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Abstract
The report describes the epitaxial growth and fabrication of efficient room temperature InAs0.91Sbo.o9 semiconductor
light-emitting diodes operating in the infrared wavelength region at 4.2 txm. These devices have attracted much recent
interest as viable infrared light sources for use in carbon dioxide detection. A study of the LPE growth of lattice matched
InAsj_ xSbx onto GaSb substrates from Sb-solution by the supercooled growth method is described. The electrical transport
properties and photoluminescence are presented. The n-i-p-InAs0.9~ Sbo.09/P-GaSb light emitting diodes (LEDs) are studied
and the quantum efficiency is discussed.

1. Introduction

2. Growth and characteristics of InAso.gtSbo.09

The I I I - V temary alloys InASl_xSb x are potentially very important materials for the fabrication of
light emitting diodes and detectors for middle-wavelength infrared applications due to their energy band
gaps covering the range from 3-12 txm [1]. There is
particular interest in the composition corresponding
to x = 0.09 which is lattice matched to GaSb substrates and which has a room temperature energy gap
near 4.2 Ixm, appropriate for the environmental/ecological monitoring of carbon dioxide using infrared
optical techniques [2,3], since CO 2 has a strong
absorption band at just this wavelength. Several
groups have reported the successful growth of
InAsl_xSb x epilayers by LPE [4-12], MBE [13-23]
and MOCVD [24-27] and the fabrication of various
devices [10,23,28-32]. In this paper, a study of some
aspects of the various electro-optical characteristics
of InAs0.91Sb0.09 materials and LEDs have been
investigated.

Attempts to grow InAsSb onto GaSb substrates
from In-rich melts result in rapid dissolution of the
substrate followed by polycrystalline regrowth if
conventional LPE techniques are used [5]. This is
due to thermal instability of the GaSb substrate with
respect to the In-rich InAsSb liquid [7]. The successful use of In-rich melts relies on the production of a
state of extreme supersaturation at the melt-substrate
interface, which involves maintaining a large temperature difference, usually larger than 20°C, between
the melt and the substrate prior to their contact
[5,10]. This results inevitably in rapid initial growth
and is, therefore, not suitable for the production of
thin epitaxial layers as required in the active region
of heterostructure lasers for example. However, by
using Sb-rich solution in the growth of InAsl_xSb x
onto GaSb substrates, we can suppress the substrate
erosion because the melt contains excess antimony in
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this case [7]. By doing so, we can anticipate better
device characteristics.
In order to obtain lattice matching, low surface
etch-pit density and a smooth surface for the
InASl_xSb x epitaxial layers, the atomic fraction of
indium X~n in the melt should be as low as possible
to provide a melt with enough antimony content to
suppress erosion of the substrate. The melt with
Xln = 0.200 and X~s = 0.039 has actually been confirmed as being the most suitable melt and a supercooling temperature of 2-3°C was the best condition
found for LPE growth. The details of the epitaxial
growth procedure have been described previously
elsewhere [4].
The electron concentration in the lattice-matched
undoped (n-type) InAs0.91Sb0.09 was measured to be
1-4 X 1017 cm -3 by the (Van der Pauw) Hall technique in the temperature range 77-300 K, while the
hole concentration in the zinc doped (p-type)
InAs0.91Sb0.09 was found to increase strongly with
the dopant atom fraction enabling heavy p-type doping at both 77 K and 300 K. The values of carrier
mobility have been obtained as a function of temperature for both undoped (n-type) and zinc doped
(p-type) InAs0.91Sb0.09. It was found that the mobilities in the undoped n-type InAs0.91Sb0.09 exhibit only
a small variation in the temperature range from 77 K
to 300 K, (i.e. 11 700 cm 2 V - 1 s - 1 at 77 K to 8800
cm 2 V -1 s -1 at 300 K) [33]. This behaviour is
comparable to the electron mobility measurements
for InAs0.24Sb0.76 MBE grown on InP [34].
The photoluminescence spectra at 78 K for a
heavy Te doped n-type sample NA01 with 3.7 X
10 -6 atomic fraction of Te, an undoped sample
NA02 and two zinc doped samples PAl01 and PA201
with 7.0 X 10 -6 and 3.6 X 10 -5 atomic fraction of
zinc respectively are shown in Fig. 1. The carrier
concentrations are 4 x 1019 cm -3 and 1 X 1017 cm 3
for the n-type samples and 1 X 10 ~8 cm -3 and 6 X
1018 cm -3 for the p-type samples, respectively.
The PL peak energy for the doped n-type layer is
0.340 eV, which is 15 meV higher than that of the
undoped layer. It seems that the electron transitions
are from higher energy states in the conduction band
due to a degenerate situation. The band filling from
the band edge is about 15 meV according to the
results of the PL measurements. The PL intensity at
78 K for the highly doped n-type sample is 40 times
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Fig. 1. The 78 K photoluminescencespectrafrom 4 t~m thick Te
dopedn-typesample(NA01),4 Ixm thick undopedn-typesample
(NA02) and two 6 I~m thick zinc doped p-type samples(PAl01
and PA201).
lower than that of the undoped one. The PL peak
positions of doped p-type samples being shifted to
longer wavelength. These transitions are therefore
from band to acceptor states. The PL intensities at 78
K for the doped p-type samples are 3 and 33 times
lower than that of the undoped (n-type) sample,
respectively. The very low quantum efficiency obtained from PL measurements at 78 K for these high
carrier concentration n-type and p-type samples are
due to Auger recombination becoming dominant.
This can be explained from the plots of the calculated minority-cartier lifetimes against carrier concentration for both n- and p-type InAs0.91Sb0.09 at 78
K shown in Fig. 2, where TR, TAI, TA7 and TAS
represent the lifetimes for radiative recombination,
CHCC, CHLH and CHSH Auger recombinations
[35] respectively. It is apparent that the CHCC Auger
recombination begins to become dominant for a cartier concentration of 1018 cm -3 (n0//ni = 2 X 1012)
for n-type material as demonstrated by rA~ which
just begins to become larger than r R. As the carrier
concentration increases, the Auger transition rate
increases more strongly than the radiative rate because the Auger transition involves three carriers,
while the radiative transition is a two carrier process.
CHSH and CHLH Auger recombination becomes
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3. p - i - n InAso.glSbo.o9 LEDs
n i = 5 x l 0 s cm .3
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Three layers p÷, i and n + of InAso.91Sbo.09 w e r e
grown by LPE on (100) P-type GaSb substrates with
a carrier concentration of 1-2 × 1018 c m - 3 obtained
from MCP Wafer Technology Ltd. The n-type and
p-type layers were doped to 1019 c m - 3 and 1018
c m - 3 by dopping with Te or Zn, while a cartier
concentration of 1017 cm -3 was obtained for the
unintentionally doped layer. The thicknesses were
3.3, 1.7 and 3.3 txm for the n ÷, i and p+ layers
respectively. Circular mesa structures (area = 7.85 ×
10 - 3 cm 2) were defined by standard photolithographic techniques. The LED chips were then metallised and mounted on To49 headers in the usual
way.
Fig. 3 shows the uncorrected EL emission spectra
obtained from one of the n-i-p-InAso.9lSb0.09/PGaSb diodes measured at 300 mA pulse drive current with 20% duty cycle in the temperature range of
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Fig. 2. Dependence of calculated carrier lifetime on normalized
doping concentrations for InAso9oSbo.91 at 77 K for n-type (a)
and p-type (b).
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dominant at 78 K when the carrier concentration is
larger than 1018 c m - 3 for p-type InAs0.9oSbo.]o alloys, which leads to a weaker PL intensity being
observed from sample PA201. The Auger effect is an
important mechanism in determining the performance of LEDs made of these narrow gap semiconductors. In particular, the CHSH and CHLH processes dominate in heavily doped p-type materials
when the band-gap energy (Eg) is comparable to or
smaller than the spin-orbit splitting (A), which is
true for InAs0.9oSbo.10 (A = 0.32 eV), according to
the analysis by Sugimura [36].
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Fig. 3. The EL emission spectra measured at various temperatures
for the n-i-p-lnAs0.giSbo.o9/P-GaSb LED.

