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a b s t r a c t

Structural and optical studies of BxGa1−xAs epilayers, grown by metal organic chemical vapor deposition
(MOCVD), at different growth temperatures (580 ◦C and 500 ◦C), have been achieved by high-resolution
X-ray diffraction (HRXRD) and photoluminescence spectroscopy (PL). They have shown that the boron
content increases up to 8% with decreasing growth temperature. Low temperature (10 K) PL study has
eywords:
OCVD

hotoluminescence
DX
GaAs

shown an asymmetric broad PL band around 1.34 eV, and a decrease of the intensity with increasing
boron composition. The evolution of the emission energy versus temperature can be described by the
Varshni law for the high temperature range, while a relative discrepancy has been found to occur at
low temperature. Moreover, depending on the temperature range, the PL intensity quenching is found
to be thermally ensured by three activation energies for the smallest boron composition (xb ≈ 3%) and
by two for the highest (xb ≈ 8%) one. These results are attributed to the localized states induced by the

d the
non-uniform insertion an

. Introduction

Great efforts have recently been dedicated to obtain high-
uality BGaAs epilayers with high B incorporation. The properties
f BGaAs epilayers have played a great part in the development
f devices using BGaAs-based materials. The BGaAs epilayers with
contents up to 5% have been grown on a GaAs (0 0 1) substrate

y metalorganic chemical vapor deposition [1,2]. Thus, the incor-
oration of boron in binary and ternary alloy -GaAs and InGaAs
espectively, compounds is of special interest for growing lattice-
atched material on GaAs substrates. These are a promising way

o develop solar cell devices or active materials for 1.3 �m laser
iodes [3–5]. Incorporating boron in InGaAs/GaAs quantum wells
ay extend the emission wavelength towards 1.33 �m by reduc-

ng the compressive strain. Moreover, higher flexibility in strain
ompensation and band gap engineering could be reached with
he combined incorporation of boron and nitrogen supported by
he fact that in MOVPE, the N- or B-incorporation are unaffected by
ach other [6]. However, the optical quality of BGaAs has been found

o degrade with high B incorporation [7]. This may be due to higher
rowth temperature compared to that for GaAs. Nevertheless,
rowth mechanism and features of boron-contained III–V semi-
onductors are still not well understood because little attention
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clustering of the boron atom in BGaAs bulk.
© 2010 Elsevier B.V. All rights reserved.

has been paid to the growth of boron contained III–V semiconduc-
tors. A few reports on the epitaxial growth and characterization of
single-crystal zinc-blende BGaAs alloys have been available since
Geisz carried out the pioneer work [3].

In this work, we have investigated the influence of the growth
temperature on boron composition, on structural and optical prop-
erties of the high B-content B0.08Ga0.91As epilayers. High resolution
X-ray diffraction (HRXRD) has been used to evaluate the boron con-
centration. The PL emission of BGaAs epilayers on GaAs substrate
with different boron compositions has also been investigated and
the optical properties versus temperature exploited. The experi-
mental results indicate that the carrier recombination mechanisms
are governed by that via the clustering of the boron atom formed
in BGaAs bulk at low growth temperature.

2. Experimental details

The growth of BGaAs layers has been performed at atmospheric-pressure
(MOVPE) in a T-shape horizontal reactor. The layers were deposited on (0 0 1) GaAs
substrates misoriented 1◦ off (±0.05◦) towards [1 1 0] direction. Triethylgallium
(TEG) and diborane (B2H6) were used as group III precursors. Arsine (AsH3) was
used for the arsenic source as group V precursor. Hydrogen was used as carrier
gas. Diborane flow-rate was kept constant. The boron gas-phase concentration was
quantified by the initial molar flow-rate ration: Xv = 2[B2H6]/(2[B2H6] + [TEG]). The

same value of the initial molar flow-rate Xv = 62% and flux B2H6 equal 7.5 sccm were
used for both samples. Prior to BGaAs growth, a GaAs buffer layer of approximately
0.1 �m thick was grown at the same temperature as the epilayers.

