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Abstract. Results of tight-binding and eight-band k - p  calculations of the 
electronic band structure of long wavelength Ga,,lnSb/lnAs superlattices are 
compared with experimental energy gap and absorption coefficient data. The 
effective masses, band splittings and absorption coefficients observed in this 
system iiiusiraie the potentiai oi iinese tiructures ior appiication in iocai plane 
array systems demanding high detectivities or relaxed woling requirem.ents. 
Comparisons with Hg,-,Cd,Te, the industry standard, are particularly favourable 
at longer wavelengths (8-12 Nm and beyond), due to both a substantial reduction 
in tunnel currents and a suppression of impact ionization noise processes. We 
also find that the InSb- or Gal-,lnxAs-like nature of the interfaces should affect 
tiic riiaiyy yap UI a ~ d l - ~ ~ ~ ~ x o u i i i m s  supwamw, ariu ~ i a i  suusiaraiaiiy iaryri 
optical absorption coefficients are to be expected in structures with InSb-like 
interfaces. Our calculations are in agreement with experimental absorption 
spectra and with observed dependences of energy gaps on interfacial chemistry, 
measured in samples in which the nature of the interfaces was controlled 
through appropriate shuttering sequences and use of interrupts during growth by 
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1. Introduction 

iiecent work on Ga:-,in,SbiinAs superiattices has 
been motivated by infrared detector applications for 
these structures [l, 21, particularly in the %12 pm at- 
mospheric transmission band. Brought to maturity, de- 
tectors based on these superlattices could be expected 
LU ~LLI IGYG v a ~ n g ~ u u ~ ~ u - ~ u ~ ~ ~ ~ c . u  ~ G ~ L U ~ ~ I ~ ~ ~ I L Z  at opeiat- 
ing temperatures higher than those of HgCdE-based 
systems. Such superlattice detectors might also prove 
to be more readily manufactured and more robust than 
the 11-VIS currently used, owing to compatibility with 
LLI'uIIJLLGd_lll 111- Y p,uccJDIIIg IGLluLWugy auu ,U ULG GI,- 

hanced structural stability of the material, respectively. 
While detectors rivaling Hgl-,Cd,% have yet to be 

fabricated from Ga,-,In,Sb/lnAs superlattices, consid- 
erable strides have been made in their development 

growth conditions yielding superlattices that are essen- 
tially structurally ideal [3] have been established [e]. 
Background doping levels, previously in the range loz6- 
10" ~ m - ~ ,  are now routinely in the low lot5 [7], 

yield appreciable photoluminescence IS]. A number 
of theoretical predictions have been borne out by ex- 
periment, including the dependence of the superlattice 
energy bandgap on layer thicknesses and compositions 

absorption coefficient in 8-12 pm superlattices [5, lo] 
and the approximate values of the electron and hole 
effective masses 111, 121. 
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(up to 2' = 0,30) [9j: the magnitude of the optical 

In this paper we address the properties of 
Gal-z~~,sb,fln-As snper!a?!ic.cs w;th htpb~ic photnr~.- 
sponse beyond 12 pm. The considerable magnitude of 
tunnelling noise currents and the sensitivity of these cur- 
rents to small variations across a wafer have mitigated 
against the application of large area Hgl-,Cd,T& detec 
tors in this spectra! region. As a consetpence! extrinsic 
detectors such as those based on doped Si are currently 
the standard beyond 12 pm, despite the considerable 
sacrifices in operating temperature or detectivity associ- 
ated with extrinsic detectors. We predict both a marked 
reduction in tunnel currents in Gal-,In,Sb/InA su- 
perlattice detectors with far-infrared cut-o%, and a 
comparative insensitivity of these currents to variations 
across an array, relative to Hgl-,Cd,R. These prop- 
erties derive from the larger effective masses found in 
these supcrlattices, and from qualitative differences be- 
tween the band structures in the two cases. Lastly, we 
use a tight-binding model to examine effects of interfa- 
cial chemistq' on the energy gaps and absorption coeffi- 
cients of these superlattices. We find that the interfaces 
have a sizable effect on these properties, particularly at 
longer wavelengths. Our results are consistent with the 
limited experimental data on this subject. 

2; k ' p  calculations 

' bo  means were used to calculate the electronic band 
structure of narrow gap Gal-,ln,Sb/InAs superlattices. 
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gaps of 70 meV We ~ l c u l a t e  electron effective masses 
of m: = 0.00534me and m:,L = 0.0215me, respec- 
tively, for the two cases (we find the electron effective 
mass in the superlattice to be nearly isotropic). As can 
be seen from the magnitude of the imaginary wavevec 
tors in the energy gaps, both the zone-centre splitting of 
the heavy- and fight-hole bands and the increased elec- 
tron effective mass should greatly reduce tunnel currents 
in the superlattice. The splitting of the valence band 
states is also predicted to suppress Auger recombina- 
tion in p-type structures by reducing the phase space 
available for this process [19]. Initial calculatih have 
shown this to be so [ZO]. While the effective masses 
are considerably greater in the superlattice than in the 
alloy, we also fmd them to be less sensitive to energy 
gap fluctuations; a 10 meV reduction in energy gap 
(corresponding to a 0.6% change in Hgl-,Cd,'E al- 
loy composition, or a 6.8% change in superlattice layer 
thickness) results in a 14% reduction in m: for the 
Hgl-zCdsTk alloy (to 0.00460me), but only a 0.9% 
reduction (to 0.0213me) in the superlattice. These 
benefits suggest that Gal-,I&Sb/InAs superlattices are 
particularly well suited to large area, long wavelength in- 
frared (LWIR) detector applications at wavelengths that 
have proven inaccessible to Hg~-,Cd,R for practical 
reasons. Furthermore, brought to maturity, such detec- 
tors would display higher detectivities and/or higher op- 
erating temperatures than Hg1-,Cd,E sensors (either 
would greatly outperform extrinsic detectors in these 
regards). 

