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A major remaining challenge for lIllY semiconductor materials is the development of materials 
for photonic devices operating in the infrared region of the spectrum. Atmospheric transmission 
windows exist in the wavelength ranges from 2 to 4.5 and from 8.5 to 12/Lm. Thus, emitters and, 
particularly, detectors operating in these wavelength ranges are important for many 
applications. Materials for devices operating in the longer-wavelength 8-12 /Lm region have 
typically not been lIllY semiconductors because the lowest-band-gap conventional lIllY alloy 
is InAsSb, with a 77 K band gap of 0.145 eV, corresponding to a wavelength of 8.5 /Lm. Previous 
work has shown that the addition of Bi to InAsSb alloys grown by organometallic vapor-phase 
epitaxy results in a rapid reduction in the band-gap energy. However, very low temperatures 
were required to obtained significant levels of Bi incorporation into the solid, due to the 
immiscibility of Bi in InAsSb. The low growth temperatures result in high carbon contamination 
levels using conventional precursors. Clearly, new precursors are required for low-temperature 
growth of these alloys without excessive levels of carbon contamination. New results for the 
organometallic vapor-phase-epitaxy growth of InAs1_x_ySbxBiy alloys are presented using the 
novel precursors tertiarybutylarsine, tertiarybutyldimethyl-antimony, and ethyldimethylindium. 
Alloys have been studied over the entire range ofSb/ As ratios in the solid. For growth at 350 ·C, 
the maximum Bi concentration yielding layers without the presence of a liquid second phase was 
found to be highest for x=O (y=0.045) and lowest for x=0.7 (y=0.015). These levels of Bi 
incorporation yield calculated 77 K band gaps of 0.08 eV for the alloy withx=0.5 andy=0.015. 
These layers have several orders of magnitude lower levels of carbon contamination than 
reported previously. 

I. INTRODUCTION 

Infrared (IR) detectors in the wavelength range from 
8 to 12 /Lm are important for a number of military and 
commercial applications. Several materials systems have 
been investigated for such applications. The current lead­
ing materials are HgCdTe and other IIIYI alloys. The 
extensive research conducted on these materials has clearly 
shown that while they can be used for detectors over the 
entire 8-12 /Lm wavelength range, they are also very diffi­
cult to work with, especially the materials for detectors 
operating beyond 10 /Lm. Epitaxial growth and other pro­
cessing steps are much more difficult in these IIIYI alloys 
than for the more highly developed lIllY materials. For 
operation at 12 /Lm the shift of band gap with composition 
is large, requiring exquisitely fine control and uniformity of 
solid composition for fabrication of detector arrays. 

The problems are expected to be generally less severe 
for lIllY alloys, since epitaxial growth and processing 
have become highly developed for other, large-scale appli­
cations. For example, several laboratories have succeeded 
in producing 128 X 128 element InSb arrays operating at 
wavelengths out to 7 /Lm using Jairly standard, mature 
III/V processing. 

One reason for the major effort on the IIIYI alloys is 
the inability of conventional III/V alloys to reach 12 /Lm at 
the common operating temperature of 77 K. The minimum 
band gap occurs for InAso.3sSbo.6s at 0.145 eV, or approx­
imately 8.5 /Lm (Ref. 1) at 77 K. 

Several novel structures have been proposed to in­
crease the wavelength range to 12 /Lm for lIllY semicon­
ductors. The concept of using absorption due to transitions 
between subbands in the quantized conduction-band states 
of a quantum well or superlattice, primarily in the GaAs/ 
AIGaAs system, has been high touted recently;2 however, 
this approach has several disadvantages. Perhaps the major 
disadvantage is the inability to respond to light striking the 
detector at normal incidence. A second possible disadvan­
tage is the expected difficulty of obtaining high yield for a 
process where many superlattice layers are required to be 
grown with nearly perfect thickness uniformity over large 
areas for the fabrication of focal plane arrays with the 
required uniformity of responsivity at a given wavelength. 
It must be borne in mind that the total active layer thick­
nesses required for efficient absorption of photons in this 
region of the spectrum are typically several microns. This 
makes any superlattice approach possibly even more ex­
pensive and difficult to control than the use of HgCdTe. 
More controversial are suggestions3 that the ultimate per­
formance of detectors based on this phenomenon will yield 
values of detectivity significantly lower than for compara­
ble HgCdTe devices. Other suggested superlattice ap­
proaches that allow response to normal incidence photons4 

will have the same problems with precise control of the 
very thick superlattice structures over large lateral dimen­
sions. 

