. The low index achieved by heavily
doping the cladding layer upon which our detector is grown allows
our device to support a guided mode in our ultra-thin (250 nm < 4,)
absorber layer. We report strong modulation of the response spectra
of fabricated detectors, and a >10x enhancement in EQE on reso-
nance, compared to control samples. In our A = 1.6 um device, we
achieve over 50% EQE, on resonance (4 = 4.5 um). Our devices beat
the Rule07 heuristic for IR detector dark current and show estimated
D* over 4 x 10" cmHz!/>W~!. The significant flexibility in the
design of the detector’s optical (by doping concentration) and elec-
tronic (by T2SL design) properties, afforded by the epitaxial growth of
our GMR detectors, as well as the tuning of device operation offered
by post-growth grating fabrication, opens the door to a class of detec-
tors capable of strong spectral and polarization selectivity, on-
resonance absorption, and detector response, while also showing high

—. 10"
& T
£ |z
> 12
N
< 1
=
=l 1 gww-
2 +  — Rule07 (Aeg=7.5pm) ] z
3 . —Rule07 (heo=7um) | =
"fq Rule07 (Aeg=6.5 pm) |
A 1 * Exp. Jaark 1 £
10% : : \ . : : : Qe : .
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Bias (V) Temperature (K) Bias (V)

FIG. 4. (a) Temperature-dependent dark current for A = 1.6 um detector. (b) Rule07 (4, = 6.5, 7, and 7.5 um, red lines) and experimentally measured (operating bias
—0.78V, black squares) temperature-dependent dark currents. (c) T = 200K TE-polarized estimated D*, calculated from experimentally measured responsivity with 300 K
background. Black circles indicate operational bias for peak (—0.78 V) and 90% of peak (—0.51 V) responsivity.
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estimated D* and low-noise operation, for a range of infrared-sensing
and imaging applications.

See the supplementary material for more information on simu-
lated field profiles, reflectivity, and photoluminescence characteriza-
tion of the detector.
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