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Crystallographic properties of AlAs barriers in GaAsBi-based multi-quantum well structures grown on GaAs substrates by
molecular beam epitaxy (MBE) and migration-enhanced epitaxy (MEE) were studied. The quantum wells were grown at tempera-
tures ranging from 160 to 350 °C. The width of GaAsBi quantum wells varied from 4 to 20 nm. The optimization of technological
parameters for the growth of high crystalline quality AlAs barriers at low temperatures was performed. To explore the impact of
high temperature treatment on crystal quality, surface roughness and chemical composition stability, ex situ rapid thermal an-
nealing was performed at 650-750 °C for 180 s in nitrogen ambiance. The structural quality of AlAs barriers, the morphology and
sharpness of the interfaces between GaAsBi quantum wells and AlAs barriers were studied by high resolution X-ray diffraction,
atomic force microscopy and high resolution transmission electron microscopy, respectively. In this study it was demonstrated that
MEE allows one to achieve higher crystal quality of AlAs barriers at much lower temperatures in comparison to MBE. The block-
ing of Bi out-diffusion from the GaAsBi quantum wells toward the surface was shown for both MBE and MEE grown AlAs barriers.

Keywords: molecular beam epitaxy, migration-enhanced epitaxy, quantum structures, high resolution X-ray diffrac-

tion, atomic force microscopy, high resolution transmission electron microscopy, Raman spectroscopy

PACS: 81.15.Hi, 61.05.cp, 68.37.Ps, 68.37.0g, 82.80.Gk

1. Introduction

III-V semiconducting alloys containing a dilute
amount of bismuth, namely, GaAsBi, are very attrac-
tive due to the large band-gap reduction with a rel-
atively small Bi content. Substitution of As by Bi in
the GaAs lattice produces a much larger reduction in
the band gap (-60 to —80 meV/%Bi) [[l, E] than alloy-
ing by In (-12 meV/%In) and Sn (-20 meV/%). Also,
Bi is the heaviest nonradioactive element; therefore,
it has a large spin orbit splitting, which is useful for
spin-based semiconductor devices. It is demonstrat-
ed in [E] that the GaAsBi layer containing more than
10% Bi grown on the GaAs substrate shows the pho-
toluminescence (PL) at 1.5 pm wavelengths. Even
longer PL wavelengths can be achieved for the qua-
ternary GalnAsBi compound on the InP substrate [H,
E]. This feature makes bismides promising materials
for applications in semiconductor lasers emitting at

room temperature in the mid-infrared spectral range
where the fundamental absorption bands of many
molecular species are located.

The peculiarities of bismides growth are related
to the strong tendency of Bi segregation, which leads
to the formation of droplets on the surface. Conse-
quently, under standard GaAs growth conditions
(high substrate temperature ~600 °C and non-stoi-
chiometric As-rich ambiance) Bi is not embedded in
the GaAs lattice, but acts as a surfactant with associ-
ated improvements in surface quality. To incorporate
Bi, growth temperatures below 400 °C and As,/Ga
flux ratios close to unity are necessary. Despite the ob-
tained achievements in optimization of technology,
applications of bismides are held back by practical
difficulties in growth of bulk layers and multi-quan-
tum wells with larger than 6% Bi. Bi surface segre-
gation in thick bismide layers leads to a final layered
structure with several layers and different Bi content
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independent of substrate temperature and growth
rate. In the case of quantum wells (QWs), the deple-
tion of GaAs barriers occurs when the QW width is
increased [E]. It is demonstrated in [E] that this pro-
cess in GaAsBi/GaAs quantum well structures is as-
sisted by strong and complex Bi surface segregation,
implying both lateral and vertical mass transport.

