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Abstract
Photoluminescence (PL) is one of the commonly used methods to determine the energy gap ( E

g
 ) of semiconductors. In order 

to use it correctly, however, the shape of the PL peak must be properly analyzed; otherwise, the value of E
g
 is burdened with 

a large error. E
g
 is often mistakenly attributed to the PL peak position, which in type-II superlattices (T2SLs) exhibits typical 

“S-shaped” behavior as a function of temperature, significantly different from the Varshni model used to define the energy 
gap of III-V compounds. The position peak of the PL relative to the real E

g
 in T2SLs is red-shifted because of the carrier 

localization at low temperatures and blue-shifted because of the free carrier emission at high temperatures. To correctly 
determine E

g
 , the shape of the PL peak should be analyzed using the theoretical PL line shape model that takes into account 

both localized (below the bandgap) and free carriers (above the bandgap) emissions. This work shows that the use of such a 
model to analyze the shape of the PL signal gives the correct results of determining E

g
 for mid-wave infrared InAs/InAsSb 

T2SL, which showed a significant contribution of localized states in optical transitions and characteristic “S-shaped” PL 
peak behavior. This allowed us to determine the correct values of the Varshni coefficients for a given T2SL. The result also 
agrees with the theoretical calculations of E

g
 made using the k·p method.

Keywords Type-II superlattices · photoluminescence spectroscopy · carrier localization · infrared detectors · “S-shaped” 
PL peak behavior

Introduction

The interest in the fabrication and study of Ga-free InAs/
InAsSb type-II superlattices (T2SLs) is related to their 
potential to replace HgCdTe in infrared (IR) detector tech-
nology. Recently demonstrated photodetectors with nBn—
or more generally XBn—design offer many advantages in 
realizing high-performance devices.1–3 The wide-bandgap 
barrier layer, which is located between the cap contact and 
the absorber, blocks the flow of majority carriers (electrons) 
in the conduction band but allows the flow of minority car-
riers (holes) in the valence band. This architecture offers the 
benefits of reduced dark current due to the suppression of 

the Shockley–Read–Hall (SRH) recombination process over 
conventional III-V-based p–n junction photodiodes.

A proper band alignment between the barrier and the 
absorber is the key issue in designing such a structure. 
Otherwise, undesirable barriers are formed in the valence 
band that inhibit the flow of minority carrier holes from 
the absorber to the contact.4,5  Then, a relatively high bias 
needs to be applied to the device in order to improve pho-
togenerated carrier collection efficiency. Thus, the correct 
design of the nBn detector requires knowledge of energy 
gaps of the materials and the mutual positioning of the bands 
between them.

The effective energy gap ( Eg ) of InAs/InAsSb T2SL is 
determined by the energy difference between the lowest 
electron mini-band (C1) and the highest hole mini-band 
(HH1) in the center of the Brillouin zone (see Fig. 1). Elec-
trons are confined in the InAs layer, whereas the holes are 
confined to the InAsSb layer; therefore, the transition occurs 
only where the probability distribution functions overlap. 
The position of mini-bands depends on (1) the thickness of 
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the component layers, (2) the composition of the InAsSb 
layer, and (3) the band offset of individual layers, which is 
also influenced by the bandgap bowing in the InAsSb alloy.

The temperature dependence of the InAs/InAsSb T2SL, 
similarly to all III-V group semiconductors, can be approxi-
mated by the Varshni equation:8

where E0 is the bandgap at 0 K, and � and � are the Varshni 
coefficients.

However, the experimental determination of Eg and its 
temperature dependence is not a simple task for InAs/InAsSb 
T2SL. One of the most common methods used to determine 
Eg is photoluminescence (PL). In T2SLs, the position peak 
of the PL exhibits typical “S-shaped” behavior as a function 
of temperature,6,7 significantly different from the Varshni 
relation.8 Similar “S-shaped” behavior is also observed in 
nitrogen- and aluminum-containing semiconductors,9–15 and 
is related to the carrier localization phenomenon.9,10,13

Compositional variation, layer width fluctuations, and/or 
high density of impurities or dopants lead to the formation 
of local states past the band edges, which in disordered semi-
conductors are distributed randomly. At low temperatures, 
mainly deep localization centers are filled with carriers, 
and the observed PL is mainly due to the transition between 
these centers (Fig. 2a). The PL peak might be fitted using 
a theoretical model which assumes the Gaussian density of 
localized states,16 and then shows a red shift in relation to Eg.

