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a b s t r a c t

Doping processes of high concentrations of Be in GaAs layers by molecular-beam epitaxy (MBE) at low
temperatures with different growth rates were investigated in order to explore the possibility of the
ccepted 30 April 2010
vailable online 6 May 2010

eywords:
ow-temperature MBE growth

low-temperature MBE growth for obtaining highly non-equilibrium structures. A high concentration of
acceptor Be atoms with a hole concentration of 5.65 × 1020 cm−3 were obtained with a substrate tem-
perature 300 ◦C and a low growth rate 0.03 �m/h, while an increase in either the substrate temperature
or the growth rate resulted in lower hole concentrations. These results suggest unique properties of the
low-temperature MBE growth; long-distance diffusions of solute atoms are inhibited at a low growth
temperature, while a low growth rate gives surface or near-surface atoms a sufficient time to form a
on-equilibrium structure

ong-distance diffusion low-energy configuration at a low growth temperature.
© 2010 Elsevier B.V. All rights reserved.
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toms in LT-GaAs layers are far higher than those in crystals grown
nder the nearly equilibrium condition. In the case of Ga1−xMnxAs,
high concentration of substitutional Mn atoms is incorporated by

he low-temperature growth, which leads to the ferromagnetism
f this material. If a crystal is grown at a temperature normally
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used for the growth of GaAs, MnAs crystals form inside the grown
layer as the second phase. Theoretical study [3] indicates that a
higher Curie temperature of Ga1−xMnxAs can be obtained with a
higher substitutional Mn concentration and a higher hole concen-
tration. In recent studies [4–6], a great deal efforts have been made
in order to increase the substitutional Mn concentration by the low-
temperature MBE growth, but Curie temperatures obtained in these
studies are still considerably lower than room temperature.

Microscopic processes of the low-temperature MBE growth of
GaAs layers were extensively studied in the past [7,8]. In view
of the afore-mentioned recent studies on Ga1−xMnxAs, however,
further investigations are necessary in order to accurately under-
stand the role of the low-temperature MBE growth in obtaining
highly super-saturated semiconductor structures. In this paper we
present results of a study on the doping processes of Be in the low-
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1. Introduction

In the past two decades molecular-beam epitaxy (MBE) growth
at low temperatures has been utilized for the development of
novel semiconductor materials such as low-temperature grown
GaAs (LT-GaAs) layers [1] and Ga1−xMnxAs diluted magnetic semi-
conductors [2]. By the MBE growth at low temperatures highly
super-saturated semiconductor alloys with high crystalline qual-
ities can be obtained. In the case of LT-GaAs layers, significantly
non-stoichiometric crystals are obtained, resulting in ultra-short
life times of photo-excited carriers [1]. Concentrations of excess As
temperature MBE growth of GaAs layer. Beryllium is commonly
used for the MBE growth of GaAs as acceptor impurity [9]. The dop-
ing processes have been widely investigated for a variety of growth
conditions. Doping of this impurity at low temperatures, therefore,
can be used for investigation of the role of the low-temperature

dx.doi.org/10.1016/j.jallcom.2010.04.222
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Table 1
Growth conditions, carrier concentrations and change of (0 0 4) interplaner spacing �d/d of six samples.

No. g (�m/h) TBe (◦C) TS (◦C) t (�m) Rs (�) � (cm−3) �d/d

A 0.1 950 300 0.1 94.92 1.47 × 1020 −1.03 × 10−3

B 0.03 880 300 0.1 37.6 5.65 × 1020 −2.47 × 10−3
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C 1 1030 300
D 0.1 1030 300
E 0.03 950 250
F 0.03 1000 250

BE growth in producing highly super-saturated semiconductor
tructures. According to earlier studies [10–14], Be atoms tend to
ccupy interstitial sites and diffuse towards the surface or the sub-
trate when a high concentration of Be atoms were doped. In the
resent study, we investigated how the concentrations of acceptor
e changed with the growth temperature and the growth rate in
rder to clarify the microscopic processes which determined their
aximum concentrations in the low-temperature growth.