Our previous investigations of GaAsBi layers
and GaAs/GaAsBi multi-structures have shown that
temperatures higher than 650 °C induce the move-
ment of Bi and stimulate the enhancement of pho-
toluminescence at wavelengths ranging from 1300
to 1500 nm [ﬁ, E]. The high resolution transmission
electron microscopy (HRTEM) study of the cross-
section of GaAsBi QWs separated by GaAs barriers
showed the Bi segregation process and distortion of
the multi-QW (MQW) structure through complete
vanishing of interfaces between wells and barriers [E].
Nevertheless, the sharp heterointerfaces and abrupt
profiles are essential for the realization of quantum
heterostructure devices. In order to obtain a high-
quality heterostructure, the segregation of Bi should
be suppressed. The interdiffusion of compositional
atoms was investigated at the heterointerface between
a GaAs epilayer and a Ge(111) substrate by second-
ary ion mass spectroscopy [E, @]. It is demonstrated
that when a thin AlAs layer is applied initially, dif-
fusion of Ge into the GaAs epilayer is suppressed ef-
fectively. An abrupt heterointerface was successfully
realized. A detailed study [@] of a series of samples
with various AlAs interfacial layer thicknesses discov-
ered the effectiveness of the AlAs layer at relatively
high temperature growth (about 650 °C). The authors
demonstrated that the thickness of AlAs could be re-
duced to 10 nm without affecting its effectiveness in
blocking the cross diffusion of Ge, Ga and As atoms
between the layer and the substrate.

In this study we were focused on the growth
and investigation of AlAs barriers in GaAsBi-based
MQW structures for blocking of Bi segregation to-
ward the surface. In our specific case the challenge
was the adjustment and optimization of growth pa-
rameters of high crystalline quality AlAs barriers for
low temperatures (LT) necessary to grow bismides
containing more than 6% Bi. The structural proper-
ties of AlAs barriers were studied in detail. The main
attention was paid to the impact of growth tempera-
ture, growth mode and barrier thickness on AlAs
crystalline properties and the sharpness of interfaces
between AlAs and GaAsBi. In situ high temperature
annealing and ex situ annealing in a rapid ther-
mal annealing oven were performed to investigate
the crystal quality, surface morphology and chemi-
cal composition stability.

2. Growth of multi-quantum wells

GaAsBi/AlAs MQWs were grown using a SVT-A
molecular beam epitaxy (MBE) reactor equipped
with metallic Ga, Al, Bi sources and a two-zone
cracker source to produce As,. The samples were
grown by standard MBE growth and using migra-
tion-enhanced epitaxy. In the standard MBE during
the growth, the flux of group III atoms is exposed
contemporaneously with the flux of group V atoms.
Meanwhile during migration-enhanced epitaxy
(MEE), the atoms of group III and V are supplied
in sequence: the group III atoms growing QWs and
barriers are supplied on the As-free surface or at
a minimized excess of arsenic. Under these condi-
tions, Ga and Al atoms are expected to migrate along
the surface and to find stable sites. The growth rate
r_ was determined by measurements of reflection
high-energy electron diffraction (RHEED) inten-
sity oscillations from the specular spot. The fluxes of
group IIT (where IIT = Ga and Al) and V (V = Biand
As) were calculated from the formulae taken from

Ref. [[L1]):
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d in Eq. (1) is the lattice constant of GaAs or AlAs
crystals, P, T, M and # in Eq. (2) are, respectively,
the beam-equivalent pressure (BEP), metallic source
temperature, molecular mass, and the ionization effi-
ciency relative to nitrogen. The optimization of AlAs
MEE growth parameters, such as ¢, and ¢, , the time
of element supply, and s the pause for migration
of Al on the surface, was carried out at low tempera-
tures ranging from 160 to 350 °C. For MQW growth
by MEE the process optimized for GaAsBi with 7%
Bi content was used. A detailed study of Bi incor-
poration into GaAs using various sequences of Ga,
As and Bi supply was analysed and described in our
previous work [|12]].