X-ray ω/2� measurements of (0 0 4) plane reflection was performed systemat-
ically with copper target (�CuK�1 = 1.54056 å) radiation from a discover D8 (40 kV
55 mA) high power X ray generator. The lattice mismatch (�a/a) of the epilayer was

dx.doi.org/10.1016/j.jallcom.2010.06.169
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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ig. 1. High resolution X-ray diffraction ω/2� spectra of two BxGa1−xAs/GaAs layers
rown at (a) Tg = 580 ◦C and (b) Tg = 500 ◦C.

valuated and the boron composition was determined using Vegard’s law from sep-
ration angle between the epilayers and substrate (4 0 0) diffraction peaks, assuming
oherent tensile strain and a Poisson ratio of 0.313 [3].

Photoluminescence measurements were carried out between 10 and 300 K
hile keeping the samples in a closed-cycle helium circulation cryostat. The exci-

ation wavelength used is the 514.5 nm line of the cw Ar+ laser. The emission was
ispersed by a high-resolution spectrometer and detected by a thermoelectrically
ooled InGaAs photodetector with a built-in amplifier.

. Results and discussion

The lattice constant of ternary BxGa1−xAs can be expressed as
(x) = 5.6533 − 0.8763x using Vegard’s law. Assuming the complete
elaxation of BxGa1−xAs epilayer and BAs Poisson ratio of 0.313,
he boron composition (x) could be calculated from X-ray diffrac-
ion. High resolution X-ray diffraction (HRXRD) pattern of epilayers
rown at 500 ◦C and 580 ◦C are shown in Fig. 1. A splitting of 972 and
690 arcsec is clearly visible between the (4 0 0) diffraction peak of
aAs substrate and BGaAs layer indicating a boron content of ≈3%

or Tg = 580 ◦C and 8% for Tg = 500 ◦C, respectively. The FWHM value
f two (4 0 0) BGaAs diffraction peaks is x = 3% and 8% equal 180
nd 595 arcsecond, respectively. In fact, when increasing the boron
omposition the FWHM increased. This is due to a degradation of
he crystalline quality [8]. However, we have clearly observed the
eak splitting for BxGa1−xAs epilayer.

Since 2003, Dumont et al. have optimized the best growth condi-
ion for BGaAs epilayer [8]. They used two TMG and TEG precursors.
hey found that TEG to be the best precursor. They varied the tem-
erature from 550 ◦C to 600 ◦C and they did not decrease below

◦
50 C. Moreover, Geisz and al deduced that the boron incorpora-
ion efficiency is maintained at lower temperatures when using TEG
ather than TMG [3]. In the basic of this optimization, Rodriguez et
l. have used TEG III group precursor [9]. They have decreased the
rowth temperature and have increased the initial mole flow-rate
Fig. 2. Low temperature photoluminescence (10 K) spectra of BxGa1−xAs/GaAs epi-
layers with 580 ◦C and 500 ◦C of growth temperature.

Xv to 62%. In fact, they have shown that low growth temperatures
promote the incorporation of high boron composition.

Indeed, when the growth temperature increases, the diffusion
length of boron atoms increase. This allows the migration of these
atoms at the surface, which causes less incorporation in the bulk.
This may explain the reduction of the boron composition when
increasing the growth temperature.

The low temperature (10 K) photoluminescence spectra of the
BGaAs/GaAs epilayers for varied growth temperature are shown
in Fig. 2. We have observed the PL emission from the GaAs sub-
strates to be dominated by the transition (e-CAs) carbon impurity
and its optical LO phonon replica at 1460 meV [10]. These observed
carbon impurities originated from the precursors (organic material
such use triethylgallium (TEG) and arsine (AsH3)), which is associ-
ated to the growth condition [8]. In addition, an asymmetric and
broad PL band is observed at 1341 meV for both structures. This
emission band is associated to the exciton recombination in the
BGaAs epilayers. We have not observed any shift with varied boron
composition. This is due to narrow bowing parameter of BGaAs [5].

The broadening of the BxGa1−xAs PL emission band and the
decrease of the PL intensity with increasing boron composition
could be attributed to the crystal imperfections (surface roughness
. . .) and composition fluctuations in BGaAs epilayer. A previous
study has shown these crystal imperfections by the atomic force
microscopy [9,11]. Rodriguez has shown by AFM for layers grown
at 580 ◦C a transition from a surface with indistinct terraces (2D
nucleation) to a bunching step/terrace structure B2H6 flow rate [9].
To explain this abnormal behaviour, we could suggest the carrier
localization effects.