. Experimental

Beryllium-doped GaAs layers were grown by utilizing a conventional MBE sys-
em. Semi-insulating epiready (0 0 1) GaAs wafers were used as substrates. After
esorption of an oxide layer of a substrate surface, the surface was annealed at
00 ◦C for 10 min, followed by the growth of 150-nm-thick GaAs buffer layer at
80 ◦C. After the growth of the buffer layer, the substrate temperature was lowered
o either 300 ◦C or 250 ◦C for the growth of a Be-doped layer. The As flux was reduced
o approximately 1.0 × 10−5 Torr which is one third of the normally used As flux. The
s4 flux was used in the present MBE growth by heating the effusion cell containing
solid As. The substrate temperatures 300 ◦C and 250 ◦C were chosen because they
ere significantly lower than the normal substrate temperature for the growth of
aAs but were high enough to avoid incorporation of a high concentration of excess
s [15]. The growth rate of the doped layer was varied in the range from 1.0 �m/h
o 0.03 �m/h among samples by changing the Ga flux. The thickness of doped layer
hanged from 0.1 �m to 0.3 �m.

Carrier concentrations of doped layers were estimated by the Hall effect mea-
urement in the van der Pauw method, for which a square 5 mm × 5 mm sample
as cut and an In contact was made at each corner of the sample. Changes of lattice

pacing of Be-doped epilayers from that of the substrate GaAs were determined by

Fig. 1. (a) X-ray diffraction rocking curve, (b) SIMS profiles, an
0.3 38.5 3.65 × 10 −2.35 × 10
0.1 137.3 1.02 × 1020 –
0.1 71.45 3.22 × 1020 −3.60 × 10−3

0.1 65.69 3.47 × 1020 −8.90 × 10−3

rocking curve measurements of (0 0 4) reflections by using an X-ray diffractome-
ter with a four crystal monochrometer. Structure characterizations of grown layer
were carried out by using transmission electron microscopy (TEM) and secondary
ion mass spectroscopy (SIMS).

3. Results and discussion

Table 1 lists growth conditions, carrier concentrations and
change of (0 0 4) interplaner spacing �d/d of 6 samples. The growth
rate was changed from 1 �m/h to 0.03 �m/h which is approxi-
mately 1/30 of the normal growth rate of a GaAs layer by MBE.
The Be-doped layers were grown from 0.1 �m to 0.3 �m. Sample
B was grown at 300 ◦C and the lowest growth rate. The estimated
hole concentration of sample B is 5.65 × 1020 cm−3. This value is
significantly higher than the reported maximum concentration
2.0 × 1020 cm−3 [11] which was obtained by the MBE growth at
450 ◦C with a normal growth rate. The Be cell temperature used
for the growth of this sample was 880 ◦C, with which a hole con-
centration of approximately 2 × 1019 cm−3 was obtained under the
condition of the normal growth rate and a normal substrate tem-
perature. Sample C was grown at 300 ◦C and a normal growth rate.

The Be cell temperature was set at a substantially high tempera-
ture 1030 ◦C. The hole concentration is 3.65 × 1020 cm−3 which is
approximately 2/3 of that of sample B, although �d/d of this sample
is slightly smaller than that of sample B. Sample D was grown with
the Be cell temperature 1030 ◦C at a growth rate of 0.1 �m/h. The Be

d (c) cross-sectional bright field TEM image of sample B.
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ig. 2. Relationship between the hole concentration and the change of the lattice
pacing, �d/d for five samples except for sample D (reference data was included
his figure).

oncentration in this sample is, therefore, expected to be ten times
f that of sample C. However the hole concentration and �d/d of
ample D are considerably low as seen in Table 1. Sample E and F
ere grown at different growth conditions to obtain higher hole

oncentration, but the hole concentration although higher �d/d
alue did not increased.

