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Energies of E0 and E0þDSO transitions in In0.53Ga0.47BixAs1�x alloys with 0< x� 0.036 have

been studied by contactless electroreflectance spectroscopy at room temperature. It has been

clearly observed that the E0 transition shifts to longer wavelengths (�50 meV/% of Bi), while the

E0þDSO transition is approximately unchanged with changes in Bi concentration. These changes

in the energies of optical transitions are discussed in the context of the valence band anticrossing

model as well as the common anion rule applied to III-V semiconductors. VC 2011 American
Institute of Physics. [doi:10.1063/1.3669703]

GaBixAs1�x with a few percent of Bi atoms (dilute bis-

muthides) has attracted attention because of its interesting

fundamental properties,1–10 including a large bandgap reduc-

tion (�80-90 meV/% of Bi) and a strong enhancement of the

spin-orbit splitting due to the incorporation of Bi atoms.

Very similar effects are expected when Bi atoms are incorpo-

rated into In0.53Ga0.47As (lattice-matched to an InP sub-

strate). In this material, much narrower energy gaps can be

reached since the In0.53Ga0.47As host has a smaller bandgap

than the GaAs host (0.75 eV versus 1.42 eV at 300 K).11

Also, it is expected that the incorporation of Bi atoms into

In0.53Ga0.47As alloy should enhance the spin-orbit splitting,

but experimental studies on the spin-orbit splitting in

In0.53Ga0.47BixAs1�x have not been reported.

The spin-orbit splitting for In0.53Ga0.47BixAs1�x is tech-

nologically important because, for typical III-V alloys depos-

ited on InP substrates (InGa(Al)As and InGaAsP alloys with

small strain, jej< 1%), the energy gap is larger than the spin-

orbit splitting.11 This condition enhances Auger processes in

the valence band, which unfavorably influence the perform-

ances of InP-based lasers. This problem becomes very signif-

icant for InP-based lasers emitting at longer wavelengths

since energy gap in the active region of such lasers becomes

similar to the spin-orbit splitting.12 It is expected that engi-

neering the bandgap and spin-orbit splitting in InGaBiAs

alloys can suppress Auger processes in the valence band. In

this context, experimental studies of the energy gap and the

spin-orbit splitting in InGaBiAs alloys are necessary and

very important.

To date, only a few papers study InGaBiAs alloys,13,14

and only one reports bandgap measurements.14 None of these

previous reports include contactless electroreflectance (CER)

or photoreflectance measurements. CER spectroscopy, due

to its differential and absorption-like character, is an excel-

lent technique to study the energy gap and the spin-orbit

splitting in III-V semiconductors. In this letter, we use CER

spectroscopy to study the fundamental bandgap (E0) and the

spin-orbit split (E0þDSO) transitions in In0.53Ga0.47BixAs1�x

alloys with 0< x� 0.036. Measuring the energies of the two

transitions, we were able to determine the Bi-related

enhancement of spin-orbit splitting in this alloy as well as

the Bi-related narrowing of the energy gap. The obtained

results have been discussed in the context of the valence

band anticrossing (VBAC) model7 and the common anion

rule applied in III-V semiconductors.15

In0.53Ga0.47BixAs1�x layers were grown on (100)-ori-

ented InP:Fe substrates by molecular beam epitaxy using

solid sources of In, Ga, and Bi, and a valved arsenic cracker.

Prior to the growth of In0.53Ga0.47BixAs1�x layer, a 50 nm

lattice-matched In0.53Ga0.47As buffer layer was deposited to

achieve a clean epitaxial surface. It has been determined by

using x-ray diffraction and Rutherford backscattering spec-

troscopy that the thickness of In0.53Ga0.47BixAs1�x layers is

in the range of 200-700 nm (which does not impact the CER

measurement), and Bi concentration is varied from 1.1% to

3.6%. Relevant details on the growth conditions and struc-

tural investigations are described in Ref. 14.

CER spectra were measured using the “bright” configu-

ration of the experimental set-up described elsewhere.16 The

samples were mounted in a capacitor with the top electrode

made from a copper-wire mesh which is semi-transparent to

light. This electrode was kept at a distance of �0.5 mm from

the sample surface, while the sample itself was fixed on the

bottom copper electrode. A maximum peak-to-peak alternat-

ing voltage of �3.0 kV with frequency 285 Hz was applied.

Phase sensitive detection of CER signal was accomplished

using a lock-in amplifier. Thermoelectrically cooled InGaAs

and InAs detectors were applied in the range of 1.0-1.6 and

1.6-2.8 lm, respectively. An edge filter with cut off at

�1.6 lm was used to eliminate the second order of diffrac-

tion during measurements in the 1.6-2.8 lm spectral range.

Other relevant details of CER measurements are described

elsewhere.16,17

Figures 1 and 2 show room temperature CER spectra

measured in the vicinity of E0 and E0þDSO transitions, res-

pectively, for In0.53Ga0.47BixAs1�x layers with 0< x� 0.036.a)Electronic mail: robert.kudrawiec@pwr.wroc.pl.
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It is clearly visible that the E0 transition shifts to longer

wavelengths with the increase in Bi concentration, while the

E0þDSO is observed to always be at the same energy within

the experimental error. In order to extract energies of E0 and

E0þDSO transitions, CER spectra have been fitted by

Aspnes formula,18

DR

R
ðEÞ ¼ Re½Cei#ðE� Ej þ iCÞ�m�; (1)

where DR
R ðEÞ is the energy dependence of CER signal, C and

# are the amplitude and phase of the line, and Ej and C are

the energy and the broadening parameter of the optical tran-

sition, respectively. The term m depends on the type of opti-

cal transition. For an inhomogeneous system, it can be

assumed that m¼ 3. The fitting curves are shown as thick

grey lines in Figs. 1 and 2 together with the moduli of CER

resonances which are shown as dashed lines. The modulus of

CER resonance (q) was obtained according to Eq. (2) with

parameters taken from the fit.