The rise in temperature enables the filling of shallow 
localization centers, thus shifting the emission peak towards 
the band edges. At high temperatures, free carrier emis-
sion—the transition of free electrons from the conduction 
band (CB) to the valence band (VB)—becomes dominant in 
the PL signal (Fig. 2b). The shape of the PL signal is asym-
metric: the high-energy side of the PL peak related to the 
Fermi–Dirac (F–D) carrier distribution function is broad-
ened, while the low-energy side of the PL peak is sharp. The 
band edge is defined by the density of states (DOS) func-
tion—the PL peak energy is blue-shifted in relation to Eg . 
The decreasing below-band-edge emission can be described 
by the Urbach tail.

(1)Eg(T) = E0 −
�T2

T + �
,

In our analysis, we determine the energy gap of the InAs/
InAsSb T2SL using a functional form of the PL line shape 
model, IPL(E) , described next. It gave a good agreement with 
the theoretical calculations of Eg made using the k·p method 
and allows for the correct determination of Varshni coeffi-
cients for a temperature-dependent energy gap.

Photoluminescence Shape Model

PL is the emission of light from a semiconductor sample 
after excitation by a laser. The emission spectrum is created 
by exciting electrons at a fixed wavelength but observing 
emissions at different wavelengths. Intrinsic (band-to-band) 
PL originates from radiative transitions of excited electrons 
in the CB to empty states in the VB. Then, the PL spectrum 
emitted from the sample can be described by the product of 
the DOS and the probability that the particle occupies a state 
with the energy E—the above-band-edge emission. How-
ever, the real material systems always incorporate impurities 
or structural disorders which can lead to the localization of 
carriers. Thus, we have used the following PL line shape 
model, which additionally incorporates an Urbach tail for 
the below-band-edge  emission9,17–19:

Fig. 1  Bandgap diagram for 
InAs/InAsSb T2SLs.

Fig. 2  Schematic diagram of energy vs. density of states and real spa-
tial distribution: (a) transitions from localized states dominate at low 
temperatures. The PL signal is described by the Gaussian density of 
localized states—the PL peak energy is red-shifted in relation to Eg ; 
and (b) transition of free electrons dominates at high temperatures. 
The PL signal is described by the product the Fermi–Dirac (F–D) 
carrier distribution function and the density of states (DOS) func-
tion—the PL peak energy is blue-shifted in relation to Eg . EC is the 
conduction band edge.
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where Ecr is the energy of transition (or crossover) between 
Eqs. 2 and 3, Eg is the bandgap energy, T  is temperature, 
kB is the Boltzmann constant, K  is a dummy parameter 
chosen to ensure that the transition is a smooth one, � is a 
dimensionless phenomenological parameter describing the 
slope of the Urbach tail, and A is related to the Einstein 
coefficient linking the conduction and valence band states 
(but is treated here as a fitting parameter). The continuity 
and smoothness of the function given by Eqs. 2 and 3 is 
ensured when Ecr = Eg + kBT∕2� and K =

(

kBT∕2�
)n . The 

n parameter can vary from 0.5 for conserved momentum to 
2 for non-conserved momentum inter-band transitions. We 
have assumed that the F–D carrier distribution function is 
appropriate for the electron and hole occupations. Applying 
the Boltzmann statistic would lead to an overestimation of 
the value of the energy gap.19

Results

The experimental data used in the analysis were extracted 
from the paper of Steenbergen et  al.6 InAs(6.7  nm)/
InAs0.66Sb0.34(1.8 nm) T2SL was grown by molecular beam 
epitaxy (MBE) at IQE Inc. on an undoped GaSb substrate. 
The PL spectra of the sample showed a significant contri-
bution of localized states in optical transitions and charac-
teristic S-shaped behavior of the PL peak energy. For the 
results described by Steenbergen et al.,6  the PL signal was 
measured with a 12-μm cutoff HgCdTe detector. A 532-nm 
laser modulated with a frequency of 60 Hz was used as an 
excitation source. The measurement was made under low 
excitation conditions (1.5 W/cm2).