The growth of MQW was performed at the sub-
strate temperatures from 160 to 350 °C. The sub-
strates were semi-insulating GaAs wafers oriented
in the (100) plane. Figure [l represents the sketch of
the multi-quantum well structure and the substrate
temperature diagram during the growth by MBE
and MEE. In both types of heterostructures — grown
by MBE and MEE - a semi-insulating GaAs(100)
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Fig. 1. The multi-quantum well structure consisting of
five GaAsBi QWs separated by 20 nm-thick AlAs bar-
riers. The diagram on the right demonstrates the sets
of temperature in different stages of the growth of
the structure for usual MBE and MEE.

substrate was buffered by the high-temperature
GaAs (thickness of about 100 nm) and the first
high-temperature AlAs barrier (thickness ~20 nm)
using usual MBE. Then the growth was interrupted
for substrate temperature decrease. The number of
GaAsBi quantum wells ranged from two to five. QWs
were separated by AlAs barriers. The width of quan-
tum wells varied from 4 to 20 nm, the AlAs barrier
width was set to 10 and 20 nm. For the MBE growth
mode both cladding and internal AlAs barriers were
grown at 600 °C, meanwhile MEE of AlAs barriers
was performed at the QW growth temperature (see
the temperature diagrams for MBE and MEE growth
modes on the right side of Fig. EI). Finally, all struc-
tures were covered by a 5 nm-thick GaAs capping
layer. A part of samples was covered by a GaAs cap at
low temperature, the second part of heterostructures
was overgrown at 600 °C. The content of Bi in QW's

Table 1. Main parameters of multi-quantum structures

GaAsBi quantum wells; d, and T, are the width and growth temperature of the quantum well; 4,

was about 4 and 7% growing by MBE and MEE, re-
spectively.

High temperature treatment was performed in
a rapid thermal annealing (RTA) oven in the tem-
perature range 650-750 °C for 180 s in the nitro-
gen ambiance. As-grown structures were covered
by the GaAs wafer to saturate by an arsenic heating
chamber and to prevent As losses from the surface
layer.

Technological parameters of the investigated
MQW samples are presented in Table 1.

3. Results and discussion

3.1. Structural characterization

The quality of the crystal structure, the sharpness of
the interfaces between GaAsBi QWs and AlAs bar-
riers and the content of Bi in GaAsBi quantum wells
were determined by measuring high-resolution X-ray
diffraction (HRXRD). HRXRD w-26 scans were
measured using a SmartLab diffractometer (Rigaku

with a monochromatic CuKa X-ray source. Figure

shows the HRXRD w-26 scans of the (002) reflex
measured for the 5x{GaAsBi/AlAs} QW structure
(sample B633) as-grown (Fig. E(a)) by MBE and
annealed (Fig. P(b)). The apparent PendellOsung
fringes in Fig. (a) demonstrate the epitaxial growth
of the structure with very sharp interfaces between
the layers even at 200 °C growth temperature.
The width of GaAsBi QWs and AlAs barriers evalu-
ated from the XRD scan simulation (grey curve in
Fig. ﬁ(a)) was 4 and 20 nm, respectively. As a con-
sequence of the high temperature (HT) treatment
at 750 °C (measurement represented by a black
curve in Fig. @(b)), the increase of intensity and
a slight shift of the reflex from GaAsBi QW's towards
GaAs suggest improvement of the crystal quality
of the quantum well and an insignificant decrease

as-grown and thermally treated: N, is the number of
and T,

arrier barrier

are the width and growth temperature of the AlAs barrier; T is the growth temperature of the capping layer;
the growth modes MBE or MEE are molecular beam epitaxy and migration-enhanced epitaxy, respectively.