Another apparently attractive approach is to use the 
biaxial tensile strain caused by the lattice mismatch be­
tween InAsSb epitaxial layers and the InSb substrate to 
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reduce the band gap of the InAsSb, or the use of InSbl 
InAsSb strain layer superlattices.5 However, the tensile 
stress in the lnAsSb layers produces cracks, which make 
the material useless for infrared detectors.6 This will be 
even more of a problem for the growth of the structures 
with thicknesses of approximately 10 /Lm required for 
high-sensitivity infrared detectors in the 8-12 /Lm wave­
length range. 

Our approach is to add Bi to InSb, InAs, and InAsSb 
alloys. This will produce thick epitaxial layers of a Ill/V 
alloy for which existing, well-developed processing tech­
nology can be used for IR detector fabrication. Since Bi is 
much larger than Sb, it produces a rapid reduction in the 
band gap of InSb of 36 meV 1% Bi.7 We obtain an even 
larger reduction in band gap for IriAs at a rate of 55 
meV 1% Bi based on both absorption and photolumines­
cence measurements.8 Thus, only a few percent of Bi is 
required for the desired reduction in band-gap energy. This 
new material is not without its own difficulties. T4e major 
problem is with the epitaxial growth. The large size of Bi 
limits its solubility to approximately 2% (Ref. 9) in InSb, 
which does not allow operation at 12 /Lm at 77 K. The 
solubility limit is even smaller, 0.025%, in lnAs.9 

This lack of solubility of Bi in lIllY semiconductor 
compounds has retarded the development of Bi-containing 
alloys. Jean-Louis and Hamon7 were the first to demon­
strate the growth of InSbBi alloys. Using relatively high­
temperature bulk growth techniques they obtained Bi con­
centrations of approximately 2%. 

In 1980, Zilko and Greene10 demonstrated that growth 
at low temperatures using rf sputtering techniques, where 
the surface atoms have more than thermal energy, allowed 
the incorporation of much larger amounts ofBi, up to 12% 
in InSb at a growth temperature of 165 ·C. However, the 
material produced by this technique is of poor quality rel­
ative to that produced by epitaxial techniques. Thus, this 
material could not be used for photonic devices: 

Norieka et af. ll used molecular-beam epitaxy (MBE) 
to grow InSbBi alloys. They reported "Bi concentrations" 
as high as 2.9% for growth under In-rich conditions. They 
found the presence of a Bi-rich liquid phase on the surface 
for growth temperatures above 280 ·C. They also· discov­
ered that the Bi was incorporated into the InSb films in a 
form which did not reduce the band gap when Sb-rich 
growth conditions were used. This suggests that the Bi was 
not incorporated into the lattice. 

Humphreys et af. 12 claimed that they had produced 
InSbBi films with Bi concentrations of 14% byorganome­
tallic vapor-phase epitaxy (OMVPE) growth at 445·C. 
However, they demonstrated neither a reduction in band 
gap nor an increase in lattice constant. Only electron mi­
croprobe measurements were used to determine the Bi con­
tent of the alloy. Unfortunately, this technique averages 
the composition of any liquid surface phase or other sec­
ond phase with the composition of the solid. Thus, it is 
extremely doubtful that the 14% reflects the true, substi­
tutional Bi content of the semiconductor. 

Ma et af. 8,9 were the first to demonstrate the substitu­
tional incorporation of significant amounts of Bi into InAs 
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and InAsSb alloys. OMVPE growth at low temperatures 
and VillI ratios of near unity, using the precursors tri­
methylantimony (TMSb), trimethylindium (TMln), tri­
methylbismuth (TMBi), and arsine, was found to result in 
significant Bi incorporation into the lattice, as evidenced by 
the resultant increase in the lattice constant, at a rate con­
sistent with the covalent tetrahedral radius of Bi, and a 
decrease in the band-gap energy. The high quality of these 
layers is evidenced by the production- of photolumines­
cence (PL) emission, a minority carrier process. However, 
the lnAsBi layers were contaminated with carbon, a donor 
in these materials, to levels exceeding 1019 cm-3 at a 
growth temperature of 300 ·C. This is a significant problem 
for IR detector applications. 

