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ABSTRACT 

Bulk unrelaxed InAsSb alloys with Sb compositions up to 44 % and layer thicknesses up to 3 J.lm were grown by 
molecular beam epitaxy. The alloys showed photoluminescence (PL) energies as low as 0.12 eV at T = 13 K. The 
electroluminescence and quantum efficiency data demonstrated with unoptimized barrier heterostructures at T= 80 and 
150 K suggested large absorption and carrier lifetimes sufficient for the development of long wave infrared detectors and 
emitters with high quantum efficiency. The minority hole transport was found to be adequate for development of the 
detectors and emitters with large active layer thickness. 

Keywords: metamorphic growth, lnAsSb, quantum efficiency, long-wave infrared, barrier detector 

1. INTRODUCTION 

Growth of lnAs1.xSb,.-based epitaxial materials for infrared photodetectors has ·a long development history [1-2]. A 
strong energy gap bowing in these materials results in the smallest energy gaps available within the III-V semiconductor 
compounds. For bulk alloys with a particular composition the value of the energy gap is affected by growth conditions, 
which in tum influences the presence or absence of residual strain and/or group V ordering in the InAsSb layer. Many 
earlier publications reported the growth of relaxed InAsSb layers on various substrates [3-5]. Photoconductive detectors 
based on relaxed InAsSb grown on GaAs were demonstrated [6]. The relaxed InAsSb show high dislocation densities 
and relatively broad photoluminescence spectra [7-8]. 

In order to improve the optical quality of the material and to reduce the dislocation density, bulk InAsSb layers were 
grown on various types of strain-relieving, graded buffer layers that accommodate the difference between the lattice 
constants of the epitaxial layer and the substrate. Bulk lnAsSb layers with a narrow PL spectrum were grown with 
Al0.7Ino.3Sb/AlSb Strained Layer Superlattice (SLS) buffers on GaSb substrates [9]. By that time, 145 meV (A.= 8.6 J.lm) 
was reported to be the minimum energy gap for the bulk lnAsSb alloys at 77 K. Observations of absorption at longer 
wavelengths, could only be found in ordered InAsSb alloys and lnAsSb-based Strained Layer Superlattices (SLS). 
Low-temperature energy gaps of 132 meV and 117 meV were reported for ordered InAsSboA [9-10] and InAsSb-based 
SLS absorbers, respectively [ 11-12]. Using the strain-relief buffers, photovoltaic devices based on an InAsSb SLS 
absorber with D* =I xI 0 10 cmHz112 /W at A. s 10 J.lm operating at T = 77 K were demonstrated [ 13 ]. 

Recently, the number of publications devoted to the development of InAsSb-based materials has increased [14-25]. With 
the demonstrated advantage of the barrier detectors [18-19], the mid-wave infrared detector industry's interest has turned 
toward heterostructure detectors with bulk InAsSb absorbers and AISb-based barriers. These structures can outperform 
InSb homojunction photodetectors operating at elevated temperatures. lnAsSb-based materials are also gaining attention 
for the development of long-wave infrared (L WIR) photodetectors. One of the reasons is a long minority carrier lifetime 
in undoped InAsSb-based materials [21-22] compared to that in lnAs/GaSb SLS lightly doped with Beryllium (26-27]. 
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The relatively short electron lifetime in L WIR lnAs/GaSb SLS can be explained with presence of deep recombination 
centers related to antisite and other defects [28-29]. 

The development of bulk InAsSb alloys with Sb compositions up to 44% was demonstrated recently [21 ]. The materials 
were grown on GaSb substrates with two types of buffers, GalnSb and AllnSb, utilizing linear grading of the buffer 
composition. The lnAsSb layers were grown with a lateral lattice constant equal to that of the top of the buffer resulting 
in a low residual strain(< 0.1%). Care was taken to avoid the formation of any natural SLS. Unstrained InAsSb alloys 
grown on graded buffer layers were found to have a random distribution of group V atoms (ordering-free) [23]. Analysis 
of electron diffraction patterns for lnAsSb showed that ordering correlates with the presence of strain. The inherent 
energy gap for the bulk unstraincd lnAsSb044 was found to be 120 meV at T = 13 K The nature of the strong bowing of 
the energy gap in lnAsSb remains unclear, but it is not due to ordering or residual strain . 

