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ence of compositional fluctuations, which localized charge carriers, was established. A model, which
described the effect of the fluctuations on the rate of the radiative recombination, the shape of lumines-
cence spectra and the position of their peaks, was shown to describe experimental photoluminescence
data quite reasonably. For InAs(Sb,P) LED nanoheterostructures, at low temperatures (4.2-100 K) stimu-
lated emission was observed. This effect disappeared with the temperature increasing due to the resonant
‘switch-on’ of the Auger process involving transition of a hole to the spin-orbit-splitted band. Influence
of other Auger processes on the emissive properties of the nanoheterostructures was also observed.
Prospects of employing II-VI and IlI-V nanostructures in light-emitting devices operating in the mid-

Available online 24 July 2017

Keywords:
mid-infrared range
luminescence
nanostructures

infrared part of the spectrum are discussed.
© 2017 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.

1. Introduction

It is known that characteristic absorption bands of many impor-
tant chemicals (CHg, CO,, NO,, H;S, CO, etc.) are located in the
mid-infrared wavelength range (MWIR, wavelengths A\ 2-6 pm)
[1]. Sensors of these chemicals are required by industry, for envi-
ronmental control purposes and in medicine. The most promising
are MWIR sensors based on light-emitting diodes and semicon-
ductor photodetectors. It is useful to fabricate light emitters and
photodetectors on the basis of the same materials, as it greatly
simplifies manufacturing process.

To enhance the efficiency of optoelectronic devices, it is impor-
tant to understand and control processes which take place under
absorption and/or emission of light in real structures. For that
task, it is useful to study their operation not only at working
temperatures, but also at low temperatures. In this case, effects
could be observed that allow for more detailed identification of
the mechanisms of physical processes. Within the frames of such
approach, we have studied luminescence of epitaxial films and
nanostructures based onII-VI(HgCdTe) and I1I-V (InAs(Sb,P)) semi-
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conductors in a wide temperature range, from 4.2 K up to 300K.
The energy gap of the studied materials corresponded to the MWIR
range.

2. Details of experimental technique

Photoluminescence (PL) of HgCdTe-based structures and elec-
troluminescence (EL) of InAs(Sb,P)-based structures were studied.
The PL signal was excited by a semiconductor laser with
A=1.03 wm, which operated in a pulsed mode (frequency 1kHz,
pulse duration 1 ws). For signal detection, a cooled InSb photodiode
and a boxcarintegrator were used. EL experiments were conducted
in a similar pulsed excitation mode with the same detector.

3. Photoluminescence of II-VI structures
3.1. Experimental data

HgCdTe-based epitaxial films were grown with Liquid-Phase
Epitaxy (LPE) and Molecular-Beam Epitaxy (MBE) and had thick-
ness of 5 to 9 um. HgCdTe-based nanostructures were grown with
MBE and represented structures with potential wells, whose width
did not provide size quantization (for Hg;_xCdxTe chemical com-
positions x considered, >100 nm). The values of x were determined
with optical transmission studies. To relate the energy gap Eg to x
and temperature T, the E¢(x,T) dependence from Ref. [2] was used.
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Fig. 1. Experimental temperature dependences of PL peak position for three
HgCdTe-based structures with x=0.38 (MBE HgCdTe/GaAs (1), MBE HgCdTe/Si (2)
and LPE HgCdTe/CdTe (3)), and MBE-grown HgCdTe/GaAs with x=0.57 (4). Lines
show calculated dependences Eg(T) for HgCdTe with x=0.38 (5), x=0.57 (6) and, for
a reference, x=0.50 (7).

HgCdTe alloy is the material of choice for fabricating infrared
photodetectors, but it has been also considered as a prospective
material for light emitters, typically with optical excitation [3,4].
This makes luminescence studies of HgCdTe-based structures quite
important. Most of our original experimental data on PL studies of
HgCdTe-based structures were presented elsewhere [5-9]. Fig. 1
shows, as an example, a temperature dependence of the position
(in energy units, eV) of a ‘band-to-band’ (excitonic) PL peak Ep; for
three HgCdTe-based structures with x=0.38 (grown with MBE on
GaAs and Si substrates and with LPE on CdTe substrate), and that
for an MBE-grown structure (GaAs substrate) with x=0.57. Calcu-
lated Eg(x,T) dependences for HgCdTe with corresponding x values
are also shown. As can be seen, at low temperatures a considerable
difference between Ep; and calculated E; is observed, but with tem-
perature increasing this difference diminishes. Also, for the sample
with x=0.57 we observe different slope sign for experimental Ep; (T)
and calculated E¢(T) dependence. For HgCdTe-based structures, this
is typically explained by the fact that ‘band-to-band’ PL at low
temperatures is due to recombination of excitons localized at com-
positional fluctuations [5-13]. Then, the difference A between Ep;
and E; should somehow define exciton localization energy and,
therefore, is indicative of the fluctuation scale [10-13]. (The lat-
ter may be also characterized by the full-width at half-maximum
(FWHM) of the excitonic PL line). Following this idea, on the basis of
the data presented in Fig. 1 we can state that the structure grown
with LPE has the lowest fluctuation amplitude, while the sample
grown with MBE on GaAs substrate has the largest amplitude, as
all these samples have the same x=0.38.

