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Properties of lattice matched quaternary InAlGaAs
on InP substrate grown by gas source MBE
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Abstract ; Properties of quaternary InAlGaAs alloys prepared by gas source MBE growth have been investigated with high
resolution X-ray diffraction rocking curves, photoluminescence and Hall measurements. X-ray rocking curves show that
all the samples are well matched to InP substrate according to calibration data. The photoluminescence and Hall measure-
ment show that the PL intensity, electron concentration and mobility decrease distinctly as Al composition increases. The
group III compositions are determined from both photoluminescence and x-ray diffraction measurements, and agreed well
with the designed values. The relationship between the designed Al compositions and measured values provides us a prac-
tical way for the precise composition control.
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three binaries InAs, AlAs and GaAs, has attracted
much attention especially in optoelectronics''®!. The

Quaternary alloy In,Al Ga,As (x +y +z=1), lattice of In, Al Ga,As quaternary can be matched to
InP when x ~ 0.53"! which makes it an important

Introduction

which can be considered as a quasi-ternary alloy of
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epitaxial material choice from both research and appli-
cation points of view. It’s well known that the per-
formances of photodetectors and their focal plane ar-
rays (FPAs) are related to the bandgap of the materi-
als directly. Si detectors exhibit outstanding perform-
ance only at wavelengths below 1.1 pm. At longer
wavelength up to about 1.7 pm In, 5, Ga, ,; As with
lattice matched to InP are among the first-rank. Nev-
ertheless, in the wavelength range between 1.1 ~1.7
pm there exist many important applications which re-
quire better devices. For example, the cloud differen-
tiation in remote sensing needs FPAs with peak per-
formance around 1.3 ~1.4 ym. Also, the singlet ox-
ygen detection in medical sensing needs more sensi-
tive PDs peaking at 1.27 ym. However, in these ap-
plications the best performance could not be reached
for the narrower bandgap In, 5, Ga, ,, As. In this case
a lattice matched materials with adjustable wider
bandgap should be preferable.

When lattice matched to InP, InAlGaAs [ or
(Ing 5;Gay 7 As) ,, (Ing 5, Aly 4 As) 1., ] can be regar-
ded as the combination of two ternary alloys In, s,
Ga, ,,As and In, 5, Al ,;As, and its band-gap can be
tailored between 0. 74 eV (In, ,,Ga, ,;As) and 1.47
eV (In, 5, Al 4As) at room temperature. InAlGaAs
has been employed in the demonstrations of electrical

. . 3,56
and optoelectronic devices, such as laser (3,561

quantum well photodetector '**®)

[89]

, heterojunction bi-

polar transistor
[10-11]

and high electron mobility tran-
sistor . InAlGaAs is suitable to be grown using
molecular beam epitaxy ( MBE) because of the sta-
ble stick coefficients of the group III elements which
provides reproducible mole fraction in the growth of
[12]

alloys" ~’. Furthermore, only one group V element
is incorporated in this alloy, which avoids the prob-
lems of As-P ratio control. However, the precise
control of the bandgap in lattice matched condition
remains a challenge as the ratio of three group III el-
ements needs to be redressed simultaneously. Mean-
while, the compositions of this quaternary alloy
could not be determined using only X-ray diffraction
measurement as those of ternaries. In this paper, the
growth of quaternary InAlGaAs lattice matched to
InP substrate was demonstrated using gas source
MBE, the group III compositions of the samples
were determined, their optical and electrical proper-
ties were investigated as well. A practical method to
control the compositions of the alloy precisely was
also discussed.

1 Experimental details

The samples were grown on (100 ) -oriented InP
epi-ready substrates in a VG Semicon V80H gas
source MBE system. The effusion cells containing In,
Al and Ga were used as group III sources, their fluxes
were controlled by changing the cell temperatures.
Arsine (AsH,) and phosphine (PH,) cracking cells
were used as group V sources, their fluxes were pres-
sure controlled. Standard Si effusion cell was used as
n-type doping source, and the doping levels were also
controlled by changing the cell temperatures. Before
the growth, the fluxes of group III sources were cali-
brated by using an in-situ ion gauge. All the grown
samples were designed lattice matched to InP sub-
strate. The designed In, Al and Ga compositions of
In Al Ga,As were estimated using the flux values
from the following equations

. @+ /s
a*fn+b fut+tc-fo

y = b'fAl
afrn+b futc-fe ’

: = £ e , (1)

afntbfutec:fe
where f;,, f,, and f, are the fluxes of In, Al and Ga
sources respectively; a, b and c¢ are the weighting
factors for In, Al and Ga, which are related to the
position of effusion cells and the species of the
sources.

At first, InP-lattice-matched In, ; Ga, ,; As and
In, s, Al , As calibration samples were grown, and
the corresponding source fluxes were calibrated and
the relative ratios of a, b and ¢ were obtained. Then,
InAlGaAs samples were grown with the calibrated
flux data. The designed Al compositions of InAlGaAs
sample 1, 2 and 3 were 0.216, 0.242 and 0. 266 ac-
cording to Equation (1) and calibrated flux data, re-
spectively. The thicknesses of all the samples were a-
round 0. 5 wm, and the growth rates were about 1
pm/h. The lattice-matched InGaAs and InAlAs sam-
ples were denoted as sample 4 and 5 hereafter for ref-
erence. All the samples were doped with Si at the
same cell temperature.

After growth, the (004) /26 rocking curves
were measured using a Philips X pert MRD HRXRD
equipped with a four-crystal Ge (220) monochroma-
tor. The PL spectra at room temperature ( RT) were
measured using a Nicolet Megna 860 Fourier trans-
form infrared ( FTIR) spectrometer, in which CaF2
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beam splitter and InGaAs or InSb detector were used.
A 100 mW diode pumped solid-state ( DPSS) laser
(A = 473 nm) was used as an excitation source. Hall
measurements at RT were performed on an Accent
HL5500 Hall system to determine the carrier concen-
tration and mobility.

