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Monte Carlo methods are used to model the electron and hole high-field transport in both unstrained
and compressively strained silicon and silicon-germanium alloy. The data are analyzed to determine
in what way the thermal noise properties of the carriers are affected by compressive, in-plane strain.
Results include the longitudinal diffusion coefficient, the longitudinal noise temperature, and the
longitudinal noise spectral density, for electric fields in the range of 0—20 kV/cm. The results are
qualitatively similar for silicon with 1% compressive biaxial strain and for Sij¢Ge, /Si(001). The
effects of strain are found to be more pronounced for electrons than for holes and are primarily
related to changes in the conductivity effective mass. © 1995 American Institute of Physics.

I. INTRODUCTION

Over the last decade, much interest has been focused on
the electrical properties of the SiGe alloy, from the stand-
point of forming heterostructure devices in a silicon-based
technology. Both pseudomorphically strained and unstrained
SiGe have been studied. Transport research in this area gen-
erally has been confined to the determination of the electron
and hole mobilities, and their effect on device
performance.”? Detailed theoretical investigations of the
second-order transport properties, diffusion, and thermal
noise have not yet been fully pursued.

The diffusion coefficient of charge carriers in semicon-
ductors generally is a function of electric field and for hot
carriers may be significantly different from the low-field
ohmic value. Knowledge of the diffusion coefficient at high
fields is important for calculating both the operation and the
noise properties of devices such as impact ionization ava-
lanche transit time (IMPATT) diodes, field-effect transistors,
and photodetectors.>*

Much work has been reported for both theoretical and
experimental determinations of the diffusion and noise prop-
erties of electrons and holes in silicon.>~® The purpose of the
present work is to use Monte Carlo calculations to study how
the charge-carrier longitudinal diffusion and noise properties
in SiGe will be affected by compressive strain such as occurs
in pseudomorphic layers. To do this, we proceed in three
steps. First, we discuss the effects of compressive strain in
Si. Here, the strain which we use is —1% in the x—y plane
and corresponds to that which would occur if the pure Si
were grown as a layer on a (001) substrate with a 1% smaller
lattice constant. This study is done to make clear what effects
arise from strain, without the complicating issues associated
with alloying. Second, we discuss the effects of alloying
alone, without strain, in bulk Sig¢Geg ;. This is done to show
what effects arise from alloying, without including the ef-
fects of strain. Third, we discuss the simultaneous effects of
alloying and strain in Sij¢Geg ;/Si(001). In all cases we have
restricted the discussion to the longitudinal characteristics,
associated with motion and velocity fluctuations parallel to
the applied electric field.
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The rest of this article is organized into three further
sections, as follows. Section II describes the modeling meth-
ods used, both the Monte Carlo methods and the formulas
relating the diffusion and noise properties to the Monte Carlo
output. Section III gives the results of the investigation for
the three material systems: compressively strained Si, bulk
SiGe, and Si; ¢Ge, ;/Si(001). The results are stated in terms
of the field dependence of the longitudinal diffusion coeffi-
cient D, and the longitudinal noise temperature 7. In the
case of strained SiGe we also give results for the longitudinal
noise power spectral density S, as a function of frequency.
Section IV presents our conclusions.

Il. MODELING
A. Monte Carlo

The models for the conduction band structure and elec-
tron scattering rates as well as the ensemble electron Monte
Carlo implementation used in this work are generally de-
scribed in Ref. 8. The band structure consists of six ellipsoi-
dal valleys, with nonparabolicity. The constant energy sur-
face is shown in Fig. 1(a). For the alloy, the longitudinal and
transverse effective masses are linear interpolations of the
respective masses in the X valleys for Si and Ge.
Conduction-band deformation potential theory is used to
model the effects of strain on the conduction-band
structure. '

Biaxial strain, associated with a lattice-mismatched
(001) substrate, shifts the energy of the two valleys which
are perpendicular to the layer, with respect to the energy of
the other four valleys, which are in the plane of the layer.
The former two valleys move above the latter four valleys
under compressive in-plane strain.'® At energies below this
strain-induced valley splitting, the conduction-band edge will
be composed of only the four in-plane valleys. Figure 1(b)
shows the near-band-edge electron constant energy surface
that is characteristic of this situation. Only the four in-plane
valleys are shown. The remaining two energy ellipsoids re-
appear only at higher energies, above the valley energy sepa-
ration.