Minority carrier lifetimes up to 350 ns at T= 77 K were reported for 1-~m-thick undoped bulk lnAsSb02 layers grovm on 
metamorphic buffers [30]. Even longer minority carrier lifetimes up to 9 ~s at T = 77 K were reported for undoped 
InAsSbllnAs SLS pseudomorphically-grown on GaSb substrates [25]. lnAsSbllnAs SLS-based barrier detectors with a 
cut-off wavelength of 13.2 ~m and a modest quantum efficiency of 2.5 %at T = 77 K were demonstrated [31] . ln the 
present work the growth of heterostructures consisting of bulk, strain-free InAsSb and barrier materials was pursued for 
long-wave infrared photodetectors and emitters with high quantum efficiency. 

2. MATERIAL GROWTH AND CHARACTERIZATION 

The heterostructures were grown on GaSb substrates by solid-source molecular beam epitaxy (MBE) utilizing valved 
crackers for As and Sb. The substrate temperature was controlled by pyrometer previously calibrated using references 
such as the III to V enriched surface reconstruction transition, oxide desorption and melting point of InS b. The growth 
temperature was maintained near 415 °C for the lnAsSb layers. The growth rate was about 1 ~m per hour. The Sb 
incorporation was adjusted by the relatives pressure of As and Sb as measured by a beam-flux-monitor. The 
compositionally graded buffer layers were up to 3.5 ~m thick and grown at elevated temperatures ranging from 460 to 
520 °C. In this work GalnSb buffer layers with linear composition grading were used with the lattice constant increase 
rate ranging from 0.5 to 0.8 % per micron. The native (without strain distortion) lattice constant of the top of the buffer 
was 1.2-1 .3 %greater that the target lateral lattice constant. For GalnSb buffers this approach was implemented in Ref. 
31. 

The experimental results presented in this work were obtained with the bulk InAsSb materials with Sb compositions of 
20 and 44 %. Most of the heterostructures had the thickness of InAsSb layers of I ~m. The presented transmission 
electron microscopy (TEM) data were obtained for the 0.5-~m-thick InAsSb layers with 20 % Sb composition. The bulk 
lnAsSb layers with 44 % Sb composition had the layer thicknesses of 1 and 3 11m. The InAsSb layers were undoped and 
showed n-type conductivity. 

Figure 1 shows a cross-sectional (220) bright field TEM image of the lnA5o 8Sb02 bulk layer grown on a GalnSb graded 
buffer. No dislocations can be seen in the epi-structure containing the InA So 8Sb02 bulk layer. The long dislocation lines 
seen in the lower part of the buffer layers are aligned along the [ 11 0] direction, indicating efficient dislocation glide in 
the graded buffer. The topmost portion of the graded buffer remained umelaxed under compressive strain. The bulk 
lnAsSb layers were gro\'ill nearly lattice matched to the in-plane lattice constants of the topmost of the strained section of 
the buffers. 

No evidence of long-range CuPt-type ordering was observed in electron diffraction patterns obtained with transmi ssion 
electron microscopy [23 J. 

Proc. of SPIE Vol. 8704 870410-2 



SO nfh lnAs 10 Sb 
k: '_,.- 20om AfS.b 

==~.;.;..;.,;~==;...;;.;;. , __ 

20 nm AJ .,b 

Figure I. XTEM image (220 bright field with two beam condition) of the metamorphic structure with 0.5-J.tm thick InAsosSb0.2 bulk 
layer grown on GalnSb graded buffer. 
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Figure 2. Asymmetric (335) RSM taken at azimuth angle equal to 90" for lnAsSb0.4 layer grown on the top of GalnSb buffer. The 
color bar shows the relative counts in logarithmic scale. 