Fig. 1(a), (b) and (c) are an XRD rocking curve, a SIMS profile
nd a bright field cross-sectional TEM image of sample B, respec-
ively. In Fig. 1(a), we also plotted a rocking curve calculated with a

odel in which a interplaner spacing d004 is constant in the doped
ayer and changes abruptly into d004 of GaAs at the boundary with
he buffer layer. Both XRD and SIMS results indicate that doped Be
toms are confined in the 0.1 �m-thick doped layer with negligible
iffusion towards the buffer layer. The bright field image shows that
he doped layer from the surface to the boundary with the buffer
ayer, which is indicated by an arrow, is defect-free in spite of a large

d/d value. The estimated hole concentration of sample B is sub-
tantially higher than the Be concentration indicated by the SIMS
rofile of Fig. 1(b). The deviation of the estimated hole concentra-
ion from the actual hole concentration, however, is considered to

e a few percents at most according to the size of a square-shaped
an der Pauw sample used in this measurement [16]. Because of
he lack of a reliable reference sample for the SIMS measurement
f a Be concentration in GaAs in the order of 1020 cm−3, we con-

Fig. 3. X-ray diffraction rocking curves of sample
Fig. 4. Result of the sheet resistance and the hole concentration versus the annealing
time, t, for sample F.

sider that the actual Be concentration in sample B is closer to the
measured hole concentration than the SIMS value. A change of the
(0 0 4) interplaner spacing from that of the GaAs substrate �d/d for
sample B is also larger than twice the reported value, 1.17 × 10−3

[11], supporting the above assumption. These results of sample B,
therefore, suggest that one can obtain a high hole concentration by
Be-doping in the low-temperature MBE growth with a low growth
rate.

Fig. 2 shows the relationship between the hole concentration
and the change of the lattice spacing, �d/d for all samples except
for sample D. As seen in Fig. 2, two regions were able to be sep-
arated. One is satisfied with the Vegard’s law, which holds that
a linear relation exists between the concentration and the lattice
spacing. The other deviates from the Vegard’s law. The hole con-
centration dose not increased with increasing the lattice spacing.
There are two possible causes for this low hole concentration. One
possible cause is the existence of a high concentration of inter-
stitial atoms. Interstitial atoms are donor that compensate holes
provided by substitutional Be atoms. The effect of interstitial atoms
was investigated by low-temperature annealing for sample F which
was grown at 250 ◦C. The annealing was performed in N2 gas flow
and the annealing temperature was fixed at 300 ◦C. The anneal-
ing time, t, was changed from 15 min to 150 min. Fig. 3 shows the

X-ray diffraction rocking curves of sample F along with changing
t. The left side peak is the (0 0 4) reflection peak of the GaAs sub-
strate and the right side peak is that of the Be-doped epilayer in
Fig. 3(a). Fig. 3(b) shows only the enlarged (0 0 4) reflection peak of

F along with changing the annealing time, t.
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Fig. 5. (a) Cross-sectional bright field an

he doped epilayer. As seen in figure, the peak position move the
igh angle side with increasing the annealing time. It is considered
hat the diffusion of interstitial atom such as Be interstitials, BeI,
r interstitial excess As, AsI, to the surface or the substrate occurs,
hen the lattice parameter of epilayer decreases.

Fig. 4 shows the result of the sheet resistance and the hole
oncentration versus the annealing time for sample F. The sheet
esistance decreases monotonically with t while the concentra-
ion increases. The concentration, however, saturate beyond the
0 min. It can be suggested that the change of the sheet resistance

s entirely due to the increase in the carrier concentration caused
y the removal of compensating BeI or AsI.

The other cause of decreasing Be concentrations with increasing
he lattice spacing is the existence of defects which trap the hole. By
he observation of the transmission electron microscopy the defect
uch as the stacking fault was found in sample D, as shown in the
ig. 5. Fig. 5(b) shows the high-resolution TEM image of same sam-
le. The stacking fault was clearly observed. Sample D has a high
ensity of extended defects. With a high Be cell temperature and a

ow growth rate, the Be concentration in this sample is expected to
e significantly higher than those of other samples. It is, therefore,
onsidered that a large lattice mismatch between the doped layer
nd a GaAs buffer layer led to a breakdown of the pseudomorphic
rowth and formation of a high density defects in this sample; these

efects became sinks of the Be segregation as well as traps of free
oles.

