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 This article presents the results of a study of current-voltage (I–V) characteristics of 
InAsSb/InAsSbP heterostructures with an InSb content in the InAsSb active region 0.06 
and 0.09. Using these results, the results of electroluminescence studies, and the data of 
energy-dispersive X-ray spectroscopy obtained for InAsSbP films grown on InAs(Sb), 
it is shown that the peculiarities of formation of the InAsSb/InAsSbP heterointerface via 
the method of metalorganic vapor phase epitaxy can lead to the development of a type II 
heterojunction. At temperatures T ≤ 170 K, this is manifested in specific values of both 
the energy of electroluminescence spectrum maximum and the I–V cutoff value. 
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1. INTRODUCTION 

InAsSb-based light-emitting diodes (LEDs) are widely used 
in optoelectronic devices operating in the middle-wave in-
frared range of the spectrum (wavelengths 3–6 μm) [1–3]. 
The simplest and the most common design of hetero-
structures (HSs) for these LEDs is the one where an ac-
tive region made of n-InAsSb is enclosed between an n-
InAs or n-GaSb substrate and a p-InAsSbP barrier layer. 
Carrier recombination in these HSs is normally expected 
to proceed in the active region near the n-p heterointer-
face. In practice, however, the LED photon energy does 
not always correspond to the bandgap gE  of the active 
region, especially at low temperatures [4,5]. The reason 
for that is the dominance of recombination mechanisms 
other than interband, such as interface and/or impurity-

related [4–6] ones, due to the peculiarities of the for-
mation of the InAsSb/InAsSbP heterointerface. These 
are determined by the mismatch of the crystal lattice pa-
rameters of InAsSb and InAsSbP, and the specifics of the 
deposition of InAsSbP on InAsSb by metal-organic va-
por phase epitaxy (MOVPE). These factors can lead to a 
considerable deviation of the chemical composition of 
the barrier layer from the nominal one (calculated for the 
growth procedure) [5–7]. Considering these factors is 
important when developing HSs for LEDs. In this pa-
per, we present the results of the study of electrical 
characteristics of InAsSb-based HSs and assess the in-
fluence of the properties of InAsSbP barrier layers on 
these characteristics. To this end, properties of HSs and 
those of epitaxial InAsSbP films deposited on InAs(Sb) 
were studied. 
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2. MATERIALS AND METHODS 

Epitaxial films and HSs were grown in a horizontal reac-
tor at atmospheric pressure [8]. Undoped (001)InAs wa-
fers with the electron concentration n = 3·1016 cm–3 
(measured at the temperature Т = 300 K) were used as 
substrates. The active region of HSs with the thickness 
~ 3 μm represented an epitaxial layer of 

1 11InAs Sby y−  
with 1 0.06y =  or 1 0.09y =  and was not intentionally 
doped. 

2 21InAs Sb Px y y x− −  barrier layers were 1.2 μm thick 
and had p–type conductivity obtained by doping them 
with zinc during the growth. 

On the basis of the HSs, LED chips were manufac-
tured and mounted on TO-18-type housings. Current-
voltage (I–V) characteristics of the HSs were recorded in 
T = 4.2–300 K range with a step ΔT = 5 K using a 
PCSU1000 electronic two-channel oscilloscope con-
nected to a personal computer. An electric circuit con-
taining a sinusoidal voltage generator (frequency 
100 Hz) was used. To measure the current, 1 Ohm load 
resistor was connected in series with the chip. Chemical 
composition of InAsSbP films was studied with energy-
dispersive X-ray spectroscopy (EDX) using FEI Quanta 
200 electron microscope. 

3. RESULTS AND DISCUSSION 

To understand the challenges we address, let us first 
briefly review the results of the studies of electrolumi-
nescence (EL) of the HSs. EL spectra were presented and 
discussed elsewhere [4,5]; they were recorded using an 
MDR-23 grating monochromator and a cooled InSb-
based photodiode under pulsed excitation with a fre-
quency 1 kHz and pulse duration 2 μs. At low tempera-
tures, the spectra contained two bands. The high-energy 
band centered at ~ 0.41 eV at T = 4.2 K was related to 
carrier recombination in the InAs substrate near the 
InAs/InAsSb heterointerface. The low-energy bands cen-
tered at 0.335 eV and 0.311 eV at T = 4.2 K for HSs with 
y1 = 0.06 and y1 = 0.09, respectively, were related to re-
combination at the InAsSb/InAsSbP heterointerfaces. 
Symbols 1 and 2 in Fig. 1 show temperature dependen-
cies of the low-energy band maxima and those of calcu-
lated (according to [8]) values of gE  of the active region 
for the studied HSs with 1 0.06y =  and 1 0.09y = , respec-
tively. It can be seen that the energy of the maxima ELE  
is close to gE  at high temperatures, yet with the temper-
ature decreasing, starting from T ≈ 150 K, ELE  becomes 
smaller than gE . The difference between gE  and ELE  at 
T ≈ 4.2 K is equal ~ 28 meV and ~ 36 meV for HSs with 

1 0.06y =  and 1 0.09y = , respectively. 
The temperature dependences of ELE  shown by symbols 

1 and 2 in Fig. 1 for the studied HSs differed significantly 

from that for a HS with an active region with similar value 
of 1y  grown using a low-pressure MOVPE technology de-
scribed in Ref. [9]. For the latter, as shown in Fig. 1 by sym-
bols 3, the ELE  values were always close to the calculated 
values of gE , except for T < 100 K, where stimulated emis-
sion was observed from the HS [10]. 