Sample Nypynm | dy,nm | d,_.,nm Ty °C T, .o°C T, °C Growth mode
B631 2 6 20 350 350 600 MBE
B633 5 4 20 200 600 600 MBE
B638 5 4 20 160 160 160 MEE
B652 3 4 20 200 200 600 MBE
B675 1 20 10 200 200 200 MEE
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Fig. 2. HRXRD w-26 scans of the (002) reflex measured
for the 5x{GaAsBi/AlAs} quantum well structure grown
at 200 °C temperature by MBE and annealed at 750 °C
temperature (sample B633). The upper scan (a) presents
the measurements of the as-grown structure (red line
online), the blue line shows the results of simulation.
The scans demonstrated in the plot (b) were measured
for the MQWs structure before and after annealing at
750 °C for 180 s.

of the Bi content in the lattice. Moreover, one can
see from Fig. E(b) that the HT annealing procedure
does not destroy the sample; the visible fringes point
to a layered structure with the same QW and barrier
width. The small reduction of Bi content in the GaAs-
Bi quantum well and the sharp interfaces allow us to
suppose that AlAs grown at low temperature using
MEE acts as a Bi blocking layer.

3.2. Surface morphology

The surfaces of samples were investigated by a scan-
ning probe microscope (SPM) Dimension 3100/Na-
noscope IVa (Veeco Metrology Group). Images were
acquired in the tapping mode using TESP-V2 (Bruk-
er) probes with a tip curvature about 8 nm.

Figure E illustrates the surface morphology of
the GaAs capping layer of the MQW structure grown
by MBE at 350 °C temperature and then capped at
600 °C (Fig. E(a) is sample B631); Fig. E(b) presents
the surface of MEE grown at the 160 °C GaAs cap
(sample B638). MBE grown GaAsBi MQWs with
AlAs barriers deposited at the same temperature
or at 600 °C demonstrated very smooth surfaces.
The surface roughness of these samples was about
few tens of nanometre. It should be noted that sev-
eral MBE grown samples (with larger Bi content)
demonstrated some crystal features on the surface of
the GaAs cap - pits in height of about 5-10 nm (see
Fig. H(a)), related to the lack of As during the growth
of LT-AlAs; this could mean that the MBE growth of
AlAs at low temperatures is more sensitive to the As
flux than using MEE. On the other hand, the mor-
phology of structures grown by MEE at significantly
lower temperatures (160-200 °C) showed the multi-
dispersive crystal quality of the GaAs cap. The sur-
face roughness of the capping GaAs layer was high-
er for the MEE grown structure but not exceeded

Fig. 3. Surface topography maps of MQWSs grown
by MBE (sample B631) at substrate temperature
of 350 °C (a) and by MEE (sample B638) grown at
160 °C (b). Scanned areas are 8 x 5.3 ym, z-scale is
62 nm for (a) and 15 nm for (b).
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1 nm. After annealing at 750 °C for 180 s the AFM
images of both MBE and MEE grown samples dem-
onstrated a droplets-free surface supporting the hy-
pothesis that AlAs barriers stop the Bi out-diffusion
from the QW.

3.3. Raman spectroscopy investigation

Raman spectra were recorded using an inVia Raman
(Renishaw, United Kingdom) spectrometer equipped
with a thermoelectrically cooled (=70 °C) CCD cam-
era and a microscope. The samples were excited with
532 nm radiation from a diode-pumped solid-state
laser. 50 x 0.75 NA objective lens and 1800 lines/mm
grating were used to record the Raman spectra.
The accumulation time was 400 s. To avoid damage of
the sample, the laser power was limited to 0.06 mW.
The Raman frequencies were calibrated using the sili-
con standard according to the line at 520.7 cm™.
Parameters of the bands were determined by fitting
the experimental spectra with Gaussian-Lorentzian
shape components using the GRAMS/A1 8.0 (Ther-
mo Scientific) software.