Fig. 2 summarizes the data on A vs. alloy composition from
our experiments. Also, presented are data on exciton localization
energy available in the literature (| 12,13]) and obtained on HgCdTe
crystals grown with Travelling Heater Method (THM) and on LPE-
grown films. Due to the use of different models for estimating
the exciton localization energy, different E¢g(x,T) dependences, etc.,
quantitative comparison of our data with those from Refs. [12,13]
would not be valid. However, we can make a qualitative conclu-
sion that structures grown with THM and LPE have much smaller
compositional fluctuations than those grown with MBE. Let us also
note that, when speaking of stochastic character of fluctuations,
the maximum fluctuation amplitude and, therefore, the maximum
exciton localization energy, should be observed for the material
withx=0.50[12-14]. THM- and LPE-grown samples generally obey
this rule while MBE-grown structures show the tendency of A
increasing with x up to x ~0.63. All these data witness to the fact
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Fig. 2. Experimental dependence of «exciton localization energy» according to PL
data on the composition of HgCdTe alloy: MBE HgCdTe/GaAs (1), MBE HgCdTe/Si (2)
and LPE HgCdTe/CdTe (3), and similar data obtained on THM and LPE HgCdTe and
presented in Refs. [12,13] (4).
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Fig. 3. PLspectra calculated within the frames of the model for HgCdTe with x=0.38
at T=5 Kwithvarious fluctuation amplitudes: 16 meV (1),28 meV (2),and 70 meV (3)
and experimental PL spectrum of MBE/GaAs HgCdTe with the same x (4). Intensities
of the calculated spectra cannot be compared to that of the experimental one.

that alloy disorder in MBE-grown MCT is not of a stochastic nature
but is rather caused by the specifics of the growth technology. This
does not come as a surprise, as for some semiconductor alloys,
e.g., InGaN, such ‘technological’ disorder has been studied in detail
[15], and for AlGaN alloys it is now introduced intentionally, as
localization of exctions on compositional fluctuations has proven
to increase quantum yield in optoelectronic devices [16].

3.2. Discussion

To interpret the experimental data obtained, we developed a
model which described the effect of fluctuations on the rate of
radiative recombination, the shape of PL spectra and the posi-
tion of their peaks. A hybrid model was developed, in which the
state of each carrier was described with a Gaussian-type wave
packet, which contained co-ordinates and impulses of the particle
as parameters. The details of the model were presented elsewhere
[17].

Fig. 3 shows PL spectra of HgCdTe sample with x=0.38 gener-
ated with the use of the model for three fluctuation amplitudes
(the spectra were subjected to 5-point averaging). Each calculated
spectrum contains information on 10,000 radiative transitions. It is
seen that with the fluctuation amplitude increasing, the peak of the
spectrum is red-shifting (compare curves 1 and 2), as the increase in
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the potential depth leads to the decrease in local value of energy gap
and, therefore, decreases the energy of the emitted photon. Also, it
is seen that with the fluctuation amplitude increasing, the FWHM
of the spectrum increases. This is explained by the increase in the
scatter of local energy minima that contribute to the PL signal. The
integral PL intensity remains constant.

Further increase in the fluctuation amplitude significantly
distorts the shape of the spectrum (curve 3 in Fig. 3). The long-
wavelength part of the spectrum now shows ‘extra peaks’, which
are due to the emission from local areas that contain fluctuations
with very large depth. Localization of carriers in such areas leads
to appearance of a number of separate emission peaks. This effect
has been demonstrated experimentally for Ill-nitride alloys [18].
The short-wavelength part of the spectra both in the model and in
the experiment retains the Gaussian-like shape irrespective of the
fluctuation amplitude.

