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ABSTRACT

Quaternary AlGaAsSb alloys have exhibited low excess noise characteristics as gain regions in avalanche photodiodes. In this work, optical
spectroscopy techniques are used to demonstrate the recombination dynamics in molecular beam epitaxy grown Al0.85Ga0.15As0.56Sb0.44 with
temperature variation. Photoluminescence (PL) measurements at 8–50 K show that the bandgap varies from 1.547 to 1.527 eV. The radia-
tive recombination processes in the alloy were found to be dictated by the complexities of antimony (Sb) incorporation during the growth.
Time-resolved PL (TRPL) measurements show a change in initial carrier lifetimes of ∼3.5 μs at 8 K to ∼1 μs at 30 K. The knowledge of
carrier dynamics from optical characterization methods such as PL and TRPL can be employed to contribute to shorter feedback loops for
improvement of alloy fabrication in addition to enhancing growth processes.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0145051

Tremendous advances in semiconductor growth technol-
ogy and III-Sb compound1 physics in recent years have elicited
the fabrication of excellent quality complex Sb alloys such as
Al1−xGaxAs1−ySby. The simultaneous tailoring of all four compo-
nents of the quaternary stoichiometry enables fine-tuning of the
bandgap for near-infrared operations, while independent control
of the lattice constant for lattice-matched growth is maintained
(e.g., in GaSb and InP2). Molecular beam epitaxy (MBE) grown
AlGaAsSb is extremely versatile, with applications ranging from
barriers for mid-IR quantum well lasers3 and diode lasers,4,5 to dis-
tributed Bragg reflectors (DBRs) for vertical-cavity surface-emitting
lasers (VCSELs)6,7 and avalanche photodiodes (APDs).8,9

In Al0.85Ga0.15As0.56Sb0.44 APDs, desirable features such as
high tolerance to temperature fluctuations,10 superior low noise
characteristics,11–13 and large gain-bandwidth products of >400
GHz14 have been demonstrated. Recently, a thick AlAs0.56Sb0.44
avalanche region was also reported as having the lowest excess noise
in the 1550 nm region.15 With 0.85 Al composition, the bandgap is
predicted to be indirect and radiative recombination is expected to

occur from the X-valley16 (instead of Γ-valley in the direct bandgap
semiconductors). Probing the lowest electron population level in the
alloy with spectroscopy techniques, such as photoluminescence (PL)
and time-resolved PL (TRPL), is essential to determine the optical
properties significant for their application in devices.

Notwithstanding a limited susceptibility to the thermodynam-
ics of surface atomic bonding in MBE-grown structures, the para-
meter growth window for III-AsSb systems remains inflexible due
to the inherent complexities surrounding Sb incorporation.17–20 For
instance, As–Sb exchange is highly temperature-dependent21 and
has a non-unity sticking coefficient.22 As a result, the growth of
III-AsSb entails careful maneuvering of various parameters.23

Despite these efforts, the ideal stoichiometric ratio is inevitably
affected in intricate quaternary composites, leading to the segrega-
tion of Sb. Here, PL characterization would enable the identification
of spectral components, providing valuable information on the
formation kinetics of the alloy.

In this work, low-temperature PL and time-resolved PL of
the indirect bandgap EX

g in Al0.85Ga0.15As0.56Sb0.44 are discussed.
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The AlGaAsSb sample was grown using MBE at the University of
Sheffield on a semi-insulating InP substrate. The wafer consisted
of a 200 nm InGaAs buffer layer (lattice matched to AlGaAsSb), a
500 nm thick AlGaAsSb bulk layer, and finally a 20 nm thick InGaAs
capping layer (to prevent oxidation of Al).

Figure 1(a) shows the intensity normalized temperature-
dependent PL spectra of the AlGaAsSb bulk layer for temperatures
from 8 to 50 K. The inset of integrated intensity at the same temper-
ature range was obtained at 0.4 mW with a 650 nm PicoQuant laser
diode coupled to an external frequency generator to enable a large
range of pulse repetition rates. For PL, a high frequency of 80 MHz
was used.

In Fig. 1(a), the spectral feature related to the AlGaAsSb alloy in
the figure has two components labeled x1 and x2. Here, the broader
full width at half maximum (FWHM) and lower relative intensity of
x2 are attributed to the energy potential of the dissociated Sb during
alloy growth. As a consequence of quaternary growth kinetics, x2 is
also expected to be rife with localized defect states.24,25 The feature
at 1.33 eV (1.4 eV at 50 K) is PL emission from the InP substrate.
From the inset, an abrupt drop in the intensity can be observed in
the overall AlGaAsSb spectral intensity from 8 to 50 K.

