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The dilute bismide semiconductor GaAs, ,Biy, is an interesting new semiconductor alloy with novel prop-
erties and potential device applications. Like the dilute nitride alloy GaAs; 4N, the dilute bismide shows
a giant bandgap bowing effect. Bi alloying primarily affects the states in the vicinity of the top of the va-
lence band rather than the bottom of the conduction band as in the case of N alloying. MBE growth of di-
lute bismides requires low growth temperatures (320-390°C) and near stochiometric group I11/V ratios,
due to the strong tendency of Bi to surface segregate under usual GaAs growth conditions. Optimal
growth conditions are close to conditions that produce Bi and/or Ga droplets. In-situ light scattering is
found to be a useful tool for defining growth conditions that do not produce droplets on the surface.

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

The dilute bismide GaAs;.4Biy is a new semiconductor alloy with a number of interesting properties that
distinguish it from better known materials. Bi is the heaviest non-radioactive element and is non-toxic,
unlike its group I1, 111 and IV neighbours in the periodic table, Hg, Th and Pb. The dilute bismides show
a giant bandgap bowing effect whereby a small concentration of Bi has a relatively large effect on the
bandgap [1] and on the spin-orbit splitting [2]. Compared with GalnAs alloys for example where the
bandgap reduction is 12 meV/%In, the bandgap reduction in the case of Bi alloying is much larger (88
meV/%Bi at low concentrations) although not as large as for the dilute nitrides where the bandgap
reduction is 200 meV/%N at low concentrations. Some workers have found an anomalously low
temperature dependence of the bandgap for the dilute bismide alloys [3] although others find the
bandgap to have a similar temperature dependence to pure GaAs [1]. The reason for the difference in the
temperature dependences of the bandgap is not known. Although the bandgap reduction associated with
Bi alloying is large compared with In, its effect on the lattice constant is similar to the effect of In [4].
This means that a bigger bandgap reduction is possible with less lattice strain with Bi alloying than with
In alloying. The dilute GaAs-bismide alloy is expected to have shallow bound states in the bandgap
associated with Bi-Bi near neighbours [5]. In this respect the dilute bismides are analogous to the dilute
GaN,As,, alloys which have bound states in the gap associated with N clusters except that the bound
states in the dilute nitride are near the conduction band edge and acceptor-like, whereas in the bismides
they are donor-like and close to the valence band. Terahertz measurements of the electron mobility show
that the electron mobility in the dilute bismides is insensitive to the Bi concentration [6], in contrast to
the dilute nitrides where the electron mobility decreases rapidly with N concentration [7]. This is
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consistent with Bi primarily affecting the valence band through a resonant level close to the top of the
valence band. A flat conduction band alignment with GaAs, small bandgap and high electron mobility
are desireable characteristics for the base in a GaAs-based HBT as suggested by Hase [8].

2 Molecular Beam Epitaxy Growth Process

Because Bi is a large atom compared with Ga and As, it tends to surface segregate during MBE growth.
Under standard growth conditions for GaAs with a typical arsenic overpressure (As,:Ga of ~7:1 at a
growth temperature of 580°C) we are unable to detect Bi incorporation with SIMS. The strong tendency
of Bi to surface segregate and the fact that it is isoelectronic with As, so that trace incorporation does not
create defect states, makes Bi a good surfactant [9]. As a surfactant Bi acts to smooth the growth surface
and improves the electronic properties of the material grown with the surfactant [10]. In order to obtain
significant Bi incorporation in MBE it is necessary to carry out the growth at low temperature (320-
380°C) with an As/Ga ratio close to unity [11,12]. In the MBE growths discussed here, the substrate
temperature was measured using optical bandgap thermometry [13]. The Bi source was a conventional
Ga-type effusion cell operated at 550-700°C that produces a vapour consisting of a mixture of monomers
and dimers at a typical beam-equivalent-pressure of 1 x 107 Torr. Small deviations from the optimal
growth conditions can lead to the formation of Ga or Bi droplets on the surface. Diffuse light scattering
was used as an in-situ process monitor for growth of dilute bismides due to its high sensitivity to metallic
droplets and other surface morphological features.
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| = Chamber pressure Fig. 1 In-situ diffuse UV light scattering

