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

D. M. Kabanau,®" Y. V. Lebiadok, and Yu. P. Yakovlev” 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 Indsg 3sSby 1> active layer. Amplified luminescence was observed in the range 10-35 K for LEDs based
on InAsg gsShy 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 scientific 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 insufficiently 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 amplified luminescence and Auger recombination in InAsSb/InAsSbP LEDs and
estimated the temperature dependence of the bandgap of InAs ggSby 1, solid solution.

Experimental. LEDs based on InAsSb/InAsSbP heterostructures were investigated experimentally. Their
luminescence spectrum maxima at room temperature were situated near 4.3 um. The LED chips were squares with sides
of 400 um and surfaces with Ohmic ring contacts of external diameter 350 um and width 15 pm 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 5-10'® cm™. 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 A > 2.5 um.
A buffer layer of n-InAsg 94Sbg g6 3.3 um 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-InAsg 50Sbg20Pg 30 6.2 pm thick that was doped with Sn to
a concentration of ~5-10"” electrons/cm%, an undoped (n ~ 5-10'° cm73) active layer of n-InAsg ggSbg 12 2.5 pm thick, and
a broad-band emitting layer of p-InAs( 50Sbg 20Po.30 1.4 pum thick doped with Zn to a concentration of 2-10'® holes/cm™
were grown. Then, the substrate was ground to a thickness of 200 pm 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 pulserate 16 kHzand injection current 208 mA.
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Fig. 1. Temperature dependence of LED emission spectrum with InAsgggSby 1o active
region with current 208 mA; in the inset, temperature dependence of emission spectrum full
width at half-maximum (FWHM), Tg = 32 K is the temperature below which the spectrum
narrows sharply.

TABLE 1. Energy Parameters of InAs ggSby 12 Solid Solution

Ago(0), meV %, eV/K mgo/myg E4(0), meV o, eV/K B, K
308.5 0.81-107* 0.35 312.0 3.863-10°% 194.99

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 um. Figure 1 shows experimental LED luminescence spectra with an InAs ggSby 1, active region.

Temperature Dependence of InAsgggShy 12 Bandgap Width. The temperature dependence of the bandgap
width of an LED with an InAs( ggSby 1> 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]:

Ey(T) = Eg(0)—oT*/(B+T), M

where E,(0) is the bandgap width at 0 K; o and B, 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 InAs( ggSby o 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
InAsg ggSby 1 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 InAsg ggSbg 12/ InAsSbP LED. Studies of the temperature dependence of the integrated
luminescence intensity of semiconductor LEDs could find 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 InAsgggSbg 1o/
InAsSbP LED on inverse temperature.
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Fig. 2. Dependence of InAs ggSby 12 bandgap width on temperature (a) and dependence of
integrated LED emission intensity on inverse temperature (b); in the inset, dependence of
InAs ggSbg 12 LED internal quantum yield n and nap, on temperature.

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 InAsg ggSbg 12/ InAsSbP could be written as the
Arrhenius—Mott formula for the two quenching processes [10, 11]:

I(T)=1(0)/1 + Zy exp (~Ecusu/kT) + Zy exp (~Ecucc/kT) , (2)

where /(T) is the integrated luminescence intensity at temperature 7; /(0), integrated luminescence intensity at 7= 0 K;
Zy and Z,, quenching constants for each of the channels of this structure; k, Boltzmann's constant; Ecysy and Ecpcc,
activation energies of the CHSH and CHCC processes that were determined from the formulas [15, 16]:

Ecusu(T) = (2m,, + mc)(Eg(T) - Aso(T))/(zmv tme—my) ,

Ecucc(T) = mcEg(T)/(mv +me), 3)

where Ay (7') is the spin—orbit splitting energy; mg,, m., and m,, 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]:

Ao(T) = A0) + T, 4)

where A(0) is the band spin—orbit splitting energy at 7= 0 K and y, the linear temperature dependence parameter.

The quantities Agy(0), x, and mg, could be determined by comparing the experimental temperature dependence of
the LED integrated emission intensity with those calculated using Eqgs. (2)—(4). Their values were determined by fitting
the calculated and experimental curves until they agreed. Figure 2b shows the curve for the best approximation of the
experimental data. Parameters m,. and m, 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 InAsg ggSby 12. Table 1 presents the Ag(0), %, and mg, values obtained from the experimental data.

The function Ecysp(7) in Eq. (3) was only valid for Eo(T") > Aso(T') [13, 15]. Thus, Ag(T') could be obtained
experimentally to temperatures at which Eg(T") = Ago(T).

Figure 1 shows that the temperature dependence of the FIWHM of the emission spectrum had a break at 32 K for
solid solutions InAsg ggSbg 1> and that the emission intensity decreased. Amplified luminescence that disappeared at higher
temperatures was observed at 7'< 32 K for InAsg ggSby 12/InAsSbP LEDs. Experimental temperature dependences of £, and
A, (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:

1/2 2
T mc(mc+mv) ‘ 2

Ecuce(T)’ eXp(—ECHCC (7T)
2 Qm, +m,) I

Cence(T) = ), (%)
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Fig. 3. Temperature dependence of Auger recombination for InAs ggSby 12/ InAsSbP LED.
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where I'(a, xp) = I e 't Vdt g(¢) is a shielding function; m, free electron mass; and |Mee|2, the square of the matrix
X
element. The parameters for the calculations were taken from the literature [22, 23].

