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INFLUENCE OF AN ULTRA-THIN BUFFER LAYER ON
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A series of 100 nm-thick pseudomorphic GaAsBi layers with the Bi content varying from 0.97 to 11.2% have been
grown by molecular beam epitaxy (MBE) on the semi-insulating GaAs(100) substrates buffered with an ultra-thin
up to 20 nm thick GaAs layer. The main attention in this work was focused on the investigation of relaxation in the
Bi induced compressively-strained GaAsBi layers containing a various content of Bi. The lattice parameters of GaAs-
Bi compound and the Bi concentration have been evaluated from high resolution X-ray diffraction measurements.
The relaxation values of GaAsBi layers ranging from 0.4 to 3.5% were obtained analyzing the symmetric and asym-
metric reciprocal space maps of (004) and (115) planes, respectively. Also, the complex study was performed to clarify
the relaxation effect on structural, morphological and optical properties of bismide layers. Optical measurements
revealed a significant reduction of the energy band gap from 1.34 to 0.92 eV for the layers containing 0.97-8.6% of

Bi in the GaAs lattice.
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1. Introduction

GaAsBi alloy is well known as a prospective ma-
terial for application in various optoelectronic de-
vices. Due to the large band gap reduction (by up
to 88 meV per Bi %) [EI, ﬁ] induced by the substi-
tution of As atoms by Bi in the GaAs host lattice,
and the lower temperature dependence of energy
band gap (0.1-0.3 meV/K) [ﬁﬁ) this compound is
very promising as an active layer of lasers operating
in the near-infrared (NIR) spectrum range [@].
It was demonstrated that GaAsBi thick layers and
quantum structures could be applied as a 1.0 eV-
subcell photovoltaic material in tandem solar
cells [], and THz photodetectors sensitive in
a spectral range of (1000-1500 nm) []. Ac-
cording to the band anti-crossing model, bismuth

affects an electronic structure strongly (mainly va-
lence band) by inducing the energy levels close to
the valence band and by increasing the spin-orbit
splitting energy between the valence band and
the spin-orbit split-off band [[14-15]. Polak et al. in
Ref. 16 demonstrated that the Bi incorporation also
affects slightly the conduction band. Furthermore,
the introduction of more than 10% Bi to the GaAs
lattice allows the spin-orbit splitting energy to pass
the energy of band gap. This behaviour could have
an application especially in the infrared lasers,
where the optical loss proceses are caused by the
Auger recombination of emitted photons in the ac-
tive region. The reduction of non-radiative Auger
recombination leads to the enhancement of the las-
ing feature of sources. Moreover, the temperature
sensitivity of small bismide energy band gap will
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open a possibility to develop laser modules without
cooling.

Despite these advantages, the progress in ap-
plications is held back by the challenges of bismide
growth technology. Since bismuth is much larger
than arsenic and exhibits the strong feature to sur-
face segregate at high temperatures, the incorpora-
tion of Bi to GaAs lattice under usual A3-B5 growth
conditions is impossible. The reduced growth tem-
perature (lower than 400°C) and the low arsenic
overpressure (pressure ratio of As and Ga close to 1)
are required for the incorporation of a significant
concentration of Bi into the GaAs host lattice [[14-
@. The increased Bi solubility under these growth
conditions leads to the raised compressive strain in
GaAsBi alloy due to the replacement of smaller As
atoms by larger Bi. The thickness beyond which the
relaxation of strained layers is expected to occur is
the critical thickness. Increasing the bismide layer
thickness due to the tensile or compressive strain
the plastic deformation starts to occur leading to
the inhomogeneous strain associated with misfit
dislocations. According to Matthews and Blakeslee
[@], for any given strain there will be a critical
thickness of heteroepitaxial growth at which it will
become energetically favourable for dislocations
in the material to propagate to the sample surface.
On the other hand, Drigo et al. in Ref. 18 investi-
gating In Ga, As/GaAs heterostructures showed
that the strain driven dislocation propagation does
not result in a significant relaxation of strain. It was
shown that the generation of dislocations occurs at
greater thicknesses than the Matthews-Blakeslee
critical thickness. Many experimental studies
depending on the method (XRD, PL, etc.) used to
evaluate the critical thickness of bismide layers have
demonstrated various results. Tixier et al. using XRD
measurements supposed that the critical thickness
for GaAsBi containing 3.1% of Bi could exceed even
~270 nm [ﬁ], this being significantly higher than the
critical thickness reported for the formation of misfit
dislocations of InGaAs on GaAs with a similar lattice
mismatch (0.37%) — 60 nm.