58

Y. Mao, A. Krier / Optical Materials 6 (1996) 55-61

4-300 K. The peak emission wavelength is 4.02 Ixm
at 4 K. The peak position first shifts slightly to
shorter wavelength (blue shift) and the intensity increases with increasing temperature from 4-80 K,
then as the temperature is increased above 80 K the
peak shifts to longer wavelength (about 14 meV) and
decreases in intensity by I0 times. The values of full
width at half maximum (FWHM) decrease first from
40 meV (510 nm) to 32 meV (390 nm) as the
temperature is increased from 4 to 80 K, then increase steadily to 68 meV (930 nm) as temperature
increases to 300 K. A strong emission spectrum
peaking at 4.21 Ixm (0.294 eV) was obtained at room
temperature with a sharp dip at 4.27 Ixm which
corresponds to CO 2 absorption at atmospheric concentration (0.03%) in the optical path of the detection system shown in Fig. 4. The results indicate that
this InAsSb LED could form the basis of a portable
solid-state CO 2 monitoring instrument.
By comparison of the EL spectra of this structure
with the PL of n and p-type InAsSb as shown in Fig.
1 at 80 K, the EL peak position (0.318 eV) is similar
to the PL peak position (0.317 eV) of the p-type
layer and is smaller in energy than that of the
undoped layer (0.325 eV). This indicates that the
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Fig. 4. Room temperature emission spectrum of an n-i-p-InAs0.9t
Sbo.o9/P-GaSb LED measured in the laboratory atmosphere.
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Fig. 5. The energy-band diagram of the n-i-p-InAs0.91Sb0.09/P-GaSb structure. (a) Zero bias; (b) forward bias.
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emission/recombination
for the n - i - p InAs0.9~Sb0.09/P-GaSb LED structure is more likely
to occur in the p-type layer rather than in the i layer.
This also can be seen from analysis of the energyband diagrams of the n-i-p-InAso.91Sbo.o9/P-GaSb
structure which are shown in Fig. 5. Electrons and
holes are injected into the p-type InAsSb region from
the n-type InAsSb and p-type GaSb substrate respectively. The electrons are contained by the high barrier in the conduction band at the InAsSb-GaSb
hetero-junction, and also the electrons are accumulated in the well on the narrow-band side (p-InAsSb)
of the heterojunction, where the conductivity type
reverses (inversion layer) because the band bending
results in the fermi level being above the conduction
band. Recombination of electrons and holes occurs
both in the p-InAsSb region and at the p-P heterojunction shown in Fig. 5.
Fig. 6 shows the EL peak energy of the n - i - p InAso.91Sb0.09/P-GaSb diode versus temperature together with the PL results of an undoped
InAso.91Sbo.o9 sample and the InAso.91Sbo.o9 energy
gap from theoretical calculation [37] for comparison.
The red shift at the low temperature in the EL of the
n - i - p / P diode was mainly attributed to recombination via impurity levels and band edge transitions