As follows from Fig. 3, for HgCdTe with x = 0.38 the given exper-
imental spectrum for MBE-grown material (GaAs substrate) in
terms of FWHM appeared to be closest to the modeled spectrum
with fluctuation amplitude 16 meV (curves4 and 1, respectively). At
the same time, in terms of A, the experimental spectrum was closer
to the modeled one with fluctuation amplitude 28 meV (curve 2).
16 to 28 meV amplitude range constitutes 4 to 7% of the energy
gap value (~390 meV at T=5K). The actual experimental A values
for MBE-grown HgCdTe with x=0.38 vary from 20 to 45 meV (see
Fig. 2). We can conclude that qualitatively the model describes the
effect of compositional fluctuations on the radiative recombination
in HgCdTe-based structures quite reasonably. The future develop-
ment of the model should consider the transformation of the shape
of the PL spectra of MBE-grown HgCdTe with temperature [7], as
well as the very fact of the observation of PL from a narrow-gap
semiconductor at high (up to 300 K) temperatures. The latter cur-
rently contradicts the results of the latest calculations of radiative
and non-radiative carrier lifetimes in the material, which, for exam-
ple, predict the dominance of Auger recombination in HgCdTe with
x=0.3 attemperatures higher thanT=230K|[19]. On the other hand,
strong PL of HgCdTe-based MBE-grown structures at 300K opens
prospects for employing this material in light emitters in MWIR
range, where IlI-V-based structures experience problems due to
specificelectronic structure, as will be discussed in the next section.

4. Electroluminescence of III-V structures
4.1. Experimental data

InAs(Sb,P) heterostructures were grown with metal-organic
vapour-phase epitaxy, the growth technique was described else-
where [20]. Fig. 4 shows typical normalized EL spectra of the three
types of studied heterostructures at T=300K. In heterostructures
of type A, the active region with thickness 1-2 wm was made of
InAs. In heterostructures of type B, the active region was made
of InAsSb with an InSb molar fraction of 0.07. In heterostructures
of type C, the active region was constituted by multiple (108 pcs)
quantum wells (MQW) InAsSb/InAs (4 nm/10 nm) with InSb molar
fraction in the well of 0.12. All the structures were grown on highly
doped (electron concentration at 77K ny7 =2 x 1018 cm—3) n-type
InAs substrates, and on top of the active layer a wide-bandgap
InAsSbP p-type barrier layer was grown. Electron concentration in
the active layer was ny7 =(8-20) x 101> cm3.

The spectra presented in Fig. 4 appeared to be typical of MWIR
LEDs with FWHMs being ~35meV for the structure of type A,
~50meV for the structure of type B and ~80 meV for the structure
of type C.

Fig. 5 shows normalized EL spectra of the three types of studied
heterostructures at T=4.2 K and various driving currents I. As can
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Fig.4. Normalized EL spectra of heterostructures of type A (InAs active layer) (curve
1), type B (InAsSb active layer) (curve 2) and type C(MQWs in the active layer) (curve
3)at T=300K. A dip near 0.29eV is due to absorption by the atmosphere.

10} T=4.2 K
0.8
0.6

0.4}

EL Intensity, arb. un.

0.2}

L

0.36 0.38 040 042 0.44
Energy, eV

0.0 L
0.30 0.32 0.34

Fig. 5. Normalized EL spectra of heterostructures of type A (InAs active layer,
I1=0.6A) (curve 1), type B (InAspg3Sboo7 active layer, I=0.6A) (curve 2) and type
C (MQWs in the active layer, [=1.4A) (curve 3) at T=4.2K.

be seen, these spectra differ greatly in shape and width from those
recorded at 300 K. For example, for the structure of type A, at the
high-energy side of the wide emission band (with FWHM 20 meV,
which would correspond to the narrowing of the initial EL band-
width with the temperature decreasing), there appeared a second
narrow line with FWHM of 2 meV. Our study of the dependences
of these bands on I showed that with the latter increasing from 0.1
up to 0.6 A, the intensity of the wide band was increasing insignif-
icantly, while that of the narrow band increased substantially.

For the structures of type B at the temperatures close to that of
liquid helium, we also observed very narrow peaks. With increas-
ing of the current, the integral EL intensity was increasing linearly,
while the peak maximum was blue-shifting, possibly reflecting the
filling of the conduction band and lifting of the Fermi quasi-level for
electrons. PL spectra of the structures of type B at T=77 K previously
demonstrated a clearly defined modal structure [21].

