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Cathodoluminescence of Gay.«I nyAs,Sb,., epitaxial layers
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Quaternary Gai-xInxAsySbi.y layers lattice matched to a GaSb substrate are of interest for applications in the infrared range.
In this work, the luminescence of GaixInkAsySbh.y layers grown on GaSh by metal organic vapor phase epitaxy (MOVPE)
with different In and As contents, has been studied by cathodoluminescence (CL) in a scanning electron microscope (SEM).
CL images show a cellular structure which indicates the presence of dislocations decorated by recombination centers. Band
gap values of 0.735 eV and 0.717 eV were measured from the CL spectra of two samples with diferent In content. This
result is analyzed in the frame of existing theoretical models relating band gap with In and As content, in quaternary lattice
matched layers. The band gap values are in good agreement with results of atomistic pseudopotentia calculations.

(Received November 16, 2005; accepted January 26, 2006)

Keywords: Cathodoluminescence, Ga-ln-As-Sb, Epitaxial layers, Band gap

1. Introduction

Galium antimonide and its related ternary and
quaternary compounds are of increasing interest for long
wavelength lasers, infrared detectors or thermo-photo-
voltaic applications. In particular, quaternary GalnAsSh
layers lattice matched grown on a GaSb substrate, have
band gap energies, depending on the In and As content, in
the approxi mate range 0.3 eV — 0.8 eV which isinteresting
for optoelectronic applications. In and As concentrations
in Gay..In,As,Sby. layers do not have independent values
for lattice matched conditions on a GaSb substrate but
there is a relationship between the In fraction, x, and the
As fraction, y. A Vegard-like approximation [1] leads to
the relationship y = 0.91x, while other, non-linear,
relationship has been obtained by using an atomistic
approach [2]. In both cases, diferent equations rel ating the
band gap, E; to the composition x are obtained. For a
certain composition of the layer, the estimated values of
the band gap energy, using the mentioned approaches can
show marked differences. In a previous paper [2] cathode
luminescence of INGaSb was studied by SEM regarding
the nature and digribution of defects that influence the
luminescence. In this work cathodoluminescence (CL) in
the scanning e ectron microscope (SEM) has been used to
get information on the band gap energy and the presence
of defects in GawnxInAsShyy epitaxial layers with
different compositions. The experimental results are
compared with the band gap values estimated from the
theoretical trestments of refs [1] and [2]. Quantitative
comparison islimited by the fact that the equations refer to
lattice matched conditions while the experimental results
can be influenced by a certain mismatch, defects or some
inhomogeneity arising during growth.

2. Experimental

GayxIn,As,Shy., layers with a thickness of 300 nm,
were grown on commercial Te doped (100) GaSbh
substrates, with carrier concentration of about 10" cm?®,
from Wafer Technology, with 2° off orientations towards
(110) at 575 °C in an industrial size MOV PE reactor. The
reactor pressure was 100 mbar and the growth rate about
1.5 um/h. Details on the growth procedure have been
reported elsewhere [4]. The layers exhibit a mirror-like
surface  morphology. The In and As content were
measured by Rutherford Backscattering (RBS) and particle
induced X-ray analysis (PIXE) [5] and the data are listed
in Table 1. In the case of sample 1, layers with 2° off
orientation towards (111)A and (111)B, labdled 1A and
1B respectively, have aso been grown. An undoped GaSh
layer grown on GaSb substrate has aso been used as
reference sample. The CL measurements were performed
in a Hitachi S-2500 or a Leica 440 SEM &t a temperature
of 90 K and with eectron beam energy of 15 keV, by
using acooled ADC infrared germanium detector.

Table 1. Data of the investigated samples.

Sample Substrate y (As)
orientation
1 (100) 2deg (110) 0.09 0.11

2 (100) 2deg (110)  0.17  0.18

x (In)

3. Results and discussion

Secondary electron images of the samples are
featureless and are not shown here. CL images of al
samples investigated have a similar appearance showing a
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not well defined cellular structure, with dark cells and
bright walls (Fig. 1). The CL intensity at the walls is not
uniform and some aeas of enhanced intensity are
observed. The cellular CL contrast has been often reported
for other semiconductors e.g. [6] and is explained by a
higher disocation density in the walls. The didocations
getter nonradiative centers, impurities and/or point defects,
causing the formation of areas with enhanced CL intensity
surrounding the did ocations. The CL images do not show
misfit dislocations, which are observable in mismatched
structures as a cross-hatch pattern of dark straight lines.
The didocation related cell structure observed in these
layers, has not been found in CL investigations of GaSh
wafers, undoped or doped with different elements[7-9], of
bulk Galnsb [10] and of AlGaSh epitaxia layers [11].
Possibly the relatively high In content of the layers of this
work, and the presence of As, favours the formation of the
luminescent cell structure,

Fig. 1. Representative CL image from the quaternary
|ayers showing the cellular-like structure.
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Fig. 2. CL spectrum of the reference
GaS layer.

Fig. 2 shows the CL spectrum of the reference GaSh
layer. Gaussian deconvolution of the spectrum shows the
presence of different well known emissions of GaSh. In
addition to the dominant near band gap emission at about
807 meV and a weak above band gap band attributed to

tail states, the native acceptor band (usualy caled band
A) at about 770 meV and a band a 745 meV are aso
observed.