© 1995 American Institute of Physics



(a) z

® oz © =z

X X [

FIG. 1. Effect of strain on conduction-band edge. Schematic near-band-edge
conduction-band constant energy surfaces in (a) unstrained silicon, (b) in-
plane compressively strained (e, = ¢,,<0) silicon, and (c) in-plane tensilely
strained (e, = €,,>0) silicon. In case (b), strain causes the two valleys on
the z axis to be raised in energy, relative to the remaining four valleys, away
from the band edge. In case (c), strain causes the four valleys on the x and
y axes to be raised in energy, leaving the two valleys on the z axis to
constitute the conduction-band edge.

The alternate situation of tensile in-plane strain has the
converse effect on the electron band structure, pushing the
four in-plane valleys higher in energy, above the two out-of-
plane valleys. Figure 1(c) shows the near-band-edge electron
constant energy surface that is characteristic of this situation.
Only the two out-of-plane valleys are shown. As before, the
remaining energy ellipsoids reappear only above the energy
of the strain-induced valley separation.

In addition to the scattering processes of acoustic, opti-
cal, f-, and g-intervalley phonon scattering, as described in
Ref. 8, random alloy!! scattering is included in the simula-
tions for both bulk Siy¢Gey; and Sig¢Geg 1/Si(001). An alloy
scattering potential of Uy=0.7 eV was used.

The models of the valence-band structure and hole scat-
tering rates as well as the hole Monte Carlo implementation
used in this work have been described in substantial detail in
separate publications.!%'?~1* This is a three-band ensemble
Monte Carlo which models acoustic and nonpolar optical-
phonon scattering of the holes. In the alloy, random alloy
scattering, with an alloy scattering potential of Uy=0.6 eV,"
is included.

Full anisutropy of the valence-band structure is obtained
using a three-band k-p method including spin-orbit splitting.
Strain is included via the valence-band deformation potential
theory. Biaxial strain from epitaxial growth on a (001) sub-
strate reduces the symmetry of the semiconductor from cubic
to tetragonal. Figure 2 shows the effect of strain on the
heavy-hole 40 meV constant energy surface. In Fig. 2(a), the
constant energy surface for unstrained silicon is shown. The
maxima occur along the 12 (110) directions. In Fig. 2(b) the
constant energy surface for in-plane 1% compressively
strained silicon is shown. Here the maxima occur along the
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FIG. 2. Effect of strain on valence-band symmetry. Heavy-hole constant
energy surfaces at 40 meV in (a) unstrained silicon, (b) in-plane compres-
sively strained (e,,=¢,,<0) silicon, and (c) in-plane tensilely strained
(&,,= €,,>0) silicon. In the unstrained material (a), the highest effective
mass occurs in the 12 symmetricaily equivalent (110) directions. In the
compressively strained material (b), the four (110) directions lying in the
x—y plane have greater effective mass than the eight equivalent (101) di-
rections lying out of the x—y plane. In the tensilely strained material (c), the
situation is reversed, with the eight out-of-plane {101} directions exhibiting
the highest effective mass.

four equivalent (110} directions, in the x—y plane of the film.
In Fig. 2(c) the constant energy surface for in-plane 1% ten-
silely strained silicon is shown. Here, the maxima occur
along the eight equivalent (101) directions, out of the x—y
plane. The valence-band Monte Carlo includes the effects of
strain in the band structure and the scattering rates, as de-
scribed in Ref. 13.

B. Noise properties

Calculation of the noise properties from the Monte Carlo
simulations, in this work, generally follows the discussion of
Ref. 8. With the electric field oriented in the x direction, the
longitudinal diffusion coefficient is calculated as

1d
D=5 (0%, M

where Ax=x-—x is the position fluctuation. The angular
brackets denote averaging over the carrier population. This
form of the diffusion coefficient is known as the spreading
diffusion coefficient. Another form is the noise diffusion co-
efficient, given by

D= | (A hv, (14 )ar @

0
where Av,=v,—U,, is the velocity fluctuation. These two
forms of the diffusion coefficient are identical for static or

steady state conditions.>* In fact, they are the same for fre-
quencies up to the reciprocal of the largest relaxation time
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involved in the transport (e.g., ~100 GHz). The integrand of
Eq. (2) is the velocity fluctuation autocorrelation function (in
the x direction) C, (),

Co ) =(Av (1) Av (1 + 7). ®3)

Averaging over the carrier population makes this quantity
independent of .