Clearly, new precursors are required for the growth of 
device-quality lnAsSbBi layers for operation at wave­
lengths of 12 /Lm. TMSb pyrolyzes very slowly at temper­
atures below 450 ·C.13 The problem is even more severe for 
arsine. 14 This results in very low utilization efficiencies for 
this expensive organometallic source. Similarly, the slow 
pyrolysis rate of TMln at these low temperatures results in 
a temperature-dependent growth rate. 15 The temperature­
dependent pyrolysis rates of the various precursors results 
in extreme thickness and compositional nonuniformities 
associated with temperature gradients in the reactor. Fur­
thermore, the three methyl radicals on the Sb and In pre­
cursors apparently give rise to the extremely high carbon 
contamination levels measured in the lnAsSb epitaxial 
layers. 

This article presents new results for the OMVPE 
growth of InAs1_..8bxBiy alloys using the novel precursors 
tertiarybutylarsine (TBAs), 14 tertiarybutyldimethyl anti­
mony (TBDMSb), 16 and ethyldimethylindium 
(EOMln)Y These precursors pyrolyze at much lower 
temperatures than the TMln, TMSb, and AsH3 used pre­
viously. Alloys have been studied over the entire range of 
x. from lnAs to InSb, at a growth temperature of 350 'C. 
This approach has given lnASI_x_y8bxBiy alloys with cal­
culated 77 K band gaps of 0.08 eV for the alloy withx=0.5 
andy=0.015. These layers have carbon contamination lev­
els of approximately 3 X 1017 cm -3. 

II. EXPERIMENT 

An atmospheric pressure, horizontal, infrared-heated 
OMVPE reactor, with a rectangular cross section 2 X 5 cm2 

was used for this study. The group-III element, EDMln, 
and the group-V elements, TBAs, TBDMSb, and TMBi, 
enter the reactor through two separate tubes. The precur­
sor bubblers were held in constant temperature baths, with 
EDMln at 18 ·C, TBDMSb at 23 'c, and both TBAs and 
TMBi at - 20 ·C. Pd-diffused hydrogen was used as the 
carrier gas and the total flow rate was 1.5 tlmin. The 
epitaxial layers were grown at a temperature of 350 ·C on 
various substrates: undoped lnAs oriented 2· off (100) to­
ward {100}, exactly (100) InSb, and semi-insulating GaAs 
oriented 2· off (l00) toward {11O}. 

Before growth the substrates were first degreased in 
trichloroethane, acetone, and methanol. Then lnAs and 
InSb were etched in 1: 1 HF:H20 for 4 min followed by 
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TABLE I. Parameters for the OMVPE growth of InSb1_",Bi", on InSb substrates. 

Composition 
Sample xBi Thickness Temperature 

No. (at. %) (,urn) Tg ("C) 

ISB 1 1.1 1.00 350 
ISB 3 1.9 0.80 350 

0.5% Br in methanol for 2 min. The GaAs was etched in 
H2S04 for 3 min followed by 1:1:4 H20:H202:H2S04 for 4 
min. After rinsing in de-ionized water the substrates were 
blown dry with nitrogen and immediately transferred into 
the reactor chamber. 

The surface morphologies of the epilayers were ob­
served using Nomarski differential interference contrast 
microscopy. Layer thicknesses, typically 1-2 JLm, were de­
termined by observing the heteroepitaxial interface be­
tween the epilayer and substrate on a cleaved cross section. 
The typical growth rate was 0.65 JLmlh. The growth effi­
ciency (epilayer thickness in JLm per mole of group-III 
precursor) is higher using EDMln than using TMln at 
these low substrate temperatures, as reported previously.9 

The crystallinity and lattice constant were determined 
using a DIANO XRD-800 x-ray diffractometer. The solid 
composition of InAsl_xSbx samples was determined from 
x-ray diffraction assuming Vegard's law, but the solid com­
position for lnAsl_x_ySbxBiy could not be determined 
from the lattice constant. Thus, a Cameca SX-50 electron 
microprobe was used for the determination of composition 
of these layers. Standard corrections were used. 

