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Stimulated emission in the InAs/InAsSb/InAsSbP heterostructures
with asymmetric electronic confinement
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The electroluminescent characteristics of the InAs/InAs;_ySby/InAsSbP asymmetric light-emitting diode
heterostructures with high InSb mole fraction in the active region (y > 0.09) in the temperature range 4.2—300K
have been studied. Stimulated emission was achieved in the wavelength range 4.1—4.2 um at low temperatures
(T < 30K). It was found that the electroluminescence spectra were formed as a result of the superposition of
contributions from different channels of radiative recombination of charge carriers near the type II heterointerface.
The effect of the quality of the type II InAsSb/InAsSbP heterojunction on the radiative interface transitions with
an increase in the content of InSb in the ternary solid solution is considered.
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1. Introduction

The continued interest in heterostructures based on
narrow-gap A"BV solid solutions is attributable both to
their physical properties [1] and to the wide range of
applicability of such structures in various optoelectronic
devices operating in the middle infrared (IR) spectral range
(2—6 um) [2,3]. LED heterostructures based on InAs(Sb, P)
solid solutions are promising radiation sources for ecological
monitoring and medical diagnostics systems [4,5]. The
issue of enhancing the operating efficiency of LEDs of the
middle IR range remains topical. The currently available
practical solutions for improving the output characteristics
of LEDs often make the design of device structures
more complicated [6,7]. At the same time, a thorough
examination of recombination processes in narrow-gap
heterostructures (specifically, at low temperatures) may
help reveal new opportunities for enhancement of the
parameters of optoelectronic devices. It was demonstrated
in [8] that symmetric heterostructures with high energy
barriers and a narrow-gap InAs;_ySby (y =0.12) active
region exhibit superluminescence at T = 10—35K with a
full width at half maximum (FWHM) of the emission line
of ~ 50nm. A similar effect in the indicated temperature
interval was also observed in the 34-3.6um spectral
range in asymmetric narrow-gap heterostructures with an
active region based on InAs;_ySby solid solutions with
compositions y < 0.09 [9].

In the present study, we report the observation of stimu-
lated emission in electroluminescence (EL) spectra of asym-
metric N-InAs/InAs; _ySby/p-InAsSbP LED heterostructures
with narrow-gap layer compositions y > 0.09. The key
feature of the design of these samples is the asymmetry of
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energy jumps at the interfaces of semiconductor compounds
forming an epitaxial heterostructure. Therefore, potential
barriers for oppositely directed carrier fluxes injected into
the active region of a heterostructure may be formed in such
a way that a jump in the valence band at one heterointerface
would confine holes in the active region, while a jump in
the conduction band at the other heterointerface of the
active region would block the motion of electrons. As
is known, an increase in the molar fraction of InSb in a
ternary solution translates into a greater lattice mismatch
between an InAsSb epitaxial layer and an InAs substrate.
This has a considerable effect on the formation of the
heterointerface between an active InAsSb layer and a barrier
InAsSbP layer that is matched in the lattice constant
with an InAs substrate [10]. Thus, features inducing
the formation of additional recombination channels may
emerge at a relatively minor band discontinuity at the
heterointerface [11]. The observation of stimulated emission
associated with indirect recombination transitions at a type
II heterointerface is reported below.

2. Experiment

Asymmetric InAs;_ySby/p-InAsSbP heterostructures for
experiments were grown by metalorganic vapor-phase epi-
taxy on undoped n-InAs(001) substrates. The epitaxial
growth of InAsSb and InAsSbP layers was performed under
atmospheric pressure in a horizontal reactor with resistive
heating. The n-InAsSb solid solution of the active region
was not doped intentionally; the electron density in it
(attributable to the presence of residual impurities) did not
exceed N = 3-10'®cm~3. A barrier p-InAsSbP layer doped
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with zinc was grown on top of the active region. The molar
fraction of InSb in the InAs;_ySby solid solution of the
active region was Yy = 0.095 (structure A) and y = 0.110
(structure B). LED chips with a circular mesa with diameter
d =300um were formed using standard lithography and
wet chemical etching techniques. The specifics of growth
procedure and certain optical and electric properties of such
heterostructures fabricated at the temperatures of 77 and
300K have been reported earlier in [12,13]. In the present
study, EL was examined in a wide temperature range
(T =4.2—-300K) under pulsed excitation with frequency
f = 1kHz and pumping pulse duration 7 = 2 us.

3. Results and discussion

Figure 1 presents the temperature dependences of the
position of spectral maxima of EL bands of the stu-
died heterostructures and the calculated band gap (Eg)
of InAs;_ySby solid solutions of the active region for
compositions y = 0.095 and y = 0.110. Dependence E4(T)
was calculated in accordance with the Varshni relation [14]:

Eg=E—a-T?-(T+8)"", (1)

where coefficients @ = 2.76 - 10~*eV/K and 8 = 93K were
close to the corresponding parameters for binary compound
InAs. The value of Ey for solid solution InAs;_,Sby
was calculated as an interpolation of the fractions of InAs
and InSb compounds in accordance with the following
expression [15]:

EO = EglnAs(l - y) + Eglnsb "y = CInAsSb Y(l - y), (2)

where, according  to  [16], Eg,. = 0.417¢V,
Eg.s, = 0.235¢V, and Cyagspy = 0.61eV at T = OK.