In Fig. 1(b), the peak positions and FWHM from Fig. 1(a) are
plotted. The two spectral components could not be separated or
fitted reliably with Gaussian functions, suggesting that there is no
distinct allocation of x1 and x2 states within the energy gap. Never-
theless, the average value of the two components shows a 20 meV
temperature-induced bandgap reduction over 42 K (8–50 K). A
13 meV broadening of the FWHM additionally outlines the range
of carrier redistribution energies in the indirect bandgap, with rel-
atively low increments in temperature indicating shallow barriers
between x1 and x2.

From PL experiments, the indirect bandgap energy was
detected at 1.547 eV. This value is close to values estimated
from spectral response measurements, i.e., 1.56 eV for the indirect
bandgap and 1.77 eV for the direct bandgap.16

The complete quenching of PL intensity at relatively low tem-
peratures (Fig. 1) has been observed in indirect bandgap GaAsP26

and SiGe27,28 alloys with disorder and is the result of fluctuations in
the band edges that create traps for the recombining e–h pairs. As
the charge carriers here are subject to localization below a certain
energetic “mobility edge,” annihilation of carriers occurs through

FIG. 2. Streak images of Al0.85Ga0.15As0.56Sb0.44 bulk at 8 and 25 K. The color
legend indicates the relative intensity of the photons impinging the photocath-
ode. Note that post-experimental image processing techniques were not applied to
demonstrate the exact relative intensities between the two images; the wavelength
scale is reversed in the x axis as higher energy photons are measured first in the
streak camera.

non-radiative recombination even with the acquisition of low lev-
els of thermal energy. Considering the complexities of AlGaAsSb
growth and the separation of the spectral components, this is highly
probable.

Time-resolved PL experiments were performed at 8–30 K
by using the same 650 nm wavelength excitation source but

FIG. 1. (a) Temperature-dependent PL
spectra of the Al0.85Ga0.15As0.56Sb0.44

alloy with inset of the integrated inten-
sity of collective x1 and x2 peak. (b)
The trend in peak positions and FWHM
with temperature. The k-space depiction
of the alloy band structure in its ground
state is drawn in the inset with energy
values obtained from PL and bandgap
extrapolations.16

AIP Advances 13, 045010 (2023); doi: 10.1063/5.0145051 13, 045010-2

© Author(s) 2023



AIP Advances ARTICLE scitation.org/journal/adv

FIG. 3. (a) Monoexponential decay
curves from 8 to 30 K measured for
x1 (black line indicates the contribution
from laser pulse excluded from decay
curve fits). (b) Plot of carrier lifetime of
the two spectral components. The inset
shows the decay curves of x1 and x2

at 25 K alongside the laser pulse decay
measured in the same time window for
comparison.

operated at low-frequency repetitions of 100 kHz (pulse energy
of 0.4 nJ). Streak camera images evincing optical emission
evolution times in the indirect AlGaAsSb bandgap at 8 and
25 K are shown in Fig. 2. The narrow streak camera capture
window (765–845 nm) excluded any PL overlap from the InGaAs
layers.

To improve the signal-to-noise ratio due to the rapid quench-
ing of PL intensity, images were obtained using a photon count-
ing method with long acquisition times. The 20 nm range used
to extract decay times of the two spectral components x1 (PL
peak position at 800 nm) and x2 (PL peak position at 820 nm)
is indicated. In the top image for T ≙ 8 K, the signal-to-noise
ratio is excellent with long emission decays spanning the entire
10 μs time range in the x axis. Upon increasing T to 25 K in
the bottom image, the PL intensity diminishes considerably and
the emission decay becomes much shorter. After 30 K, the decay
curves could not be extracted anymore despite the long acquisition
times used.

Microsecond-long decay times obtained with TRPL for the
AlGaAsSb alloy are consistent with those observed for indirect
bandgaps in other bulk semiconductor systems.29–31 The monoex-
ponential decay traces for x1 from 8 to 30 K in Fig. 3(a) exhibit
a progressive truncation of the indirect radiative recombination
channel with temperature. The single decay channel implies that
radiative recombination occurs only from EX

g without substantial
carrier migration between the two spectral components at the mea-
sured temperature range (8–30 K). The decay times were extracted
by fitting single exponential decay functions to the data for x1 and
x2 in Fig. 3(a). These values are plotted in Fig. 3(b). Carrier life-
times of ≤3.5 μs at 8 K decrease significantly with temperature after
16 K to ∼1 μs at 30 K.

In conclusion, the optical properties of bulk Al0.85Ga0.15
As0.56Sb0.44 alloy have been evaluated at 8–50 K. By using low-
temperature PL measurements, the two spectral components
observed in the indirect bandgap were attributed to diversity in
the quaternary alloy composition. The complete quenching of
luminescence intensity at T ≙ 50 K is related to a thermally
induced carrier transfer to the nearby Γ-point valley. Mono-
exponential decay times of the order of microseconds signify-
ing single radiative recombination channels from the EX

g valley
was also ascertained with temperature-dependent TRPL experi

ments up to 30 K. The data presented here will be applied to further
characterization and optimization of crystalline quality in AlGaAsSb
alloys.
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