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AUGER RECOMBINATION AND AMPLIFIED LUMINESCENCE 
IN InAsSb/InAsSbP LEDS AT 10–60 K

D. M. Kabanau,a* Y. V. Lebiadok,a and Yu. P. Yakovlevb  UDC 621.315.592;535.37

The Varshni parameters of the temperature dependence of the bandgap energy in the range 10–313 K and the 
temperature dependence of the spin–orbit splitting energy have been calculated using experimental data obtained 
for an InAs0.88Sb0.12 active layer. Amplifi ed luminescence was observed in the range 10–35 K for LEDs based 
on InAs0.88Sb0.12/InAsSbP heterostructures. The sharp drop in radiation intensity of InAsSb/InAsSbP LEDs at 
temperatures >32 K was due to extensive growth of the CHCC Auger-recombination process while the CHSH process 
was the dominant Auger-recombination process at temperatures <35 K.
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Introduction. Optoelectronic devices based on InAsSb/ InAsSbP light-emitting diodes (LEDs) are widely used for 
environmental monitoring and industrial process control, in medicine and other sectors [1–3], and for scientifi c research within 
and without space laboratories and satellites [4]. The spectral and energy characteristics of semiconductor structures near room 
temperature [5, 6] and at cryogenic temperatures [7, 8] must be known in detail to apply mid-IR-range LEDs in these areas. 
Several physical processes occurring in the emitting active layers of InAsSb/InAsSbP heterostructures are insuffi ciently studied 
and require further research. In particular, Auger recombination is known to be the main quenching process in narrow-band 
semiconductors [7]. However, this process for InAsSb/ InAsSbP LEDs has not been studied in detail. Also, the temperature 
dependences of the bandgap and spin–orbit splitting of the band for InAsSb solid solutions are poorly understood.

The present work investigated amplifi ed luminescence and Auger recombination in InAsSb/InAsSbP LEDs and 
estimated the temperature dependence of the bandgap of InAs0.88Sb0.12 solid solution.

Experimental. LEDs based on InAsSb/InAsSbP heterostructures were investigated experimentally. Their 
luminescence spectrum maxima at room temperature were situated near 4.3 μm. The LED chips were squares with sides 
of 400 μm and surfaces with Ohmic ring contacts of external diameter 350 μm and width 15 μm that were mounted by the 
substrate side to a TO-18 body.

The heterostructures of the studied LEDs were grown on n-InAs substrate in (100) orientation that was doped 
with Sn to a carrier concentration of 5·1018 cm–3. The fundamental absorption edge of a substrate with such a high carrier 
concentration was shifted to shorter wavelength so that it became transparent for radiation of wavelength λ ≥ 2.5 μm. 
A buffer layer of n-InAs0.94Sb0.06 3.3 μm thick was grown by liquid-phase epitaxy on the substrate to decrease deformation 
of the active region. Then, a broad-band emitting layer of n-InAs0.50Sb0.20P0.30 6.2 μm thick that was doped with Sn to 
a concentration of ~5·1017 electrons/cm–3, an undoped (n ~ 5·1015 cm–3) active layer of n-InAs0.88Sb0.12 2.5 μm thick, and 
a broad-band emitting layer of p-InAs0.50Sb0.20P0.30 1.4 μm thick doped with Zn to a concentration of 2·1018 holes/cm–3 
were grown. Then, the substrate was ground to a thickness of 200 μm and polished. Ohmic contacts were formed by thermal 
vacuum sputtering of Cr/Au–Te/Au layers to the n-InAs substrate and Cr/Au–Ge/Au layers to the p-layer [3].

The LEDs were placed into a vacuum cryostat with a sapphire output window. The contacts from the LED were 
hermetically fed to the outside of the cryostat. The cooling system could change and control the temperature in the range 10–60 K. 
The LED was supplied with power in pulse mode (50% quasi-continuous mode) at pulse rate 16 kHz and injection current 208 mA. 

                  0021-9037/17/8405-0843 ©2017 Springer Science+Business Media New York 843

aSSPA Optics, Optoelectronics & Laser Technology, National Academy of Sciences of Belarus, 68 Nezavisimost′ 
Ave., Minsk, 220072, Belarus; email: d.kabanau@ifanbel.bas-net.by; bIoffe Physical-Technical Institute, Russian Academy of 
Sciences, St. Petersburg, Russia. Translated from Zhurnal Prikladnoi Spektroskopii, Vol. 84, No. 5, pp. 786–793, September–
October, 2017. Original article submitted March 27, 2017.

_____________________

*To whom correspondence should be addressed.