Since most GaAsBi applications in laser diodes
and solar cells tend to avoid the relaxation of layers
or multi-quantum well structures, the knowledge
about the relaxation level depending on the bis-
muth content is necessary, and the ability to control
the strain is still very important. Moreover, the sec-
ond crucial factor for epitaxial heterostructures is

surface roughness, since the active area in most of
devices or components (for example, LED and LD)
is inserted between hundred nanometres or micro-
metres — thick p and n waveguide cladding layers.

In this work, we present the complex study of
a series of 100 nm-thick GaAsBi layers grown by
molecular beam epitaxy (MBE) on semi-insulating
GaAs(100) substrates with a different Bi content
varying from 0.97 to 11.2%. Otherwise than in the
referred works, an ultra-thin GaAs buffer layer was
used. It was supposed that the ultra-thin (up to
20 nm) GaAs buffer layer could serve as an equiva-
lent of the cladding layer exhibiting the typical sur-
face roughness of about 0.5 nm. The main attention
in this work was focused on the investigation of re-
laxation in the compressively-strained GaAsBi layers
induced by a higher surface roughness and different
Bi content.

2. Materials and methods

GaAsBi samples were grown using two solid source
molecular beam epitaxy (MBE) systems: Veeco
GENxplor (samples marked with VGA) and SVT-A
(samples marked with B). Both MBE reactors were
equipped with conventional Knudsen effusion cells
for metallic Ga and Bi and an As cracker. After the
deoxidation of substrate, an ultra-thin up to 20 nmin
thickness GaAs buffer layer was grown at 650°C tem-
perature with 300-500 nm/h growth rate. The thick-
ness of the buffer layer was defined by the change of
reflection high energy diffraction (RHEED) image
from the bulky substrate pattern (1 x 1) to the clearly
determined surface reconstruction of (2 x 4). To in-
troduce different bismuth content epitaxial GaAsBi
layers were grown on semi-insulating GaAs(100)
substrates at different substrate temperatures 360-
425°C and a significantly reduced As/Ga flux ratio
varying from 1 to 1.1. The growth temperature was
monitored by thermocouple readings. The surface
quality and growth mode layer by layer was moni-
tored and evaluated in situ during the growth using
RHEED. Bismuth flux varied in the wide range from
10-® Torr to 5 x 107 Torr by changing Bi source
temperature. To enhance Bi incorporation, before
the bismide growth the buffered substrates were ex-
posed in the pure Bi flux for 10 s (it allows one to
cover the buffer partially by a Bi wetting layer, which
acts as a surfactant). The complex investigation of
grown GaAsBi layers revealed the narrow enough
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window of optimum technological conditions with
three crucial parameters: substrate temperature, As/
Ga ratio and bismuth flux. It is worth noting that the
optimum conditions for the introduction of different
concentration of Bi slightly varied: for a lower bis-
muth concentration higher temperatures, a lower Bi
flux and a higher As to Ga ratio are more appropriate,
while lower temperatures, As/Ga values closer to 1
and a higher bismuth flux are more favourable for
the growth of GaAsBi with more than 6% Bi. This
fact well illustrates the sample B839, where the Bi
content reaches only 3.1%: i. e. a small Bi flux and
a higher As to Ga ratio are bismuth concentration
limiting factors though the substrate temperature is
very low (320°C). The technological parameters of
GaAsBi layers growth are presented in Table 1.

Table 1. Main technological parameters of the GaAsBi
layers: the Bi content (%) established from XRD mea-
surements, the thickness (nm) evaluated from MBE
RHEED intensity oscillations and the growth tem-
perature (°C) monitored by thermocouple readings.