Some epilayers, grown on semi-insulating GaAs sub­
strates, were characterized by Hall-effect measurements us­
ing the Van der Pauw technique. The In contacts on the 
four corners of the rectangular samples were annealed at 
300 ·C for 3 min under a N2 ambient. The magnetic field 
was 5 kG and the sample current was between 0.1 and 1 
rnA, depending on the carrier concentration. An Ar-ion 
laser operating at either 4480 or 5145 A was used to excite 
photoluminescence (PL) for epilayers held at 10 K. The 
PL was collected by paraboloidal mirrors and focused onto 
the entrance slit of a Spex monochromator with an InSb or 
HgCdTe detector positioned near the exit slit. 

III. RESULTS AND DISCUSSION 

Both InSbBi and lnAsSbBi alloys have been grown in 
this study. The results are presented separately below. 

A. InSbBi growth 

Previous studies8 showed that incorporation of Bi 
without formation of a second phase is more difficult for 
InSb than for lnAs. Table I lists the parameters used for 
the InSbBi growth runs on InSb substrates. The highest Bi 
concentration that could be produced without formation of 
a second phase on the surface is only approximately 2%. 
The growth of layers with even this small Bi content is 
difficult. The range of V IIII ratio giving smooth surface 
morphologies is extremely narrow. For Villi ratios 
slightly higher than optimum, Sb hillocks are formed on 
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Molar flow rate Cumollmin) Input 
VillI 

ED~Un TBDMSb TMBi Bi/VX100 ratio 

1.131 32.202 0.158 0.488 28.50 
1.131 32.S00 0.263 0.803 28.81 

the surface. The narrow range of V IIII ratio yielding ac­
ceptable morphologies is due to the low volatility of me­
tallic Sb at 350 ·C. A wider range of V /III ratio can be 
used for InAsBi alloys. Villi ratios slightly lower than 
optimum give rise to In droplets that produce whisker 
growth by the vapor-liquid-solid (VLS) mechanism. 

Figure 1 shows x-ray diffraction scans along with mor­
phologies for layers grown using the conditions listed in 
Table 1. The x-ray scans clearly distinguished the Kal and 
Ka2 x-ray lines. This demonstrates high crystalline quality 
for these layers. 77 K Hall-effect measurements, performed 
on layers grown on semi-insulating GaAs substrates, indi­
cate that the addition of few percent Bi has little effect on 
the background electron concentration, with InSb layers 
having n= 1.8X 1017 cm- 3 and InSbo.98IBio.oI9 having 
n=2.2XlOI7 cm- 3• This indicates that TMBi is a reason­
able Bi precursor, at these Bi concentrations, in spite of the 
three methyl radicals per molecule. 

B. InAsSbBi growth 

The growth of InSbBi alloys is limited to small Bi 
concentrations, insufficient to reduce the band-gap energy 

(a) 

InSbO.989BiO.Oll 
~InSb 

56.4 56.6 56.8 57.0 57.2 

InSbo.981Bio.019 
...-InSb 

56.4 56.6 56.8 57.0 57.2 

26 ... 

(b) 

FIG. 1. (a) X-ray-diffraction scans and (b) the corresponding Nomarski 
interference contrast photomicrographs for InSbo.0989Bio.Ol1 and 
InSbo.0981Bio.019 layers grown at 350·C on InSb substrates. 
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(a) 

~InSb 

InAsO.32Sbo.68 

56 57 58 59 60 61 
26-+ 

56 57 58 59 60 61 
2e~ 

(b) 

Without Graded Layers 

With Graded Layers 

FIG. 2. Effect of the addition of step grading on (a) the x-ray scans and 
(b) the surface morphologies of lnAso.32Sbo.68 epilayers grown on InSb 
substrates. 

to 0.1 eV; thus, As was added to the system. This is ex­
pected to have two effects. First, the addition of As, itself, 
is known to reduce the band gap of InSb. In addition, it 
was felt that higher Bi concentrations might be obtained, 
based on the much higher Bi concentrations successfully 
incorporated into InAs.8 It is expected, as discussed below, 
that the incorporation of only 1-1.5 at. % Bi into 
InAso.3sSbo.65 will be enough to reduce the 77 K energy 
band gap to 0.1 eV. 