DOI 10.1007/s10812-017-0554-8



844

Spectra were recorded using an MS2004i monochromator spectrometer (SOL Instruments) with resolving power of at least 
3 nm in this spectral range. LED emission was detected using an HgCdTe photomultiplier with automated sensitivity 
correction in the range 1–5 μm. Figure 1 shows experimental LED luminescence spectra with an InAs0.88Sb0.12 active region.

Temperature Dependence of InAs0.88Sb0.12 Bandgap Width. The temperature dependence of the bandgap 
width of an LED with an InAs0.88Sb0.12 active region was estimated by plotting the temperature dependence of the long-
wavelength edge of the experimental spectra (the position of the edge was determined from the intersection of the tangent to 
the luminescence-spectrum long-wavelength edge at zero intensity). The resulting experimental temperature dependences of 
the bandgap widths at 10–60 K for the studied structures were approximated by the Varshni formula [9]:

 Eg(T) = Eg(0) – αT 2/(β + T) ,   (1)

where Eg(0) is the bandgap width at 0 K; α and β, Varshni parameters. The approximating curve for the studied structure 
deviated by ≤0.15% from the experimental temperature dependence of the bandgap width determined by the Varshni formula. 
The temperature dependence of the InAs0.88Sb0.12 bandgap width in the range 80–313 K was reported before [3]. Table 1 
presents combined results obtained in this work and before [3] and those approximated by Eq. (1) in the range 10–313 K with 
the Varshni parameters given therein. Figure 2a shows the approximated temperature dependence of the bandgap width for 
InAs0.88Sb0.12 in the range 10–313 K (considering the previous results [3]). The Varshni parameters given in Table 1 and the 
literature [3] differed because the approximation [3] covered a rather linear portion of the dependence of the bandgap width in 
the range 80–313 K whereas it was nonlinear at low temperatures. Thus, the approximation over the broad temperature range 
10–313 K was more correct and accurate.

Auger recombination in InAs0.88Sb0.12/ InAsSbP LED. Studies of the temperature dependence of the integrated 
luminescence intensity of semiconductor LEDs could fi nd the thermal luminescence quenching parameters and establish 
the main processes responsible for nonradiative recombination in the LED active region. The activation energy of thermal 
luminescence quenching was calculated by plotting the experimental temperature dependence of the integrated emission 
intensity [10, 11]. Figure 2b shows the experimental dependence of the integrated emission intensity of InAs0.88Sb0.12/
InAsSbP LED on inverse temperature.

Fig. 1. Temperature dependence of LED emission spectrum with InAs0.88Sb0.12 active 
region with current 208 mA; in the inset, temperature dependence of emission spectrum full 
width at half-maximum (FWHM), TB = 32 K is the temperature below which the spectrum 
narrows sharply.

TABLE 1. Energy Parameters of InAs0.88Sb0.12 Solid Solution

Δso(0), meV χ, eV/K mso/m0 Eg(0), meV α, eV/K β, K

308.5 0.81·10–4 0.35 312.0 3.863·10–4 194.99
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The main processes of Auger recombination that are caused by thermal luminescence quenching in narrow-band 
semiconductors are CHSH (in which recombination energy of the electron–hole pair is transferred to a hole with a transition 
of the latter into a spin–orbit split band) and CHCC (involving two electrons and a heavy hole and excitation of an electron 
into a higher-energy state) [7, 12, 13]. Shockley–Reed–Hall recombination for these LEDs can be neglected for injection 
current >100 mA [14]. Therefore, thermal luminescence quenching for InAs0.88Sb0.12/ InAsSbP could be written as the 
Arrhenius–Mott formula for the two quenching processes [10, 11]:

 I(T) = I(0)/1 + Z1 exp (–ECHSH/kT ) + Z2 exp (–ECHCC/kT ) ,  (2)

where I(T ) is the integrated luminescence intensity at temperature T; I(0), integrated luminescence intensity at T = 0 K; 
Z1 and Z2, quenching constants for each of the channels of this structure; k, Boltzmann′s constant; ECHSH and ECHCC, 
activation energies of the CHSH and CHCC processes that were determined from the formulas [15, 16]:

ECHSH(T ) = (2mv + mc)(Eg(T ) – Δso(T ))/(2mv + mc – mso) ,

 ECHCC(T ) = mcEg(T )/(mv + mc) ,            (3)

where Δso(T ) is the spin–orbit splitting energy; mso, mc, and mv, effective masses of carriers in a spin–orbit split band, 
electrons in the conductivity band, and heavy holes, respectively. The temperature dependence of the band spin–orbit splitting 
energy for crystals of similar structures and solid solutions was written [17]:

 Δso(T ) = Δ(0) + χT ,  (4)

where Δ(0) is the band spin–orbit splitting energy at T = 0 K and χ, the linear temperature dependence parameter.
The quantities Δso(0), χ, and mso could be determined by comparing the experimental temperature dependence of 

the LED integrated emission intensity with those calculated using Eqs. (2)–(4). Their values were determined by fi tting 
the calculated and experimental curves until they agreed. Figure 2b shows the curve for the best approximation of the 
experimental data. Parameters mc and mv from the literature [18] (the temperature dependence of the effective masses was 
rather small) and the dependence of the experimental bandgap width (Varshni formula and parameters from Table 1) were 
used in the calculations for InAs0.88Sb0.12. Table 1 presents the Δso(0), χ, and mso values obtained from the experimental data.