Ga0,751n,,,Sb/lnAs 

55A/251 SIS 

Figure 1. Comparison of Hg,-,Cd,Te and 
Ga,-,ln,Sb/lnAs super.anice electronic band srLctLres, 
illJstrating the considerable magnitude of the 'maginary 
wavevector in the super1art:ce gap and the sn'n of the first 
light-hoe state (LH1) more inan an energy gap below 
the neaby no.e groLnd state (HH1). Real wavevectors 
(Re{k)) are plotted to the r:ght of the energy axes 
and imaginary wavevectors (Im[k)) to the leh. The 
oJt-of-plane wavevector (kl) is ported in the case of tne 
sJperlanlce. 

An eight-band k . p  model was used to determine energy 
gaps, band splittings and effective masses, neglecting 
interfacc effects; and a nvo-band tight-binding model 
was applied to csrimate the magnitude of effects due to 
interfaces and the characterktics of the resulting optical 
absorption spectra. Energy gaps calculated by the two 
methods are in close agreement when interface effects 
are neglected in the tight-binding analysis. 

The k . p  calculation has been described in detail 
elsewhere [13, 141. We use a second-order k . p  model 
incorporating spin-rbit splitting and strain. ElTects 
derived from bands outside the basis set (which con- 
sists of the two lowest conduction band states and 
six highest valence band states) are describcd by Lut- 
ringer parameters. Where available, parameters were 
taken from Lawaetz [15]; the remainder were taken 
from the Landolt-Bornstein series [16]. Strain is in- 
corporated through a three-parameter deformation po- 
tential [lq, describing hydrostatic shifts to the energy 
gap and [loo] and [ I l l ]  uniaxial shifts. We assume an 
InAs/Gal-,In,Sb mlence band offset of 560 meV [IS], 
regardless of alloy composition, and further assume that 
hydrostatic strain does not affect this value. Our model 
yields energy gaps that are in good agreement with 
those determined from photoconductive thresholds 191, 
and in-plane effective masses consistent with experimen- 
tal observations on superlattices with 8-12 p m  cut-oB 

Figure 1 shows calculated 77 K dispersion 
curves for a H & g ~ ~ C d " . l ~ ~ T k  alloy and a 25A/558, 
Gau ?5Inu zSb/InAs superlattice. Real wavevecton are 
plotted to the right of the energy axes, and imaginary 
wavevectors (corresponding to the reciprocal of the de- 
cay length governing tunnelling across a forbidden re- 
gion) are plotted to the left. Both structures have energy 

P I .  

3. Effects due to interfaces 

'&o types of interface are possible in, e.g., a (100) 
GaSb/InAs superlattice: an 'InSb-like' interface, in 
which planes of atoms are stacked in the growth 
direction as follows: 

. . . Ga Sb Ga Sb In As In As In As In Sb Ga Sb Ga . .. 

or a 'GaAs-like' interface: 

. . . Ga Sb Ga As In As In As In As In As Ga Sb Ga . .. 

Control of the interfacial chemistry, achieved through 
appropriate shuttering sequences and use of interrupts 
during growth by molecular beam e p i t q ,  has been 
demonstrated previously [21, 221. 

We employ a two-band tight-binding model to assess 
the effects of the interfaces on the electronic properties 
of these quatemary superlattices. The model allows 
individual layers of In, Ga, As or Sb atoms (or mix- 
tures there00 to be identilied at each atomic plane. In 
the wide well and barrier limit, the energy bands and 
wavefunctions are essentially those of two-band enve- 
lope function models. Aside from strain effects, the 
model has been described previously [23]. The input 
parametels consist of the bulk bandgaps and band dis- 
continuities for the on-site energy parameters of the 
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Figure 2 Absorption coefficients calculated for 
8 ~ U 1 5  ML Gao.751no.25Sb/lnAs superlattices with InSb- and 
G&,.&o.ds-like interfaces and a 9 WlS ML structure 
with G&,.~dna.25As-like interfaces. The 9 W16 ML case 
was chosen to preserve both the 15.5 pm energy gap and 
the mean level of strain in the superlattice. 

model, and the bulk effective masses for the transfer 
matrix elements. 