Sample | Bi content, | Thickness, Growth
No. % A temperature, °C
VGA0099 0.97 100 425
VGAO0101 1 100 425
VGA0102 1 100 425
VGA0108 2.5 100 370
VGA0109 1 100 370
B838 11.2 100 320
B839 3.1 100 320
B846 8.6 100 350
B847 6.6 100 360

The crystalline structure and surface morphology
of samples ex situ were characterized by atomic force
microscopy (AFM) measurements using a Dimen-
sion 3100 SPM system with a Nanoscope IVa con-
troller (Veeco Instruments Inc., USA). To establish
the Bi content in 100 nm-thick GaAsBi layers, XRD
measurements were carried out with a SmartLab dif-
fractometer (Rigaku, Japan), by monitoring shifts of
the (004) diffraction peak with respect to its posi-
tion to GaAs. The compressive strain relaxation was
defined from the symmetric reciprocal space maps
(RSM) of the (004) plane and the asymmetric RSM
measured using grazing exit angle geometry for
the (115) plane.

Photoluminescence (PL) measurements were
carried out using a 500 mm focal length monochro-
mator (Andor SR-500i) along with a liquid nitro-
gen/thermoelectrically cooled InGaAs photodetec-
tor. A diode-pumped solid-state laser emitting at
the wavelength of 532 nm was used as an excitation
source at different excitation powers (ranging from
several tens to several hundred mW). The samples
were mounted on the cold finger of a closed-cycle
helium cryostat coupled with a temperature control-
ler, allowing for measurements in the temperature
range of 3-300 K.

3. Results and discussion

3.1. Structure analysis

The lattice parameters of GaAsBi compound and
the Bi concentration have been evaluated from high
resolution X-ray diffraction w/26 measurements (see
Fig. El). The Bi content in the samples determined
from XRD varied from 0.97 to ~11.2% depending on
the substrate temperature and As /Ga ratio and bis-
muth flux. The XRD scans measured from the (004)
planes for the 100 nm-thick epitaxial GaAsBi layers
with a various Bi content grown on GaAs (100) are
shown in Fig. El The peaks at 20 = 66.055° correspond
to the GaAs substrate, while the peaks on the left are
attributed to the epitaxial GaAsBi layers. Each sample
scan is presented by a different colour line (see the leg-
end). The perpendicular lines marking the Bi concent-
ration in the strained GaAsBi compound are shown as
guides for the eye. The separation of these two peaks
corresponds to the mismatch between the GaAsBi
layer and GaAs substrate out-of-plane lattice. The dy-
namical simulations of XRD scans made by assum-
ing the absence of tetragonal distortion were used for
the determination of the layer composition. Evaluat-
ing the Bi content (presented in Table 1), the Vegard’s
law was assumed, and the values for the GaBi and
GaAs lattice constants were taken 6.234 and 5.653 A,
respectively. It was revealed from the investigation
that the layers are pseudomorphic to the GaAs sub-
strate. In the scans of the samples with a higher Bi
concentration the peak corresponding to GaAsBi
was significantly wider, what is an indication that Bi
is distributed inhomogeneously. The relaxation values
of GaAsBi layers were obtained from the symmetric
and asymmetric scans of reciprocal space maps of
(004) and (115) planes, respectively, shown in Fig. @
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Fig. 1. XRD rocking curves of the (004) diffraction peak of 100 nm-thick
GaAsBi layers grown onto the GaAs substrate. Bi content in the layers was
calculated taking into account the data obtained from reciprocal space maps
showing that GaAsBi layers are almost fully strained even containing the larg-
est bismuth concentration 11.2%. The vertical lines mark the fully strained
GaAsBi bulk compound reflex containing Bi content from 0.97 to 11.2%.
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Fig. 2. High-resolution XRD reciprocal space maps of the (115) plane measured for three GaAsBi layers with
0.97, 3.1 and 11.2% bismuth content. The perpendicular and tilted solid red lines on this plot correspond to the
fully strained and fully relaxed states, respectively. An insignificant shift of the layer peak from vertical lines is
due to low relaxation.
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The visible vertical red line starting from the
GaAs reflex indicates that the compound is fully
strained and has the same in-plane lattice param-
eter as GaAs. The tilted red line is attributed to the
tully relaxed layer. The established relaxation level
was very low for all grown samples and reached
only tenths or few percents — from 0.4 to 3.5%,
respectively, for the GaAsBi layers with the lowest
and largest Bi concentration.