2 Results and discussions

All the samples show mirror-like surface mor-
phology without haziness or cross-hatching under an
Figure 1 shows the HRXRD
(004) /20 rocking curves of different samples, and

optical microscope.

Table 1 lists the extracted results. Two main peaks
can be observed for each rocking curve, where the
left peak corresponds to InP substrate, and the right
peak corresponds to epi-layer. The full widths at half-
maximum (FWHM) for samples 1, 2 and 3 are 37.9
s, 53.6 s and 51.9 s respectively, which are approxi-
mate to those of In,; Ga, ,, As and In, 5, Al, ,; As
samples, and comparable to the reported results of the
solid source MBE ( SSMBE) grown samples''>'. It is
noticed that sample 2 has relatively larger FWHM for
both substrate and epi-layer peaks, which is possibly
due to the inferior substrate quality of this sample. As
the lattice constants of AlAs and GaAs are very close
(their mismatch is only 0. 14% at 300 K), the In
composition of each sample can be estimated from the
average of the two In composition values when as-
suming the epi-layer is InGaAs or InAlAs, and so is
the mismatch with InP. It can be seen that all the epi-
layers have small negative lattice mismatches ( Aa/a
<-6.1x10"*) with InP substrate.

Table 1 Extracted results from HRXRD measurements
%1 M HRXRD i RFRIE R

Samples Material 221/82;:;21 In composition Flv:;]:ja(;;:b
1 InAlGaAs - 605 0.517 37.9
2 InAlGaAs -402 0.520 53.6
3 InAlGaAs -266 0.522 51.9
4 InGaAs -186 0.528 39.6
5 InAlAs -249 0.518 55.1

All the grown InAlGaAs samples show moderate
PL signals at room temperature. Figure 2 shows the
results including that of sample 4 (InGaAs) as a ref-
erence. The PL signals of three InAlGaAs samples
were measured using InGaAs detector, whereas the
PL data of sample 4 was proportionally transformed

from the signal measured using InSb detector. From

Aala/ppm
500 0 -500 -1000
T T

T T
InP substrate

Epi-layer
InAlGaAs

I Sample 1

Ia.u.

I Sample 2

InAlGaAs

Sample 3 InAlGaAs

Sample 4

Sample 5 InAlAs
-200 -100 0 100 200 300
(w/20)/arcsec
Fig. 1 HRXRD (004) w/26 rocking curves of differ-
ent samples
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Fig .2 PL spectra of different samples at room temperature
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Fig. 2, it can be seen that the PL intensity decreases
distinctly with the increase of the Al composition,
mainly due to the approach of I and X valley ''). No
PL signal is observed for sample 5 mainly due to the
even lower PL efficiency of InAlAs at room tempera-
ture. The energy of PL peak for sample 4 is 0. 734
eV, which is very close to the theoretical RT band-
gap of lattice matched In, .; Ga, ,, As material. The
energies of PL peaks for samples 1-3 are 1.04 eV, 1.
08 eV and 1. 11 eV, while the FWHM are 51. 5
meV, 52.0 meV and 54.3 meV, respectively. Those
FWHM are comparable to the results grown using

SSMBE!'"?!, Assuming the band-gap is the same as
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the measured PL energy and using the In composition
extracted from HRXRD measurements, the Al com-
positions of samples 1-3 are determined to be 0. 234,
0.259 and 0. 283, respectively.

0.30 T T T T

= Measured
Fitted

0.28

0.26

0.24

0.22

0.22 0.24 0.26
Designed Al composition

0.28

Al composition determined from PL&HRXRD

Fig .3 The Al composition x extracted from HRXRD and
PL measurements versus the designed Al composition

B3 i HRXRD 1 PL fIXA5 2 f Al H50E S5 BHER
KARE

Figure 3 shows the Al composition extracted
from HRXRD and PL measurements as a function of
the designed Al composition from equation (1). The
solid line with a slope of about 0. 98 is the fitted line
from the measured points. It could be seen that the
measured values are 0. 017, 0.017 and 0. 018 larger
than the designed values, therefore the Al control pre-
cisions are 7.9% , 7.0% and 6.4% for samples 1, 2
and 3 respectively. The calibration results could be
used for the growth of InAlGaAs samples with the
known flux data.

The electrical properties of the samples were also
investigated. Figure 4 shows the electron concentra-
tion and mobility at different Al compositions at room
temperature. It can be seen that as the Al composition
increases, both of the electron concentration and the
mobility decrease significantly. This is mainly be-
cause I" valley becomes more close to X valley when
the Al content is increased''! | and there are more op-
portunities for electrons to occupy X valley. Since the
mobility of the electrons in X valley is very low, the
electron mobility decreases dramatically with the in-
crease of Al content. For the pure InAlAs sample, the

. 14 -3 .
electron concentration value of 10" ¢cm ~ is somewhat

uncertain, as the epi-layer is not thick enough to ex-

ceed the depletion region during the Hall measure-

ment.
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Fig .4 The electron concentration and mobility of dif-
ferent samples at room temperature
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3 Conclusions

In conclusion, the quaternary InAlGaAs samples
with lattice matched to InP have been grown by gas
source MBE and investigated in detail. The HRXRD
(004) w/26 rocking curves show that all the samples
are well matched to InP substrates. The PL and Hall
measurement show that the PL intensity, electron con-
centration and mobility decrease when Al composi-
tions increase mainly because of the change of the
band structure. The relationship between the designed
Al composition and measured values from HRXRD
and PL measurements provides us a practical way for
precise composition control in quaternary InAlGaAs
growth.
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