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Growth of GaAs1−xBix layers by molecular-beam epitaxy
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By molecular-beam epitaxy we have grown epitaxial layers of GaAs1−xBix solid solutions with a bismuth content

of 0 < x < 0.02. Structural and optical properties of the layers were investigated. We determine the influence of

the bismuth flux and substrate temperature on the bismuth incorporation into the growing layers.

Keywords: gallium arsenide, bismuth, molecular-beam epitaxy, bandgap.

DOI: 10.21883/SC.2022.03.53057.9764

1. Introduction

Bismuth is a V group substitutional isovalent impurity that

forms solid solutions with III−V compounds [1]. However,
equilibrium solubility of bismuth in gallium arsenide at

temperatures typical for epitaxial growth of this material

is low and does not allow to significantly change the

bandgap width for epitaxial layer grown under conditions for

example, when using a liquid-phase epitaxy method [2,3].
Nevertheless, bismuth doping has a strong influence on the

electrophysical properties of the grown layers (see [4–7] and
literature review in [1]).
A significant (up to 3.1%) bismuth concentration x in

GaAs1−xBix solid solution was achieved in 2003, using a

molecular beam epitaxy (MBE) method at low growth tem-

perature [8]. Diluted GaAs1−xBix solid solutions were found

to demonstrate significant reduction of the bandgap width

Eg even with low the rather bismuth concentration x [9].
Thus, bismuthides expand the heterostructure development

capabilities in III−V materials system and, therefore, offer

opportunities for the development and application of new

heterostructures.

Since GaAs1−xBix is grown using MBE method at low

temperature (LT), the applications of this material primarily

involve on the base of LT-GaAs devices developed earlier.

The most important of them include ultra high-speed pho-

todetectors, generators and receivers of terahertz radiation.

Reduction of the bandgap width by bismuth doping of

GaAs was found to extend the spectral sensitivity range

of optoelectronic devices up to 1.3 µm and farther, which

corresponds to O-band of fiber-optic communication [10].
In addition, modification of the band structure makes it

possible to reduce the excessive noise from avalanche

diodes [11] and considerably improve performance of

terahertz frequency band devices [12].
Currently, the LT-GaAs1−xBix epitaxial layer formation

process using MBE method is only being developed as

evidenced by a large number of publications addressing

both epitaxial growth models and specific epitaxial process

modes and conditions [13–19].

In this paper we study the influence of the growth

temperature and the bismuth and arsenic vapor pressure on

the structure and optical properties of GaAs layers grown

using MBE method.

2. Epitaxial layer growth

The test samples were grown on semi-insulating

GaAs substrates using the MBE method. The processes

on the growth surface were controlled using a reflection

high-energy electron diffraction (RHED) method. Molecular

flux density was measured using a vacuum ionization gauge

that was inserted in the growth region for the measurement

period.

The substrate temperature was measured using a cali-

brated thermocouple attached to the manipulator heater.

The thermocouple was calibrated according to the transition

temperatures of gallium arsenide surface structures.

In the first set of experiments we studied the influence of

the bismuth flux rate on the Bi incorporation into the GaAs

growing layer and surface morphology.

After removal of the protective oxide layer, a 0.2 µm

GaAs buffer layer was grown on the substrate surface at

the rate of 1µm/h. Growth took place at a temperature of

580◦C under the conditions of the surface reconstruction

(2×4). Then the growth was interrupted, the substrate

temperature was reduced down to 380◦C, growth rate was

reduced down to 0.3monolayer per second (ML/s). The

growth took place under the conditions of coexistence of

surface reconstructions
(

(2)(3)×(4)(6)
)

. This provided the

growth under near-stoichiometric conditions. Bi flow was

equal to 5 · 10−9, 1 · 10−8, 2 · 10−8, 4 · 10−8 Torr. The

thickness of grown epitaxial layers was equal to 0.3µm.
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Parameters of GaAs1−xBix samples (growth temperature, Bi molecular concentration, diffraction curve width, optical absorption edge

displacement relative to the reference sample BP2970)