The analysis of the shape of RSM peaks at-
tributed to GaAsBi (Fig. ) suggested that the re-
laxation of 100 nm-thick GaAsBi layers could be
caused by a rough enough ultra-thin GaAs bufter
layer. Moreover, the GaAsBi reflexes on RSM are
symmetric, so the assumption that the compound
started to relax due to the incorporation of larger
radius Bi atoms can be refused.

The growth mechanism and surface roughness
of 100 nm-thick GaAsBi layers have been charac-
terized ex situ by atomic force microscopy (AFM)
measurements. The representative AFM images
of GaAsBi epitaxial layers with 0.97% (VGA0099)
and 6.6% (B847) of Bi, grown using the same As/
Ga pressure ratio of about 1.077 and substrate
temperature of 425 and 350°C, respectively, are
shown in Fig. H The AFM investigations revealed
that the surface roughness of GaAsBi layers varied
from 10 to 18 nm depending on the As to Ga flux
ratio and the Bi flux as well as the growth tem-
perature. A smoother surface was registered for
lower growth temperatures (320-350°C) used for
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the growth of GaAsBi with a larger Bi content,
while 18 nm roughness was measured for the
100 nm thick GaAsBi layers grown at 425°C tem-
perature. It should be noted that the pits observed
in Fig. H(a) are caused by the lack of arsenic in
the lattice.

3.2. Optical characteristics

Firstly, the PL spectra of all investigated 100 nm-
thick GaAsBi layers were measured at room tem-
perature. The selected room temperature PL spectra
are presented in Fig. @(a). It can be seen that the
PL spectra of the samples of B series, grown into
a SVT-A MBE reactor, consist of two PL bands.
A higher energy band centred at 1.42 eV is related
with the optical transition in the bulk GaAs sub-
strate. A lower energy band was assigned to the
optical transitions within the GaAsBi layer. There
was no room temperature PL signal at low energies
from the GaAsBi layer containing 3.1% of Bi (sam-
ple B839). It can be related to a higher concentra-
tion of non-radiative recombination centres due to
a significantly lower growth temperature of 320°C
than the optimal one even if the As to Ga ratio was
almost 1.1 and the bismuth flux did not exceed 1077
Torr. Nevertheless, the room temperature GaAsBi
related emission was observed at 0.99 and 0.92 eV
for the GaAsBi layers with higher Bi concentrations
of 6.6% (sample B847) and 8% (sample B846), re-
spectively. A higher PL intensity from the GaAsBi
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Fig. 3. The surface morphology images of two GaAsBi epitaxial layers with 0.97% (VGA0099) and 6.6% (B847)
of Bi, grown using the same As/Ga pressure ratio of about 1.077 and the substrate temperature of 425 and 350°C,
respectively, for (a) and (b). The scanned area is 8.0 x 5.3 ym? The right colour code shows a scale bar for the
height in the images. Z scale is 236.6 and 108.6 nm for (a) and (b), respectively.
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Fig. 4. Room temperature PL spectra of all grown GaAsBi layers with different Bi concentrations (a) and a
separated view of the GaAsBi layer with 1% of Bi (sample VGA0109) (b). Temperature-dependent PL spectra of
the GaAsBi layer with 1% of Bi (sample VGA0102) measured at the temperatures ranging from 3 to 300 K (c).

layer containing 6.6% of Bi is related with a pos-
sibly lower concentration of non-radiative centres
due to a higher growth temperature and a lower Bi
concentration.

Unexpectedly, the room temperature PL spec-
tra of VGA series GaAsBi layers containing 1%
of Bi consisted of three PL components (see
Fig. @(b)). As for B-series samples the PL band
at 1.42 eV was assigned to GaAs, a low energy
shoulder of the 1.42 eV PL band was assigned to
the GaAsBi layer with 1% of Bi. A very low PL in-
tensity of the GaAsBi layer could be explained by
the thermal escape of photoexcited carriers from
GaAsBi due to a small conduction band offset be-
tween GaAsBi and GaAs. The origin of PL band
at 1 eV is not so clear. It could be related to the
Bi-rich GaAsBi regions due to the prior to bismide
growth introduced Bi wetting layer.