The function ECHSH(T ) in Eq. (3) was only valid for Eg(T ) > Δso(T ) [13, 15]. Thus, Δso(T ) could be obtained 
experimentally to temperatures at which Eg(T ) = Δso(T ).

Figure 1 shows that the temperature dependence of the FWHM of the emission spectrum had a break at 32 K for 
solid solutions InAs0.88Sb0.12 and that the emission intensity decreased. Amplifi ed luminescence that disappeared at higher 
temperatures was observed at T < 32 K for InAs0.88Sb0.12/InAsSbP LEDs. Experimental temperature dependences of Eg and 
Δso (extrapolated to a larger temperature range) and the following equations [19, 20, 21] were used to establish that Auger 
recombination leading to luminescence quenching was dominant:
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Fig. 2. Dependence of InAs0.88Sb0.12 bandgap width on temperature (a) and dependence of 
integrated LED emission intensity on inverse temperature (b); in the inset, dependence of 
InAs0.88Sb0.12 LED internal quantum yield η and ηAL on temperature.
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where Γ(a, x0) = 
∞

− −∫
0

1t a

x

e t dt ; g (ε) is a shielding function; m0, free electron mass; and |Mee|2, the square of the matrix 

element. The parameters for the calculations were taken from the literature [22, 23].
The band spin–orbit splitting energy for solid solution InAs0.88Sb0.12 was 308.6 meV as calculated from Eq. (4) and 

extrapolated to 77 K using the parameters in Table 1. This agreed satisfactorily with the experimental data for InAs0.91Sb0.09 
at 77 K (Δso = 325 meV) [18].

Figure 3 shows temperature dependences of the CHSH and CHCC processes that were calculated using Eqs. (5) 
and (6). It can be seen that Auger-recombination CHSH began to develop strongly as the temperature rose to 27 K, after 
which the energy difference between Eg(T ) and Δso(T ) increased. This led to a smooth decrease of the Auger-recombination 
CHSH coeffi cient. The CHCC process developed strongly as the environmental temperature increased to >20 K. Thus, the 
results established that Auger-recombination CHSH limited the luminescence intensity at low temperatures (0–30 K) for 
InAs0.88Sb0.12. Also, the CHCC process increased exponentially as the temperature increased to >20 K and began to dominate 
over CHSH at >35 K. This led to general luminescence quenching at temperatures >32 K.

Amplifi ed Luminescence in InAs0.88Sb0.12/ InAsSbP LEDs. Figure 1 shows that the luminescence spectrum 
narrowed sharply near temperature TB as the temperature decreased from 60 to 10 K. Luminescence amplifi cation in 
InAs0.88Sb0.12/ InAsSbP LEDs was studied in detail by calculating emission spectra and amplifi cation coeffi cient g(E) using 
a model for optical interband transitions without selection rules for the electron wave vector. The modeling was based on the 
system of equations [24–26]:
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Fig. 3. Temperature dependence of Auger recombination for InAs0.88Sb0.12/InAsSbP LED.
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where Wsp(E) is the spontaneous luminescence spectral power; E, photon energy; r0, InAsSb index of refraction; e, electron 
charge; |M |2, square of optical interband transition matrix element average over space and polarization; ε0, electrical constant; 
c, speed of light in a vacuum; Ec, conductivity-band state energy (the top of the valence band Ev0 = 0 was taken as the 
calculation origin; the bottom of the conductivity band energy Ec0 = Eg); fe(E) and fh(E), Fermi–Dirac functions for electrons 
and holes with energy E; Fe and Fh, positions of Fermi quasi-levels in the conductivity and valence bands; kB, Boltzmann′s 
constant; SAL(E), amplifi ed luminescence spectral density; Γ, optical limitation factor; and KAL, amplifi ed luminescence loss 
coeffi cient. Quantities Fe and Fh were determined by solving the electroneutrality equation for a degenerate semiconductor 
with equal concentrations of electrons and holes considering that ΔF = Fe – Fh, where ΔF is the difference of Fermi quasi-
levels. All parameters with the exception of the fi tting ones were taken from the literature [18, 27, 28].