To investigate the nature of the emission from 
InAs(6.7 nm)/InAs0.66Sb0.34(1.8 nm) T2SL, the PL spec-
tra at different temperatures were examined (Fig. 3). From 
25 K to 240 K, the PL signal was fitted with the IPL(E) 
model, which is a combination of Eqs. 2 and 3. In the 
temperature range from 120 K to 240 K, the PL signal 
shows an asymmetric shape. A significant contribution of 
a free carrier emission causes a broadening of the high-
energy side of the PL peak. The decreasing below-band-
edge emission can be described by the Urbach tail. A small 
proportion of localized states causes a sharp slope of the 
Urbach tail at the low-energy side of the PL peak. With 
decreasing temperature, the high-energy slope becomes 

(2)IPL
(

E > Ecr

)

= A
(

E − Eg

)n
×

[

1 + exp

(

E − Eg

kBT

)]−1

,

(3)

IPL
(

E ≤ Ecr

)

= AKexp

[

2�n

kBT

(

E − Ecr

)

]

×

[

1 + exp

(

E − Eg

kBT

)]−1

,

sharper due to the narrowing of the F–D function. Broad-
ening of the low-energy slope at low temperatures indi-
cates band tails in the joint density of states, which are due 
to localized states past the band edges. As the peak broad-
ens, the � parameter describing the slope of the Urbach tail 
at the low-energy side of the PL peak decreases. The lat-
ter may contribute in particular at very low temperatures, 
where the PL signal has a Gaussian-like shape and the PL 
peak is located much lower than the energy gap. At 10 K, 
transitions through deep localized states dominate, and 
it is difficult to determine Eg by fitting the IPL(E) model.

Figure 4 shows the PL peak position and the bandgap 
energy as a function of temperature. The blue dotted line is 
a fit to the PL peak position, while the black dotted line is 
a fit of the Varshni equation to Eg . At temperatures above 
40 K, the PL peak is blue-shifted in relation to Eg . The PL 
peak position overestimates the effective Eg by a value close 
to kBT  . At temperatures below 40 K, in turn, the PL peak 
position is red-shifted because of the carrier localization. At 

Fig. 3  Temperature-dependent PL spectra for InAs(6.7 nm)/In As0.66Sb0.34  
(1.8 nm) T2SL. The experimental data were extracted from the paper 
of Steenbergen et al. 4 The dark dotted line represents the best fit to 
the PL peak using the IPL(E) line shape model. For each temperature, 
the � parameter associated with the participation of the Urbach tail 
was determined. The red dotted line represents a fit to the PL peak 
using Eq. 2. The intersection with the abscissa allows us to determine 
the energy gap. The vertical dashed line represents Eg at 25 K (Color 
figure online).
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10 K, the PL peak is located at around 10 meV below the 
bandgap due to a high density of localized states.

It is worth noting that the determined Eg agrees with theo-
retical values (red circles) calculated for the given superlat-
tice. Calculations were made with a commercially available 
APSYS platform (Crosslight Inc.),20 which is based on the 
four-band (8 × 8 Hamiltonian) k·p model. The position of 
the mini-bands (C1 and HH1) and the absorption spectrum 
were determined from knowledge of the thickness of the 
InAs and InAsSb in each superlattice period. The main input 
data for T2SL modeling are shown in Table I. The Luttinger 
parameters ( �1 , �2 , �3 ) were estimated based on the respective 
effective masses ( mlh , mhh , mSO).21

The schematic representation of the energy bands of the 
strained InAs(6.7 nm)/InAs0.66Sb0.34(1.8 nm) T2SL at 200 K 
is presented in Fig. 5. The figure also shows the C1 and 
HH1 mini-band edges and the probability distribution func-
tions for electrons and heavy holes. The periodic boundary 
conditions were used in the simulation procedure, which 

impose periodicity on the wave functions. The experimental 
Eg is consistent with the calculated value of 210 meV for an 
assumed bowing parameter of C = 75 meV.