More generally, diffusion can be obtained as a function
of frequency,

Dy(w)= J':Cxx(q-)cos oTdrT. 4)

This is proportional to the longitudinal noise power spectral
density S,(@).%” The constant of proportionality is 4q2nA/ L,
where ¢ is the electronic charge, n is the carrier density, A is
the sample cross-sectional area, and L is the sample length.

The longitudinal noise temperature is given by an equa-
tion that formally looks like the Einstein relation,

D/(E
ru(5)= L 288,
kg py(E)

However, for E#0, the system is pot in thermodynamic
equilibrium and Nyquist’s relation is invalid. The quantities
D)(F) and u,(E) are nonequilibrium values and generally
T, is greater than the lattice temperature. In order to relate
T, to noise power measurements, the differential mobility
i, must be used in Eq. (5), not the chordal mobility.>

It should be noted that the formulas, presented above,
are valid only under conditions in which carrier—carrier cor-
relations may be neglected. Such correlations arise through
carrier—carrier scattering. The scope of the present work is
confined to intrinsic materials at 7=300 K. At this tempera-
ture the intrinsic carrier concentration of silicon is 1.45x10'°
cm™3.!® This is well below the typical room-temperature car-
rier concentrations of 10'7 cm™> where carrier—carrier scat-
tering becomes important.’7 On this basis, the omission of
carrier—carrier correlations is justified for silicon and the sili-
conlike alloy Sig¢Geg; studied in this work.

Monte Carlo calculations are made of (x?), (x) (or
equivalently C,,), and of the drift velocity, as functions of
the electric field. Then D,(E) is obtained by Eq. (1) or (2).
For zero field, the Einstein relation is used with the value of
D(0) to obtain the ohmic mobility. The slope of the velocity-
field characteristic is taken to obtain the differential mobility
for E>0. This is used in Eq. (5) to obtain the longitudinal
noise temperature. The longitudinal noise power spectral
density is obtained from the ratio of Dj(w) [Eq. (4)] to
D(0=0). Taking the ratio avoids the need to specify the
sample dimensions,

S(w)  Dfw) _fg’Cn(T)cos wrdr
S(w=0) Dfw=0)  [JC(ndr

©)

(6)

. RESULTS
A. Effect of strain

The effects of strain on the electron and hole transport
properties are shown in Fig. 3. The type of strain employed
here, corresponding to biaxial lattice misfit on a (001) sub-
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FIG. 3. Reciprocal differential mobility of (a) electrons and (b) holes, (c)
longitudinal diffusion coefficient, and (d) longitudinal noise temperature for
electrons and holes in unstrained and strained Si (e,,=¢€,,=—0.010,
€,,=+0.0077). In each figure, the solid lines pertain to unstrained silicon;
the dotted lines pertain to strained silicon with EJ[100]; the dotted-dashed
lines pertain to strained silicon with EJ|[001). In (c) and (d) the upper three
curves are electron data and the lower three curves are hole data.

strate with €,,=€,,= —0€,,, causes a distortion in which
the lattice symmetry is changed from cubic to tetragonal.
Therefore, while in the cubic, unstrained material (100} cor-
responds to six equivalent directions, in the tetragonal,
strained material [100] is not symmetrically equivalent to
[001]. Thus, it is to be expected that the transport properties
for electric fields oriented in the [100] direction will differ
from those for electric fields oriented in the [001] direction.
This has been born out in the results, with the difference
being greater for electrons than for holes.