Asymmetric (335) Reciprocal Space Mapping (RSM) was used to determine the lateral lattice constant of the top portion 
of the butTer (Figure 2). The diagonal line starting from the substrate peak in the top right comer corresponds to the 
relaxed part of the butTer with a lattice parameter gradually increasing from that of GaSb. The peak in the center 
corresponds to lnAsSb layer. The vertical line going down from the InAsSb peak reflexes the top strained section of the 
butTer grown pseudomorphically on the top of the relaxed butTer section. 
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The PL spectra were measured with a Fourier-transform infrared (FTIR) spectrometer. The responsivity spectrum of the 
liquid-nitrogen cooled HgCdTe detector extends to A= 14 ~m. The PL was excited by a 1064 nm solid-state laser and 
was collected by reflective optics. PL was observed in a wide temperature range, up to room temperature for structures 
with 20 % Sb and up to 250 K for those with 44 % Sb compositions [33]. 

The PL spectra were obtained with excitation powers of 100 mW. The excitation area was 1.2x10·3 cm2• Figure 3 shows 
the normalized PL spectra of the bulk lnAsSb alloys measured at T = 13 K. The energy gap values were determined from 
the PL peak maxima at T = 13 K. This simplified approach provided adequate accuracy for ternary materials. 

The PL data obtained for recently grown lnAsSb layers with large Sb compositions were used for updating the value of 
the bowing parameter reported in the earlier publication [21]. Fitting the dependence of the PL peak energy on Sb 
composition with data for older and recently grown bulk lnAsSb (Figure 4) is consistent with the energy gap bowing 
parameter of0.87 eV reported in [23, 33]. 

1 

~.0 0.1 0.2 0.3 
Photon Energy (eV) 

0.4 

Figure 3. The normalized PL spectra for beterostructures with 1-!!m thick lnAsSb layers and Sb compositions of20% (red line) and 
44% (blue line) measured at T = 13 K. 

0.5 

0.4 

-> 0.3 <I> ->< 
(0 

E 0.2 
_J 

a.. 

0.1 

0. 0 L-..J"----'-.l~---1..~---'----'-~--'---' 
0.0 0.2 0.4 0.6 0.8 1.0 

Sb composition 

Figure 4. The dependence ofPL peak energy versus Sb composition for bulk InAsSb measured at T= l3 K. The best fit was obtained 
with the bowing parameter of0.87 eV. 

The fitting in Figure 4 suggests that bulk lnAsSb alloys with higher than 44 % Sb compositions can have energy gaps 
even smaller than those reported in this work. 
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3. HETEROSTRUCTURES FOR STUDY OF THE ELECTROLUMINESCENCE 

Strong PL from the bulk InAsSb materials observed up to room temperature indicated that the materials could be 
effective emitters of infrared radiation with electrical injection of carriers [34]. In order to assess the carrier transport 
properties, heterostructures incorporating undoped lnAsSb layers were grown on n-doped GaSb substrates with GainSb 
buffers doped with Telhfrium. The energy bending at the interface of the GainSb buffer and the InAsSb layer was 
serving as a barrier for the confinement of holes. To obtain electron confmement, a wide energy gap barrier comprising 
of 200-nm-thick p-doped AllnAsSb was grown on the top of bulk lnAsSb layer. The composition of the quaternary 
barrier layer was chosen to match the lattice constants and to align the valence band of the barrier to that of the InAsSb 
layer. For the contact layer a p-doped InAsSb of the same composition as the bulk layer was grown on the top of the 
barrier. The contact layer was doped with Beryllium to a level of p= l x l 019 cm·3

. 

