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Abstract

Performance improvement in RFIC technology can be achieved by the introduction of novel materials and device
structures. The SiGe/Si material system allows obtaining beneficial band structure and transport properties due to
strain. This paper reviews recent theoretical and experimental achievements. Special focus is put on the description
of the anisotropic majority/minority electron mobility in strained Si and SiGe layers as a function of doping and
material composition. The Monte Carlo method is used for analyzing the transport properties of the strained
Si/SiGe material system and for developing models for Technology Computer-Aided Design (TCAD) applications.

I ntroduction

In the last years, there has been enormous research in
the area of materials compatible with Si technology and
device structures for improving the speed of VLSI cir-
cuits. SiGe has emerged as a promising material be-
cause of its electrical and material properties. SiGe
HBTSs have found application in low-noise amplifiers
and frequency dividers and have been combined with
digital ICs (BiCMOS) for volume production. For the
CMOS technology, although the SiGe channel has been
used to enhance the performance of PMOS transistors,
a desired improvement of the complimentary NMOS
transistors is not achievable with SiGe. The replace-
ment of the channel material by strained Si, which uti-
lizes an underlying relaxed SiGe layer for its function-
ing, renders a solution to the problem since it leads to
enhancement of both the electron and hole mobilities.

Strained Si/SiGe FETSs exhibit superior performance for
RF applications. Major developments have been re-
ported by IBM [1, 2, 3, 4, 5, 6, 7, 8] and Daimler-
Chrysler (DC) [9, 10, 11, 12, 13, 14, 15, 16, 17, 18,
19, 20], both for p- and n-type devices. Fig. 1 summa-
rizes reported values for the cut-off frequencies f+ and
fmax in the last years.

In order to investigate and design strained SiGe (Si) de-
vice structures, it is necessary to model the carrier mo-
bilities in these devices. This paper discusses the recent
theoretical and experimental achievements reported for
to describe the doping and material composition depen-
dence for the strained Si material.

Physical Background

It is well known that due to lattice mismatch, a pseudo-
morphically grown SiGe (Si) layer on Si (relaxed SiGe)
experiences a biaxial compressive (tensile)strain, pro-
vided that the layer thickness is below the critical thick-
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Figure 1: Cut-off frequencies fr (filled symbols) and
fmax (Open symbols) of strained-Si FETS.

ness. This strain leads to a modification of both the
conduction and valence bands. It lifts the degeneracy
of the light and heavy hole bands and lowers the spin-
orbit band resulting in reduction of inter-band scatter-
ing and improvement of hole mobility.

Since the conduction band structure in SiGe is silicon
like for Ge< 0.85, compressively straining SiGe leads
to splitting of the 6-fold degenerate Ag-valleys in Si into
2-fold degenerate A, valleys higher in energy and 4-
fold degenerate A4 valleys lower in energy. The higher
in-plane effective electron mass of in A4 valleys leads
to a reduction of the electron mobility for strained SiGe.
In the case of tensile strained Si, the direction of mo-
tion of the splitting is reversed with the A4 valley mov-
ing lower in energy and A4 higher. The lower in-plane
effective mass of electrons in the A; valleys and the re-
duction of inter-valley phonon scattering lead to an en-
hanced electron mobility. Fig. 2 shows the band align-
ment of strained Si (SiGe) relative to relaxed SiGe and
unstrained Si. The figure shows the strain-induced split-
ting of the conduction and valence bands, together with
the band edge discontinuities, as a function of the ger-
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Figure 2: Bandgap alignment (in eV) of strained Si rel-
ative to relaxed Si;_yGey, strained Si1_xGey and Si.

manium content y in the SiGe layer. In the calculations
a linear dependence of the discontinuities on y has been
assumed, which gives a good agreement with reported
data [21].

Carrier Mobility Enhancement

Fig. 3a demonstrates the mobility enhancement ratio
for electrons as a function of the germanium content
y in the SiGe buffer layer. The mobility enhancement
factor is defined as the ratio between the mobility in
strained Si MOSFETS and the mobility in conventional
Si MOSFETSs. The figure compares experimental data
from Stanford University [22, 23, 24], ERSO/ITRI [25],
MIT [26, 27, 28, 29], IBM [30, 31, 32, 33], Hitachi
[34], Toshiba [35, 36, 37, 38] TSMC [39], and Monte
Carlo calculations from Vogelsang et al. [40], Rashed
et al. [41], Takagi et al. [42], and our data. As can be
seen in the figure the enhancement of the electron mo-
bility increases gradually with the Ge content y for y <
0.2 and tends to saturate for higher values. It is remark-
able that electron mobility enhancement of more than
50% is observed in a wide range of effective fields (up
to 2 MV/cm) and doping concentrations (up to 6 x 1018
cm—23) found in modern CMOS devices.

Fig. 3b shows the mobility enhancement ratio for holes
as a function of the Ge content of the Si;_yGey buffer
layer. The figure compares experimental data from Stan-
ford University [43], MIT [44], IBM [31, 32, 33], Hi-
tachi [34], Toshiba [35, 38, 45, 46] to Monte Carlo cal-
culations from Oberhuber et al. [47] and Bufler [48].
As can be seen the enhancement of the hole mobility
increases gradually with the Ge contenty fory < 0.4.