The effects of strain on the reciprocal of the differential
mobility u,; and on the longitudinal diffusion coefficient D,
are shown in Figs. 3(a)-3(c). The reciprocal mobility is
shown to clarify the behavior of the noise temperature,
which is proportional to the reciprocal of the mobility [Eq.
(5)]. Compared to the case of bulk silicon, the mobility and
diffusion coefficient of electrons in strained silicon increase
for electric fields in the [001] direction, where the conduc-
tivity effective mass is m}', and decrease for electric fields in
the {100] direction, where the average conductivity effective
mass is 2m;m}/(m; + m;) > m]. For holes, compared to
the case of bulk silicon, the mobility and diffusion coefficient
in strained silicon increase for electric fields in both the
[001] and the [100] directions, because the conductivity ef-
fective mass decreases in both directions (slightly more in
the [100] direction), under strain. The effect of strain on the
longitudinal noise temperature, Ty=¢qD/kgpu,, is shown in
Fig. 3(d). .

The data of Fig. 3 indicate that, as a result of strain, the
longitudinal diffusivity D, is reduced by a compressive in-
plane strain. However, for low fields in the [001] direction,
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FIG. 4. Electron longitudinal diffusion coefficient as a function of in-plane
biaxial strain (€,,=¢€,,), at an electric field of 20 kV/cm, perpendicular to
the plane of the film, E[[001]. The label “4T" refers to a very high negative
strain, where all electrons are in the four in-plane valleys. The label “2L”
refers to a very high positive strain, where all electrons are in the two
out-of-plane valleys. Bulk, unstrained silicon data are at the center
(€,,=€,,=0). Calculated data are denoted by closed circles; the solid line
is only to aid viewing.

D, is increased by a compressive in-plane strain. For
E|[[001], in the vicinity of 15 kV/cm, D, (dotted-dashed line
in the figure) becomes less than that for both bulk silicon and
for the strained silicon with the field parallel to [100].

This surprising feature is clarified by considering the
variation of the diffusion coefficient with respect to strain,
for a constant electric field of 20 kV/cm. In Fig. 4, the dif-
fusion coefficient is shown as a function of strain, ranging
from the extreme case of very large negative strain, with
conduction involving only the four in-plane valleys, which
are perpendicular to the electric field, to the extreme case of
very large positive strain, with the conduction involving only
the two out-of-plane valleys, which are parallel to the electric
field. The diffusion coefficient is seen to have a large value
for negative strain, increase slightly to a maximum at zero
strain, and to decrease abruptly for positive strain.

In general, the total diffusivity is a combination of intra-
valley diffusivity and intervalley diffusivity. The intravalley
diffusivity pertains to the spreading of the carriers due to
velocity fluctuations, while they stay within the group of the
four in-plane valleys or within the group of the two out-of-
plane valleys. The intervalley diffusivity pertains to the
spreading of the carriers due to their scattering between the
two valley groups, which have different characteristic drift
velocities.

The total electron diffusivity D may be represented as
the sum of three terms: the intravalley diffusivities in each of
the two types of valley and an intervalley diffusivity term,'®

T4 Ty

D= D+ Dyt nong(ve—v,)%7;, 7
Tat 7 4 Tat 7y 2t nang(vs—vy) Ty (7

where D, and v, are the intravalley diffusivity and drift ve-
locity characteristic of the four in-plane valleys, D, and v,
are the corresponding quantities characteristic of the two out-
of-plane valleys, and 7; is the inverse intervalley scattering
rate between the two types of valley. The time 7, is the
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inverse scattering rate from one of the four in-plane valleys
to any of the two out-of-plane valleys. Conversely, the time
7, is the inverse scattering rate from one of the two out-of-
plane valleys to any of the four in-plane valleys. The num-
bers n, and n, are the fractions of the carriers in the two
out-of-plane valleys and in the four in-plane valleys, respec-
tively. To a reasonable approximation in unstrained silicon,
at the moderate fields that we are considering here,

T4 T
=n4=2/3, Tt T
4 2

— =n,=1/3, 8)

Using these values, the diffusivity for unstrained silicon is
D=3D,+ 3D+ Hv4—v2)*r;=3D4+3Dy+D;,  (9)

where D; is the intervalley diffusivity.