The band spin—orbit splitting energy for solid solution InAsg ggSbg 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 InAs( 9;Sby g9
at 77 K (Ao = 325 meV) [18].

Figure 3 shows temperature dependences of the CHSH and CHCC processes that were calculated using Egs. (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 Ey(T') and Ago(7') increased. This led to a smooth decrease of the Auger-recombination
CHSH coefficient. 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
InAs ggSbyg 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.

Amplified Luminescence in InAsgggSbg 12/InAsSbP LEDs. Figure 1 shows that the luminescence spectrum
narrowed sharply near temperature 7y as the temperature decreased from 60 to 10 K. Luminescence amplification in
InAs ggSbg 12/ InAsSbP LEDs was studied in detail by calculating emission spectra and amplification coefficient 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]:

2 M|
We (E) = % m.>*m, 2 E? j JE. = E)E - E) [.(E.) f4(E. — E)dE,,
1 2R E-AF Wy (B)
g(E) = W, () W(l exp — j Sav (B) = ——— Ae(E) (7)
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Fig. 4. Comparison of experimental and calculated InAsgggSbg jo/InAsSbP LED
luminescence spectra at 30 K: experimental spectrum (1), calculated luminescence spectral
power Wg,(E) (2), amplification coefficient g(E) (3), and calculated amplified luminescence
spectrum Say (E).

where W, (E) is the spontaneous luminescence spectral power; E, photon energy; rp, InAsSb index of refraction; e, electron
charge; |M |2, square of optical interband transition matrix element average over space and polarization; g, electrical constant;
¢, speed of light in a vacuum; E,., conductivity-band state energy (the top of the valence band E,j = 0 was taken as the
calculation origin; the bottom of the conductivity band energy £ = Ey); fo(E) and f;,(E), Fermi-Dirac functions for electrons
and holes with energy E; F, and F}, positions of Fermi quasi-levels in the conductivity and valence bands; kg, Boltzmann's
constant; Sap (), amplified luminescence spectral density; I, optical limitation factor; and K1, amplified luminescence loss
coefficient. Quantities F, and F, were determined by solving the electroneutrality equation for a degenerate semiconductor
with equal concentrations of electrons and holes considering that AF' = F, — F,, where AF is the difference of Fermi quasi-
levels. All parameters with the exception of the fitting ones were taken from the literature [18, 27, 28].

Parameters AF and K1, were fit to construct theoretical luminescence W,(E) and amplified luminescence spectra
SAL(E), calculated using Eqgs. (7), and normalized to unity. Figure 4 shows the results. The fitting 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 Wgp(E) for all physically possible values of AF. The experimental InAs ggSby 12/ InAsSbP
LED emission spectrum was described best by the luminescence spectrum calculated considering the amplified luminescence
spectrum. Figure 4 shows that a strong experimental emission maximum was located in the region of a positive amplification
coefficient, thereby confirming the hypothesis that amplified luminescence was observed at low temperatures (1040 K) in
InASO_gng0_12 LEDs.

The fitting parameters found using this method were used to find the absolute value of the emission spectral density
rsp(E) = Wep(E )/E and the emission induced by amplified luminescence. The resulting values of rsp(E) and Spp (E) ultimately
enabled the internal quantum yield to be estimated considering and not considering amplified luminescence in the range
10-60 K. For this, the rates of radiative and nonradiative recombination of solid solution InAs( ggSby 1o were calculated at
various temperatures.

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

Rsg = [ rp(B)E, (8)
AE

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

Ry =— [ g(E)SuL(B)dE, ©)

1
E

where AE,, is the spectral band in which the amplification coefficient was non-negative. The rate of nonradiative recombination
O was estimated from the equation [25]:
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TABLE 2. Recombination Rate Parameters at Various Temperatures for InAsg ggSbyg, 12/ InAsSbP LEDs

Temperature, K Rsg, 108 s7m™ Rar, 10?7 s ''m™ 0,10% s 'm™
10 0.333 4.802 0.362
20 1.754 18.977 4371
30 3.052 23.396 10.567
45 6.162 14.015 29.531
60 10.014 10.369 61.269
J=edRsg + O+ 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 amplified
luminescence that were calculated from Egs. (8)—(10) and were used to estimate the luminescence internal quantum yield
n=Rgg/(Rgg + O) and the quantity nap = (Rsg + Rar)/(Rsg + Rar, + O), which considered the effect of amplified luminescence.
Figure 2b (inset) shows the temperature dependences of these quantities.

The loss coefficient of amplified luminescence Ky for InAsg ggSbg 1o LED was 8-9 cm! in the temperature range
10-60 K, which was close to the literature value [8]. The amplified luminescence loss coefficient was shown to obey the

expression [26]:
A=Kqr s » (11)

where S is the area of the p—n-transition and A, a proportionality coefficient that was 0.08 for the studied LED.

The resulting values Rgg, Rar, and Q allowed the fraction of amplified 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 amplified luminescence in the total emission of heterostructure InAsg ggSbg 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 InAs( ggSby 15 solid solutions in the range
10-313 K were obtained from the experimental temperature dependences of InAsg ggSbg 12/ InAsSbP LEDs. It was found
that Auger recombination CHSH was the process limiting the luminescence intensity of InAs, ggSby 15 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 7> 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 amplified luminescence. The modeling enabled the temperature dependence
of the internal quantum yield for this structure to be calculated. The internal quantum yield for InAsg ggSby 12 structures
decreased by an order of magnitude as the temperature increased from 10 to 60 K. The fraction of amplified 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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