Electron mobility in a Si x Ge1−x quantum well limited by alloydisorder scattering
Sajal K. Paul and P. K. Basu
Citation: Journal of Applied Physics 70, 3977 (1991); doi: 10.1063/1.349163
View online: http://dx.doi.org/10.1063/1.349163
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/70/7?ver=pdfcov
Published by the AIP Publishing
Articles you may be interested in
Interface roughness and alloydisorder scattering contributions to intersubband transition linewidths
Appl. Phys. Lett. 69, 2554 (1996); 10.1063/1.117737
Alloy scattering limited transport of twodimensional carriers in strained Si1−x Ge x quantum wells
Appl. Phys. Lett. 63, 2795 (1993); 10.1063/1.110337
Alloy scatteringlimited mobility in narrow quantum wells
Appl. Phys. Lett. 60, 2897 (1992); 10.1063/1.106812
Reduced intervalley scattering rates in strained Si/Si x Ge1−x quantum wells and enhancement of electron
mobility: A model calculation
J. Appl. Phys. 71, 3617 (1992); 10.1063/1.350919
Alloy disorder scattering contribution to lowtemperature electron mobility in semiconductor quantum well
structures
J. Appl. Phys. 56, 368 (1984); 10.1063/1.333974

[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
129.49.170.188 On: Fri, 19 Dec 2014 08:38:03

Electron mobility in a Si,Ge l--x quantum well limited by alloy-disorder
scattering
Sajal K. Paul and P. K. Basu
Institute of Radio Physics and Electronics, University of Calcutta, 92, Acharya Prafulla Chandra Road,
Calcutta 700 009, India

(Received 14 January 1991; accepted for publication

19 June 1991)

A calculation has been made of the mobility of a two-dimensional electron gas in a quantum
well composed of Si and SiXGel --X. Both the type-1 and type-II band alignments are
assumed and the strain-induced splitting of the six-fold degenerate conduction-band minima
is considered. For a type-1 alignment, the electrons are confined in the alloy layer and
the mobility is severely limited by alloy-disorder scattering. In the case of type-II alignment,
the electrons confined in the Si layer are scattered by alloy disorder in the barrier and
the mobility becomes higher.

Strained-layer superlattices made of S&Gel --x and Si
are being investigated for the study of novel physical phenomena related to the reduced dimensionality of the carrier gas as well as for the fabrication of electronic and
photonic devices. ls2 An enhancement of the mobility3 has
been observed in modulation-doped (MD) heterostructures made of these materials, much in the same way as is
found in GaAs-AlGaAs systems.
Theoretical calculation of the mobility for quantum
wells (QWs) has so far been performed for the case of
ionized impurity scattering4 only. In high-mobility MD
samples, the limiting values of the mobility will be governed by phonon and alloy-disorder scattering mechanisms. Recent calculation by Krishnamurthy,
Sher, and
Chen5 for bulk SiXGel _ X alloy has indicated that the alloydisorder scattering is quite significant. The results lead us
to believe that this scattering mechanism will be the most
dominant if the two-dimensional electron gas (2DEG) is
confined in the lower-gap alloy material. The band alignment for this situation is type I in nature and is shown in
Fig. 1(a). If, however, the band alignment is type II in
nature as shown in Fig. 1(b) and as proposed in some
recent studies,6 the carriers confined in the Si layer will be
scattered by alloy-disorder potential in the barrier alloy
layer. In any case, it is worthwhile to have an idea of the
proper magnitude of this mobility in order to evaluate the
overall mobility in the Si-S&Gel --x system. In the present
work, we have considered both types of band alignment
and have calculated the mobility of 2DEG in QWs due to
alloy-disorder scattering. In the calculation, the lowest
subband is considered to be occupied. We have taken into
consideration the splitting of the six-fold degenerate conduction-band minima due to the effect of strain arising out
of the lattice mismatch between Si and SiXGel --X.
The scattering probability of the 2DEG due to random
alloy-disorder potential has been calculated by different
workers either by using a spherically symmetric square
potential7-9 or by considering a short-range S potential.“*”
The calculated values of the mobility for the two methods
do not differ much. Since the present work employs the
potential values given by Krishnamurthy and co-workers,5
we follow their prescription of the 6 potential. The transi3977
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tion probability from a state k to another state k’ is given
by719
P(k,k’) = (2~/+3)x( 1 - x)AE21?3(Ek,