The values of D4 and D, at E=20 kV/cm can be found
in Fig. 4. In the case of extremely large in-plane compressive
strain, all carriers occupy the four in-plane valleys (ny=1,
n,=0) and D=D,. This is the diffusivity shown for the
strain limit labeled “4T” in Fig. 4. In the case of extremely
large in-plane tensile strain, all carriers occupy the two out-
of-plane valleys (n,=0, n,=1) and D=D,. This is the dif-
fusivity shown for the strain limit labeled “2L.”” Thus, from
Fig. 4, D4,=16.5 cm*s and D,=5.1 cm%s. As shown in the
figure, D=18.0 cm?/s, leading through Eq. (9) to a value for
intervalley diffusivity for unstrained silicon of D;=5.3 cm?%s
(at E=20 kV/cm).

Now, the reason for the crossing of the electron diffu-
sivities in Fig. 3(c) should be evident. In the —1% strained
silicon, virtually all of the carriers are in the four in-plane
valleys. These valleys constitute the conduction-band edge
and are substantially separated from the two higher out-of-
plane valleys. The strained silicon electron diffusivity, with
E|[001] in Fig. 3(c) (dotted-dashed line), is almost entirely
the intravalley diffusivity for the four in-plane valleys, hav-
ing the value of 16.1 cm?/s at E=20 kV/cm. In the absence
of intervalley diffusion, the data for unstrained silicon in Fig.
3(c) (solid line) would lie below this, having a value of
D=2D,+D,)/3=12.7 cm?s at E=20 kV/cm. However,
the additional component of intervalley diffusivity raises the
total diffusivity of unstrained silicon above that for strained
silicon, where the field is perpendicular to the axes of the
four in-plane energy ellipsoids.

The longitudinal noise temperature, shown in Fig. 3(d),
exhibits no unexpected features, and follows the behavior of
the reciprocal of the differential mobility. This is particularly
evident in the high-field limit (20 kV/cm) where the recipro-
cal mobilities of electrons and holes are well separated for
the different cases of strain, while the diffusivities have simi-
lar values between the different strain cases. Therefore, the
longitudinal noise temperature is controlled by the mobility,
which in turn is strongly affected by the changes in the con-
ductivity effective masses, resulting from the strain.

B. Effect of alloying

The effects of alloying on the electron and hole transport
properties are shown in Fig. 5. Unlike the effect under strain,
the lattice retains its cubic symmetry under alloying alone, so
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FIG. 5. Reciprocal differential mobility of (a) electrons and (b) holes, (c)
longitudinal diffusion coefficient, and (d) longitudinal noise temperature for
electrons and holes in unstrained silicon and bulk, unstrained SiggGey,). In
each figure, the solid lines pertain to SiggGey,; the dotted lines pertain to
silicon. In (c) and (d) the upper two curves are electron data and the lower
two curves are hole data.

{100) still corresponds to six equivalent directions. However,
random alloy scattering appears as an additional scattering
mechanism, which acts to reduce the mobility and diffusion
coefficient.

The effects of alloying alone on the reciprocal of the
differential mobility u,, and the longitudinal diffusion coef-
ficient D, are shown in Figs. 5(a)-5(c). Here, data for the
unstrained alloy SigoGeg, are compared with those for un-
strained silicon. For both electrons and holes the mobility
and diffusion coefficient decrease with alloying, in the ab-
sence of strain. The noise temperature, being a function of
D/u, has a behavior with respect to alloying, that is domi-
nated by the decrease in D. Thus, as shown in Fig. 5(d), the
Jongitudinal noise temperature in unstrained Sip9Gey | is less
than that in unstrained silicon.

The data of Fig. 5 indicate that, as a result of alloying,
the longitudinal white noise spectral intensity S;, which is
proportional to D, is reduced by an amount that decreases
with increasing electric field. Furthermore, the maximum
longitudinal noise power, which is proportional to Ty, also is
reduced through alloying, but by an amount that increases
with increasing electric field.