Parameters ΔF and KAL were fi t to construct theoretical luminescence Wsp(E) and amplifi ed luminescence spectra 
SAL(E), calculated using Eqs. (7), and normalized to unity. Figure 4 shows the results. The fi tting included adjusting the 
calculated spectra to the shape of the recorded emission spectra. The experimental spectrum could not be represented as 
a single luminescence spectrum Wsp(E) for all physically possible values of ΔF. The experimental InAs0.88Sb0.12/ InAsSbP 
LED emission spectrum was described best by the luminescence spectrum calculated considering the amplifi ed luminescence 
spectrum. Figure 4 shows that a strong experimental emission maximum was located in the region of a positive amplifi cation 
coeffi cient, thereby confi rming the hypothesis that amplifi ed luminescence was observed at low temperatures (10–40 K) in 
InAs0.88Sb0.12 LEDs.

The fi tting parameters found using this method were used to fi nd the absolute value of the emission spectral density 
rsp(E) = Wsp(E)/E and the emission induced by amplifi ed luminescence. The resulting values of rsp(E) and SAL(E) ultimately 
enabled the internal quantum yield to be estimated considering and not considering amplifi ed luminescence in the range 
10–60 K. For this, the rates of radiative and nonradiative recombination of solid solution InAs0.88Sb0.12 were calculated at 
various temperatures.

The rate of radiative recombination RSE was calculated using the formula [26]:

 Δ
= ∫ spSE ( )

E
E dER r ,  (8)

where ΔE is the spectral band in which luminescence was observed. The rate of recombination induced by amplifi ed 
luminescence was determined using the formula [26]:

 Δ
= ∫AL AL

1 ( ) ( ) ,
uE

R g E S E dE
E

  (9)

where ΔEu is the spectral band in which the amplifi cation coeffi cient was non-negative. The rate of nonradiative recombination 
Q was estimated from the equation [25]:

Fig. 4. Comparison of experimental and calculated InAs0.88Sb0.12/InAsSbP LED 
luminescence spectra at 30 K: experimental spectrum (1), calculated luminescence spectral 
power Wsp(E) (2), amplifi cation coeffi cient g(E) (3), and calculated amplifi ed luminescence 
spectrum SAL(E).
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 j = ed(RSE + Q + RAL) ,  (10)

where d is the active layer thickness and j, the experimental injection current density.
Table 2 gives the rates of radiative and nonradiative recombination and recombination induced by amplifi ed 

luminescence that were calculated from Eqs. (8)–(10) and were used to estimate the luminescence internal quantum yield 
η = RSE/(RSE + Q) and the quantity ηAL  = (RSE + RAL)/(RSE + RAL + Q), which considered the effect of amplifi ed luminescence. 
Figure 2b (inset) shows the temperature dependences of these quantities.

The loss coeffi cient of amplifi ed luminescence KAL for InAs0.88Sb0.12 LED was 8–9 cm–1 in the temperature range 
10–60 K, which was close to the literature value [8]. The amplifi ed luminescence loss coeffi cient was shown to obey the 
expression [26]:
 Δ = KAL S ,   (11)

where S is the area of the p–n-transition and Δ, a proportionality coeffi cient that was 0.08 for the studied LED.
The resulting values RSE , RAL, and Q allowed the fraction of amplifi ed luminescence in the total emission of the 

InAsSb/ InAsSbP structures to be calculated. The fraction increased with decreasing temperature for these LEDs. Thus, 
the calculated fraction of amplifi ed luminescence in the total emission of heterostructure InAs0.88Sb0.12/ InAsSbP LEDs 
decreased from 60 to 10% as the temperature changed from 10 to 60 K.

Conclusions. Varshni parameters and spin–orbit splittings of bands for InAs0.88Sb0.12 solid solutions in the range 
10–313 K were obtained from the experimental temperature dependences of InAs0.88Sb0.12/ InAsSbP LEDs. It was found 
that Auger recombination CHSH was the process limiting the luminescence intensity of InAs0.88Sb0.12 structures at low 
temperatures (10–30 K). The CHCC process grew exponentially as the temperature increased to >20 K and started to dominate 
over the CHSH process at T > 35 K. This led to general luminescence quenching. It was shown that InAsSb/InAsSbP LED 
luminescence spectra at low temperatures agreed with the optical interband transition model without selection rules for the 
electron wave vector considering the effect of amplifi ed luminescence. The modeling enabled the temperature dependence 
of the internal quantum yield for this structure to be calculated. The internal quantum yield for InAs0.88Sb0.12 structures 
decreased by an order of magnitude as the temperature increased from 10 to 60 K. The fraction of amplifi ed luminescence in 
the total emission from this type of LED decreased from 60 to 10% as the temperature increased in this range.
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