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MIGRATION-ENHANCED EPITAXY OF THIN GaAsBi LAYERS
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Thin GaAsBi layers and bismide-based multiple quantum structures were grown by migration-enhanced epitaxy onto 
GaAs(100) substrates at 140–240 °C temperatures. The Bi content in GaAs, evaluated from high-resolution X-ray diffraction scans, 
varied from 2.5 to 10.3% depending on growth temperature, Bi and As atomic ratio as well as on the sequence of Ga, Bi, and 
As molecular supplies. The atomic force microscopy revealed a tendency of smoothening of the GaAsBi surface with substrate 
temperature decreasing. Transmission electron microscopy investigations evidenced high crystalline material quality of GaAsBi 
quantum wells and GaAs barriers.
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1. Introduction

The dilute bismide GaAsBi has a number of interest-
ing properties that make it potentially useful for ap-
plications in optoelectronics. It has been shown that 
bismuth incorporation produces a large reduction 
of the band gap of GaAs (up to 88 meV/%Bi) [1–4]. 
Moreover, GaAsBi is expected to be a key material for 
active layers of diode lasers with reduced temperature 
sensitivity of emission wavelength [5]. However, the 
applications of this new alloy are seriously hampered 
by technological difficulties of growing GaAsBi lay-
ers with a high Bi content, which mainly arise because 
of the tendency of bismuth to segregate and to form 
droplets on the surface. For arsenic to be substituted by 
much larger Bi atoms, extremely low growth tempera-
tures and As2/Ga flux ratios close to 1 are essential in 
molecular beam epitaxy (MBE) growth. Unfortunately, 
a mere fulfilment of both these technological require-
ments does not necessarily guarantee a successful 
growth of GaAsBi layers with high crystalline quality 
and droplet-free surfaces.

In this work, GaAsBi layers were grown by anoth-
er, related technique  –  migration-enhanced epitaxy 
(MEE)  –  a method proposed by Horikoshi  et  al. for 
growing epitaxial layers of GaAs and AlGaAs at tem-
peratures below 300 °C [6, 7]. The key to the growth 
of epitaxial GaAs at low temperatures is to minimize 
the excess of arsenic and to enhance the surface mobil-
ity of gallium adatoms. In MEE, Ga atoms are supplied 

on the growing surface under As-free conditions or at 
very low As beam pressures. Under these conditions, 
Ga atoms are expected to migrate along the surface and 
to find stable sites even at significantly reduced growth 
temperatures. High structural quality of Be-doped 
GaAs grown by MEE at a temperature of about 300 °C 
was evidenced by a significant photoluminescence sig-
nal [8], which is typically absent when this material 
is grown at low temperatures by a conventional MBE 
technique [9].

2. Sample preparation

Thin GaAsBi layers and GaAsBi/GaAs multiple quan-
tum wells (MQWs) were grown on semi-insulating 
GaAs (100) substrates using a SVT-A MBE reactor 
equipped with metallic Ga and Bi sources as well as with 
a two-zone arsenic cracker source to produce As2. The 
substrate temperature was monitored by thermocouple 
readings. Beam equivalent pressures (BEPs) of Ga, As2, 
and Bi were measured by a retractable ion gauge. Sur-
face adatom migration processes as well as the growth 
of GaAsBi layers were monitored in situ by observing 
reflection high-energy electron diffraction (RHEED) 
patterns and by recording their specular beam intensi-
ties. After native oxide removal, a 150-nm-thick GaAs 
buffer layer was grown at a substrate temperature of 
560  °C and As2 and Ga BEP ratio from 8 to 10. The 
thickness of a bismide layer was designed to be below 
the critical thickness for structural relaxation through 
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misfit dislocation formation. The MEE growth of 
30-nm-thick GaAsBi layers and MQW structures was 
performed at substrate temperatures ranging from 
140 to 280  °C. The growth rate as evaluated from 
the RHEED intensity oscillation period was equal to 
rg ≈ 0.11 µm/h. The Ga-atom flux was calculated from 
the formula

