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ABSTRACT

Two new superlattices with high internal quantum efficiency at high injection, InAs/AlGaInSb and InAs/GalnSb/InAs/AlAsSb, are presented
and compared with state-of-the-art InAs/GaSb and InAs/InAsSb superlattices. The internal quantum efficiency peaks at 44% and 77% for
the InAs/AlGaInSb and InAs/GalnSb/InAs/AlAsSb samples, respectively, which suggests that they are excellent candidates for high-
efficiency mid-wave infrared LEDs. These values have been measured without invoking the ABC model to eliminate the assumption of

Boltzmann statistics. The calculated superlattice band structures are used qualitatively to explain the internal quantum efficiency results.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0013854

Mid-wave infrared LEDs based on 6.1 A TIT/V semiconductors, in
contrast to LEDs in more developed wavelength ranges and material
families, have exceedingly low efficiency. Wallplug efficiency (the ratio
of optical output power to electrical input power) for the highest per-
formance LEDs approaches only 0.7% at 80 K." This is often attributed
to the low light-extraction efficiency (1/4n® ~ 2%);” however, a signif-
icant part of this inefficiency comes from the low internal quantum
efficiency of the active region, which measures the portion of excited
carriers that recombine radiatively and produce photons. Internal
quantum efficiencies are severely limited by high Auger non-radiative
recombination at high injection, which outcompetes the radiative pro-
cess in many emitters.””" Previously, we have shown that the internal
quantum efficiency of InAs/GaSb superlattices in the mid-wave infra-
red peaks near 30% for 77 K operation.” Thermal scene projection, the
principal driver for high-efficiency mid-wave infrared LEDs, requires
cryogenic operation to reduce the radiated blackbody power of the
projector system below the noise-equivalent power of the detection
system such that the thermal accuracy of each scene is limited by
detector performance. Moreover, cryogenic operation is a precursor to
optimized ambient-temperature operation for applications such as gas
sensing and free-space optical communications.”

Early detector efforts involving type-II superlattices employed
InAs/Ga(In)Sb superlattices as absorber regions.” Initial predictions
suggested that the small effective mass in InAs/Ga(In)Sb superlattices
would yield lower dark currents compared to MCT detector active

regions;8 however, dark currents in InAs/Ga(In)Sb superlattice detec-
tors were instead limited by short Shockley-Read-Hall times.” Type-II
superlattice detector efforts have shifted within the past decade to
InAs/InAsSb active regions and their 100x longer Shockley-Read-
Hall times compared to the InAs/Ga(In)Sb systems;g‘”] early reports of
InGaAs/InAsSb promise further improvements from higher absorp-
tion coefficients.” "'

While detector efforts have pursued progressively better perfor-
mance with new superlattices, superlattice emitter efforts have remained
focused on InAs/GaSb superlattices. Other emitter designs based on
quantum wells have been employed extensively in type-I laser diodes
and type-II interband cascade lasers because strain-induced hole-state
splitting reduces the density-of-states imbalance with commensurate
reductions in the threshold carrier densities.”'” These designs have
often been used as LEDs.'* "’ InAs/GaSb superlattices remain a state-of-
the-art emission region for high radiance LEDs.”"”'

Here, we present two superlattice designs [InAs/AlGaInSb and
InAs/GalnSb/InAs/AlAsSb (W-SL)] with high internal quantum effi-
ciency and compare with state-of-the-art InAs/InAsSb and InAs/GaSb
superlattices. These measurements are performed in a manner that
does not assume the validity of the ABC model or Boltzmann statistics.
Each of the former three superlattices has greater internal quantum
efficiency than InAs/GaSb, and the first two have not been employed
in superlattice LEDs where their increased internal quantum efficiency
may be beneficial.
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Superlattices have much larger parameter spaces than conven-
tional alloys. For instance, InAs/InAs,Sb; _, superlattices have a three-
dimensional compositional space (ie., two thicknesses and one alloy
composition parameter), while the ternary alloy InAs,Sb; , has a one-
dimensional compositional space. Each of these spaces are reduced by
one dimension when the system is constrained to be lattice-matched
to a particular substrate, leaving a two-dimensional space of InAs/
InAsSb superlattices that are lattice-matched to a GaSb substrate and a
zero-dimensional space (ie., a single point) for ternary InAsSb. This
lends great tunability to superlattices in comparison to bulk alloys and
creates the possibility of improving characteristics and performance;
however, the large phase space leaves much to be explored. In the
mid-wave infrared, InAs/GaSb and InAs/InAsSb structures with high
quantum efficiency/low Auger have previously been identified, partic-
ularly in Refs. 5 and 22, respectively. InAs/AlGaInSb and the W-SL
have not been systematically explored. The latter has been used for
detector and laser applications,”””" and quantum well variants with a
reduced active region volume have seen great success in interband cas-
cade lasers.”'* Here, a series of samples were grown with different
hole well thicknesses for both InAs/AlGaInSb and the W-SL to sys-
tematically vary the valence band structure, and the optimal superlat-
tice for each design family was selected as in Ref. 5. Compositional
parameters and calculated dipole matrix elements P for transverse-
electric polarized emission are given in Table I.