4 intensity and As, pressure as a function of time
B during dilute bismide growth by molecular
B beam epitaxy at 365 °C. The arrow indicates
Gren Ga 13 the opening of the shutter on the Ga and Bi

sources. The chamber pressure is a measure of
the As, flux on the growth surface which is
controlled by a mechanical valve on the
arsenic cracker.
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L Fig. 2 In-situ diffuse light scattering intensity
during growth of a dilute bismide film at 385°C
with x=0.008. The initial surface roughness and
subsequent rapid smoothing is caused by the
thermal oxide desorption followed by GaAs
buffer layer growth. The roughening at long
growth times is associated with the formation of
the rippled surface morphology shown in the
AFM image in Fig. 3.
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3 Light Scattering Measurements and Surface Roughness

The light scattering is carried out with UV light from a doubled Ar ion laser with a wavelength of 244
nm and a typical intensity of 10-25 mW. The scattering measurements are carried out in a backscattering
geometry, sensitive to surface spatial frequencies of 2n/q =196 nm. The scattered light is detected with a
photomultiplier tube. The UV light and backscattering geometry are chosen to maximize the sensitivity
to small-scale surface features.

In Fig. 1 we show the sharp onset of Ga droplet formation in light scattering, with the stepwise reduc-
tion in As, overpressure from the valved arsenic cracker source during growth at 0.75 um/hr at a growth
temperature of 375°C. Atomic force microscope images of films grown under similar conditions confirm
that the sharp increase in the light scattering is caused by droplet formation. The initial drop in scattered
light intensity in Fig. 1 is due to the rough starting surface associated with thermal oxide desorption
followed by smoothing when the Ga and Bi shutters are opened during growth of a high temperature
buffer layer at 550°C. The surface smoothing starting just before 9000 s is associated with increasing the
As, over-pressure back above the rather sharp threshold for metal droplet formation. The dilute bismide
layer in Fig. 2 shows a more gradual increase in surface roughness during growth at 385°C. The Bi con-
tent for the film in this figure is 0.8% (x=0.008) and the film thickness is approximately 220 nm. The
surface morphology of the film corresponding to the in-situ measurements in Fig. 2 has periodic surface
ripples parallel to the [01 1] direction with rms amplitude of 7.6 nm as shown in the 2x2 um atomic
force microscope image in Fig. 3. In Fig. 4 we show an atomic force microscope image of a film of
similar thickness (210 nm) grown at 390°C with a higher Bi concentration (1.9%). This film shows a
smooth surface (0.2 nm rms roughness) with no evidence of metallic droplets or surface ripples. A high
resolution x-ray diffraction 6 /26 scan in Fig. 5 for the layer in Fig. 4 shows that it has good structural
quality with a uniform Bi concentration. The dotted line in Fig. 5 is a simulated x-ray diffraction scan.
This sample also shows strong room temperature photoluminescence.

From these results we conclude that the surface ripples in Fig. 3 are not due to the surface morphologi-
cal instability sometimes observed in strained films, since a film with more than twice the Bi content and
a similar thickness shows no evidence of surface ripples (Fig. 4). Instead we interpret the low amplitude
surface ripples in Fig. 4 to the effects of the low growth temperature and low As flux. This surface
roughness is smoothed out in the presence of the higher Bi flux for the sample in Fig. 4. A similar ten-
dency to smooth the surface is observed for non-incorporating Bi surfactant growth at higher tempera-
tures [10].

Fig. 3 Atomic force microscope image of Fig. 4 Atomic force microscope image of a dilute

film from Fig. 2. Image area is 2x2 pm, with bismide film grown at 390°C. The image area is 2x2
vertical scale 50 nm and rms amplitude 7.6 um, the vertical scale is 3 nm and the rms roughness is
nm. 0.2 nm.
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4 Conclusions

Growth of the dilute bismide alloy GaAs;,Bi, on GaAs by molecular beam epitaxy requires low tem-
peratures and near stoichiometric As/Ga fluxes. These growth conditions are close to the conditions at
which metallic Ga and Bi droplets form. Since metallic droplets scatter light strongly, in-situ diffuse
light scattering is an effective tool to detect the formation of metallic droplet on the surface, and there-
fore to identify growth conditions for which the formation of metallic droplets is avoided. Light scatter-
ing can also be used to identify the onset of the surface morphological instability in the strained GaAsBi
layers on GaAs substrates.

r GaASy g5 Big 019
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Fig. 5 High resolution x-ray diffraction /26 scan
for a 210 nm GaAsg g31Big 19 film. The dashed line
shows a simulated diffraction scan.
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