 
,     (1)

where d is the lattice constant of GaAs. The factor of 
4 comes out from the fact that the unit cell of GaAs 
contains 4 Ga atoms or consists of two Ga (i. e. 2 Ga 
atoms per monolayer) and two As atomic layers. The 
fluxes of group V atoms Fi (i = As or Bi) were deter-
mined as [10]
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Here Pi, Ti, Mi, and ηi are, respectively, BEPs, source 
temperatures, molecular masses, and ion gauge sensi-
tivity coefficients for As2 and Bi. It should be noted that 
due to specific position of the ion gauge in our MBE 
equipment, the ion gauge measurement of BEPs for Bi 
was not possible, thus the fluxes indicated for this ele-
ment represent relative values only. From Eq.  (1) the 
duration of Ga monolayer growth was determined as 
equal to about 9.5 s; whereas the duration of the open-
ing of arsenic source was prolonged to 12.5  s due to 
substitution of 1 ML of As by Bi and reduced to about 
0.75 (maximum) As2 sticking coefficient at tempera-
tures used for the bismide growth [11]. On the other 
hand, the duration of Bi supply, which at used fluxes 
should be about 65 s, was slightly shortened (to 58 s) 
after considering a possible migration of Bi atoms from 
neighbouring layers. It was demonstrated in Ref. [12] 
that the lifetime of Ga atoms on the growing surface 
before their reaction with As is significantly increased 
when lowering the arsenic pressure. For this reason, 
the growth was interrupted for 5 seconds between the 
supplies of Ga and As atoms in order to enhance sur-
face migration of Ga atoms. Three different sequences 
of group III and V atomic layer deposition have been 
used for GaAsBi layer growth: Bi atoms were supplied 
to every second, every third, and every fifth group V 
element atomic layer. It should be pointed out that the 
overall duration of each element supply during one 
GaAsBi monolayer growth cycle and different growth 
sequences remained unchanged. Figure 1 demonstrates 
the segment of the growth of the GaAsBi layer when 
Bi atoms have been supplied to every fifth As ML.

3. Results and discussion

The layers were fully strained (pseudomorphic) to the 
GaAs substrate. The Bi content in GaAsBi layers was 
determined by fitting high-resolution X-ray diffrac-
tion (XRD) ω/2θ scans using Vegard’s law and GaBi 
lattice constant of 6.324 Å [13]. Figure 2 shows XRD 
scans of (004) reflex measured for several 30-nm-thick 
GaAsBi layers grown at two different temperatures and 
two Bi/As BEP ratios. As it was expected, the reduc-
tion of the growth temperature results in the increase 

Fig. 1. The segment of specular spot intensity depend-
ence on time measured during the growth of the GaAsBi 
layer. Bi atoms were supplied to every fifth As ML.

Fig. 2. ω-2θ X-ray diffraction scans of (004) reflex meas-
ured for GaAsBi layers grown at 140 and 160 °C tempera-
tures when supplying Bi atoms to every fifth (three bottom 
curves) and every third (top curve) group V element atom-
ic layer. The lowest trace was measured on a layer grown 
at Bi/As atomic ratio of about 0.05; the remaining traces 
correspond to layers grown at Bi/As atomic ratio of ~0.065.
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of Bi content. Moreover, the presence of well defined 
Pendellösung fringes indicates good crystalline qua-
lity and smooth GaAsBi/GaAs interfaces even at the 
highest Bi content of about 10.3%. Atomic force mi-
croscopy (AFM) images of the layers grown by MEE 
demonstrated smoother surfaces than in the case of 
GaAsBi grown by a conventional molecular beam epi-
taxy. The surface roughness of MEE-grown layers was 
in the range from 0.2 to 0.4 nm (scanned area of about 
8 × 8 µm2) – two times smaller as compared with typi-
cal values for MBE-grown GaAsBi [14].

Bismuth incorporation into the GaAs lattice for 
three different growth cycles used in this study was 
slightly different. Most preferable conditions for Bi in-
corporation emerge when the Bi source is opened dur-
ing every third group V element atomic layer growth. 
However, a larger Bi content at a given growth tempera-
ture and for a larger Bi/As beam ratio is achieved at the 
cost of inferior surface quality and droplet formation.

The dependence of Bi content in GaAsBi layers on 
Bi/As BEP ratio is presented in Fig. 3. All experimen-
tal points correspond to the case where Bi source was 
open when depositing every fifth group V element 
atomic layer. One can see from this Figure that both 
the decrease of substrate temperature and the increase 
of Bi/As BEP ratio lead to a larger incorporation of bis-
muth atoms into a growing layer. At larger Bi/As BEP 
ratios, the Bi content in a layer tends to saturate; this 
saturation is starting earlier at higher substrate temper-
atures. The saturation process is accompanied by the 
appearance of Bi droplets (of a few tens of nanometres 
in diameter) on the sample’s surface.

