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a b s t r a c t

Zinc-blende BxAl1−xAs and BxAl1−x−yInyAs alloys have been grown on exactly oriented (0 0 1)GaAs sub-
strates by low pressure metalorganic chemical vapor deposition (LP-MOCVD). The influence of susceptor
coating, growth temperature and gas-phase boron mole fraction on boron incorporation into AlAs has
been comprehensively investigated. It has been found that boron incorporation into AlAs could be
enhanced and the optimal growth temperature range of BxAl1−xAs alloys changed from 580 ◦C to 610 ◦C
eywords:
OCVD

AlAs
AlInAs
FM

when SiC-coated graphite susceptors were replaced by the non-coated ones. In this study, the maxi-
mum boron composition x of 2.8% was achieved for the pseudomorphically strained BxAl1−xAs alloys.
AFM measurements show that RMS roughness of BxAl1−xAs alloys increased sharply with the increase of
gas-phase boron mole fraction. Raman spectra of BxAl1−xAs alloys show a linear increase of the BAs shift
with boron composition x. Based on BAlAs deposition, bulk BxAl1−x−yInyAs (x = 1.9%) quaternary alloy was

GaA
o dem
aman grown lattice-matched to
heterostructures were als

. Introduction

Recently, the incorporation of boron into conventional III–V
inary and ternary compounds (e.g., GaAs, AlAs, GaP and InGaAs)
as gained special attentions of many research groups to develop
ovel material systems for various potential applications. Up to
ow, several boron-incorporated alloys have been investigated
xperimentally. BGaAs ternary alloys with boron contents as high
s several percents and lattice-matched BGaInAs quaternary alloys
ave been successfully grown on (0 0 1)GaAs substrates by MOCVD
1–6]. In addition, applications of BGa(In)As alloys for nano-/micro-
ubes and high-efficiency multijunction solar cells have also been
emonstrated [7–9]. Moreover, BGaP alloys grown on Si substrates
y MOVPE allow for the strain compensation of the active Ga(NAsP)

aser material on Si [10]. Unfortunately, very limited experimental
tudies on boron incorporation into AlAs are available [2,11–13].
specially, there is no report of the synthesis of BAlInAs quaternary
lloys and the growth mechanism and key properties of BAl(In)As
lloys are still not well known. However, BAl(In)As material sys-

em can be potentially used as the lower refractive-index materials
f high-reflectivity DBRs, optical waveguide materials and poten-
ial barriers of semiconductor lasers. In addition, BAl(In)As material
ystems can also be used for the application of strain engineer-

∗ Corresponding author. Tel.: +86 10 62284004 88; fax: +86 10 62284004 88.
E-mail address: wangqi@bupt.edu.cn (Q. Wang).
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s successfully. Moreover, 10-period BAlAs/GaAs and BAlInAs/GaAs MQW
onstrated.

© 2011 Elsevier B.V. All rights reserved.

ing (e.g., strain compensation for MQWs and QDs) and GaAs-based
monolithic optoelectronic integration, etc.

In this paper, we report the LP-MOCVD growth of zinc-blende
BxAl1−xAs alloys with boron composition varying up to 2.8% and 10-
period BAlAs/GaAs MQW structure on GaAs using triethylboron as
boron precursor. Boron incorporation behavior, crystalline quality,
surface morphology and Raman properties of bulk BxAl1−xAs alloys
are investigated in detail. We also report the growth of lattice-
matched BxAl1−x−yInyAs quaternary alloys with boron composition
of 1.9% and the corresponding 10-period BAlInAs/GaAs MQW struc-
ture for the first time.

2. Experimental procedure

In this study, zinc-blende BxAl1−xAs, BxAl1−x−yInyAs alloys and the corresponding
MQW heterostructures had been grown on exactly-oriented (0 0 1)GaAs substrates
by LP-MOCVD. All the growths were performed in a Thomas-Swan 3×2′′ verti-
cal reactor at the constant low pressure of 133 mbar (100 Torr). GaAs substrates
were positioned in the recessed wafer pockets on a graphite susceptor with or
without SiC coating, which was heated by three separate graphite radial heating
zones. Triethylboron (TEB), trimethylaluminium (TMAl), trimethylgallium (TMGa),
trimethylindium (TMIn) and pure arsine (AsH3) were used as B, Al, Ga, In and As
source, respectively. The vapor pressure of TEB is 18 Torr at 5 ◦C. Pd-cell purified
hydrogen (H2) served as the carrier gas and the total flow rate was 12 slm.
The boron composition was varied by changing the growth temperature (Tg) and
gas-phase boron mole fraction (Xv). Xv is used to quantify the boron concentration
in the group III gas phase, which is defined as follows:

For BxAl1−xAs, Xv = [TEB]
[TEB] + [TMAl]

(1)

dx.doi.org/10.1016/j.jallcom.2011.02.104
http://www.sciencedirect.com/science/journal/09258388
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arcsec to +728 arcsec with the increment of Xv value from 0.743 to
0.853 (see Fig. 3). Accordingly, solid boron composition x increased
from 1.3% to 2.7%. Boron composition x reached 1.4% at Xv = 0.784
(peak splitting is +200 arcsec) and 1.5% at Xv = 0.813 (peak splitting
ig. 1. Boron composition of BxAl1−xAs alloys measured by DCXRD as a function of T
oating.

or BxAl1−x−yInyAs, Xv = [TEB]
[TEB] + [TMIn] + [TMAl]

(2)

here [TEB], [TMAl] and [TMIn] represented the input mole flow rate of TEB, TMAl
nd TMIn, respectively.

We grew two types of layered structures: (1) three-layered sandwich structures,
hich was composed of a 150-nm-thick GaAs buffer layer, a 100-nm-thick BAlAs

r BAlInAs layer and a 25-nm-thick GaAs cap layer. For BxAl1−xAs growth, the mole
ow rate of TEB was varied in the range of 3.06 × 10−5 to 8.16 × 10−5 mol/min. For
xAl1−x−yInyAs growth, the mole flow rate of TEB was set to 5.1 × 10−5 mol/min.

n addition, the mole flow rate of TMAl, TMGa and AsH3 were fixed to 1.4 × 10−5,
.4 × 10−5 and 2.7 × 10−3 mol/min for the corresponding layers from run to run,
espectively, (2) 10-period multiple quantum-well (MQW) structures containing
AlAs or BAlInAs well separated by GaAs barrier. In our experiments, all the layers
ere grown at the same temperature.

A series of boron-incorporated samples with various boron compositions
ad been grown under the growth conditions described above. High resolution
ouble crystal X-ray diffraction (DCXRD) �-2� scan using the symmetric (0 0 4)
eflection was performed to determine the boron composition (x) by the sepa-
ation angle between the diffraction peak of BxAl1−xAs alloys and that of GaAs
ubstrate. The lattice constant of ternary BxAl1−xAs alloys can be expressed as
BAlAs(x) = 5.6611 − 0.8841x. In this study, the BAlAs-related layered structures
ere pseudomorphically strained (i.e. no strain relaxation occurred). Assuming
As Poisson ratio of 0.3, the boron composition (x) could be calculated from
he DCXRD patterns. DCXRD measurement was also used to evaluate the lattice-

ismatch (�a/a) of BxAl1−x−yInyAs quaternary alloys and the crystalline quality of
oron-incorporated alloys. Surface morphologies of BAlAs and BAlInAs alloys were
bserved by atomic force microscopy (AFM). Optical properties of BAlAs alloys were
nvestigated by Raman spectroscopy. Depth profiles of the B, Al, Ga, In and As ele-

ents in the BAlInAs alloy were measured by secondary ion mass spectrometry
SIMS).

. Results and discussion

.1. BAlAs alloys

In our study, it has been found that boron incorporation strongly
epends on the growth temperature (Tg) and gas-phase boron mole
raction (Xv). In addition, our experimental results indicate that sus-
eptor coating influences the boron incorporation into AlAs. Fig. 1
hows the solid boron composition x as a function of the growth
emperature Tg at Xv = 0.743. From Fig. 1a, it can be clearly observed
hat x = 1.3% was the highest boron composition, which demon-
trated that Tg = 580 ◦C should be the optimal temperature range for
he LP-MOCVD growth of zinc-blende BxAl1−xAs alloys using SiC-
oated graphite susceptor. When Tg was increased to 610 ◦C, the
oron composition x dropped to 1.0%. Similarly, the boron compo-

ition x fell off sharply to 0.4% at the lower temperature of 550 ◦C.

e think the growth mechanism of BAlAs and BGaAs alloys were
ery similar and the temperature dependence of boron incorpora-
ion into AlAs is also reaction kinetics determined like BGaAs alloys
5,13,14].
= 0.743(a) Graphite susceptor with SiC coating; (b) Graphite susceptor without SiC

When the non-coated graphite susceptor was used for BAlAs
growth, the boron incorporation efficiency was slightly enhanced,
the highest boron composition increased to 1.4%. Meanwhile, the
optimal temperature range increased to 610 ◦C (see Fig. 1b). This
phenomenon had also been found in our growth of BGaAs alloys.
In the experiment, we found that susceptor coating has an effect
on the wafer surface temperature. When BAlAs growth using SiC-
coated graphite susceptor at 580 ◦C was changed into that using
non-coated susceptor at 610 ◦C, real wafer surface temperature
increased nearly 20 ◦C. Obviously, higher surface temperature will
promote the pyrolysis efficiency of TEB source. This might be the
key cause for the enhanced boron incorporation.