Figure 5 shows the schematic band diagram of the barrier heterostructure with a bulk InAsSb0.2 layer for study of 
electroluminescence (EL). The heterostructures were processed as follows. A 300-nm-thick silicon nitride dielectric 
layer was deposited. Windows of 400-f.Ull diameter were opened in the dielectric in which top Ti/Pt/Au metal contacts 
were deposited. The wafers were lapped down to a thickness of200 f.1m. Ni/Au!Ge/Ni/Au metal contacts were deposited 
on the n-GaSb substrate and annealed followed by Ti/Pt/ Au metallization. The heterostructures were cleaved into squares 
with a 600 1-1m side and soldered p-side down on copper heatsinks. EL was observed from the substrate side through a 
500-!lm diameter window in the metal contact. No antireflection coating was deposited. 

(a) 

Emission from the substrate side 

(b) 

GaSb substrate 
thinned to 

200iJm 

Figure 5. (a) The band diagram of the heterostructure with the undoped bulk InAsSb0.2 layer grown on the Te-doped GainSb buffer. 
The p-doped AllnAsSb electron confinement layer had a 200-nm thickness. The top p-contact layer consisted of 200 nm-thick lnAsSb 
doped with Beryllium (I x I 019 cm.3) lb) The schematic cross-section of the processed heterostructures for study of 
electroluminescence. 

The optical power was measured using calibrated lnSb and HgCdTe photodetectors and an integrating sphere. The 
electroluminescence spectra were measured with an FTlR spectrometer. 

Figure 6 shows the electroluminescence spectra and output power for heterostructures with a 1-1-1m-thick InAsSb layer 
with Sb composition of20 %. The maximum output power levels of90 1-1W and 10 f.1W were obtained at A.-51-1m at T= 
77 K and room temperature, respectively. Similar dependences for lnAsSb heterostructures with 44 % Sb and active 
layer th icknesses of I and 311m are shown in Figure 7. Output power levels up to 8 11W were measured for 1-1-1m-thick 
heterostructure with 44 % Sb composition. The EL maximum was observed at A- 8 f.Ull. The blue shift of the EL energy 
peak compared to the PL peak at/, ... I 0 1-1m is explained by band filling under electrical injection. 

A sublinear character of the dependences of output power on current for heterostructures with a 1-1-1m thick active layer 
can be explained by contribution of Auger recombination at high injection. A greater slope and linear dependence for a 

Proc. of SPIE Vol. 8704 870410-5 



3-J.Im-thick heterostructure indicate smaller contribution of Auger recombinati on due to smaller excess carrier 
concentration. This is strong evidence of the efficient hole transport in the bulk lnAsS bo.w at T = 80 K. This encouraged 
further studies of the material for long wave infrared photodetectors. 
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Figure 6. Electroluminescence spectra (a) and power dependences on current (b) for lnAsSb heterostructures with 20 % Sb 
composit ion. The power dependences were measured with a 50 % duty cycle. 
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Figure 7. Elcctroluminescencc spectra (a) and power dependences on current (b) for the lnAsSb heterostructures with ~4 % Sb 
composition. The spectra in panel (a) correspond to the structure wi th a 3-).lm active layer thickness. The blue and red symbols in 
panel (b) correspond to the heterostructures with different thickness of the acti\·e region, I and 3-).lm. respecti\ ely. 

4. BARRIER DETECTORS FOR LO~G WAVE INRARED RA NGE 

We assessed the feasibi lity of the sim il ar barrier heterostructures with bu lk InAsSb al loys for the detection of long-wave 
infrared radi ation . The top contact layer doping was rep laced with Tell urium to resemble n-B-n type barrier detectors. 
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The depleted AllnSb barrier was grown lattice matched to InAsSb with 44 % Sb composition. The schematic band 
diagram of the heterostructure under bias is shown in Figure 8. 