The growth of an InAsSbBi quaternary alloy on an 
InAs or an InSb substrate will generally result in a large 
dislocation density due to the lattice parameter mismatch. 
In order to minimize the deleterious effects of the lattice 
mismatch, we have used a compositionally step graded' 
transition layer.17 Each step consists of an 8 at. % Sb com­
position difference with a layer thickness of 0.05 /Lm. 

Figure 2 shows the effect of the graded layer on the 
crystallographic quality and surface morphology of an 
lnAso.32Sbo.68 layer grown on an InSb substrate (2.08% 
lattice mismatch). Even without the step graded layer the 
layers have a mirrorlike, shining surface to the naked eye. 
However, from the x-ray-diffraction scans, a broader peak 
is observed from the epilayer grown without the step grad­
ing. In addition, the Kal and Ka2 x-ray peaks cannot be 
resolved for this layer. Cross-hatched surface morphologies 
are typically observed for the layers grown with a step­
graded buffer layer. It is also possible to observe the five 
resolved peaks of the individual layers in the step-graded 
region. Including the graded layer produces epilayers with 
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(a)x=0.424 
y=0.014 

(b)x=0.420 
y=0.019 

(c)x=0.414 
y=0.021 

FIG. 3. Effect of Bi concentration in the solid on the surface morpholo­
gies of InAst_x_,sb"Biy layers with 0.41 <x<0.43 grown on lnAs sub­
strates. 

stronger x-ray intensities and resolved Kal and Ka2 peaks. 
Thus, step grading has been used over the whole range of 
lnAsSbBi alloys described in the remainder of this article. 

Figure 3 shows the effect of increasing Bi concentra­
tion on the morphologies of lnASl_x_ySbxBiy layers grown 
at 350 'C. Above a certain Bi concentration, which varies 
as x is changed, whiskers are formed on the surface. Scan­
ning electron microscopy (SEM) energy-dispersive x-ray 
(EDAX) analysis shows that InBi is the major component 
in the liquid droplet at the tip of the whisker.s Above a 
certain, "optimum" Bi concentration the whiskers could 
not be avoided, even with a careful optimization of the 
growth conditions. 

The variation of the Bi concentration in the solid with 
changing Bi/V ratio in the vapor for the growth of 
InAs1_x_ySbxBiy for several values of x is shown in Fig. 4. 
For x=O, the Bi distribution coefficient K is 1.746. Since 
InAs is expected to be thermodynamically more stable 
than zinc-blende InBi, the data indicate that TMBi decom­
poses more rapidly than that for TBAs. Figure 4 also 
shows that as the value of x increases, the value of K also 
increases. 

The ~rowth conditions for a series ofInAsl_x_ySbxBiy 
layers With nearly the maximum Bi concentrations and 
good morphologies are summarized in Table II. Figure 5 
shows the morphologies of these layers. Layers designated 

6 

'"Ij 
5 ..... 

.-< 
0 
<Il 

(1J 4 

~ 
s:: 3 ..... 

e'< 2 .... 
ft/ ..... 
~ 

0 
0.00 om 

.. ,,=0, K=1.746 

• 0.17<x<0.19,K=1.923 

... 0.41<x<0.43, K=2.77S 

0.02 0.Q3 

BiN ratio 
0.Q4 

FIG. 4. The variation of Bi concentration in the solid with Bi/V ratio in 
the vapor for lnAs1_x_,sb.,Biy (x=O, 0.17 <x<0.19, 0.41 <x<0.43). 
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TABLE II. Parameters of the OMVPE growth ofInAst_x_fibxBiy. 

Sample Composition Composition Temperature 
No. XSbc 

YBi
c Til eC) 

IASB92' 0.182 0.031 350 
IASB43a 0.310 0.027 350 
IASB50' 0.370 0.019 350 
IASB71a 0.420 0.020 350 
IASB65a 0.495 0.015 350 
IASB75a 0.591 0.014 350 
IASB81a 0.650 0.014 350 
IASB40b 0.852 0.013 350 

aInAs substrate. 
bInSb substrate. 
CDetermined by electron microprobe analysis. 