Sample Tgrowth,
◦C

x , mol% x , mol% FWHM g = [004],
1E, eV

(EPMA) (HRXD) arcseconds

BP2978 150 1.6 2.0 64 −0.245

BP2977 200 1.8 1.9 62 −0.138

BP2976 250 1.6 1.6 65 −0.103

BP2975 300 1.6 1.4 73 −0.089

BP2979 340 1.0 −0.068

BP2974 340 1.4 −0.076

BP2970 380 0.0 0.000

For growth with maximum bismuth flow, tran-

sition
(

(2)(3)×(4)(6)
)

→ (2×1) is observed rather

quickly. For growth with PBi = 2 · 10−8, 1 · 10−8,

5 · 10−9 Torr, the interval of time from the beginning

of growth to the superstructure superposition transition
(

(2)(3)×(4)(6)
)

→
(

2×4(1)
)

depends on the Bi flow

rate — the lower the flow is, the higher the interval is.

This is probably due to Bi segregation and accumulation

on the growth surface. Surface morphology observed

visually in the reflected light varied from mirror-smooth for

minimum PBi to opaque for maximum PBi.

In the second set of experiments we studied the influence

of the growth temperature on Bi incorporation into the

growing epitaxial GaAs layer and surface morphology after

growth.

A set of samples was grown with PBi = 2 · 10−8 Torr.

The growth temperatures were Ts =440 (BP2973),
380 (BP2972), 340 (BP2974), 300 (BP2975), 250 (BP2976),
200 (BP2977), 150◦C (BP2978). During growth in the

range from 440 to 340◦C surface superstructure transition
(

(2)(3)×(4)(6)
)

→
(

2×4(1)
)

was observed. Bi segregation

in this temperature range resulted in Bi accumulation on

the surface which ensured occurrence of profile observed

visually in a form of a
”
mat“ in reflected light. Additionally,

BP2970 reference sample was grown at 380◦C with low

pressure of Bi vapor (5 · 10−9 Torr).
For samples growing at 300 and 250◦C, reconstruction

transition
(

(3×1) → (1×3)
)

was observed with the re-

construction remaining unchanged throughout the growth

process. Sample growth at 200 and 150◦C took place

without reconstruction. Only main reflection strands were

observed.

Such form of diffraction pattern is specific to GaAs

growing at low temperatures. Mirror-smooth surface for

samples grown at 300◦C and lower temperature is likely

associated with reduction or probably with suppression of

Bi segregation.

A sample was grown at 200◦C and PBi = 4 · 10−8 Torr.

Growth took place without a reconstruction of the surface.

The surface after growth is mirror-smooth that can also be

indicative of significantly reduced Bi segregation.

3. Structure and composition
investigations

The film composition was determined by an electron

probe microanalysis (EPMA) using Camebax (France)
microanalyzer equipped with four X-ray spectrometers.

The composition was analyzed at accelerating electron

voltage 10 keV and specimen current 10 nA. A stoichiomet-

ric GaAs sample and metallic Bi were used as reference

standards. Ga : Lα , As : Lα and Bi :Mα were used as

analytical lines.

In the samples grown at 380◦C, bismuth concen-

tration was lower than the method’s detection limit

(x < 0.8mole%) for any bismuth fluxes used in our

experiments. Bismuth was found in the samples from the

second set grown at a lower temperature. The measurement

error was ±0.2mole%. The measurement results are shown

in the table.

For structural characterization of samples, a high-

resolution X -ray diffraction (HRXD) method was used.

Diffraction reflection curves (DRC) were obtained using

a low-dispersion double-crystal version of reflection-type

imaging, geometry (+n,−m), CuKα1-emission. Ge single

crystal with orientation (001) was used as a monochromator.

Reflection from the monochromator g = [004]. DRCs

were recorded in reflections from the sample for g = [004]
and g = [224]. In the last case, grazing incidence angle

geometry and grazing reflection angle geometry were used.

Reflection g = [004] was used to measure the full width

at half maximum (FWHM) of the film peaks. The

distance between the thickness oscillations was used to

check the GaAs1−xBix layer thickness. A DRC pair

g = [224] was used to calculate the layer strain state within

a tetragonal model[20]. For the calculation, the GaAs1−xBix
solid solution was considered and aGaAs = 0.5653 and

aGaBi = 0.6324 nm lattice parameters were used.