The analysis of the Raman spectra measured for
both MBE and MEE grown MQWs revealed an in-
tense doublet at 269 and 290 cm™ attributed to trans-
verse optical (TO) and longitudinal optical (LO) pho-
non modes of the GaAs-like structure, respectively,
as well as a sharp LO mode at 402 cm™ from AlAs
barriers []. The samples showed the Bi-in-
duced disorder in the crystal activating the band near
269 cm™ and two other broad Bi-induced vibrational
modes visible near 227 and 181 cm™'. After annealing,
the changes at low frequency bands at 72 and 96 cm™
were explained by formation of crystalline bismuth
nanoparticles. Moreover, the Raman spectra of MBE
grown samples with LT-AlAs barriers (see Fig. H(a),
sample B652) and annealed ones (Fig. H(b)) revealed
a different effect of annealing on the crystalline struc-
ture of AlAs barriers compared to the MEE grown
sample (not presented in this paper). AlAs barriers
in the MBE as-grown sample can be recognized from
the medium-intensity unresolved band near 400 cm™
which belongs to the LO vibrational mode (Fig. H(a)).
The defect-induced TO mode of AlAs is visible near
362 cm™. It is interesting that the intensity of AlAs
modes in the MBE grown sample dramatically in-
creases after annealing, meanwhile the changes in
the Raman spectrum of MEE grown AlAs are negli-
gible. In addition, the frequency of the LO mode de-
creases from 400 to 388 cm™ indicating considerable
structural changes within the AlAs layers, meanwhile
the intensities of GaAs and Bi-induced vibrational
modes remain unchanged. The increase in Raman
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Fig. 4. Raman spectra of sample B652 before (a) and af-
ter thermal annealing at 750 °C for 180 s (b). Excitation
wavelength is 532 nm (0.06 mW).

intensity might be associated with the improved crys-
talline order in MBE LT-grown AlAs barriers.

3.4. HRTEM investigation

The high-resolution microstructure and chemical
composition of as-grown and annealed MQW s were
measured using a FEI Tecnai G2 F20 X-TWIN TEM
with the STEM module, associated with an X-ray
energy dispersive spectroscopy (EDS) detector for
elemental mapping and a high angle annular dark-
field (HAADF) detector for Z-contrast imaging.
A FEI Helios Nanolab 650 dual beam microscope
equipped with an Omniprobe manipulator was used
to prepare specimens in order to analyse the cross-
sectional microstructure of MQWs. The focused ion
beam microscope was operated with a 5kV electron
beam and a 30 kV Ga* ion beam. To protect the sam-
ple from an incident ion beam bombardment, a plat-
inum protection cap of approximately 2 ym thick-
ness was deposited on the surface by DC sputtering.

The corresponding EDS elemental mapping re-
sults obtained for the GaAsBi-based heterostructure
as-grown by MEE and annealed at 750 °C, contain-
ing a 20 nm-thick single quantum well sandwiched
between 20 nm AlAs barriers (sample B675) present-
ed in Fig. E The rectangular frame on the HAADF
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Fig. 5. The HAADF image of single QW structures con-
sisting of a 20 nm GaAsBi quantum well and a 20 nm-
thick AlAs barrier on the top of the well (sample B675)
grown by MEE at 200 °C temperature: as-grown (a)
and annealed (b). The EDS images represent Ga, Al,
As and Bi elemental maps of two locations on the TEM
image marked by frame.

image of the cross-section demonstrates the area of
X-ray energy dispersive spectra measurements. Vari-
ous colours (yellow corresponds to Ga, red is Al,
green is As, and violet is Bi) in EDS elemental map-
ping represent different chemical elements — Ga, Al,
As, and Bi - in the studied field. From the analysis
of histograms it follows that sharp interfaces between
GaAsBi QWs and AlAs barriers are obvious for both
as-grown (Fig. E(a)) and annealed (Fig. E(b)) MQWs.
No traces of Bi segregation through the top barrier
are visible in the pictures. The aggregation of bismuth
atoms to nano-scale particles in the QWs, shown in
Fig. E(b), shows that the upper AlAs barrier acts like

a blocking layer for out-diffusion of Bi. Similar re-
sults of HRTEM investigation were obtained for MBE
grown heterostructures.

Figure E shows the cross-sectional HRTEM bright
field images of the GaAsBi quantum well and the crys-
talline AlAs barrier on the top with the correspond-
ing fast Fourier transform (FFT) diffractograms on
the right side obtained for the heterostructure as-
grown by MEE (a) and annealed at 750 °C (b). A guide
for the eye, the interface between the QW and barrier
is marked by a dotted line. It can be deduced from
the images that both the quantum well and the bar-
rier exhibit epitaxial growth. Moreover, the less disper-
sive background of the electron diffraction FFT image
shows the higher crystalline order of AlAs after anneal-
ing, and gives us an additional confirmation of epitaxi-
al growth of barriers at extremely low temperature.