At low temperatures, however, the calculated Eg differs 
from the experimental one (see Fig. 4). This is because the 
InAsSb bandgap bowing parameter is not constant, but 
changes with temperature. Webster et al.22 determined the 
temperature-dependent bowing parameter. They estimated 
low-temperature and room-temperature bandgap bowing of 
C = 938 meV at 0 K and C = 750 meV at 295 K.

Figure  6 compares the simulated absorption spectra 
for two values of the InAsSb energy gap bowing param-
eter with the measured PL spectra of the InAs(6.7 nm)/
InAs0.66Sb0.34(1.8 nm) T2SL at 40 K. The calculated energy 
gap, depending on the bowing, ranges from 234 meV (for 
C = 81 meV) to 244 meV (for C = 75 meV). The energy 
gap was determined by the best fit to the PL peak using the 

Fig. 4  PL peak position (blue open circles) and the bandgap energy 
(green squares) vs. temperature for InAs(6.7 nm)/InAs0.66Sb0.34(1.8 nm)  
T2SL. The blue dotted line is a fit to the PL peak position, and the black 
dotted line is a fit of the Varshni equation to Eg . The red circles show 
the theoretical energy gap calculated using the k·p model for different 
InAsSb energy gap bowing (Color figure online).

Table I  Parameters of the binary InAs and ternary  InAs0.66Sb0.34 
materials at T = 200 K

Parameter InAs InAs0.66Sb0.34

Eg (meV) 379 178
ΔSO (meV) 390 264
me∕m0 0.0237 0.0115
�1 20.00 42.544
�2 8.50 19.598
�3 9.20 20.426

Fig. 5  Calculated band structure of InAs(6.7 nm)/InAs0.66Sb0.34(1.8 nm)  
T2SL structure with periodic boundary conditions at 200 K (CB—con-
duction band, VB—valence band, C1—first electron mini-band, HH1—
first heavy hole mini-band, Eg—bandgap energy, and Ψ2—probability 
distribution functions).

Fig. 6  Calculated absorption (red and orange dashed lines) and meas-
ured PL spectra (blue solid line) for InAs(6.7 nm)/InAs0.66Sb0.34(1.8 nm)  
T2SL structure at 40  K. Absorption was calculated for the wave vec-
tor of k = 0.01 (2π/a) and two energy gap bowing parameter values: 
C = 75 meV (red dashed line) and C = 81 meV (orange dashed line). The 
dark dotted line represents the best fit to the PL peak using the model 
described by Eq. 2 (Color figure online).
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model described by Eq. 2, and is between the calculated 
values for two bowing parameters. This suggests that the 
InAsSb energy gap bowing parameter increases slightly with 
decreasing temperature, which was also confirmed by other 
theoretical calculations.23,24

Conclusions

Since the PL from the InAs/InAsSb layers contains a signifi-
cant contribution of localized emission at low temperatures 
and free carrier emission at high temperatures, the tempera-
ture dependence of the PL peak position shows “S-shaped” 
behavior, significantly different from the Varshni model for 
the energy gap. By taking the theoretical dependence as a 
product of the joint density of states and the F–D distribu-
tion function, which additionally incorporates an Urbach tail 
for the below-band-edge emission, we are able to determine 
the effective energy gap relationship for T2SL. The Varshni 
parameters determined for the bandgap extracted from the 
PL spectra by the fitting procedure are very similar to those 
observed in InAs and InAsSb. The model gives results com-
parable to the value of the energy gap obtained from theo-
retical calculations made using the k·p method.
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