For the structures of type C with the active layer made of
InAsSb/InAs MQWs, at temperatures T <50 K we also observed very
narrow peaks. However, a considerably larger driving current was
required to achieve this effect as compared to the structures of
types A and B.

With temperature increasing, for all the structures we observed
a sharp transition from narrow EL peaks to broad ones. The exact
transition point depended on the type of structure and the driving
current. Fig. 6 shows the energy of the EL peaks Eg; vs. tempera-
ture for a structure of type A. All the spectra were recorded at the
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Table 1
0.42 Asp and energy of transition from stimulated to spontaneous emission in the studied
H structures.
0.41 @@y,
| o Structure Calculated Asp, eV ‘Transition’ energy, eV
0.40 - type/Active layer from experiment
3 1 A/InAs 0.37-0.41 ~0.41
< 039} B/InAsSb 0.33-0.37 ~0.34
=g L C/MQW 0.30-0.34 ~0.32
[
c 038
uJ b
0.37 duction band offset. This value appeared to be close to that of the
0.36 I E; of the material in quantum well. As can be seen in Fig. 7, at low
=Er ) temperatures the Eg; of a wide emission band followed the Eg, while

n n 1 n 1 1 1 1 1 n
0 50 100 150 200 250 300
Temperature, K

Fig. 6. The experimental dependence of the energy position of EL peak on the tem-
perature for a structure of type A (symbols) and calculated E¢(T) dependence for the
active layer made of InAs (straight curve).
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Fig. 7. The dependence of the position of EL peaks for a structure of type C (MQW
active region) (large symbols), calculated Eg of InAsgg3Sbog7 — the material of the
QWs (straight line), and calculated energy of optical transitions Ey (line +small
symbols).

same driving current I=0.6 A (for this sample, at this current at
low temperatures only narrow EL peak was observed). It is seen
that at T> 70 K the emission energy corresponds to the value of the
energy gap Eg of the active layer calculated in accordance with the
data presented in Ref. [22]. At lower temperatures, when the peak
of EL was narrow, the energy of the peak was lower than the Eg
value.

Similar dependences of Eg; on the temperature were observed
for structures of type B. In this case, however, at higher temper-
atures (typically T>100K) Eg values were larger than those of
calculated Eg by ~20meV. As the electron effective mass in the
alloys was smaller than that in InAs, this could be easily explained
by the filling of the conduction band and lifting of the Fermi
quasi-level for electrons according to the Burstein-Moss effect. At
T<100K, values of Eg; were close to calculated E;.

Fig. 7 shows Eg vs. temperature for a structure of type C,
where both narrow and broad EL peaks were present in the spec-
tra recorded at low temperatures. Calculations of the electronic
structure of MQWs region with an account for fractional band off-
sets in such materials as proposed in Ref. [23] showed that there
we dealt with a set of type Il heterojunctions, size quantization
being achieved for holes in InAsSb and for electrons in InAs. So,
optical transitions most probably occur between these quantiza-
tion levels. The energy of the first quantization level for holes
E, and electrons E, was calculated, and optical bandgap value
Eopt =Eg(InAsSb) + Ej(InAsSb) + E¢(InAs)- AE. where AE. is the con-

narrow EL peak had the energy higher than the Eg value. The energy
of both peaks exceeded that of the expected optical bandgap Eqp.

With temperature increasing, the narrow peak disappeared. In
a short temperature range (60-150K in Fig. 7), Eg; generally fol-
lowed the temperature dependence of Eg of the material of QWs
(or calculated Eop ), exceeding the former by 15 meV. However, at
T>150K Eg; became virtually independent of the temperature. This
behaviour, among other reasons, can be attributed to the fact that
in this multi-well structure one could expect formation of a certain
band structure consisting of two energy bands generated by the
energy levels in the wells. Such structure may cause a very differ-
ent temperature dependence of its bandgap but the problem needs
a further study.