(a)-(f) were grown on InAs substrates and (g) and (h) 
were grown on InSb substrates. Whisker-free, mirrorlike 
surface morphologies were observed for each layer, with a 
typical cross-hatched pattern observed using the Nomarski 
interference contrast microscope. For layers grown using 
the same conditions on GaAs semi-insulating substrates, 
even with a step-graded lnAs1_xSbx buffer region, the sur­
face morphologies had an orange-peel texture, presumably 
due to the extremely large lattice mismatch of 7.2% < lJ.a/ 
a<14.6%. 

The background electron carrier concentrations (77 
K) for InAs1_xSbx and InAs1_x_ySbxBiy layers grown on 
semi-insulating GaAs substrates at 350·C are shown in 
Fig. 6. The values of yare the maximum values plotted in 
Fig. 7, discussed below. From comparison with the earlier 
data,8 we see that replacing AsH3 by TBAs has little effect 

(a) x=O.182 
y=O.031 

(e) x=O.495 
y=0.o15 

(b) x=O.310 
y=O.027 

(f) x=O.591 
y=O.014 

(e) x=O.370 
y=O.019 

(g) x=O.650 
y=O.014 

(d) x=O.420 
y=O.020 

(h) x=O.852 
y=O.013 

FIG. 5. Morphologies ofInAst_x_ySbxBiy layers grown to give the high­
est Bi concentrations without the presence of a second phase. The sub­
strates are InAs for (a) through (f) are InSb for (g) and (h). 
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Molar flow rate (/LmoVmin) Input 
VillI 

EDMIn TBAs TBDMSb TMBi ratio 

1.131 22.990 11.242 0.538 30.749 
1.131 22.120 22.995 0.381 40.220 
1.131 21.876 29.481 0.291 45.660 
1.131 14.709 31.446 0.348 41.130 
1.131 11.315 30.817 0.226 47.460 
1.131 5.689 31.839 0.201 33.370 
1.131 5.917 31.997 0.162 34.670 
1.131 2.469 32.822 0.144 31.360 

on the background carrier concentration. The data indicate 
that the carrier concentration n decreases as x is increased. 
This is expected because the Sb-C bond strength is much 
lower than for the As-C bond. 18 The data also indicate 
that adding Bi has essentially no effect on the carrier con­
centration. 

The relationship between the "optimum" Bi concen­
tration y that could be incorporated into the 
InAs1_ x_ ySbxBiy is shown as a function of the Sb content 
of the alloy x in Fig. 7. Nature apparently abhors small­
band-gap III/V alloys. The maximum Bi content is seen to 
be approximately inversely related to the energy band gap 
as a function of x. For InAs1_xSbx alloys with 0.5 <x 
<0.75, which have the lowest-band-gap energies, the op­
timum Bi concentration is the lowest, 1.3-1.45 at. % for 
the grow temperature of 350 ·C. The solid diamonds are 
the results of earlier work from this group8 using tradi­
tional precursors and a higher growth temperature, since 
TMSb decomposes very little at temperatures below 
400 ·C. At 400 ·C, 1.5 at. % is the highest Bi concentration 
obtained, even for the InAs-rich alloys. The major advance 
in terms of increased Bi concentration demonstrated in 
Fig. 7 is mainly a result of the lower growth temperature of 
350·C enabled by the use of the new Sb precursor 

10 19 

r· EDMln+TBAs+TBDMSb I 
11 EDMln+ TBAs+ TBDMSb+ TMBi 

11 .-. 
'i' 11 

£3 10 I. 11 

~ 
. . .11 

I=< 11 /> 
A 

11 

10 17 

0.0 0.2 0.4 0.6 0.8 1.0 

InAs x InSb 

FIG. 6. Electron concentration (77 K) for InAst_xSbx and 
InAst_x_ySbxBiy epilayers grown at 350'C on semi-insulating GaAs sub­
strates. The values of yare the maximum values plotted in Fig. 7. 
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.... 
~ 

5 

It. EDMIn+TBAs+TBDMSb+TMBi at Tg=350
0
CI 

• TMIn+AsHa+ TMSb+ TMBi at Tg=400°C 

~ 
Previous results, from Ma et. al.(1990) 

4 

K 
3 

2 

•••• 

o 
0,0 

InAs 
0.2 

on-

~ ~ -, 
-.:1f£_ '------

0.4 0.6 
X 

0.8 1.0 
InSb 

FIG. 7. Highest Bi concentration obtained without the presence of a 
second phase for InAsl_x_;.8b)3iy layers grown at 350 ·C. 