In the CL spectra of the quaternary layers the main
band shifts to lower energies as expected in layers with In
and As content. Fig. 3 shows the spectrum of sample 1.
Gaussian deconvolution shows that a main band is peaked
at 735 meV, which corresponds to the band gap emission
of the aloy, and that weaker contributions, arising from
the substrate, are present at higher energies. Samples 1, 1A
and 1B, which have the same nominal In and As content,
present dominant bands a 735 meV, 737 meV and
735 meV respectively, showing a correspondence of
nomina composition with band gap energy measured by
CL. In sample 2, with higher In content, the CL spectrum
is shifted towards |ower energies, and by deconvolution, a
band at 717 meV is observed, which is attributed to the
band gap of the quaternary layer.
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Fig. 3. CL spectrum of sample 1, which
shows the main peak at 735 meV.

The relationship of In and As content (y = f(x)), with
the energy band gap of GalnAsSb | attice matched to GaSbh,
has been investigated by severd authors e.g. [3,12-14]. For
lattice meatched systems, the quaternary may be
represented as a combination of two latice-matched
constituents, one of which must be a ternary while the
other may be either a binary or aternary. In our case, the
system is (GaSh)1.x(INASy g1 S000)x aNd the results for the
band gap energy lead to suggest different values of the
bowing parameter, C. In the review of Vurgaftman et al.
[1] the authors recommend a value of C=0.75 which is a
composite obtained by averaging all the available results.
In order to investigate the relation of the In and As content
in our layers with the energy gap measured by CL we have
used the dependence of E; on x for
(GaSh) 1.x(INASy g1Shy o0)x System:

E, (GalnAsSh) = (1-x) E,(Gash) +

+X Eg(INAS9:Sho0g) X (1-X) C  (eV) 1)
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with the energy band gaps a 90 K [1]. The x values
obtained from eq. (1) listed in Table 2 differ by afactor of
2 or higher, from the x values measured by RBS/PIXE.
Although no mismatch didl ocations have been observed in
the CL images, the passible deviation of the ideal ratio,
y = 0.91 x, for lattice matching conditions, could certainly
leed to errors in the determination of x by using the
expression (1). However, the large deviation suggests that
the equation (1) underestimates the x values.

Table 2. Experimental E; and x and theoretical x values for the
different sasmples.

(EE) X X X
sampe mov (RBSPIXE) (1) (e0.(2)
1 735 0.11 0.05 0.11

1A 737 No data 0.055 0.108

1B 735 No data 0.05 0.11

2 717 0.18 0.07 0.14

For this reason the approach proposed by Magri et al.
[3] has been considered. The atomistic easticity via the
Vaence Force Field approach was used in [3] to obtain the
function y = 0.001 + 0.648x + 0.239x°, a which the
quaternary dloy is lattice matched to GaSh. Atomistic
pseudopotential calculations were used to study the
evol ution of the fundamental band gap as a function of the
composition and the expression:

Ey = 0.804-0.5257x —0.4322x* + 0.4175x>  (eV) (2)

was obtained at 0 K. We have estimated the energy value
a 90 K through the Varshni form by using a linear
interpolation of the o and ( parameters of GaSb and
INASy.0:Sbooe [3]. The x vaues obtained from the above
equation, by using the energy gap measured by CL, are
listed in Table 2. Fig. 4 summarizes the results displayed
in the Table 2. The lines correspond to the evolution of the
bandgap with the In content according to eg. 1 (dashed
line) and eg. 2 (solid line) at 90 K. The squares correspond
to the value of the energy gap, 735 meV, in sample 1 and
thecircles to the the energy gap, 717 meV, in sample 2. In
the x axis the In contents of both samples, measured by
RBS, are marked for reference. It can be observed that the
x values obtained from the dashed line (equation 1) are far
from the experimental ones. On the contrary, the x value
of sample 1, obtained from the solid line (equation 2)
match exactly with the experimental value. This shows
that the theoretical treatment of [3] appears suitable to
describe the relaionship between Ey x and y in the
samples studied in this work. In the case of sample 2, the
agreement is clearly better when equation 2 is used.
However, in this case the discrepancy is about 22 % which
can be partly explained by the fact that sample 2 has a x/y
ratio far from the condition given by the above y = f(x)
function. In addition the theoretical trestment corresponds

to perfectly random conditions and does not consider
effects such as short range or defects.
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Fig. 4. Band gap energy of GaynAsSh,./GaSh as a
function of the In content x extrapolated at 90 K. The
dashed line isthe quadratic function (equation 1) and the
solid line corresponds to equation 2. The squares
represent the energy gap measured by CL in sample 1
and the circles correspond to the energy gap of sample
2. The x values measured by RBS in both samples are
marked, for comparison, in the In content axis.

4. Conclusions

Gay4InAs,So,., layers grown on GaSb by MOVPE
with different x and y vaues, have been characterized by
CL in the SEM. CL images show a cdlular structure with
bright cell walls related to gettering of defects by
dislocations but no mismatch dislocations are observed.
Band gap values of the layers, between 717 meV and
737 meV are obtained from the CL spectra The results
show good agreement with a theoretica relationship
between Ey and In content in latti ce matched layers.
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