Fig. 6. HRTEM bright field mode images of the cross-
section of sample B675: (a) as-grown by MEE QW
structure and (b) annealed at 750 °C for 180 s. The scale
bar in both cross-section images is 5 nm.

4. Conclusions

The GaAsBi-based multi-quantum well structures
with AlAs barriers were grown on GaAs substrates
by molecular beam epitaxy and migration-enhanced
epitaxy. The growth of MQW structures was per-
formed at substrate temperatures from 160 to
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350 °C. The substrates were semi-insulating GaAs wa-
fers oriented in the (100) plane. The width of GaAsBi
quantum wells varied from 4 to 20 nm. The optimiza-
tion of technological parameters for the growth of high
crystalline quality AlAs barriers at low as well as at
high temperatures was performed. Ex situ rapid ther-
mal annealing was performed for all samples at 750 °C
temperature for 180 s in nitrogen ambience. It was
demonstrated by HRXRD measurements that MEE
allows one to achieve higher crystal quality of AlAs
barriers at much lower temperatures (160-200 °C) in
comparison to MBE (200-350 °C). The study of sam-
ples by Raman spectroscopy revealed that the intensity
of AlAs modes dramatically increased after annealing
of MBE grown MQWs, thus leading to the improved
barrier crystal quality. The HRTEM EDS elemental
mapping showed the blocking of Bi out-diffusion from
the GaAsBi quantum well toward the surface for both
MBE and MEE grown MQWs with AlAs barriers.
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Santrauka

Pristatomas kristalografiniy AlAs barjery GaAsBi
junginio pagrindu daugybiniy kvantiniy duobiy, uzau-
ginty ant GaAs padékliuky molekuliniy pluosteliy epi-
taksijos ir atomy migracijg paskatinancios epitaksijos
budais, savybiy tyrimas. Kvantinés duobés buvo augi-
namos nuo 160 iki 350 °C temperatirose. Tiriamajame
darbe jy plotis kito nuo 4 iki 20 nm. Siekiant sustab-
dyti Bi segregacija i kvantinés duobés link bandinio
pavir$iaus dariniuose vietoj jprastiniy GaAs barjery
pasirinktas AlAs. Atliekant technologiniy parametry
paieska auginimai atlikti tiek Zemose, bismidams ba-
tinose temperaturose, tiek ir aukstose, 600 °C siekian-
¢iose temperatirose. Surastos optimalios AlAs barjery
auginimo technologinés salygos. Darbe detaliai pateik-
ta barjery auginimo parametry ir véliau atlikto kaiti-

nimo 750 °C temperatiroje 180 s azoto aplinkoje jtaka
kristalinei AlAs sandarai, pavirsiaus $iurkstumui, dau-
giasluoksnio kvantinio darinio sglyc¢io riboms ir che-
minei sudéciai. Tyrimai atlikti didelés skyros rentgeno
spinduliy difrakcijos, atominiy jégy mikroskopijos ir
didelés skyros persvie¢iamosios elektrony mikrosko-
pijos metodais. Atskleista, kad pasitelkus atomy mi-
gracija paskatinancia epitaksija galima uzauginti ypac
aukstos kristalinés kokybés AlAs barjerus esant daug
zemesnei nei molekuliniy pluosteliy epitaksijos atveju
auginimo temperattrai. Taip pat pademonstruota, kad
ir molekuliniy pluosteliy epitaksija, ir atomy migracija
skatinanti epitaksija, kai jy veikimo metu sudaromos
optimalios auginimo salygos, gali bati taikomos Bi
segregacija i§ GaAsBi kvantiniy duobiy stabdantiems
AlAs barjerams auginti.