- Ek),

(1)

where I = SIX(Z) [“dz, k and k’ are the 2D wave vectors
for electrons, AE is the measure of alloy-potential fluctuations, and x(z) is the wave function of the 2DEG along
the direction (z axis) of quantization in the QW of half
width a. The relaxation time is
1
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where 19is the angle between k and k’.
The wave function x(z) is assumed to have the usual
form
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where (r2 = 2m,*E1/#and/32 = (2m$/#)
( AE, - El). AE,
is the conduction-band offset and El is the subband energy.
It may be noted that in type-II QWs made of GaSb and
InAs, the electron and hole subbands are quite close in
energy and the envelope functions are admixtures of the
functions for the two bands.i2 In the present Si-SiGe system the electron and hole subbands are wide apart in typeII alignment, so that we employ the simplified envelope
function following Ref. 4. It is pointed out that the effective
masses for Si and S&Gel _ X are identical.5 The constants A
and B are therefore obtained by matching x’s and d,y/dz’s
at the heterointerfaces. Using Eqs. (l)-(3),
it is straightforward to show that
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FIG. 1. Band diagrams for a Si-S&Gel --‘* QW: (a) type-1 and (b) type-II
alignment. ECtU)refers to the conduction-(valence) band edge.
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where No is the number of anion sites per unit volume of
the alloy, rnjj is the density-of-states effective mass, and w
and b denote, respectively, the situation when the alloy
material forms the well and the barrier. As noted earlier,’
the relaxation time is independent of energy and hence the
mobility is independent of temperature.
In our calculation, we consider the z axis along the
(100) direction. It has been argued’*’ that when Si and
SiesGess are grown on a Sis75Geo25 substrate, the band
alignment is type II in nature. In this case the conduction
band of SissGees is above that of Si by an amount AE,
= 0.15 eV. Due to mismatch-generated strain the two valleys in Si having longitudinal mass along the z axis (growth
axis) are lowered from the remaining four valleys. In this
case, therefore, rnz = 0.916mo and both the density-ofstates effective mass mlt; and the conductivity effective mass
rn$ along the [lOO] plane is 0.19ni0.r3 On the other hand,
when growth is on a Si substrate, the band alignment is
type I, the conduction band of the S&Gee5 layer, in which
the 2DEG is formed is lower than that of Si by an amount
AE, = 0.02 eV.’ In this case, the four valleys are lowered
from the remaining two valleys. The appropriate masses
are therefore13 rnf = 0.19mo, m2j = 0.417mo, and rn$
= 0.315mo. As pointed out earlier,5 the effective mass in
SiXGel _ X is not much different from the values in Si:
The alloy-disorder scattering potential is given by
+ (f,AE,)“, where f,(f,) arethefraction
AE2 = (fJEJ2
of time an electron spends in the cation s(p) orbital in the
alloy.5*‘4 Krishnamurthy and co-workers5 concluded that
the contribution by the p-orbital term is insignificant for
x=0.5. Using Eq. (8) and the value of the mobility for
x=0.5 given in Fig. 1 of Ref. 5, we have obtained a value
of AE= 1.058 eV and have used this value in Eqs. (4) and
(5) of the present work to calculate the 2D mobility. The
value of No is taken to be 2.346 x 1O28m- 3.
Figure 2 shows the values of the mobility calculated
from Eq. (4), when the Sio.sGe+,slayer is treated as the
well material. It appears that the mobility for a thin well is
quite high; the values then sharply decrease with increasing
3978
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FIG. 2. Dependence of the alloy-disorder scattering limited electron mobility on the width of the quantum well. The electrons are assumed to be
confined in the SiesGecs layer.

well width, attain a minima at about 85’A, and then slowly
increase. For thin wells, the wave function penetrates more
into the nonalloy barrier; the alloy scattering is then less
significant so as to make the mobility quite high. With an
increase in thickness, the wave functions are more confined
into the alloy region and the alloy-scattering rate increases.
When the well is thick enough to contie the electrons
entirely into the well, the mobility increases due to the
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FIG. 3. Dependence of the alloy-disorder scattering limited electron mobility on the width of the quantum well. The electrons are assumed to be
confined in the Si layer.
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decrease of the ‘scattering probability with well width governed by the term Six(z) j4dz in Eq. ( 1). We have considered in the present work only the lowest subband. Even in
that situation the alloy-scattering limited mobility is quite
low (m 800 cm2/V s) and is expected to be comparable to
the mobility values limited by phonon or impurity scattering.
The values of the mobility for 2D electrons confined in
the Si QW with Si,,5GQ.5 as. the barrier, are shown in Fig.
3 and are found to increase monotonically with the increase in the well width. This is expected, because for thinner wells the wave functions penetrate more into the alloy
barrier and the scattering rate is consequently higher. As
the well thickness increases, the electrons are confined
more into the well and the barrier alloy-disorder scattering
becomes less, so as to make the mobility higher. The values
indicate that for well widths of about 100 A, the alloyscattering limited mobility may be weak in comparison to
the impurity-scattering limited mobility.
In summary, we have obtained the expressions for the
alloy-disorder scattering limited mobility for strained
Si-SiXGel --x QWs and obtained the numerical values considering the alloy material to form either the well or the

barrier. The mobility is quite low when the Si-SiXGel --x
alloy acts as the well.
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