It can be seen from Fig. 1 that the studied samples had
distinct temperature dependences of the photon energy at
the EL band maximum. At low temperatures (T < 50K),
the experimental energy values deviated significantly from
the calculated curve. It should be noted that this
deviation was ~ 40meV for structure A and ~ 38meV
for structure B at T =4.2K. In addition, the position
of the spectral maximum of EL bands shifted toward
higher photon energies with increasing temperature in the
30 < T < 100K interval. The ,blue shift of EL spectra
here was ~ 1.3 -10~%eV/K. Within the 100 < T < 200K
temperature interval, changes in the position of EL peaks
followed the temperature narrowing of the band gap of
InAs;_ySby (with a certain deviation toward lower energies
with respect to calculated dependence Ey(T)). The
magnitude of this deviation was 15meV at T = 100K and
near-zero at T > 200K. The value of 15meV is close
to the activation energy of a shallow Zn acceptor in
indium arsenide and related solid solutions [16]. Thus, it
is fair to assume that spontaneous luminescence in this
temperature interval was driven by radiative recombination
involving acceptor Zn states in the bulk of the active
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Figure 1. Calculated temperature dependences of the band gap
(Eg) of the active region for heterostructures A (curve /) and
B (curve 2) and experimental values of the photon energy at the
maxima of bands of stimulated (open symbols) and spontaneous
(filled symbols) emission.

region, which form due to the diffusion of zinc from the
barrier InAsSbP layer to the epitaxial InAsSb layer. The
photon energy at the emission band maximum at higher
temperatures (200 < T < 300K) matched the band gap of
the ternary solid solution. This is indicative of the fact
that interband radiative recombination in the active region
of heterostructures produces the dominant contribution to
EL spectra. In view of this, it seems probable that
several channels of radiative recombination exist in the
studied heterostructures: (1) interband transitions in the
active region at near-room temperatures (T ~ 300K), (2)
radiative transitions to impurity states in the band gap of
the ternary solid solution at lower temperatures around
100K, and (3) radiative recombination transitions with a
very weak temperature dependence in the low-temperature
range (T < 35K). Thus, the 35 < T < 100K temperature
range may be identified as a transition region where a
superposition of contributions of the last two recombination
channels, which is manifested in the emergence of a ,blue®
shift in the EL spectra at higher temperatures (see Fig. 1),
may be observed.

Figure 2,a shows the schematic band diagram of the
InAs/InAsSb/InAsSbP asymmetric heterostructure. It is
evident that the confinement for holes is established by
a dominant energy jump in the valence band at the
InAs/InAsSb heterointerface (as against the conduction
band). The confinement for electrons is provided by a
potential barrier, which is formed by a layer of the InAsSbP
quaternary solid solution, in the conduction band at the
InAsSb/InAsSbP heterointerface. Thus, asymmetric electron
confinement for carriers in the InAsSb active region is es-
tablished in the studied structure. It has been demonstrated
earlier in [10] that a type II heterojunction InAsSb/InAsSbP
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Figure 2. Schematic band diagrams of the InAs/InAsSb/InAsSbP asymmetric heterostructure in general (a) and type II staggered
heterojunction N-InAsSb/p-InAsSbP under forward bias applied to the heterostructure (b).

may be formed in compositions y > 0.09 of narrow-gap
solid solution InAs;_ySby. An increase in the molar
fraction of indium antimonide in InAs; _ySby translated into
a more pronounced discontinuity in the valence band (AEy)
at the InAsSb/InAsSbP heterointerface. Since the band
discontinuities at a type II heterointerface are staggered,
potential wells for electrons and holes form on opposite
sides of the InAsSb/InAsSbP interface if forward bias is
applied (Fig. 2,b). The energy distance between electrons
and holes (Eg;) involved in recombination may be smaller
than Eg of the solid solution with the narrowest gap (among
the solutions forming the considered heterojunction) and
may decrease with increasing molar fraction of InSb in solid
solution InAsSb [17].

Thus, radiative transitions observed experimentally at
T =4.2K, which have a photon energy that is conside-
rably lower than the value of Eg of the active region,
may be attributed to the recombination of carriers near
the InAsSb/InAsSbP heterointerface.  As was demon-
strated earlier for an individual type II heterostructure
nN-InGaAsSb/p-GalnAsSb, localization of electrons and holes
in potential wells at a type II heterointerface may well
allow for lasing driven by quasi-indirect (tunnel) radiative
transitions through the interface [18]. Owing to this carrier
localization, the energy positioning of EL spectra has almost
no dependence on temperature.