The occurrence of the defect is closely connected with the criti-
al thickness of epilayer in the case of the heteroepitaxy. If the misfit
etween a bulk substrate and a growing epilayer is sufficiently

Fig. 6. Results of the calculation for critical thickness, h
igh-resolution TEM images of sample D.

small, the first atomic layers that are deposited will be strained
to match the substrate, and a coherent (or pseudomorphic) inter-
face will be formed. However, as the epilayer thickness increases,
the homogeneous strain energy becomes so large that a thickness
is reached wherein it becomes favorable for misfit dislocations to
be introduced. Such misfit dislocations accommodate a fraction of
the misfit, so that a reduced strain remains in the over layer. It is
reported that strains caused by a lattice mismatch are relaxed by
introduction of partial dislocations to the interface which results in
the formation of stacking faults [17]. In the present case, therefore,
the existence of stacking faults suggests that partial dislocations
formed in addition to perfect dislocations when the layer thickness
reached the critical value.

For a single epitaxial layer, the equilibrium critical thickness, hc,
is determined by using the Matthews theory [18]. The Matthews
theory predicts a critical thickness given by

hc =
(

b

8�ε

)
(1 − � cos2 ˛)
(1 + �) cos �

[
1 + ln

(
hc

b

)]
(1)

where b is the Burgers vector, ε is the strain, � is the Poisson ratio,
� is the angle between the slip direction and that direction in the
film plane and ˛ is the angle between the dislocation line and its
Burgers vector.

Fig. 6 shows results of the calculation for hc of sample E and sam-

ple F. In this calculation � = 1/3, b = 4 Å, cos ˛ = 1/2, cos � = 1/2 are
used. The value of ε is replaced by the value of the change of lattice
spacing. The calculated critical thickness of sample E and F is 330 Å
and 105 Å, respectively. However the thickness of these grown sam-
ples is thicker than the calculated hc. These samples, therefore, have

c , of (a) sample E and (b) sample F, respectively.
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he possibility of the occurrence of defect. So it should affect the
ower concentration than that concentration which is expected by
egard’s law.

On the basis of the present results and their implications, unique
roperties of the low-temperature MBE growth can be described
s follows. During the growth at a low temperature below 300 ◦C,
ong-distance diffusions of solute atoms such as those towards

substrate or those leading to a formation of the second phase
re substantially inhibited. The Be distributions in sample B and C
learly showed this aspect. For sample B, the growth of the doped
ayer took 3 h due to its very low growth rate, but Be diffusions
owards the buffer layer is negligible as seen in Fig. 1(a) and (b).
ample C also showed negligible diffusions towards the buffer
ayer, although this sample is considered to have a substantial con-
entration of interstitial Be atoms which are known to diffuse fast
t higher temperatures.

The difference of the results of sample B and C is explained by
ssuming that a substitutional Be atom at a Ga site is energetically
ower than an interstitial Be atom. In sample B grown at a low rate,
early all doped Be atoms occupy substitutional sites, resulting in
he low-energy configuration. In sample C grown at high rate, on
he other hand, a substitutional concentration of Be atoms occupy
igh-energy interstitial sites due to the lack of a sufficient time for
ite-changes.

. Conclusions

We have investigated the doping process of high concentra-
ions of Be in GaAs layers by MBE at low temperatures with
ifferent growth rate in order to explore the possibility of the low-
emperature MBE growth for obtaining highly non-equilibrium
tructures. Through the present experiments, we have obtained the
ollowing results.

The maximum hole concentration was obtained, which the sam-
le was grown at low growth rate 0.03 �m/h and low growth
emperature 300 ◦C, while an increase in either the substrate tem-
erature or the growth rate resulted in lower hole concentrations.

he low hole concentration although large �d/d was able to be
xplained by the occurrence of the interstitial atoms and defects.
hese results suggest unique properties of the low-temperature
BE growth; long-distance diffusions of solute atoms are inhibited

t a low growth temperature, while a low growth rate gives sur-

[
[
[

[
[
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face or near-surface atoms a sufficient time to form a low-energy
configuration at a low growth temperature.

The consideration of the unique properties described above is
important in order to further explore the possibility of the low-
temperature MBE growth. By growing a layer at a low rate one
can obtain the low-energy configuration under the condition of the
inhibited long-distance diffusion. The low-energy configuration, on
the other hand, depends on a number of factors such as the elec-
tronic energy, strain and flux condition. Precise control of these fac-
tors, therefore, may enable one to tune a desired non-equilibrium
structure such as a highly super-saturated solid solution.
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