TBDMSb. The data in this figure also extend the range of 
Sb concentrations studied to include the entire range of 
InAs1_.xSbx alloys. 

The earlier work on InAs1_xBix alloys showed a re­
duction in energy band gap with Bi concentration, dEl dx, 
of -55 meV lat. % Bi.s In work reported elsewhere, the 
range of Bi concentrations in InAsl_xBix alloys gives PL 
emission was extended to 3.7 at. % Bi (Ref. 19) with the 
same value of dEl dx. Jean-Louis et a1. 1

,20 presented data 
indicating a value of dEldx= -36 meV at. % Bi for 
InSbt_xBix alloys. Unfortunately, the PL of the 
InAS1_x_ySbxBiy layers with the maximum values of y 
could not be measured. One reason for this is a decrease in 
PL intensity as Bi is added to the solid, similar to early 
results for InAsBi. 8,9 Another reason is that the detection 
of PL at longer wavelength, even in InAsSb alloys, is dif­
ficult for the PL system used. Since the reduction of energy 
band gap for the addition of Bi to the InAsSb alloys has 
not yet been measured, we calculated the expected band­
gap energies for the InAsSbBi alloys having the "opti­
mum" Bi concentration by linearly interpolating the values 
of dEldx between InAs and InSb, yielding 
dEr/dx= -55+ 19x (meV 1% Bi), This yields the calcu­
lated values of band-gap energy for the most Bi-rich alloys 

I Calculated curve: Eg=415(1~x}-672x(t-x)+235x 
400 f'.;:-. ~ 1-. 

• InAsSb: EDMln+TBAs+TBDMSb, Tg=400"C 

-it" • 0 lnAsSb: EDMIn+TBAs+TBDMSb, Tg=3SQ"C 

_ 300 f--'--:-'-r~~- A InAsSbBi: Calculated Eg for optimum Bi concentrations :> ...• L--,-_---._---'--,...--_--. ___ --' 
IlJ 

S 
CD ... 

200 1- .. -- ~!)'l, .• r---" i---. .,' ,.,., 

~-... ·Oi, ... ~._ ....... ,_~,~6' •. ~ 
100 - --- ---i\.-"-'--- -'''--,,--,' 

to. I" 

o+-~--~~~-----+----~--~~ 
0.0 

InAs 
0.2 0.4 0.6 

X 

0.8 1.0 

InSb 

FIG. 8. Band-gap energy (10 K) vs composition for InAs l _..8bx and 
InAs l _ x_;.8b)3iy epilayers. The broken curve is the experimental band­
gap energy of InAs l _..8bx and the solid curve and triangular data points 
represent the band-gap energies of the lnAs l _ x_ ;.8bxBiy epilayers with the 
"optimum" Bi concentration. 
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having good morphologies shown in Fig. 8. Also included 
are the energy band gaps measured for InAs1_xSbx alloys 
grown as a part of this research. The results indicate that 
the optimum alloys for 0.3 < x < 0.7 have energy band gaps 
of less than 0.1 eV. The smallest band-gap energy is ap­
proximately 0.08 eV. This result makes InAsSbBi alloys 
appear promising for IR detectors operating in the wave­
length range between 8 and 12/-Lm. 

IV. CONCLUSIONS 

InAs1_x_ySbxBiy alloys have been grown over the en­
tire range of O<x< 1 by OMVPE. The use of the new pre­
cursors EDMIn, TBAs, and TBDMSb has allowed con­
trolled growth of epitaxial layers at a substrate temperature 
of 350 ·C. The maximum Bi concentration that can be ob­
tained for epilayers without the presence of a second phase 
on the surface is found to vary dramatically from a high 
value of 4.5% for x=O to a low of 1.5% for x::::::0.5. The 
calculated energy band gap for InAsQ.485Sbo.500Bio.015 is ap­
proximately 0.08 eV. The use of the new precursors has 
resulted in a major decrease in the carbon contamination of 
the epitaxial layers. For the alloy with the smallest band 
gap, the free-electron concentration is approximately 
3X 1011 cm- 3

• These materials appear to be promising for 
use in the fabrication of pin junction IR detectors operat­
ing in the 8-12 /-Lm atmospheric window. 
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