Figure 1 shows DRCs of four GaAs1−xBix samples

obtained in the vicinity of reflection g = [004]. Angular

position of the substrate diffraction peak was assumed as

the reference. For better perception, they are vertically

displaced from each other with ×10. Only film and
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Figure 1. Diffraction reflection curves in the vicinity of reflection

g = [004] for GaAs1−xBix samples.

substrate peaks are visible on DRCs of BP2975 sample.

FWHM of film peak is equal to 73 arcseconds. A significant

broadening is observed on the bottom of DRC. Since MBE

ensures high horizontal homogeneity of grown layers, this

widening is indicative of deformation heterogeneity through

the GaAs1−xBix layer thickness. The most probable cause

of this heterogeneity is the bismuth concentration gradient

through the film thickness. Presence of such gradient also

proves the absence of thickness oscillations.

For BP2976, BP2977 and BP2978 samples, in addition

to the film and substrate peaks, thickness oscillation peaks

are also present on DRCs. FWHMs of film-related peaks

are equal to 65, 62 and 64 arcseconds, respectively. Such

recorded oscillations on the rocking curve are indicative of

the GaAs1−xBix layer homogeneity and sharp boundaries.

Thickness oscillation period is ∼ 60 arcseconds that is equal

to a GaAs1−xBix layer thickness d ≈ 300 nm.

The calculated Bi concentrations in the layers are shown

in the table. It can be seen that EPMA and HRXD data are

matched quantitatively.

4. Optical investigations

Optical characteristics of samples were studied using light

reflection, transmission and extinction spectroscopy at nor-

mal incidence within the wavelength range of 900−1600 nm

at room temperature. Osram HLX 100W 6.6A with a col-

limator was used as an emission source. The spectra were

recorded using OceanOptics NIRQuest-512 spectrometer.

The spectra were recorded using OceanOptics SpectraSuite

software.

Figure 2 shows the optical extinction spectra of samples

grown at constant Bi flow at PBi = 2 · 10−8 Torr within the

growth temperature range of 150−440◦C. The spectra were

obtained from the measured transmittance spectra using the

Bouguer-Lambert-Beer law

α = − ln(Tα/T0)/d, (1)

where d is the thickness of the epitaxial film of interest,

Tα is the optical transmittance spectrum of the film, and

T0 is the reference transmittance spectrum of Bi-free GaAs

grown under standard conditions.

The figure shows that wide absorption tails extending

up to 1500 nm wavelength are formed in optical spectra

with reduction of the growth temperature. Such features of

optical extinction in non-stoichiometric epitaxial GaAs films

are well known [21] and are due to light absorption and dis-

persion in disordered systems of AsGa point antisite defects

within the film [22–24]. In addition, the optical absorption

coefficient is increased significantly with reduction of growth

temperature as a result of increase in the concentration of

non-stoichiometric As [22–24] and reaches 2 · 104 cm−1 for

BP2978 sample grown at 150◦C.

In addition, with the growth temperature variation, optical

absorption edge displacement is observed that is probably

due to the impact of the Bi atom concentration growth

on the bandgap of LT-GaAs1−xBix material. Qualitative

assessment of the optical absorption displacement was

carried out by means of a linear interpolation of a spectral

region within 900−1000 nm relative to BP2970 reference

sample. A sample grown at minimum temperature 150◦C

was not considered due to significant influence of high
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Figure 2. Optical extinction coefficient spectra of GaAs1−xBix
samples vs. the growth temperature at constant pressure of

Bi vapors PBi = 2 · 10−8 Torr.
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Figure 3. Optical absorption edge displacement depending on the

sample growth temperature.
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Figure 4. Optical absorption edge displacement of GaAs1−xBix
depending on the molecular concentration of Bi measured using

EPMA (1) and HXRD (2) methods. Solid line (3) shows a linear

approximation from [25].

concentration of excessive As atoms on the visible spectrum

shape [22–24]. The results are shown in Fig. 3.