Fig. 2 shows the solid boron composition x as a function of
gas-phase boron mole fraction Xv for two types of susceptor at
respective optimal growth temperature range. We found that solid
boron composition (x) increased with Xv at the given growth tem-
perature. For BxAl1−xAs alloys grown by the SiC-coated graphite
susceptor at 580 ◦C, the splitting between (0 0 4) diffraction peak
of BxAl1−xAs layers and that of GaAs substrate increased from +165
Fig. 2. Solid boron composition x determined by DCXRD as a function of Xv for
BxAl1−xAs alloys grown on the graphite susceptor without SiC coating (solid lines
with open squares) and with SiC coating (solid lines with open circles).
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Fig. 3. DCXRD �-2� scan patterns of BxAl1−xAs samples grown on SiC-co

s +244 arcsec), and the maximum boron composition of 2.7% was
chieved at Xv = 0.853. As shown in our previous work, boron com-
osition x of BxGa1−xAs alloys grown by the SiC-coated susceptor
t 580 ◦C reached 5.8% at Xv = 0.813 [2]. Therefore, the incorpora-
ion efficiency of boron into AlAs was a little lower than that into
aAs under the same growth conditions. But in Ref. [11], it has
een found that the incorporation efficiency of boron into GaAs is
maller than that into AlAs under the same Xv value at 550 ◦C, which
s inconsistent with our experimental results. We estimate such a
ifferent behavior is likely to be caused by the different reactor
ressure (133 mbar in this study and 50 mbar in Ref. [11]) and dif-
erent growth temperature (580 ◦C, 610 ◦C in this study and 550 ◦C
n Ref. [11]) employed. For BAlAs growth using TEB and TMAl with
sH3 at relatively higher growth temperature and higher reactor
ressure, there may exist parasitic reactions due to highly reactive
eature of TMAl, which causes the significant reduction of boron
ncorporation efficiency.

For BxAl1−xAs alloys grown by the non-coated graphite sus-
eptor at 610 ◦C, the splitting between (0 0 4) diffraction peak of
xAl1−xAs layers and that of GaAs substrate increased from +52
rcsec to +788 arcsec with the increment of Xv value from 0.685
o 0.853 (not shown here). Accordingly, solid boron composition
increased from 1.0% to 2.8%. Boron composition x reached 1.9%

v = 0.784 (peak splitting is +408 arcsec) and 2.1% at Xv = 0.813

peak splitting is +500 arcsec), and the maximum boron compo-
ition of 2.8% was achieved at Xv = 0.853, which also demonstrated
he enhancement of boron incorporation.

Single-crystalline, zinc-blende BxAl1−xAs alloys with mirror-like
urfaces and sharp diffraction peaks were obtained with the Xv
usceptor at 580 ◦C with Xv = (a) 0.743; (b) 0.813; (c) 0.835; and (d) 0.853.

value up to 0.813 for both types of susceptor. Further increase of
Xv value (Xv > 0.813) resulted in the breakdown of crystal structure
and the deterioration of surface morphology, which was indicated
by the visible dark gray and hazy surfaces. Furthermore, along
with the increase of Xv value, the full-width at half-maximum
(FWHM) value of (0 0 4)BAlAs diffraction peak increased (e.g., for
SiC-coated susceptor, the FWHM value increased from +44 arc-
sec to +204 arcsec with the increment of Xv value from 0.743
to 0.853), and the intensity of BAlAs diffraction peak decreased
simultaneously (see Fig. 3), both of which also demonstrated
the gradual degradation of the crystalline quality of BxAl1−xAs
alloys.