which is comparable to the PL results. But the EL
peak energy of the n - i - p / P diode shifted more
slowly than that of the PL as temperature rose to
room temperature and the FWHM of the n - i - p / P
EL was also slightly wider than that of the PL. This
behaviour is perhaps associated with transitions involving interface states [2] at the p-P heterojunction.
The output optical power measured from the n - i p / P LEDs (with no passivation or index-matching
lens) was 2.9 ~W with a current of 100 mA and 5%
duty cycle at room temperature. The external quantum efficiency (~/ext) was derived to be about 10 -4 at
300 K using the output optical power ( P ) and ~/ext=
P/IV [38], where IV is the total electrical input
power (1 and V are the drive current and voltage).
The ~/ext for our LPE-grown, lattice-matched LEDs
is much higher than for n-p-InAs0.85Sb0.15 LEDs
grown on GaAs and Si substrates by MBE [31]. The
external quantum efficiency of these latter LEDs
reached a maximal value of the order of 10 -4 only
at 77 K and became poorer at room temperature,
which is most likely due to the high density of
dislocations in the structures.
An experimental determination of the internal
quantum efficiency (~/i,t) defined as:
1

hi°,

l+

(1)

where ~-r and r.r are the radiative and nonradiative
lifetimes, respectively, is more difficult but can be
obtained from external quantum efficiency measurements using the following relation T/ext= 'TIi~optTlint
[38], where "9i is a current injection efficiency which
is defined as a ratio of the current due to minority
carrier diffusion in the active region to the total
current, and "~opt is an optical transmission efficiency
or escape probability. The optical transmission efficiency is the fraction of the total generated radiation
that is actually transmitted into the second medium
(usually air) which is given by [39]:

I -t.,

l'

(2)

where n~ and n: are the refractive indices of the
semiconductor and its surface medium respectively.
The optical transmission efficiency (77opt) was calcu-
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Table 1
Comparison of the calculated and experimental internal quantum
efficiency (~'/int) for the InAso.91 Sb0.o9 epitaxial layers and LEDs
Temperature

Calculated '0int

(K)

Undoped n-type

p-type

i-layer(1017

( 1 0 1 8 c m -3)

77
300

Experiment

c m "3)

91%
2.6%

'~int LED

9%
0.3%

8%
0.8%

lated to be 0.013 for our LEDs. Then an estimate of
the minimum internal quantum efficiency (7~int) can
be obtained if the injection efficiency is assumed to
be unity.
1o4
nffilxlOtTem ~

i0 "7

Comparison of the calculated and experimental
internal quantum efficiency (7~int) for the
InAso.91Sbo.o9 epitaxial layers and LEDs are listed in
Table 1. The calculated minority-carrier lifetimes of
radiative and Auger recombination for the n- and
p-type InAso.91Sb0.09 epitaxial layers are shown in
Fig. 7. The experimentally measured quantum efficiencies at 77 K and room temperature measured
from the LEDs are in good agreement with the
theoretical values obtained for the p-region, and are
apparently ( ~ 10 × ) lower than the theoretical value
for the i-layer. This is because the actual active layer
in these n - i - p / P LEDs is the p-layer not the i-layer
just as discussed earlier.
It is therefore reasonably expected that the quantum efficiency of these LEDs could be increased
further if recombination could be forced to occur in
the i-layer by improving the design of the LED.
However, the quantum efficiency has apparently
reached the theoretical limit in our p-type material,
imposed by Auger recombination.

4. Conclusion
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High quality InAso9oSb0.10 epitaxial material
grown on GaSb substrates by liquid phase epitaxy
was fabricated into n-i-p-InAso91Sb0.09/P-GaSb
LEDs. Strong electroluminescence at room temperature was obtained with the emission spectrum peaking at 4.2 i~m. The output power of the n - i - p / P
diodes made in this work was measured to be 2.9
IxW at 300 K and the external quantum efficiency
w a s 10 - 4 at room temperature. It is anticipated that
these uncooled devices are suitable as sources for
use in a CO 2 detection instrument which could be
used in various applications.
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