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Atomic Force microscopy was used to investigate the morphology of GaAs(001) layers deposited by
molecular beam epitaxy using a non conventional growth method that involves the supply of a few
monolayers of gallium (the arsenic cell is shuttered) followed by the annealing of the surface under
an arsenic flux (the gallium cell is shuttered). When the silicon shutter is opened and closed together
with the gallium one, this particular growth mode allows the silicon atoms to be incorporated into
the arsenic sites and p-type GaAs(001) layers can be obtained. Several sets of samples were grown
and analyzed in order to better understand the microscopic growth mechanisms of this kind of
layers and minimize the number and size of the structural defects that are characteristic of this
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peculiar technique.

I Introduction

Since the advent of molecular beam epitaxy (MBE),
beryllium (Be) has been commonly used to produce
p-type GaAs layers. However, this element has sev-
eral drawbacks[1] (large diffusion coefficient, segrega-
tion at high concentration, large memory effect, low
purity, high toxicity) that stimulated the community
to substitute it. Solid carbon has proven its suitabil-
ity, usually providing doping levels up to 102° cm 2 and
enabling abrupt doping profiles. Another attractive op-
tion is to exploit the amphoteric characteristic of silicon
(Si), with the huge advantage that both n and p-type
GaAs layers could be obtained in the same structure
by using a single dopant. Si is the usual dopant for n-
type GaAs(001) layers, but it has already been success-
fully used to produce p-type GaAs layers on high-index
GaAs(N11) substrates (N=1,2,3) where, depending on
the growth conditions (mainly the substrate tempera-
ture and V/III flux ratio), the Si atoms can enter the
gallium (Ga) or arsenic (As) sites, yielding a n- or p-
type GaAs layer, respectively.[2, 3] In a recent work,
Quivy et al. [4] reported a new growth method that
produces p-type GaAs layers using Si as the dopant
on a GaAs(001) substrate which is commonly used to
produce micro- and opto-electronic devices. This new
doping technique is very promising because p-type lay-
ers can be obtained under normal flux conditions just by
using a different sequence of the Ga, As and Si shutters.
The main difference with usual growth conditions is
that several monolayers (MLs) of Ga and Si are supplied

without any As (the As shutter is kept closed) and then
the surface is annealed under an As flux (the Ga and Si
shutters are closed) to build the GaAs:Si layers. This
sequence can be repeated hundreds of times to obtain
thick GaAs:Si layers with a p character. For instance,
a 0.5um-thick GaAs layer grown at 520°C using 180 se-
quences of 10MLs of Ga annealed during 15s under an
As flux showed a hole density of 1.2 x 10'8cm ™ for a
nominal Si concentration of 4.0 x 10'"¥cm™2. Atomic-
force microscopy (AFM) measurements revealed that
large structural defects were present at the surface of
the film and were most probably at the origin of the
low carrier mobility.

In the present work, we report on a complete AFM
investigation of the surface of such samples as a func-
tion of the relevant growth parameters. This kind of
study is fundamental to understand how these defects
are formed, in order to be able to decrease their size
and concentration and to improve the structural and
electrical properties of the layers.

IT Experimental details

In order to better understand the structural evolution
of the sample described above, a set of six samples was
grown to investigate the morphology of the film at dif-
ferent moments of the growth and under different con-
ditions. All the samples were grown in a Mod. Gen
IT MBE system from Varian on top of semi-insulating
GaAs(001) substrates from Sumitomo. In the first sam-
ple, 10 MLs of Ga atoms were grown at 515°C without
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any supply of As to observe how the initial deposition
of Ga atoms proceeds in the absence of As. The sec-
ond sample was identical to the first one, except that
As was supplied during 30 s after the Ga deposition
in order to analyze the surface after a single growth
cycle. The third sample consisted of a 0.25um-thick
GaAs buffer grown at 515°C obtained by repeating 89
times the sequence of sample 2. Samples 4 and 5 were
identical to samples 1 and 3, respectively, except by
the fact that they were grown at 300°C. Finally, the
sixth sample was a 0.25um-thick GaAs buffer grown
at 515°C using 890 sequences consisting of 1 ML of
Ga atoms exposed during 4 s to the As flux. Before
the growth of any of these structures, a 0.20pum-thick
GaAs layer was deposited at 570°C using conventional
growth conditions to provide the same smooth surface
to all the samples. As we were only concerned with the
morphological characteristics of the samples, the layers
were undoped (the absence of Si has no influence on
the growth mechanisms, as will be checked later, be-
cause the dopant typically represents less than 0.01%
of the total number of surface atoms). The reflection
high-energy electron diffraction (RHEED) system was
used to monitor the growth in situ and to determine the
flux of Ga and As atoms that were of the order of 5.9
and 11.7 x 10" atoms-cm2-s7', respectively, for all
the samples. The surface of the films was analyzed at
ambient conditions with a Nanoscope I1la AFM from
Digital Instruments operating in contact mode with a
sharpened silicon-nitride tip.