DqðEÞ ¼ jCj
½ðE� EjÞ2 þ C2�

m
2

: (2)

Figure 3 shows the energies of E0 and E0þDSO transitions

for In0.53Ga0.47BixAs1�x layers extracted from the fitting pro-

cedure together with the spin-orbit splitting DSO calculated

from this data. It is clearly visible that the energy gap nar-

rows and the spin-orbit splitting increase with the increase in

Bi concentration. For In0.53Ga0.47BixAs1�x layers with

Bi> 3%, the spin-orbit splitting became comparable with the

energy gap. In GaAsBi alloys, a similar situation was

observed for �10% of Bi atoms.7 For In0.53Ga0.47BixAs1�x

alloys, this effect is observed at lower Bi concentration due

to the narrower energy gap of the host. It is also worth noting

that the Bi-related reduction of the energy gap for this alloy

has been found to be �50 meV/% of Bi atoms, which is

smaller than for GaAs host (�80-90 meV/% of Bi atoms),

but consistent with results found by previous measure-

ments.14 Taking into account the ab initio self-consistent cal-

culations for III-Bi compounds,19 one might expect that

Bi-related reduction of energy gap should be larger for an
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FIG. 1. Room temperature contactless electroreflectance spectra of

In0.53Ga0.47BixAs1�x layers in the vicinity of the E0 transition.
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FIG. 2. Room temperature contactless electroreflectance spectra of

In0.53Ga0.47BixAs1�x layers in the vicinity of the E0þDSO transition.
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contactless electroreflectance measurements. The spin-orbit splitting (solid

squares) in In0.53Ga0.47BixAs1�x alloy obtained from the measurements of
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In0.53Ga0.47As host than for a GaAs host because of the cal-

culated energy gap of InBi and GaBi (�4.75 and �2.91 eV,

respectively).20 The obtained experimental data suggest that

this simple virtual crystal approximation does not work for

this alloy. Therefore, the empirical VBAC model7 is more

useful to describe the energy gap dependence. This is similar

to the (conduction band) anti-crossing results observed in

dilute nitrides.21 However, it is also a reasonable first

approximation to say the Bi-related reduction of the energy

gap in this alloy can be given by a linear function with the

slope of �50 meV/% Bi.

We have found that for In0.53Ga0.47BixAs1�x, the Bi-

related band gap narrowing and the increase in spin-orbit

splitting are equal in magnitude within the experimental

error. This observation can be explained by a shift of the

heavy/light hole band towards the conduction band without

any shifts of the conduction and/or the spin-orbit splitted

band as illustrated schematically in Fig. 4. Such changes in

the band structure of In0.53Ga0.47As host are in agreement

with the VBAC model,7 which assumes that Bi atoms influ-

ence only the valence band.

Finally, it is also worth noting that the observed changes

in the energy gap and the spin orbit splitting are in agreement

with the common anion rule applied in III-V semiconductors.

According to this rule, the valence-band nature of III-V

semiconductors can be characterized primarily by the anion

(V) species, while the conduction band can be explained pri-

marily by the cation (III) species. The spin-orbit splitting,

therefore, changes very significantly with changes in anion

species. For example, the spin-orbit splittings in Ga-V (GaP,

GaAs, GaSb, and GaBi) are 0.08, 0.34, 0.76, (Ref. 11) and

�2.1 eV,20 respectively. In In-V (InP, InAs, InSb, and InBi),

the spin-orbit splitting are 0.11, 0.39, 0.81, (Ref. 11) and

�2.1 eV,20 respectively. The energy gap decreases when

lighter anions are replaced by heavier ones. According to

these trends, the incorporation of heavier Bi anions into

In0.53Ga0.47As host influences its valence band so that the

energy gap is decreased and the spin-orbit splitting is

increased. Taking into account the experimental result that

the energy of E0þDSO transition is almost the same for all

samples (see Fig. 2), this means that Bi incorporation into

In0.53Ga0.47As host causes the heavy/light hole band to shift

towards the conduction band, while the spin-orbit split band

largely does not shift, as shown in the sketch in Fig. 4.

In conclusion, it has been clearly shown that the incor-

poration of Bi atoms into In0.53Ga0.47As host causes band

gap reduction and modification of the spin-orbit splitting.

These changes in the band structure are caused by a shift of

heavy- and light-hole bands towards the conduction band.

This means that the valence band of these materials can be

tuned independently of the bandgap (through accompanying

changes in cation), and the relation between the energy gap

and the spin-orbit splitting in In0.53Ga0.47BixAs1�x can be

tuned from one typical of InGaAlAs and InGaAsP alloys

grown on InP substrate (E0>DSO) to an unusual relation for

III-V/InP structures where the energy gap is very close to the

spin-orbit splitting (E0 � DSO). This allows the enhanced

control of optoelectronic devices grown on InP substrate.12
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