Surface morphology of the BxAl1−xAs samples grown on
non-coated susceptor at 610 ◦C was observed by NanoScope
III AFM system. AFM images taken over the scanned area
of 10 �m × 10 �m were presented in Fig. 4, which showed
the evolution of surface morphology with the increase of Xv

value clearly. From the measurement results, it could be found
that RMS roughness would sharply increase as Xv value was
increased. Measured root mean square (RMS) roughness of
the mirror-like BxAl1−xAs samples grown with Xv = 0.784 and
Xv = 0.813 were 11.3 nm and 17.8 nm, respectively, which were
much larger that that of mirror-like BxGa1−xAs samples we
grown in Ref. [1]. Both Xv = 0.835 and Xv = 0.853 yielded the

hazy and rough surface, RMS roughness jumped to 25.3 nm
and 34.0 nm suddenly, which indicated the obvious deviation
from single crystal growth driven by the large miscibility gap
(phase separation) between BAs and AlAs (as seen in Fig. 4c and
d).
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sceptor at 610 ◦C with Xv = (a) 0.784; (b) 0.813; (c) 0.835; and (d) 0.853.
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Fig. 4. AFM images of BxAl1−xAs samples grown on non-coated su

In this study, room-temperature Raman spectroscopy was used
o investigate the optical properties of BxAl1−xAs/GaAs alloys
or the first time. Fig. 5 shows the Raman scattered spectra of
xAl1−xAs/GaAs alloys with three different boron composition x.
wo vibrational peaks ranging from 260 cm−1 to 300 cm−1 are
ttributed to TO and LO phonons of GaAs, other two peaks ranging
rom 350 cm−1 to 400 cm−1 are attributed to TO and LO phonons of
lAs sub-lattice of BxAl1−xAs alloys (AlAs-like). And, we note that

he TO phonons of GaAs and AlAs are highly suppressed in this
aman scattering configuration. In addition, two phonon peaks in
he range of 510–540 cm−1 could also be clearly observed in each
pectrum, which were due to LO phonons of BAs sub-lattice of
xAl1−xAs alloys (BAs-like). As we know, boron (B) element has
wo stable isotopes of 11B (80.2%) and 10B (19.8%) in the nature.
herefore, one of these two BAs-like vibrational peaks is for 11BAs
lower energy side) and the other is for 10BAs (higher energy side)
15]. We found the Raman shifts of BAs-like LO phonons were sen-
itive to the boron composition x. The peak position of BAs LO
honons shifted to the higher energy side as the boron compo-

ition x increased from 1.4% to 2.1%, and thereinto, LO (11BAs) peak
hifted from 511.23 cm−1 to 514.54 cm−1, LO (10BAs) peak shifted
rom 533.18 cm−1 to 536.48 cm−1. Moreover, the Raman shifts of
As-like LO phonons are nearly linear with the boron composition
.

Fig. 5. Raman spectra of BxAl1−xAs alloys with boron composition of 1.4%, 1.9% and
2.1%, respectively. The inserts are Raman spectra of BxAl1−xAs alloys in the vicinity
of the BAs-like LO phonon peaks.
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ples grown at 610 ◦C with Xv = (a) 0.774; (b) 0.768; and (c) 0.762.
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Fig. 6. DCXRD �-2� scan pattern of the BxAl1−x−yInyAs sam

.2. BAlInAs alloys

Quaternary BxAl1−x−yInyAs alloys had also been deposited on
0 0 1)GaAs substrates by simultaneously feeding a small amount
f TMIn source into the reactor during the growth of BxAl1−xAs.
AlInAs growth was also performed by non-coated graphite sus-
eptor at Tg = 610 ◦C. As mentioned above, the mole flow rate
f TEB, TMAl and AsH3 was still kept as 5.1 × 10−5, 1.4 × 10−5

nd 2.7 × 10−3 mol/min, respectively. The mole flow rate of
MIn increased from 6.43 × 10−7 mol/min to 2.14 × 10−6 mol/min,
hich caused Xv value to be varied in a very small range of

.759–0.776.
Because the contraction of lattice constant caused by the addi-

ion of boron into AlAs can be offset by the further introduction
f indium, in this experiment, with the increment of the mole
ow rate of TMIn, the separation angle between (0 0 4) diffrac-
ion peak of BxAl1−x−yInyAs epilayer and that of GaAs substrate
ecreased from +408 arcsec to −64 arcsec. Obviously, high flexi-
ility in the strain compensation can be offered by these BAlInAs
uaternary alloys. DCXRD (0 0 4) diffraction patterns of three
xAl1−x−yInyAs samples are shown in Fig. 6. Both distinct Pendel-