The temperature-dependent PL spectra of
the GaAsBi layer containing 1% of Bi (sample
VGAO0102) at a low energy region are depicted in
Fig. @(c). It can be seen that the PL band maxi-
mum position change with temperature is small. It
changes from 1.185 eV at 3 K to 1.122 eV at 300 K.
Therefore, the thermal band gap change value of
0.21 meVK™ is much smaller than that reported

for GaAs (0.52 meVK™! []) and other conven-
tional semiconductors. Moreover, that supports
the assumption that a low energy PL band is asso-
ciated with optical transitions in Bi-rich GaAsBi
regions.

4. Conclusions

Summarizing, the main technological aspects could
be pointed out. Thick pseudomorphic 100 nm
GaAsBi layers with the Bi content ranging from
0.97 to 11.2% were grown by MBE at the substrate
temperature of about 320-425°C using the growth
rate of 300-500 nm/h range. The ultra-thin GaAs
buffer was used to mimic the possible roughness of
cladding layers. The analysis of the shape of RSM
reflexes attributed to GaAsBi suggested that the re-
laxation of 100 nm-thick GaAsBi layers could be
mainly caused by a rough enough (of about 0.5 nm)
thin GaAs buffer layer. Moreover, this investigation
explored that 100 nm thick GaAsBi layers with the
Bi content varying from 0.97 to 8.6% and emitting
in the spectral range from 925 up to 1350 nm are
almost compressively strained. The symmetrical
GaAsBi reflexes on RSM plots support the mes-
sage that the relaxation of 0.4-3.5%, respectively,
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for the GaAsBi layers with the lowest and largest
Bi concentration is originating from an ultrathin
buffer layer, and the assumption that the com-
pound started to relax due to the incorporation
of larger radius Bi atoms can be refused. Two dif-
ferent trends of optical features were observed in
the GaAsBi layers. PL spectra of the samples of B
series, grown into a SVT-A MBE reactor, consist
of two PL bands. Higher energy band centred at
1.42 eV was related with the optical transition in
the bulk GaAs substrate. Lower energy band was
assigned to optical transitions within the GaAsBi
layer. On the other hand, the RT PL spectra of
VGA series consisted of three PL components:
aband at 1.42 eV assigned to GaAs, its low energy
shoulder PL to the GaAsBi layer with 1% of Bi and
emission at 1 eV, which require more investigation
to clarify the origin.
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Santrauka

Darbe buvo tiriama 100 nm storio pseudomorfiniy
GaAsBi sluoksniy, kuriuose Bi kiekis kito nuo 0,97 iki
11,2 %, serija. Sluoksniai buvo uzauginti molekuliniy
pluosteliy epitaksijos metodu ant pusiau izoliuojanciy
GaAs (100) padékly, padengiant juos itin plonu iki
20 nm buferiniu GaAs sluoksniu. Pagrindinis $io dar-
bo tikslas buvo jvertinti buferinio GaAs sluoksnio po-
veikj skirtingg Bi kiekj talpinanc¢io GaAsBi sluoksnio
kristalinei sandarai, relaksacijai bei pavir$iaus morfo-
logijai ir optinéms savybéms. GaAsBi junginio kristali-

nés gardelés parametrai ir Bi koncentracija buvo jver-
tinti naudojant didelés skiriamosios gebos rentgeno
spinduliy difrakcijos matavimus. Relaksacijos vertés,
gautos analizuojant simetrinius ir asimetrinius atvirks-
tinés gardelés Zemeélapius, pamatuotus nuo (004) ir
(115) ploks$tumy, atitinkamai kito nuo 0,4 iki 3,5 %.
Optiniai matavimai atskleidé zenkly GaAsBi junginio
draustinio energijos tarpo sumazéjimg nuo 1,34 iki
0,9 eV sluoksniams, bismuto kiekiui gardeléje didéjant
nuo 0,97 iki 8,6 %.
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