It appeared that the features of the HSs studied in this 
work showed not only in their EL spectra, but also in the 
electrical properties. Fig. 2a shows I–V characteristics for 
the HS with 1 0.09y = , recorded at various temperatures. 
One can see a decrease in the slope of the forward branch 
with temperature increasing, as well as a decrease in the 
forward cutoff value coV . Fig. 2b shows the temperature 
dependences of coV  for both HSs studied in this work, and, 
for comparison, a similar dependence from [11] for the HS 
with 1 0.06y = , whose optical properties were presented in 
Ref. [10]. As can be seen in Fig. 2b, in the latter case the 

coV  increased linearly with T decreasing. For the HSs stud-
ied in this work, the behavior of coV  was somewhat differ-
ent. When the temperature was lowered from the room 
temperature to T ≈ 150 K, the nature of the change in coV  
was close to that for the HS from Ref. [11], but with a fur-
ther decrease in temperature coV  grew faster. At T = 4.2 K, 
for HSs with the same 1 0.06y = , yet manufactured using 
different technologies, a difference of 150coV∆ ≈  meV 
was observed. 

In order to understand the reasons for the experimen-
tally observed features of the optical and electrical charac-
teristics of the studied HSs, it is necessary to consider their 
energy band diagrams. Let us note that since the resulting 
carrier concentration in the barrier layer (p = 5 1017 cm–3) 
exceeds the concentration of the majority carriers in the 
active region by an order of magnitude, the entire contact 

Fig. 1. A review of  dependencies for the 
InAsSbP HSs with  (symbols 1) and  (2) 
(replotted from Ref. [5]), and with  (from Ref. [10]) (3); 
curves 4 and 5 show calculated  for  with 

 and , respectively. 
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potential difference falls on the active layer, where the 
space charge region is also located. The structures in 
Refs. [10,11] were type I heterojunctions, which was in 
good agreement with the results of the electrical and opti-
cal studies. For the heterojunctions studied in this work, 
the calculation of the band diagrams based on the nominal 
(calculated for the growth) values of the 

2 21InAs Sb Px y y x− −  
barrier layer composition ( 2 0.22y = , x = 0.47) also sug-
gested formation of a type I heterojunction. However, the 
above-mentioned peculiarities of the formation of the 
InAsSbP layer by the atmospheric-pressure MOVPE at the 
InAsSb surface can lead to a deviation of the actual com-
position of InAsSbP from that specified in the pre-growth 
calculations and, thus, to changes in the energy band dia-
gram due to variations in the bandgap of InAsSbP. 

To study this effect, we assessed gE  of the InAsSbP bar-
rier layers via an EDX study of chemical composition of 
InAsSbP films grown on 

1 11InAs Sby y−  with different y1. Ac-
celerating voltage 10 kV was used and analyzed were 
InAsSbP epitaxial films grown on InAsSb with 1y  ranging 
from 0 to 0.16. The thickness of the analyzed layer was cal-
culated using CASINO® software [12], and equaled 
400 nm. The EDX data showed that the increase in the InSb 
content 1y  in the 

1 11InAs Sby y−  indeed increases InSb content 
2y  in 

2 21InAs Sb Px y y x− − , while concentrations of P (i.e., x) 
and As decrease. Fig. 3 shows a dependence of the value 
of gE  of the InAsSbP quaternary solid solution calculated 
for T = 300 K on the basis of the EDX data according to 
the formula presented in Ref. [13]. Values of gE  for InAs, 
InSb and InP were taken as 0.354, 0.175 and 1.344 eV, re-
spectively, while bowing parameters C for InAsP, InAsSb 
and InSbP were taken as 0.20, 0.61 and 1.83 eV, respec-
tively [7]. For comparison, photoluminescence (PL) data 
(energies of PL peaks at 300 K) are also shown in Fig. 4, 
from Refs. [6,14] and from our own experiments. Details 
of the latter will be presented elsewhere; they were per-
formed using a set-up described in Ref. [15], which was 
similar to that used in Ref. [14]. As can be seen, both EDX 
and PL data show gradual, almost linear decrease in the 

bandgap of the InAsSbP barrier layer with the InSb con-
tent in the active layer increasing up to 1 0.12y = . 

