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Anomalous behavior in Hall data of molecular beam epitaxial In, g, Al ., As/InP for 7>4C00 K
suggests the presence of alioy clustering. The relaxation time for alloy clustering has been
determined and analysis of measured data gives an estimate of composition fluctuation and
cluster size. Evidence of ciustering in the same samples is also obtained from the measured
velocity-field characteristics, low-temperature photoluminescence data, and carrier impact

tonization coefficients.

Due to recent imterest in the Ings, Al As/
En, 5, Gag 47 As heterostructure system: for high-speed optoe-
lectronic and electronic devices, the quality of InAlAs
grown by molecular beam epitaxy (MBE) is of importance.
Experiments basec on photcluminescence and carrier trans-
port indicate that the system is not of a high quality and may
have alloy clustering present.”? Although a periodic short-
range order as that present in superlattices can be advanta-
geous, clustering generally has a detrimental effect on the
optical and transport properties of materials.>”” Due to the
large difference between In- and Al-related bond energies
the Ing 5, Aly 4 As system is expected to show clustering due
tc the low temperatures employed in MBE growth. In this
study we have made temperature-dependent Hall measure-
ments on Si-doped Ing s, Al As grown at 300 °C and we
find that the mobilities increase with increase of measure-
ment temperature in the range of 400-600 K. To explain this
behavior, we have developed a theoretical formalism for the
scattering rate due to alloy clustering. In particular, this
scattering can be dominant when the cluster size is much
larger than the radius of the Wigner—Seitz cell (~2.5 A).

Undoped and Si-doped In, o, Al ,, As single layers were
grown lattice matched to (001) InP:Fe in a three-chamber
Riber 2300 epitaxy system. The mismatch in the layers was
of ~107°-10%, A 0.4-um undoped buffer layer was usually
grown before growing the Si-doped layers. Typical growth
rates and layer thicknesses were 1.3 um/h and 1.5 pm, re-
spectively. Hall measurements were made on photolithogra-
phically defined van der Pauw samples over the temperature
range of 60-600 K. The room-temperature electron density
in the samples studied varied in the range (0.5-5.0) > 10V
cm . It was observed that for samples in which the mobili-
ties were low, the mobility increased with the increase of
temperature in the range of 400-600 K. This trend for two
samples is depicted in Fig. 1.

The Hall data have been analyzed by taking into ac-
count ionized impurity, polar optical phonon, random alloy,
deformation potential, and piezoelectric scattering mecha-
nisms. The material parameters of Ing 5, Al, 4 As used in this
calculation and taken from Ref. 6 are listed in Table I. Sever-
al anomalous features may be mentioned. The experimental-
ly determined room-temperature mobilities of samples with
carrier concentrations in the range of (1-5) X 10" cm ~? are
much less than calculated values even for a high compensa-
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tion ratic. The second and more interesting feature observed
in the data, as mentioned earlier, is that the mobilities in-
crease with the increase of temperature for 7> 400 K. This
unusual behavior cannot simply be explained. Thus it is nec-
essary to identify and study the scattering mechanism relat-
ed to the alloy quality and dominant for 7> 200 K.
Compositional inhomogeneities can lead to this behav-
tor which has been observed by one of us earlier in the
InGaAsP alloys, where also a miscibility gap is known to
exist.” Marsh® has developed a formalism invoiving alloy
clustering to explain velocity-field characteristics of
Ings; Algsr As. The scattering rate due to alloy fluctuations
(alloy clustering} is given by matrix elements of the form

. 1 y .
Mkk') = e = Ky (rydr, ()
V.
where
Viry =¥, lrl<r
=0 rl>r,
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FiIG. 1. Temperature-dependent Hall mobitity in Si-doped Ing 5> Aly 45 As.
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TABLE I. Materials constants for In, 5, Al 44 As used in the transport cal-
culations.