Auger recombination must be minimized, and radiative recombi-
nation must be maximized in order to achieve high internal quantum
efficiency for spontaneous emission, which is equivalent to reducing
the number of electronic states near certain points in the band struc-
ture and increasing the dipole matrix element of the radiative transi-
tion. Auger recombination excites carriers deeper into their respective
bands, and the majority of carriers reside at the band edges.
Consequently, the most detrimental higher-energy band locations for
Auger recombination occur at the Auger resonance energies one
bandgap above the conduction band edge and one bandgap below the
valence band edge. To suppress Auger processes, bands should be
moved away from the Auger resonance energies such that the Auger
transitions are forbidden. The dipole matrix element appears in the
Fermi’s Golden Rule expression for the radiative rate, with larger
dipole matrix elements yielding higher radiative rates.

TABLE |. Compositional parameters and calculated momentum matrix elements for
each superlattice.

Sample Layers (A) Thickness (A) % (eV)

A InAs 24 2.09
GaSb 48

B InAs 30.1 5.05
IDASO'668b0,34 9.8

C InAs 25 2.22
Aly1Gag g4Ing o6Sb 39

D InAs 17.1 2.69
Ga()jlnojsb 27
InAs 17.1
AlAsg »7Sbg 73 18
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This framework can be applied to the superlattice band structures
and dipole matrix elements as calculated by 14-band superlattice
K - p, shown in Fig. 1 and listed in Table I. Sample A represents a
baseline for the dipole matrix element and proximity of states to the
Auger resonances, as this is a high performance active region that has
been used extensively in mid-wave infrared LEDs. Sample B has more
than twice the dipole matrix element compared to sample A due to
the strong overlap of the weakly confined electron state and highest
heavy-hole state; however, there are multiple states in close proximity
to the valence band Auger resonance, suggesting high radiative and
Auger recombination rates. There is very little relative offset between
the InAs and InAsSb layers, providing no hole confinement in the
InAsSb layer at the valence band Auger resonance energy to suppress
states, analogous to the continuum states that form above a finite
square-well potential. Sample C is very similar to sample A as the
hole-well layer in sample C is predominantly GaSb. However, the thin-
ner quaternary hole-well layer results in a slightly increased wave func-
tion overlap corresponding to a 6% increase in the dipole matrix
element. The added quantum confinement pushes the second highest
light-hole state out of the hole well and third highest heavy-hole state
below the Auger resonance energy. Sample D has a 29% increase in
the dipole matrix element compared to sample A due to the penetra-
tion of the electron state into GaInSb and has few states near the
valence band Auger resonance, suggesting improvements to the inter-
nal quantum efficiency from both an enhanced radiative rate and a
suppressed Auger rate. Both effects derive from the thin GaInSb layer.
Additionally, the AlAsSb barrier increases penetration of the electron
state into the GaInSb layer and compensates the high strain in the
GalnSb, which clears light-hole states out of the hole well.

Each superlattice was grown via molecular beam epitaxy using a
Veeco Gen-20 reactor, with valved As and Sb sources operating in a
monomeric regime. Ga, In, and Al were supplied by SUMO cells.
Growth rates for each alloy were 0.6ML/s except AlGalnSb which was
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FIG. 1. Bulk band edges (shaded gray regions) overlaid with zone-center envelope
functions (left) and superlattice band structures (right) for samples A, B, C, and D.
Red, blue, green, and magenta correspond to conduction band, heavy-hole, light-
hole, and split-off-hole states, respectively, for the envelope functions and superlat-
tice bands. Negative K represent wavevectors in the growth direction; positive
represents in-plane wavevectors. The horizontal black and red dashed lines corre-
spond to the band edges and Auger resonance energies, respectively.
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grown at 1ML/s. Group V fluxes were held 30% higher than required
for III-limited growth. Samples were grown on lightly doped Te:GaSb
substrates (1 ~ 1.5 x 10'7 cm ™) to minimize free-carrier absorption
in the mid-wave infrared.”” One quarter of a 50 mm GaSb substrate
was outgassed at 250 °C prior to growth and thermally desorbed under
Sb flux at 530°C. A buffer layer comprising 150 nm GaSb, 30 nm
lattice-matched AlAsSb, and 500 nm GaSb was grown before the active
layers; each superlattice was surrounded by 30 nm AlAsSb clads and
capped in 10nm GaSb to prevent oxidation. Samples A, B, and C
contained nominally 1 pm thick superlattices, while sample D was
nominally 500 nm thick. Sample D features a tightly bound highest
heavy-hole state and a larger effective mass, which may adversely affect
carrier transport and cause non-uniform excitation. An independent
series of samples comprising identical superlattices to sample D with
varying overall thicknesses was grown. It was empirically determined
from photoluminescence measurements on those samples that 500 nm
was a sufficiently thin W-SL active region for uniform carrier excita-
tion given the pumping conditions described below.