Figure 8. The schematic band diagram for the heterostructure with a bulk lnAsSb absorber with 44 % of Sb composition. The AllnSb 
barrier was lattice-matched to the InAsSb absorber layer. The top contact layer was doped with Tellurium to a level of n= 1 x 10 18 cm·3. 

For measurements ofthe absolute values ofresponsivity and external efficiency the heterostructures were processed with 
a window for incident radiation on top of the epilayer. The window opening was a square with a 400-J.lm side. The top 
metal contact layer was a square with a 600-J.lm side. The lnAsSb contact layer outside the metal contact was removed 
down to the barrier layer by reactive ion etching. Silicon Nitride was used for isolation. No coating was deposited. 

The external quantum efficiency (QE) spectra were obtained with FTIR spectrometry. The absolute values of the 
responsivity and the quantum efficiency, respectively, were obtained using a black body with the temperature of800 °C. 

In agreement with the expected band profiles the n-B-n device required a negative DC bias applied to the top contact to 
suppress the barrier for minority holes. The QE was increasing with bias until it reached a constant value at the bias of-
0.4S V. The QE spectra in Figure 9 are presented for the bias voltage of- 0.45 V for the temperatures of 80 and I 50 K. 
The distortion of the QE spectra between A. = 5 .S and 8 J.lm are explained by atmospheric absorption. The QE increases 
monotonically with photon energy from A.= I 0 J.lrn at T = 80 K and from A.= Il J.lm at T = I SO K. The absolute values of 
QE in the long wave infrared range are relatively high considering incomplete absorption in the relatively thin absorber. 
An increase of QE with temperature from T= 80 to I SO K at a particular wavelength is likely due to red shift of the 
energy gap with temperature. It showed that the carrier lifetime is not limited by Auger recombination, the diffusion 
length is sufficiently large compared to the absorber thickness and the QE is not limited by hole transport. It was 
concluded that QE for the long-wave infrared photodetectors based on the bulk InAsSb layers should benefit from 
increase of the absorber thickness. 
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Figure 9. The spectra of external quantum efficiency obtained for the heterostructures with a I·J.lm·thick lnAsSb layers with Sb 
composition of 44% at the temperatures of 80 K (a) and 150 K (b). 
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The 1-V characteristics of the same lnAsSb heterostructure measured up to room temperature under dark conditions are 
shown in Figure lOa. At the bias voltage of- 0.45 V the dark current density was 5xl0-4 A/cm2

• Figure lOb presents the 
temperature dependence of the current measured at the bias voltage of- 0.45 V. The slope of the dependence taken in the 
temperature range from T= 100 to 200 K showed the activation energy of 124 meV nearly matching to the energy gap of 
the absorber. 
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Figure 10. (a) The current-voltage characteristics for the InAsSb/AllnSb heterostructure with 44 % Sb composition in the bulk 
InAsSb absorber measured from T= 80 K to 300 K; (b) Temperature dependence of the dark current for the bias voltage of -0.45 V. 
The dependence showed the activation energy of 124 meV in the temperature range from T= 100 to 200 K. 

One can conclude that the barrier heterostructures with a 1-f.lm-thick bulk InAsSb0.44 layer showed adequate light 
absorption and transport of minority holes across the absorber. The QE should benefit from increased absorber layer 
thicknesses. Future optimization of the composition and doping in the barrier layer should reduce the bias voltage. 
Optimization of the doping in the absorber layer is likely to reduce the dark current. 

5.SUMMARY 

It was demonstrated that the bulk InAsSb materials free of group-V ordering grown on metamorphic buffers are capable 
of encompassing the long wave infrared range at low temperatures. The characterization data obtained for unoptimized 
heterostructures suggests sufficiently large absorption and carrier lifetimes (long diffusion length) suitable for the 
development of infrared detectors and emitters with high quantum efficiencies. The carrier transport, including the 
transport of minority holes, is adequate for the development of detectors and emitters with increased active layer 
thickness. 
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