4.2. Discussion

The analysis of the results obtained shows that at low temper-
atures (4.2-100K), in the studied InAs(Sb,P) structures, conditions
for stimulated emission held true. Speaking of LED structures with
the active layer made of InAs, a similar effect was first reported on
in Ref. [24] (note that there, in contrast to the present work, double
heterostructures were studied). Stimulated emission from struc-
tures with InAsSb-based active layer so far has been observed only
in specially designed laser structures: in particular, one can men-
tion strip-waveguide lasers based on double heterostructures with
high symmetrical barriers [25-27]. In our case, resonators were not
fabricated, nor were the cleft edges of the LED chips mirror-like. The
inter-mode spacing in the EL spectra of 6 nm [21] allowed, using a
simple method described in Ref. [27], for assessing the length of
the resonator as 280 pwm. This value appeared to be much closer to
the thickness of the LED chip (~300 pm) rather than to the distance
between the cleft edges of the chip (380 wm). Also, it appeared that
EL signal in the stimulated emission mode coming from the surface
of the chips was much stronger than that collected from the chip
edges. Thus, we concluded that in our structures optical resonator
was formed normal to the growth plane, most probably, between
the surface of the chip with gold Ohmic contact and the substrate,
which was polished chemically in the process of making LEDs in
accordance with the requirements of the ‘flip-chip’ technology.

The experimental data showed that transition from stimulated
emission to spontaneous one occurred at different temperatures
(50-100K) for different structures. Table 1 shows that actually this
transition was not related to a particular temperature, but rather,
to the energy of the bandgap: the transition occurred when the
energy of the ‘effective’ bandgap coincided with the energy of spin-
orbit splitting Asp in the material of the active layer (Asg was
calculated on the basis of the data from Ref. [22]). Obviously, with
temperature increasing and ‘effective’ E; decreasing, we observed
aresonant ‘switch-on’ of the CHHS Auger process, when the energy
of recombining electron-hole pair was transferred to a hole tran-
sitioning to the spin-orbit-splitted band. This effect is well known
for narrow-gap III-V semiconductors (see, e.g., [28-30]) and this
contrasts them to II-VI materials, and in particular, to HgCdTe,
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where Asg~1eV and does not affect properties of devices oper-
ating in the MWIR range [31]. With further temperature increasing
and Eg decreasing, the resonance Eg = Ago disappeared, but still
we observed spontaneous emission. This was obviously due to
the influence of Auger processes of other types, which suppressed
amplification. Likely, the dominating process was that with the
participation of two electrons and a heavy hole with excitation of
electron in more energetic state (CHCC). Let us note that the effect
of the CHCC Auger process was observed at low temperatures, too.
Namely, for the structures of type B at low temperatures, when the
emission was still stimulated, we measured power-current charac-
teristics and plotted the temperature dependence of the threshold
current for stimulated emission (not shown). From 70 up to 130K
this dependence was exponential, which indicated contribution of
Auger processes [32].

Regarding MQW structures, the behaviour of Eg; (T) dependence
might also indicate that in these LED heterostructures at different
temperatures carrier recombination occurs at the different regions
of the structure. This effect definitely needs further study, but from
the practical point of view, a LED with the wavelength not depen-
dent on the temperature in such a wide temperature range looks
quite promising. Generally, the results obtained showed that the
efficiency of MWIR LEDs based on InAs(Sb,P) could be increased via
suppression of Auger recombination and improvement of carrier
confinement in the active region.

5. Conclusions

Photoluminescence of epitaxial films and nanostructures based
on narrow-gap HgCdTe alloys was studied experimentally. The
presence of nano-sized compositional fluctuations, which local-
ized charge carriers, was established. A model, which describes the
effect of the fluctuations on the rate of the radiative recombination,
the shape of PL spectra and the position of their peaks, demon-
strates how carrier localization shows off in the specific features
of the luminescence spectra, and allows for qualitatively relating
these features to the actual scale of the fluctuations. From the prac-
tical point of view, the presence of fluctuations, their scale, and the
range of this scale, which cannot be predicted at the stage of the
growth, makes MBE-grown HgCdTe not quite viable for fabrication
of light emitters working at low temperatures, even at 77 K. On the
other hand, unexpectedly strong luminescence of this material at
temperatures close to 300K allows for suggesting that the idea of
HgCdTe-based light emitters may be re-visited.

Electroluminescence of light-emitting InAs(Sb,P) nanostruc-
tures was also studied. At low temperatures (4.2-100 K), stimulated
emission from the structures was observed. This effect, however,
disappeared with the temperature increasing due to the resonant
‘switch-on’ of the CHHS Auger process, and could not be observed
further due to the influence of other Auger processes. The effect of
the Auger recombination was established for low temperatures,
as well. Despite this, it looks that InAs(Sb,P) nanostructures are
promising in respect to the fabrication of the vertical-emitting
MWIR lasers, as even under the strong influence of Auger recom-
bination it appears to be possible to get stimulation emission with
minimum requirements for optical resonators. Suppressing Auger
recombination and improving carrier confinement in narrow-gap
[II-V structures remain very topical tasks.
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