Samples were cleaved into 5mm x 10 mm pieces, mounted in a
cryostat, and cooled to 77 K for testing. Photoluminescence, excited by
20 W/cm? from an 870nm laser diode modulated at 25kHz, was
collected and directed through a commercial Fourier-transform inter-
ferometer (FTIR) and onto a cooled mercury-cadmium-telluride
detector. The detected signal was then demodulated via a lock-in
amplifier and passed to the FTIR control electronics to process the
spectra. Photoluminescence spectra were collected in continuous scan
mode. Internal quantum efficiency measurements were made in the
same manner as Ref. 5. The radiance of the photoluminescence was
measured via a calibrated, cooled InSb detector in a normally incident
staring configuration and through an iris to block off-axis light
reflected by the cryostat. The effective spectral responsivity of the InSb
detector was taken to be the product of the vacuum detector respon-
sivity, atmospheric transmittance including the 4.2 um CO, band, the
transmittance of the ZnSe cryostat window, and the transmittance of a
2400 nm long-pass filter. The effective responsivity was then taken as
an average value of the effective spectral responsivity weighted by the
photoluminescence spectra for each sample. The 930 nm pump laser
diode was angled with respect to the collection axis to prevent reflected
pump photons from exciting the detector, while scattered pump pho-
tons were blocked by the 2400 nm long-pass filter mounted directly in
front of the detector. The pump irradiance was varied by changing the
drive current for the laser, varying the spot size, and introducing
neutral-density filters.

The internal quantum efficiency has been measured by combin-
ing the emitted radiance, absorbed pump irradiance, and a calculated
extraction efficiency. The radiance of the photoluminescence can be
converted to a volumetric photon output rate that characterizes the
amount of light emitted by the sample independent of the emission
wavelength and sample thickness. Similarly, the input power of the
pump beam can be converted to a volumetric carrier generation rate
that is independent of the sample thickness and carrier lifetime. The
absorption coefficient at the pump wavelength was taken as a weighted
average of the constituent binary semiconductors. High above the
band edge, the absorption coefficient is sufficiently large such that
exp (—aDg.) shows negligible changes for fairly wide variations in the
absorption coefficient. Carriers then homogenize throughout the
active regions, which has been shown to occur in similar superlattice

ARTICLE scitation.org/journal/apl

materials on time scales much shorter than the minority carrier
lifetime even with high excitation and extremely above-bandgap
pumping.”® An extraction efficiency can be calculated within a two-
slab model from the thicknesses, indices, and absorption coefficients at
the emission wavelength of the substrate and epilayer. For the
substrate, these values are 500 ym, 3.8, and 3 cm ™. The index for the
epilayer has been taken to be the weighted average of the constituent
binary semiconductors, and the absorption coefficient has been taken
to be 0cm ™! as the active region is assumed to be pumped approxi-
mately transparency at the band edge. Additional details regarding the
analysis are presented in Ref. 5.

The data in Fig. 2 show strong mid-wave infrared emission with
approximately a factor of 2.5 improvement in peak internal quantum
efficiency from sample A to sample D at 77K and a factor of 4 at
293 K. The internal quantum efficiencies of each superlattice as a func-
tion of volumetric carrier generation rate G are reported in Figs. 2(b)
and 2(e). Sample A exhibited the lowest peak internal quantum effi-
ciency (29% at 77 K and 2.1% at 293 K) and the highest carrier genera-
tion rate for peak internal quantum efficiency. The internal quantum
efficiency of samples C and D peaked at similar carrier generation
rates with peak internal quantum efficiencies of 44% and 77% at cryo-
genic temperatures, while the room-temperature values were 3.1% and
8.5%, respectively. The peak internal quantum efficiency of sample B
occurs below the minimum level of excitation tested and is, therefore,
unknown. However, the internal quantum efficiency of sample B is
lower than that of the other samples in the tested range, with the
exception of samples A and C at low injection. The top axis of Figs.
2(b) and 2(e) estimates the current density j necessary to induce such
a generation rate in an emission active region of thickness D,,,, assum-
ing uniform carrier distributions,