Effective mass 0.08m

Optical phonon temperature 432K ( = 37.4 meV)
Static dielectric constant 12.7

Dynamic dielectric constant 10.3

Velocity of sound 4.4 10° cm/s

Mass density 4.7x10° kg/m®
Acoustic deformation potential 5.8 eV
Lattice constant 5.8687 A

and . is the radius of the cluster. 2V, is the energy difference
resulting from alloy fluctuations and ¥, is the crystal vol-
ume. Thus scattering rate can be calculated by using Fermi’s
second golden rule:

t_ Y ﬁf MK [28CE, — E,)dk". (2)
kY  @a? & ' koo
Substituting Eq. (1) into Eq. (2) and integrating gives the
alioy scattering rate as

1 4rm* 1
= V2rty ——
T s e Ve gy
i sin{4kr,)  sin®(2kr. )
x{1 - .+ 2 <),
(2kr,) (2kr.)? (2kr,)* /
(3)

The electron mobility corresponding to the scattering rate
given by Eq. (3) is

el _ e (k) f

B T (kDS
znd can be calculated numerically assuming a Maxwell-
Boltzmann distribution function with the change of cluster
size #,. The potential height ¥} is kept constant.

The results for various cluster sizes are shown in Fig. 2.
It can be seen that a cluster of up to 20 A radius results in an
approximate 7~ /% dependence of u ,, .* However, when the
cluster size is larger than 25 A (kr, > 1}, the high-tempera-
ture mobilities increase with the increase of temperature.
With radii larger than 100 A, mobilities start increasing
from very low temperatures ( ~20-50 K). Taking into ac-
count the scattering due to alloy clustering, we have calcu-
lated the variation of mobility with temperature. The calcu-
lated mobilities are shown in Fig. 3 along with measured
data. Since ionized impurity scattering and alloy scattering
are dominant for T < 100 K and 7> 200 K, respectively, the
compensation ratio and the alloy fluctuation (2%} can be
estimated from the fitting. Fairly good agreement with mea-
sured data in the temperature range 60-400 K is obtained by
considering 35-A clusters of In, _ LAl As with x = (0.46 to
0.50. The required alloy fluctuation (2V,) is about 120 meV.
The disagreement at higher temperatures is possibly due to
ionizing carriers from 3 deep donor { ~0.5 eV} in the alloys,
producing a screening effect. Other than this we do not be-
lieve that the temperature-dependent mobility datz are af-
fected by deep levels. We have made systematic measure-
mernts on deep level defects in the ternary alloy,” and it was
found that the deep level densities are at least two orders
lower than the carrier concentrations in our samples. The

(4)
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FIG. 2. Calculated temperature dependence of alloy scattering mobilities
due to alloy clustering with the variation of cluster size (7.) in
Ing s, Alyas As { ¥, 1s kept constant).

excitonic Enewidth for a perfect Iny o, Al 45 As system (no
clustering) is calculated to be ~4 meV and the linewidth
increases with clustering, dependent on the growth condi-
tions. The linewidth of the main peak in the 10-K photolumi-
nescence spectra of one of our samples grown at 0.5 um/h is
~ 19 meV. This suggests that the crystals either have a con-
siderable amount of clustering or there might be 2 high den-
sity of native defects present in them. Alloy scattering de-
scribed by Eq. (3) has been included in a Monte Carlo
program to simulate the carrier velocity-field characteris-
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FIG. 3. Measured (@) and calculated {solid curve) temperature dependent
Hall data on sample A. g, and g, are the mobilities limited by ionized
impurity scattering and optical phonon scattering, respectively. The inset
shows the composition modulation resulting from alloy clustering and ob-
tained from fitting of data.

tics.'® The simulation shows that the peak velocities decrease
with increase of clustering (%7, > 1). We have also measured
the velocity-field curves in the alloys by a pulsed current-
voltage technique. The measured peak velocity v, in a sam-
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ple in which the 300-K mobility is 750 cm®/V s is 6 10°
cm/s. The calculated v, in the absence of clustering is
1.4 X 107 cm/s. The cluster parameters used to explain low-
field mobility data also explain this discrepancy. Measure-
ment of the impact ionization coefficients in In, 5, Al ;4 AS
by ensuring pure electron and hole injection gives a/f ~4.
This result, which agrees with the data of Capasso et al.,!!
can be explained by considering a modulation of the thresh-
old ionization energies caused by a periodic potential vari-
ation {2¥,) due to compositional clustering.'?
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