IIT Results and discussion

Fig. 1 shows the topography of each sample. In Fig.
la, one can see that the deposition of 10 MLs of Ga
atoms without any incident As proceeds with the for-
mation of slightly-oval Ga droplets oriented along the
[1-10] direction. RHEED studies actually demonstrated
that the first Ga layer equally covers the whole surface,
leading to the known four-fold pattern typical of a Ga-
rich surface, whereas the rest of the Ga material is ac-
cumulated in droplets spread all over the surface.[5, 6]
For a given amount of material, the size and density
of these droplets are a function of the adatom mobil-
ity which mainly depends, in our particular case, on
the substrate temperature, as will be confirmed later.
When the As flux is supplied on the Ga droplets, the
specular-beam intensity of the RHEED pattern shows
strong oscillations that are related to the formation
of two-dimensional (2D) GaAs layers. Indeed, when
the As molecules impinge on the Ga-rich surface, their
sticking coefficient is maximum (0.5 for Ass) and thus
2D GaAs islands are nucleated on the surface and merge
to form the first GaAs layer. Once that layer is com-
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plete, the Ga droplets provide a fresh layer of Ga atoms
that will react further with the new incoming As atoms.
Each new 2D GaAs layer gives rise to an intensity oscil-
lation of the specular beam that keeps oscillating until
all the Ga material from the droplets has reacted.
However, we can see from Fig. 1b that the new GaAs
layers are not completely smooth, and structural fea-
tures, also oriented along the [1-10] direction, are now

Figure 1. 2x2um? AFM images of the six samples of the
set. a) 10MLs of Ga grown at 515°C without any incident
As flux; b) 10MLs of Ga grown at 515°C without any inci-
dent As and then exposed to As; ¢) a 0.25pum-thick GaAs
layer grown using 89 times the sequence described in b); d)
same sample as a) but grown at 300°C; e) same sample as
c¢) but grown at 300°C; f) a 0.25um-thick GaAs layer grown
at 515°C by repeating 890 times the deposition of 1ML of
Ga without any incident As molecules followed by the expo-
sure of the surface to the As flux. The total grey scale and
the typical height of the features observed in each image are
respectively 120 and 29nm in a), 50 and 13nm in b), 80 and
17nm in ¢), 50 and 13nm in d), 150 and 45nm in e) and 20
and 2nm in f).

present where the Ga droplets were previously located.
These defects result from the association of two differ-
ent effects: first, there is a reaction between the metal-
lic Ga of the droplets and the As molecules that fall
directly on them. Since the growth rate of the GaAs
material is much larger at the border of the droplet
than at its center (in the latter case the As molecules
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have to diffuse first through the whole thickness of the
Ga droplets), there exists an accumulation of metallic
Ga in the central region of the droplets where the sec-
ond phenomenon, the melt-back etching of the GaAs
buffer layer, takes place. This kind of etching occurs
whenever metallic Ga is deposited on a GaAs surface,
and its efficiency (i.e. etching rate) mainly depends on
the substrate temperature.[7] Both phenomena, acting
together during the annealing of the Ga droplets under
the As flux, are responsible for the peculiar shape of
the defects. When a 0.25um-thick GaAs layer is grown
using 89 such sequences, the surface of the film shows
large oval defects with small craters inside (Fig. Ic).
This kind of defects is typical of Ga-rich growth condi-
tions that are known to generate oval defects oriented
along the [1-10] direction, which is consistent with our
growth method and AFM results. The small apparent
craters are most probably due to the melt-back etching
of the underneath GaAs layers by the Ga droplets of
the last cycles of the growth. The morphology of this
thick GaAs layer is very similar to the one of the thick
p-type Si-doped GaAs(001) layer grown in ref. [4] by
the same method, confirming that the Si atoms do not
influence the growth mechanisms and the morphology
of the film.

Since the roughness of the sample is mainly due to
the presence of Ga droplets, a reduction of the surface
corrugation height would be expected when smaller (or
no) Ga droplets are present on the surface. That can be
achieved by depositing a smaller number of Ga layers
per cycle or by adopting a lower substrate temperature
during Ga deposition. At first glance, a lower growth
temperature has several advantages: the Ga droplets
are more homogeneous, smaller and more numerous
(Fig. 1d), due to the smaller diffusion length of the Ga
adatoms. In addition, the melt-back etching is less effi-
cient at lower temperature, decreasing considerably the
depth of the craters. Unfortunately, when the As flux is
allowed on the Ga droplets at such a low temperature,
the growth of the GaAs layers is very rough and the
total corrugation height is larger than at higher tem-
perature (Fig. le). As a consequence the best way to
reduce the roughness of the film is using a larger num-
ber of cycles involving the deposition (at intermediate
temperature) of a smaller number of Ga layers without
any incident As. The growth at 515°C of a 0.25um-
thick GaAs layer consisting of 445 cycles of 2MLs of
Ga exposed to As during 8s showed that the size of
the oval defects and craters were much smaller. The
limit of this growth method is clearly achieved when a
single Ga layer is deposited and then annealed in the
presence of the As flux. In this extreme case, no Ga
droplets are formed because the first (and unique) Ga
layer is homogeneously spread over the whole sample
and reacts with the As-rich surface, as confirmed by
the change of the usual two-fold RHEED pattern into
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a clear four-fold pattern typical of flat Ga-rich condi-
tions. Since there are no droplets on the surface at any
step of the growth cycle, there are no oval defects and
no melt-back etching responsible for the formation of
the craters. In these conditions the roughness of the
surface is minimum, as can be seen in Fig. 1f.

IV  Conclusion

We presented AFM results about the surface morphol-
ogy of samples obtained by droplet-assisted MBE, a
growth technique that was recently employed to pro-
duce p-type GaAs(001) layers using Si as the dopant.
At the initial stage, the deposition of several MLs of Ga
without any incident As flux proceeds with the forma-
tion of Ga droplets on the surface. When the As flux
is admitted, the Ga droplets react with the incoming
As molecules and form 2D GaAs layers, leaving behind
them structural defects and small craters due to the
melt-back etching of the underneath GaAs layers by
the Ga droplets. Thick GaAs layers can be obtained
by repeating this sequence, but the final roughness of
the film was minimized when a single Ga layer was de-
posited at a time and then annealed under the As flux.
The optimization of the structural properties of such
layers is very important to the device industry in or-
der to be able to obtain both n and p-type GaAs(001)
layers with a single element (Si) using the same growth
conditions but different shutter sequences.
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