) _exaq, 1)
ar

where e is the elementary charge. Active region thicknesses of 100 nm

and 500 nm, therefore, correspond to current densities of 160 A/cm? and

800 A/cm® at 10%°cm > s~ !, respectively, under this approximation.

The increased efficiency of samples C and D relative to sample A
implies that equivalent optical output can be achieved with less input.
Figures 2(c) and 2(f) present the internal quantum efficiency as a func-
tion of the volumetric photon output rate, a quantity proportional to
the optical output power. At 77K, samples A, C, and D have peak
internal quantum efficiencies that occur within 40% of one another in
terms of photon output rate, compared to a factor of 3 in terms of
carrier generation rate. At room temperature, these values change to
30% and a factor of 4, respectively. This implies that LEDs based on
optimized InAs/GaSb, InAs/AlGalnSb, and the W-SL will have peak
internal quantum efficiencies at similar radiances/output powers
rather than similar currents. The internal quantum efficiency of
sample D falls to the peak value for sample C at approximately a
30x higher photon generation rate at 77K, suggesting that LEDs
based on sample D would exhibit greatly enhanced wallplug efficiency
for high-radiance applications because sample D maintains high inter-
nal quantum efficiency at much higher outputs rather than peaking at
lower photon output, as is common in LEDs."”’

The exact underlying cause of the improvements observed in
samples C and D requires knowledge of the carrier lifetimes in order
to facilitate comparison of the internal quantum efficiency as a
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FIG. 2. Characterization results for each superlattice at (a)—(c) 77 K and (d)—(f) 293 K, including (a) and (d) spectrally resolved photoluminescence, (b) and (e) internal quantum
efficiency as a function of carrier generation rate (bottom axis) and proportional to current (top axis), and (c) and (f) internal quantum efficiency as a function of the photon output

rate.

function of excess carrier density. However, the causes can be inferred
by applying the ABC model qualitatively. Within the ABC model and
neglecting contributions from the background carrier density, the vol-
umetric carrier generation rate can be written as

G(An) = AAn + BAn* + CAn?, (2)

where An is the excess carrier density. At peak internal quantum effi-
ciency, An = /A/C, and therefore, the carrier generation rate at
peak internal quantum efficiency G* is

G =A 2\/Z B 3
= E+6 . (3)

Similarly, the photon output rate 77 can be expressed as
P(An) = nBAn?, (4)

for n, the extraction efficiency. Therefore, the photon output rate at
peak internal quantum efficiency P* is
. AB
P=n c (5)
These equations show that, for example, reductions in the
Shockley-Read-Hall rate (A decreases) lower G* and P*, while reduc-
tions in the Auger rate (C decreases) increase G* and P* and an
improvement to the radiative rate (B increases) increases G* and P*.
All these changes would also increase the internal quantum efficiency.
The qualitative application of the ABC model to the data in Fig. 2
suggests good agreement with the expectations from calculated
band structures. Sample B illustrates an extreme case of a low
Shockley-Read-Hall recombination rate and a high Auger recombina-
tion rate as G* and P* occur at a lower values than our experimental

setup could measure; poor Auger recombination is expected for this sam-
ple due to the number of states in close proximity to the valence band
Auger resonance. For samples C and D, the peak internal quantum effi-
ciency increases relative to sample A, suggesting improved radiative or
decreased non-radiative recombination; both samples C and D are
expected to exhibit higher radiative recombination than sample A, and
Auger recombination in sample D is expected to be highly suppressed.
However, G* decreases for samples C and D relative to A, while P* is
approximately constant. Altogether, these features suggest that the
increase in internal quantum efficiency is largely driven by the decrease
in the Shockley-Read-Hall rate and the increase in the radiative rate;
such changes favor lower G* due to the A*? and linear B dependence
shown in Eq. (3), but make offsetting contributions to P* in Eq. (5).
Carrier lifetime measurements are needed to unambiguously identify the
root causes of the increased internal quantum efficiency.

In conclusion, we have investigated two mid-wave infrared
superlattice designs, a four-layer superlattice and InAs/AlGalnSb, with
greatly improved quantum efficiency at high injection compared to
state-of-the-art ~ superlattices, InAs/GaSb and  InAs/InAsSb.
Measurements of the internal quantum efficiency are in good agree-
ment with the expectations based on the band structure. Superlattices
have also been compared in terms of the carrier generation rate and
photon output rate. The latter provides insight into the applicability of
each superlattice for emitter applications, and the former underscores
the potential of four-layer superlattices based on InAs/GaInSb/InAs/
AlAsSb designs for high-radiance, high-efficiency mid-wave infrared
LEDs.

Any opinions, findings, and conclusions or recommendations
expressed in this material are those of the author(s) and do not
necessarily reflect the views of the Test Resource Management
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Center (TRMC) Test and Evaluation/Science & Technology (T&E/
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