The atomic force microscopy revealed the general 
tendency of smoothening of the GaAsBi surface with 

decreasing of growth temperature (images are not pre-
sented in the paper). Small droplets of Bi (with a few 
tens of nanometres in diameter) have been observed on 
the surfaces of the majority of layers grown at substrate 
temperatures higher than 240 °C. Meanwhile, the sur-
faces of GaAsBi layers grown at temperatures lower than 
200 °C were free from the droplets. Only AFM images of 
the samples grown with the largest Bi content at 140 and 
160 °C demonstrated some small-scale surface irregu-
larities. The similarity of those irregularities to the fea-
tures on MBE-grown GaAsBi referred to in [14] allows 
us attribute them to the nuclei of a new monolayer [15].

The GaBiAs/GaAs MQW structure was grown 
at the temperature of 160  °C and consisted of four 
5-nm-thick GaAsBi quantum wells surrounded by 
30-nm-wide GaAs barriers. The technological con-
ditions for the MQW structure growth were selected 
attempting to achieve both a large Bi content and the 
lowest interface roughness. (2 × 1) and (1 × 3) surface 
reconstructions were observed during the growth of 
GaAsBi QWs and GaAs barriers, respectively. In Fig. 4, 
chemically sensitive transmission electron microscopy 

Fig. 3. Dependence of Bi content in GaAsBi layers on Bi/As  
atomic ratio supplying Bi atoms to every fifth (full 
points) or every third (empty point) group V element 
atomic layer.

Fig. 4. Chemically sensitive (002) TEM dark field image 
of Ga(BiAs)/GaAs multiple quantum well structure and 
the line-scan across the TEM image.

(TEM) (002) dark field micrographs of this structure 
are shown together with a line-scan across the struc-
ture. The quantum wells exhibit a bright contrast with 
respect to the GaAs barrier. They all have a similar 
composition as well as width. The homogeneity of the 
composition in the growth plane is very good; there is, 
however, some segregation of Bi in the GaAs barrier. 
This can be concluded from the line-scan, which shows 
that the lower barrier/quantum well interface is much 
sharper than the upper quantum well/barrier interface. 
This segregation will in future be minimized by tuning 
the growth conditions.

4. Conclusions

In conclusion, GaAsBi layers and multiple quantum 
well structures have been grown on GaAs substrates 
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by migration-enhanced epitaxy at temperatures as low 
as 140 °C. Alloys with more than 10% of Bi – a com-
position necessary for the applications in a 1.55 µm 
optical communication window  –  were obtained. 
GaAsBi layers were of high structural uniformity and 
their surfaces were nearly free from Bi droplets. Some 
out-diffusion of bismuth into the growing GaAs bar-
rier layer reduces the abruptness of GaAsBi/GaAs in-
terfaces; this problem could eventually be solved by 
optimizing the growth conditions or by growing ad-
ditional diffusion barriers at these interfaces.
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PLONŲJŲ EPITAKSINIŲ GaAsBi SLUOKSNIŲ AUGINIMAS SKATINANT ATOMŲ 
MIGRACIJĄ

R. Butkutė a, V. Pačebutas a, A. Krotkus a, N. Knaub b, K. Volz b

a Fizinių ir technologijos mokslų centras, Vilnius, Lietuva
b Marburgo Phillips universiteto Fizikos fakulteto Medžiagotyros centras, Marburgas, Vokietija

Santrauka
Straipsnyje pateikiama plonųjų GaAsBi sluoksnių 

ir kvantinių darinių auginimo, pasitelkiant migraciją 
paskatinančią epitaksiją, studija. Darbe tiriama ir 
analizuojama technologinių sąlygų įtaka praskiestųjų 
bismidų sluoksnių ir kvantinių darinių kristalinei 
sandarai bei paviršiaus šiurkštumui. Ploni GaAsBi 
sluoksniai ir dariniai buvo auginami ant GaAs(100) 
padėklų esant 140–240  °C temperatūrai. Bi koncen-
t racija, įvertinta matuojant didelės skyros rentgeno 
spindulių difrakcijos (004) plokštumos atspindžio 

smailės svyravimo kreives, priklausė nuo pasirink-
tos auginimo temperatūros, Bi ir As srautų santykio 
bei Ga-Bi-As atominių sluoksnių užpildos sekos ir 
kito nuo 2,5  iki 10,3  %. Atominių jėgų mikroskopi-
niai tyrimai atskleidė GaAsBi sluoksnių paviršiaus 
šiurkštumo mažėjimo tendenciją (mažėjant auginimo 
temperatūrai). Peršviečiančiojo elektronų mikroskopo 
vaizdai patvirtino aukštą plonų bismidų sluoksnių ir 
kvantinių darinių kristalinę kokybę, homogenišką Bi 
pasiskirstymą ir aštrias ribas tarp GaAsBi kvantinių 
duobių ir GaAs barjerų.