Strain is included through deformation potentials. 
'Local' conduction and valence band edges are found 
for each atomic bilayer, based on the lattice strain and 
deformation potentials for the local atomic composition. 
This determines the on-site parameters. The shifted 
band edges are then used to find the effective mass 
in the locally strained material using a three-band k . p  
formula [24]. The tight-binding transfer matrix elements 
are then determined from the local effective masses. 

An interface atom is treated as having the average of 
properties of the bulk semiconductor formed by pairing 
with the atom to its right and those formed by pairing to 
its left For example, the on-site interface As parameters 
at an In-As-GaSb interface were taken to be averages 
of Inks and GaAs on-site As parameters. Similarly, the 
Ga parameters were set to be averages of GaAs and 
GaSb parameters. 

Figure 2 shows optical absorption curves derived 
from our tight-binding model. Three cases are pre- 
sented 8 m/15 MLt Gao,7sIno.uSb/InAs superlattices 
with (1) InSb-like interfaces and (2) Gao.7sIno,uAs-like 
interfaces, and (3) a 9 m/16 ML Ga0.7sIn~.~Sb/InAs 
superlattice with Gao.7sIno.uAs-like interfaces (chosen 
to have approximately the same energy gap and strain 
level as (1)). The figure illustrates both the shift in 
energy gap upon changing the interfacial chemistry, 
and the desirability of InSb-like interfaces for achieving 
large LWR absorption coefficients with abNpt thresh- 
olds. The magnitude of the energy gap shift is in fair 
agreement with experiment. A previous study [22] found 
a shift of 25 meV for a 8 W13 ML Gao,7~In~,uSb/InAs 
superlattice. While this is somewhat larger than the 
15 meV we calculate for this case, we note that small 
changes in layer thicknesses will significantly alter the 

'r We adopt the (arbitrary) convention of labelling 
superlattices by indicating the number of group-111 
monolayers in each layer of the superlattice. 
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Figure 3. Zone-centre (a) electron and (b) hole tight- 
binding wavefunctions for 8 ~U15  ML Gaa.751no.pSbllnAs 
superlatIlces with InSb-like (full curves) and Gaa.Elno.25As- 
like (broken cuwes) interfaces. Both cation and anion 
wavefunctions are plotted. 

magnitude of this dependence (as illustrated by the shift 
of more than 20 meV for the case chosen for figure 2). 
Our calculations are in excellent agreement with previ- 
ously published absorption coefficient data [lo], assum- 
ing InSb-like interfaces. We are not aware of experimen- 
tal absorption data for samples with Gal-,In,As-like 
interfaces. 

Tight-binding wavefunctions for zone-centre states 
are presented in figure 3. Electron (a) and hole (a) 
wavefunctions are shown for the 8 MU15 ML InSb-like 
and Gao,7~Ino,uSb-like cases for which absorption coef- 
ficients were given in figure 2. The increased valence- 
to-conduction band oscillator strength calculated for the 
former arises from two factors: wavefunction over- 
lap at the interfaces increases on switching from a 
highly strained monolayer of Gau.7~In~.zsAs to one of 
InSb in this region; and the requirement of achieving 
the same energy gap necessitates wider layers in the 
Gao.~~I~.uAs case, further isolating the electrons and 
holes in the InAs and Gao,75Ino.&b layers, respectively. 

Our calculations neglect the possibility of a 
dependence of the band offsets on interface 
strain. Such an effect has been predicted in the 
InAs/Al".8Ga".zAs".l4Sbo.86 superlattice system [U]. A 
calculation in which a strain-dependent band oBet was 
assumed has yielded a theoretical energy gap in agree- 
ment With photoluminescence data from such a super- 
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lattice. However, the reasonable agreement between 
our calculations and experiment suggests that these ef- 
fects are not large in the Gal-,In,Sb/InAs superlattice 
system. 

4. Conclusion 

Gal-,ln,SbAnAs superlattices currently show consider- 
able promise for %I2 pm detector applications in which 
high detectivity is required. While manufacturing issues 
alone may favour these superlattices over Hg~-,Cd.’k, 
bringing these superlattice detectors to maturity would 
also ease cooling requirements for background-limited 
performance. We find that predicted performance ben- 
efits over Hg1-,Cd,R are magnified at wavelengths 
beyond 12 pm. Namely, effective masses remain ap- 
preciable for near-zero gap superlattices, which should 
lead to a reduction in tunnelling noise currents, and 
the substantial splitting between heavy- and light-hole 
valence bands should suppress the Auger recnmbina- 
tion pathway predominant in p-type Hgl-,Cd,’Ik, with 
the result that impact ionization noise associated with 
this channel should be lowered. Of additional practical 
importance is the relative insensitivity of the calculated 
effective masses to fluctuations in layer thicknesses. 

Lastly, we have explored the dependence of the 
electronic band structure of these superlattices upon 
the choice of InSb-like or Ga-,In,As-like interfaces. 
We find that the choice of interfaces shifts the energy 
gap of a particular superlattice, with the shift increasing 
in magnitude at longer wwelengths (both in absolute 
and relative terms). Our calculations show that large 
(> 1OM) cm-’) absorption coefficients can be obtained 
in structures with InSb-like interfaces. 
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