The studied heterostructures exhibited stimulated emis-
sion at temperatures T = 4.2—30K. Figure 3 presents the
EL spectra obtained at T =4.2K and different pumping
currents. At low excitation levels (i < 0.2A), the EL
spectra contained one marked band of spontaneous lumi-
nescence with FWHM ~ 20—23 meV. The observed rapid
low-energy decay in the spontaneous EL spectra around
photon energy hv ~ 0.29 eV is attributable to the absorption
of generated emission by carbon dioxide gas molecules
(CO,) from the atmosphere (Fig. 3,b). When the pumping
current was raised, a narrow band of stimulated emission
with FWHM ~ 2meV (~ 30nm) emerged. Single-mode
generation was observed at hv = 0.304eV (structure A)
and hv = 0.297eV (structure B), which corresponded to
the spectral positions of the spontaneous luminescence
maximum of the studied heterostructures at the given
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temperature. At high pumping levels (in the current range
of 0.8—2.4 A), the multimodality of the EL spectrum was
manifested, and the spectrum shifted toward higher photon
energies (see Figs. 3,a and b). One may also note that the
intensity gets redistributed between modes as the excitation
level increases. An average intermode distance on the order
of A1 ~ 1.2nm corresponded to cavity length L = 170 um,
which was governed by the InAs substrate thickness.

Figure 4,a presents the typical multimodal structure of
the stimulated emission spectrum. Approximating this
spectrum with a set of curves based on the Lorentz
distribution, one may isolate four modes. The dependences
of the spectral position of each mode on the pumping
current (Fig. 4, ) were plotted by combining the EL spectra
obtained at different pumping levels (see Fig. 3). An overall
shift of the spectrum of stimulated emission toward higher
photon energies and an increase in the intermode distance
were observed at higher pumping currents. The latter fact
may be attributed a change in the shape of potential wells at
type II heterointerface InAsSb/InAsSbP occurring when the
external bias increases. Thus, it is fair to say that stimulated
emission observed in the present study at low temperatures
is attributable to interfacial radiative recombination of holes
near the Fermi level with electrons localized in a potential
well. The observed shift of the EL spectra toward higher
photon energies at higher injection levels is associated with
a shift of the localization level for electrons (Fig. 4, b).

As was demonstrated below, the temperature of transition
from stimulated emission to spontaneous one was ~ 30K.
This value is lower than the one reported in [9] for a
similar heterostructure with an active region made from
InAsSb with a lower molar fraction of InSb. The crystalline
perfection of the structure is known to be associated closely
with the lattice mismatch of InAsSb solid solutions and
substrates made from binary compound InAs that are used
to grow them. This mismatch for the compositions of
epitaxial layer InAs;_ySby considered in the present study
(y =0.095 and y =0.110) does not exceed the critical
value for thin layers (1%). The generation of mismatch
dislocations (accompanied by an increase in the density of
extended and point defects) is possible if the magnitude of
mismatch between the InAsSb layer and the InAs substrate
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Figure 3. EL spectra for heterostructures A (g, ¢) and B (b, d) obtained at T = 4.2K and different pumping currents.
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Figure 4. EL spectrum for heterostructure A at i = 2.4A and T =4.2K (a); dependence of the spectral positioning of stimulated
emission modes on the pumping current for this heterostructure (b).

Semiconductors, 2022, Vol. 56, No. 9



Stimulated emission in the InAs/InAsSb/InAsSbP heterostructures with asymmetric electronic confinement

663

increases. Experimental EL data for similar narrow-gap
asymmetric heterostructures did not reveal any stimulated
emission in samples with an elevated InSb concentration in
an InAsSb active region [11].

4. Conclusion

The results of examination of electroluminescence of
asymmetric LED n-InAs/InAs;_ySby/p-InAsSbP hetero-
structures with molar fraction y = 0.095 and 0.110 of
InSb in the active layer at temperatures T =4.2—300K
were reported.  Stimulated emission was observed in
the luminescence spectra at low temperatures within the
4.2-30K range. The redistribution of intensity of spectral
modes with increasing injection current at T = 4.2K was
demonstrated. The contribution of three different channels
to radiative recombination, which become dominant at
different temperatures, was identified. At low temperatures
T < 100K, spontaneous and stimulated emission spectra
were shaped by interfacial transitions at type II heterointer-
face InAsSb/InAsSbP. When the temperature increased to
T > 100K, only spontaneous luminescence was observed;
transitions to acceptor zinc levels in the active region
became the dominant recombination channel. At high
temperatures T > 200K, EL was governed by interband
radiative recombination transitions of carriers in the bulk of
the active InAsSb layer. The observed intense interfacial EL
at the InAsSb/InAsSbP heterointerface demonstrates that
these heterostructures have potential for application in IR
emitters with 1 > 4 um.
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