In order to confirm this attribution, temperature dependent PL
measurements have been carried out.

Fig. 3 shows the temperature dependence of the PL emission
energy of the BGaAs/GaAs epilayers. These spectra could be fitted
by the empirical law proposed by Varshni [12] by using Eq. (1).

Eg(T) = Eg(0) − ˛T2

(ˇ + T)
(1)

where ˛ is an empirical parameter related to the joint density of
states and ˇ is an effective temperature. By fitting the experimental
results with Eq. (1), we have deduced the different values of ˛ and

ˇ shown in Table 1. In comparison to pure GaAs, the higher or the
lower effective temperature ˇ is sensitive to the band gap variation
Eg.

At low temperatures the Varshni law fails to fit the experimental
data for epilayer grown at high temperature (580 ◦C). At 10 K, stokes
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ig. 3. Temperature dependence of the peak energy, with high excitation den-
ity (80 W/cm2), of BxGa1−xAs epilayers with growth temperature, respectively: (a)
g = 580 ◦C and (b) Tg = 500 ◦C.

hift between theoretical and experimental values lies between
7 meV. However, the epilayer grown at 500 ◦C (xb = 8%) is adjusted
y this model and the localization energy is around 4 meV at 10 K.

This may be due to the recombination of photogenerated car-
iers trapped by localized states within BGaAs. This phenomenon
s observed in GaAsN [7], which exhibits an anomalous behaviour.
his is often explained in terms of exciton localization at potential
uctuations induced by the presence of nitrogen. Specifically, at

ow temperature this phenomenon is more pronounced in GaAsN
han BGaAs structure [7,13].

In fact, at low temperatures, the PL spectrum of dilute boron
emiconductors is governed by the recombination of the excitons

rapped by the lowest energy state. These states originate from the
oron clustering which can introduce a discrete energy level into
aAs band gap. Moreover, a disorder in local structure and a surface

oughness are traditionally associated with compositional inhomo-

able 1
arshni parameter of GaAs and of BxGa1−xAs grown at 500 ◦C and 580 ◦C for Boron
ompositions 3% and 8%, respectively.

˛ (eV/K) ˇ (K)

xb = 0% 5.405E−4 204
xb = 3% 6.6E−4 180
xb = 8% 5.25E−4 106
Fig. 4. PL Intensity dependence temperatures are presented in a semi-log plot for
BxGa1−xAs epilayers with growth temperature, respectively: (a) Tg = 580 ◦C and (b)
Tg = 500 ◦C.

geneities and boron complexes [14] that form shallow localized
states and produce extended band tails.

Therefore, photoexcited electrons become readily localized,
while the photoexcited holes remain mobile and can form spa-
tially correlated pairs (excitons) due to the Coulombian interaction.
This exciton trapped in localized states performs phonon assisted
hopping transitions between localized states in the band gap. At
high temperature, no distinction can be seen between the Varshni
expected energy band-gap and the PL energy peak as carriers are
thermally delocalized.

Recently, a theoretical study has shown that a random BGaAs
alloy contains not only isolated B atoms, but also B–B pairs, where
an As atom has two B neighbours, and larger clusters increas-
ing rapidly with increasing composition xb [7,14] similar to that
observed in GaAsN. Thus, the anomalously large electron mass, low
mobility and anomalous electron gyromagnetic ratio are due to the
distribution of energy states associated with N–N pair and cluster
states. That is also shown, due to the large size and electronegativ-
ity difference between B and Ga, isolated B atoms, and B–B pair and
cluster states, all introduce resonant defect levels above the con-
duction band edge of BGaAs [14,15]. Moreover, this phenomenon
decreases with increasing boron composition. Consequently, this
shows that low growth temperature 500 ◦C promote the incor-

poration of boron and reduce localization phenomenon for boron
composition up to 8%.

The optical characteristics exhibit a strong quenching of the
PL intensity with increasing temperature (Fig. 4). The promi-
nent features of the temperature-induced quenching of the PL
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Table 2
Activation energies Ei in meV and parameter values Ai of BxGa1−xAs grown at 500 ◦C
and 580 ◦C for B compositions 3% and 8%, respectively.