C. Effect of alioying and strain

The simultaneous effects of alloying and strain on the
electron and hole transport properties are shown in Fig. 6.
Qualitatively, the effect on mobility and diffusion is like that
for strain alone (Fig. 3). However, since the strain is 0.42%,
being less than half of the strain used in the strained silicon
studies (Fig. 3), the magnitudes of the effects are correspond-
ingly smaller in SiggGeg /Si(001).
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FIG. 6. Reciprocal differential mobility of (a) electrons and (b) holes, (c)
longitudinal diffusion coefficient, and (d) longitudinal noise temperature for
electrons and holes in unstrained SiyoGey, and strained SiggGeo,/Si(001)
(€45= €,,=—0.0042, &, =+0.0032). In each figure the solid lines pertain
to the unstrained alloy; the dotted lines pertain to the strained alloy with
E|[100]; the dotted-dashed lines pertain to strained alloy with E l[oo1]. In
(c) and (d) the upper three curves are electron data and the lower three
curves are hole data.

Therefore, the separation of the mobilities in the strained
alloy from the mobilities in the unstrained alloy, shown in
Figs. 6(a) and 6(b), generally follows the trends of the mo-
bilities in strained and unstrained silicon, shown in Figs. 3(a)
and 3(b) but to a smaller degree. A similar behavior is found
for the diffusivities, shown in Fig. 6(c). The importance of
the value of differential mobility in determining the noise
temperature is again demonstrated for the strained alloy. In
this case, the electron mobility for the strained alloy with the
electric field in the plane of the film is not substantially dif-
ferent than the electron mobility for the unstrained alloy.
Consequently, despite a resolvable difference in the respec-
tive diffusivities, the noise temperature for the two cases is
very similar, as shown in Fig. 6(d). The electron noise tem-
perature for the strained alloy, with the field perpendicular to
the film, is substantially lower than the bulk material noise
temperature, as in the case of silicon. This is again a conse-
quence of the lower conductivity effective mass, leading to a
higher carrier mobility.

The effect of alloying and strain on the thermal noise
power spectral density is shown in Figs. 7(a) and 7(b), for
electrons and holes, respectively. The electron and hole white
noise bandwidths are only marginally larger for the strained
alloy than for bulk silicon, both at thermodynamic equilib-
rium (zero field) and at E=20 kV/cm. Although some differ-
ence is found in the noise enhancement at high field and
extremely high frequency (associated with the competing ef-
fects of momentum and energy relaxation®), from the stand-
point of practical device considerations the thermal noise is
white, and may be determined from the static diffusion co-
efficient.
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FIG. 7. Longitudinal noise spectral density for (a) electrons and (b) holes.
The solid lines pertain to SigoGey,,/Si(001) and the dotted lines pertain to
unstrained silicon. In each figure, the upper two curves are for E~0 V/cm
and the lower two curves are for £=20 kV/cm, with E|[[001]. The data are
normalized by the value of the longitudinal spectral density at zero field,
zero frequency, Sg, in the respective materials.

IV. DISCUSSION

To summarize the results of this work, most of the dif-
fusion and noise temperature characteristics are understand-
able in terms of the effect of strain and alloying on the con-
ductivity effective mass involved in the transport. For
electrons, the effect is qualitatively dependent on the orien-
tation of the electric field, due to the large difference in the
transverse and longitudinal effective masses in the ellipsoidal
energy surfaces. For holes, the anisotropy with respect to
field orientation is less pronounced. Generally, biaxial com-
pressive strain reduces the hole effective mass, increasing the
mobility and diffusivity; however, in the alloy the additional
alloy scattering mechanism can offset the effect of reduced
mass.

It was seen that intervalley scattering is significant for
electrons in the bulk material with the effect of substantially
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increasing the overall diffusivity. With the field oriented per-
pendicular to the plane of the film, intervalley scattering is
decreased under either positive or negative biaxial strain,
which acts to separate the longitudinal and transverse valleys
in energy. For in-plane strain on the order of 1%, intervalley
diffusion is insignificant, causing a decrease to the diffusiv-
ity, potentially on the order of 30%. Since the noise spectral
density §; is proportional to the diffusivity, S; will be re-
duced by the same amount under strain, for fields perpen-
dicular to the film.

On the whole, the effect of alloying and strain on diffu-
sion and noise characteristics is greatest at low fields and
diminishes steadily as the field is increased. This is reason-
able, since the effects of alloying and strain are greatest near
the band edges. As carriers are heated by successively higher
fields, they should be less affected by such band-structure
changes.
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