Modeling and Simulation

To enable predictive simulations using TCAD tools a
reliable set of models for the Si/SiGe material system
is required. Appropriate models for the band structure
parameters and deformation potentials must be used.
Pseudopotential calculations have been reported in [49,
50]. The transport properties of strained Si or SiGe
layers have been theoretically investigated using Monte
Carlo calculations [40, 51, 52, 53] or near equilibrium
solutions to the Boltzmann equation [49]. A compre-
hensive set of strain-dependent models for parameters
such as the low-field, high-field and the surface mo-
bility, energy relaxation time and carrier life times for
TCAD purposes is yet to be developed. Possible ap-
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Figure 3: Mobility enhancement ratio for electrons (a)
and holes (b) as a function of the Ge content y in the
Siy_yGey buffer layer.

proaches are to further use analytical models [54] or
tabulated Monte Carlo data in a device simulator [55].
Strain effects on the device characteristics can be most
comprehensively studied by Monte Carlo device simu-
lation [56], however, at the expense of increased CPU-
time requirements as compared to conventional TCAD
simulation [57].

Modeling of the Electron Mobilities

The difference between majority and minority electron
mobilities [58] is a well-known phenomenon caused by
effects such as degeneracy and the different screening
behavior of electrons and holes in the semiconductor.
An analytical model which describes this effect based
on Monte Carlo simulation data is given by (1)-(3) [59].
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Ui is the mobility for undoped material, p" is the mo-
bility at highest doping. pmd, pht,, pmd, it - cmd,

Chai» Chins @, and P are used as fitting parameters. The
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Figure 4: Majority and minority mobility in Si at
300 K: Comparison between Monte Carlo simulation
data and experimental data.
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Figure 5: Minority electron mobility in strained Si as
a function of the Ge content y in the Si;_yGey buffer
layer for different acceptor doping concentrations.
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Figure 6: Minority electron mobility in Si;_xGey as a
function of Na and x: Comparison with measurements
and Monte Carlo simulation data for in-plane and per-
pendicular directions.

final low-field electron mobility p-', which accounts
for a combination of both acceptor and donor doping,
is given by (3). Fig. 4 demonstrates a good match be-
tween the analytical model, our Monte Carlo simula-
tion data, and measurements from [58, 60, 61, 62] for
silicon at 300 K.

Table 1: Parameter values for the majority/minority
electron mobility in strained SiGe and Si at 300 K

Parameter Si Ge(on Si) SSi(y) SSi(pL)
uk [cm?vs] 1430 560 2420 502
pmg [cm2/Vs] 44 80 95 20
umaj [cm2/vs] 57 59 123 25
pm:g [em?/vs] 141 124 232 49

Wi [em2vs] 218 158 315 62
a 065 065 065 065
B 2.0 2.0 20 20

CMdem—3] 1.12e17 4.0el7 8.6el6 8.3e16
Chiyj[em™3] 118620 4.9e18 4.2e19 4.219
Chi [em3] 4.35e19 5.4el9 7.8¢19 6.2e19

Monte Carlo simulation which accounts for alloy scat-
tering and the splitting of the anisotropic conduction
band valleys due to strain [63] in combination with
an accurate ionized impurity scattering model [64], al-
lowed us to obtain results for strained Si (SSi) for the
complete range of donor and acceptor concentrations
and Ge contents in the Siy_yGey buffer layer. We use
the same functional form (1)-(3) to fit the doping de-
pendence of the in-plane and the perpendicular mobil-
ity component for y =0 and y = 1 (Si and strained Si
on Ge). Fig. 4 compares the analytical model with our
Monte Carlo simulation data.

The material composition dependence is modeled by
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where ngﬂ NC -exp [AEC (y )/kT} denotes the strain-

ed electron population in the it valley. pnfuns are the
unstrained mobility tensors for [100], [010], and [001]
X-valleys. (4) is a modification of (6.40) from [65].
An additional factor h() is incorporated to consider the
effect of inter-valley scattering with y as a fitting pa-
rameter.

Fig. 5 shows the in-plane (parallel) and the perpendic-
ular minority electron mobility in strained Si as a func-
tion of y in the Si;_yGey buffer at 300 K for different
acceptor doping concentrations. Fig. 6 shows the mi-
nority electron mobility in strained Si;_xGey as a func-
tion of acceptor concentration Na in comparison with
Monte Carlo simulation data both for in-plane and per-
pendicular directions.

It is remarkable that the electron mobility in perpen-
dicular (vertical) direction is enhanced for typical base
doping concentrations (above 1018 cm~3) and typical
Ge contents x < 0.2 in SiGe HBTs. The model param-
eters used for strained SiGe on Si and for strained Si on
relaxed SiGe at 300 K are summarized in Table 1.



Device Simulation

Double-base SiGe HBTs with emitter areas of 12x0.4
um? [59] have been analyzed by two-dimensional de-
vice simulation with MINIMOS-NT. Important physi-
cal effects, such as surface recombination, impact ion-
ization generation, and self-heating, are properly mod-
eled and accounted for in the simulation in order to get
good agreement with measured DC characteristics us-
ing a concise set of models and parameters.

Fig. 7 illustrates the error in the estimation of the cut-
off frequency fy versus collector current Ic which can
be introduced by ignoring the effect of the anisotropic
electron mobility in the strained SiGe base. AC simula-
tions [66] with anisotropic and isotropic mobility mod-
els are compared to measured data.

60 T .
50 | — simulation anisotropic i
——— simulation isotropic
40 | e exp. data
530t
20 r
10
ol L . |
10° 10° 10° 10°

I [A]

Figure 7: Cut-off frequency fr versus collector current
Ic at Vcg =1V for the SiGe HBT.

Conclusion

This work reviews carrier transport in strained Si MOS-
FETs and SiGe HBTSs. Device performance is increased
due to enhancement of both electron and hole mobil-
ities compared to conventional Si devices. Mobility
improvements by factors of more than two have been
reported. TCAD simulation tools need correct models
of the strained Si/SiGe material system, especially with
respect to carrier transport. Experimental data remain a
basic input for verification of analytical TCAD models.
However, Monte Carlo simulation data with confirmed
accuracy can deliver information which is still experi-
mentally missing.
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