Using the data obtained with EDX, PL, and those of 
secondary-ion mass spectroscopy (SIMS) from Ref. [6], 
calculations of the composition of InAsSbP barrier layers 
in the studied HSs were performed. For the growth on 

1 11InAs Sby y−  with 1 0.06y =  and 1 0.09,y =  calculations 
for 

2 21InAs Sb Px y y x− −  yielded 2 0.25,y =  x = 0.44, and 
2 0.26,y =  x = 0.42, respectively. Fig. 4 shows the energy 

band diagrams of the studied HSs, constructed at T = 77 K 
for both nominal (for 1 0.06y =  only, Fig. 4a,d) and calcu-
lated (factual) (Fig. 4b,c,e,f) values of 2y  and x. Carrier 
concentration in the active region was taken as n = 5 
1016 cm–3. It is evident that with the actual compositions 
of the barrier layer, a type II InAsSb/InAsSbP heterojunc-
tion is formed (Fig. 4b,c). At thermodynamic equilibrium 
(see Fig. 4b,c) there is a potential barrier for holes, but when 
a forward bias is applied, in the type I structure the barrier 
almost disappears and the holes can easily penetrate into the 

Fig. 2 (a) I–V characteristics for the /InAsSbP HS with  recorded at various temperatures; (b) dependencies of  
on the temperature: for the HS with  from Ref. [11] (1), and for HSs studied in this work with  (2) and  (3). 

Fig. 3. The dependence of the bandgap of the InAsSbP layer on 
the InSb content in the underlying InAs(Sb) ‘substrate’: EDX 
data (1) and PL data from Ref. [14] (2) and from this work (3); 
line 4 shows linear approximation of the PL data. 
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active layer (Fig. 4d). In the HS of the type II, however, a 
barrier equal to the band offset is retained (~ 30 meV, 
Fig. 4e,f), and this hinders the transport of holes, especially 
at low temperatures, when their thermal energy decreases. 
Also, in the HS of the type II, a deep potential well for elec-
trons forms in the conduction band. As a result, recombina-
tion takes place between the electrons localized in this well 
and the holes retained by the barrier at the heterointerface 
(see, e.g., Ref. [6]). As a result, the photon energy turns out 
to be significantly lower than gE  of the active region, while 
the existence of additional energy barriers affects the cutoff 
of the I–V characteristic. 

The factors listed above explain the difference in the 
I–V characteristic and the temperature dependence of ELE  
for InAsSb/InAsSbP HSs of type I and II with the same 
antimony content in the InAsSb active region observed at 
low temperatures. With increasing temperature, carriers 
are delocalized due to their thermalization, and carrier re-
combination in HSs of both type I and type II takes place 
in the active region. The cutoffs in the direct branches of 
the I-V characteristics also become close. Thus, the fea-
tures of the optical and electrical characteristics of 
InAsSb/InAsSbP HSs of type II appear only at low tem-
peratures (T ≤ 150 K). 

4. CONCLUSION 

A variable-temperature (T = 4.2–300 K) study of I–V 
characteristics of n-InAs/n-

1 11InAs Sby y− /p-InAsSbP LED 
heterostructures with 1 0.06y =  and 1 0.09y =  was per-
formed to complement electroluminescence (EL) studies 
carried out earlier. It was found that peculiarities in both 

cut-offs of the I–V characteristics and the position of the 
EL spectra at low temperatures (T ≤ 150 K) were caused 
by formation of a type II InAsSb/InAsSbP heterojunction. 
This was confirmed with the results of EDX studies per-
formed on InAsSbP films grown on 

1 11InAs Sby y−  material 
with 1 0y = …0.16. At high temperatures, the EL spectra 
and I–V characteristics of InAsSb/InAsSbP heterostruc-
tures of types I and II appear to become indistinguishable. 
In this regard, a comparative analysis of the quantum effi-
ciency of type I and II heterostructures with a similar com-
position of the active region is of interest, since the influ-
ence of the properties of the heterointerface can be a factor 
in efficiency value. Such an analysis should be the subject 
of further research. 
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Электрические характеристики и особенности формирования  
гетероструктур II типа InAsSb/InAsSbP 

Я.Д. Кириленко1, М.С. Ружевич1, Н.Л. Баженов2, М.В. Томкович2, В.В. Романов2,  
К.Д. Моисеев2, К.Д. Мынбаев1,2 

1 Институт перспективных систем передачи данных, Университет ИТМО, Кронверкский пр., д. 49, Санкт-Петербург 197101 
2 Физико-технический институт им. А.Ф. Иоффе, Политехническая ул., д. 26, Санкт-Петербург 194021 

 

Аннотация. В статье представлены результаты исследования вольт-амперных характеристик (ВАХ) гетероструктур 
InAs/InAsSb/InAsSbP с содержанием InSb в активной области InAsSb 0.06 и 0.09. С использованием этих результатов, резуль-
татов электролюминесцентных исследований и данных энергодисперсионной рентгеновской спектроскопии, полученных на 
пленках InAsSbP, выращенных на InAs(Sb), показано, что особенности формирования гетерограницы InAsSb/InAsSbP в ме-
тоде газофазной эпитаксии из металлоорганических соединений могут приводить к формированию гетероперехода II типа. 
При температурах Т ≤ 150 К это проявляется в специфических значениях энергии максимума спектра электролюминесценции 
и величины отсечки ВАХ. 

Ключевые слова: твердые растворы; InAsSbP; электролюминесценция; гетероструктуры 
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