Tg = 580 ◦C Tg = 500 ◦C

E1 18.75 19
E2 80
E3 148.2 165
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A1 18 8
A2 90
A3 1.48 × 105 3 × 105

re the relatively weak temperature dependence at low temper-
ture, succeeded by a steep drop by several orders of magnitudes
nd subsequent saturation of the PL. That suggests an activated
haracter of non-radiative processes. In order to explain this phe-
omenon, a model has been used to describe the strong quenching
f the PL intensity with increasing temperature, According to this
odel; the temperature dependence of the PL intensity is described

y

(T) = I0

[
1 +

∑
i

Ai exp
( −Ei

�BT

)]−1

(2)

here Ei are the heights of the energy barriers, Ai are constants
hich are proportional to the transition probabilities between

adiative and metastable states, and I0 is the PL intensity at T = 0 K.
he interpretation of the parameters in Eq. (2) depends on the
articular experimental situation. For instance, in case of excitons
ound to shallow defects, the activation energies Ei are associated
ith the exciton binding energy and with dissociation energy of

he bound exciton. In case of bulk epilayers, the activation energies
i are attributed to the energy differences between extended states
n the band gap and in the barrier (GaAs).

Eq. (2) provides an excellent fit to the experimental data for
emperature quenching of the PL in dilute boron semiconductors,
he assumption regarding the discrete energy states requires a bet-
er justification. The results are summarized in Table 2; E1 and E2
re close in magnitude to the energy spacing between two bound
tates localized state. E3 might be associated with the barrier height
etween the second bound states and the GaAs barrier. In con-
rast, we show in Fig. 3(b) for structure grown at 500 ◦C (x = 8%),
he PL intensity can be fitted by two activation energies E1 and E3.
he emission energy of the investigated sample is slightly shifted
ith increasing boron composition keeping the energy difference

etween the family of localized state emission energy and the GaAs
ap energy close to the extracted value for the activation energy E3.

In the present work, and for all the investigated samples, the
arrier’s thermal activation in the high temperature range could be
ssociated with the barrier height between the localized state on
GaAs band gap and the GaAs barrier.

Thus at low temperatures, excitons trapped into localized states
erform energy-loss hopping transitions between the traps. Con-

omitantly, the energy distribution of excitons shifts towards
eeper states in BGaAs band gap with respect to the mobility edge.

In fact, the thermal quenching of the PL is shown to be a
esult of the interplay between two competing processes: radia-
ive recombination of charge carriers from the localized states and

[
[

[
[
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their thermal release to the delocalized states and subsequent
non-radiative recombination. To explain qualitatively this phe-
nomenon, this is deducted by the motion of excitons via localized
states, induced in bulk’s clusters. With rising temperature, excitons
become more mobile and they can be trapped by centers with lower
energies and, hence, the lower-energy states become increasingly
more populated with rising temperature. This phenomena decrease
with decreasing growth temperature.

The reasonable explanation for the temperature dependence
of boron incorporation is that reaction kinetics plays the lead-
ing role in such behaviours. At a much higher temperature, the
boron-contained intermediate species originally formed in gas
phase may further recombine or polymerize to the high molecular-
weight species which could be hardly incorporated into GaAs [1,2].
At a much lower temperature, pyrolysis of diborane that mainly
contributes to the incorporation of boron into GaAs has been signif-
icantly suppressed due to the relatively stronger thermal stability.

4. Conclusion

In this work, we have investigated the effect of growth tem-
perature on structural and optical properties of BxGa1−xAs/GaAs
layers grown by MOVPE. It has been clearly shown that boron
incorporation will increase significantly up to 8% at low temper-
ature (<500 ◦C). We have shown a difference in the temperature
behaviour of the PL peak energy between the BGaAs epilayers
grown at 580 ◦C and at 500 ◦C. Thus, the peak energy and the PL
intensity versus temperature have shown that for the BGaAs epi-
layer we have a localization effect due to the non-uniform insertion
of boron and the clustering of the boron atom in BGaAs bulk.
Moreover, a localization state increases while decreasing growth
temperature. For that, low growth temperatures should also have
the advantage of promoting the incorporation of boron which is
identified by the optical properties. It can be concluded that the
growth at low temperature (500 ◦C) promotes the incorporation of
boron in GaAs.
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