ösung fringes and sharp diffraction peak of BAlInAs that imply
he good crystallinity of quaternary BAlInAs alloys could be clearly
bserved from the DCXRD patterns (see Fig. 6a and b). We noticed
hat BxAl1−x−yInyAs became lattice-matched to GaAs substrate at
v = 0.762, i.e. [TMIn] = 1.82 × 10−6 mol/min (see Fig. 6c). In this

tudy, we assumed that boron composition of BxAl1−x−yInyAs kept
nchanged compared with that of BxAl1−xAs grown under the

dentical growth conditions. Additionally, BxAl1−x−yInyAs will be
attice-matched to GaAs under the condition of y = 2.226x − 0.0196
ssuming Vegard’s law. Thus, boron and indium composition of this

Fig. 8. DCXRD �-2� scan pattern of 10-period (a) BAlAs/GaAs
Fig. 7. SIMS depth profiles of the elements in lattice-matched BxAl1−x−yInyAs
(x = 1.9%) sample grown at 610 ◦C.

lattice-matched BxAl1−x−yInyAs alloy can be regarded as 1.9% and
4.2%, respectively.

RMS roughness of this lattice-matched BAlInAs sample over

10 �m × 10 �m was 10.0 nm (AFM image not shown), which was
smaller than that of the corresponding BxAl1−xAs alloy (x = 1.9%).
Depth profiles of B, Al, Ga, In and As element in lattice-matched
BxAl1−x−yInyAs alloy with boron composition x of 1.9% are shown
in Fig. 7. SIMS measurements showed that the boron distribution in

and (b) BAlInAs/GaAs MQW samples grown at 610 ◦C.



5 nd Co

B
t
S
d

3

B
s
B
a
p
s
p
b
i
d
b

4

z
t
f
t
p
t
a
c
w
c
i
i
R
t
t
r

[
[

[
71 (1992) 984–992.

[13] V. Gottschalch, G. Leibiger, G. Benndorf, J. Cryst. Growth 248 (2003) 468–473.
636 Q. Wang et al. / Journal of Alloys a

AlInAs alloy was uniform and GaAs/BAlInAs/GaAs sandwich struc-
ures could also be determined from the profiles. Unfortunately, the
IMS quantification of boron and indium could not be determined
ue to the lack of relative sensitivity factors (RSF).

.3. BAlAs/GaAs and BAlInAs/GaAs MQW

Based on the research work mentioned above, 10-period
0.019Al0.981As/GaAs MQW and B0.019Al0.939In0.042As/GaAs MQW
tructures had been grown on GaAs substrates, in which
0.019Al0.981As or B0.019Al0.939In0.042As well thickness was 18 nm
nd GaAs barrier thickness was 45 nm. The DCXRD �-2� scan
atterns are shown in Fig. 8, high-order satellite peaks of MQW
tructures could be clearly observed. However, compared with 10-
eriod BGaAs/GaAs MQW and BGaInAs/GaAs MQW we had grown
efore [2], the number and the intensity of satellite peaks appearing

n these DCXRD patterns decreased significantly, which is mainly
ue to the deterioration of the heterointerface abruptness caused
y the larger surface roughness of BAlAs and BAlInAs layer.

. Conclusion

In conclusion, we have demonstrated LP-MOCVD growth of
inc-blende BxAl1−xAs alloys with the boron composition x up
o 2.8% on (0 0 1)GaAs substrates using TEB source. It has been
ound that boron incorporation into AlAs strongly depended on
he susceptor coating, the growth temperature (Tg) and initial gas-
hase boron mole fraction (Xv). The experimental results show
hat boron incorporation into AlAs could be enhanced significantly
nd the optimal growth temperature range of BxAl1−xAs alloys
hanged from 580 ◦C to 610 ◦C if SiC-coated graphite susceptors
ere replaced by the non-coated ones. Increasing Xv value at the

onstant Tg also led to the enhancement of boron incorporation
nto AlAs. However, the efficiency of incorporation boron into AlAs

s still lower that that into GaAs. As boron composition x increased,
MS roughness of BxAl1−xAs samples increased sharply, BAs vibra-
ional modes in the Raman spectra of BxAl1−xAs samples shifted
o the higher energy side with a linear variation. By incorpo-
ating indium atoms into the BAlAs alloys, we have successfully

[

[

mpounds 509 (2011) 5631–5636

deposited quaternary BxAl1−x−yInyAs alloys on GaAs substrates at
610 ◦C. DCXRD measurements show that BxAl1−x−yInyAs (x = 1.9%)
alloy grown is lattice-matched to GaAs. In addition, 10-period
BAlAs/GaAs and BAlInAs/GaAs MQW structures have also been suc-
cessfully grown.
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