The absolute optical absorption edge displacement is

increased with decrease of the sample growth temperature.

This fact suggests that Bi concentration in epitaxial films is

increased at constant pressure of Bi vapors with decrease

in the growth temperature. In particular, this is supported

by the measurements of Bi molecular concentration using

EPMA and HXRD methods (see the table).

The corresponding relationships of the optical absorption

edge displacement vs. the measured molecular concentra-

tions of Bi using EPMA and HXRD methods are shown in

Fig. 4. A sample grown at minimum temperature 150◦C

was not considered due to significant influence of high

concentration of excessive As atoms on the visible spectrum

shape [22–24].
A solid black line shows a linear fitting relationship of

the bandgap width variation of GaAs1−xBix material vs.

Bi concentration (1E = −6.4x) obtained in [25]. As can

be seen, this approximation quantitatively describes the

measured relationship.

5. Discussion of results

The investigations have shown that due to Bi atom

segregation and competition with As atoms during incor-

poration into a growing crystal, growth of GaAs1−xBix
layers may only take place in a narrow growth conditions

range: temperature should be below 350◦C and ratio

of (As+Bi) and Ga on the growing surface should be

stoichiometric, i.e. near the boundary of morphological

stability. Intersection of this boundary is followed by a

sharp increase in the roughness of the growing GaAs1−xBix
layer and by formation of Bi and Ga drops and then by

formation of metal inclusions. In additions, the layer surface

morphology may be affected by stresses and dislocations

since the lattice parameters differ for the GaAs1−xBix layer

and GaAs substrate. Therefore, there should be an effective

continuous monitoring of the GaAs1−xBix layer surface

during the growth (in situ).
Composition homogeneity of the GaAs1−xBix layers to be

grown is ensured at epitaxy temperatures of 150−250◦C,

but at higher temperatures, bismuth segregation leads to

composition gradient through the thickness. At an extreme

low growth temperature of 150◦C, large amount of excess

arsenic atoms are captured in the growing layer by formation

of antisite defects. MBE technology at low temperature with

precise control of molecular flux ratio made it possible to

form GaAs1−xBix layers with bismuth concentration x up

to 2mole%.

Optical investigations have proved that a relatively low

bismuth concentration leads to rather considerable restric-

tion of the material bandgap. Taking into account the

influence of band tails caused by the formation of antisite

defects in arsenic, bandgap width variation due to formation

of a GaAs1−xBix solid solution may be described by

linear law 1E = −6.4x that was established experimentally

in [25]. The achieved maximum reduction of the bandgap

associated with formation of GaAs1−xBix solid solution is

∼ 0.14 eV with a bismuth concentration of ∼ 2mole% and

takes place at an epitaxy temperature of 200◦C.

6. Conclusion

MBE method at a low temperature of 150−350◦C has

been used to grow epitaxial layers of 0.3µm GaAs1−xBix
solid solutions with bismuth concentration 0 < x < 0.02.

At higher growth temperatures, bismuth capture into the

growing layer is inefficient at any molecular flow ratio. The

relationship of bismuth concentration in the grown layers vs.

Semiconductors, 2022, Vol. 56, No. 3
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temperature has been determined experimentally. Structural

and optical properties of the layers have been studied.

The epitaxial layers have been shown to have rather high

crystalline perfection. It was observed that the formation of

GaAs1−xBix solid solution leads to linear reduction of the

bandgap width. The bandgap reduction by 0.14 eV was

achieved at bismuth concentration of ∼ 2mole%. Such

bandgap variation takes place in a sample grown at an

epitaxy temperature of 200◦C and PBi = 2 · 10−8 Torr.
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M. Vondráček, S. Colonna, F. Arciprete. Phys. Rev. Appl.,

14 (1), 014028 (2020).
[11] Yuchen Liu, Xin Yi, N.J. Bailey, Zhize Zhou, T.B.O. Rockett,

Leh W. Lim, Chee H. Tan, R.D. Richards, J.P.R. David. Nature

Commun., 12 (1), 4784 (2021).
[12] K. Bertulis, A. Krotkus, G. Aleksejenko, V. Pačebutas,
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