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Abstract. The purpose of this review article is to report on the recent
developments and the performance level achieved in the strained-Si/SiGe material
system. In the first part, the technology of the growth of a high-quality strained-Si
layer on a relaxed, linear or step-graded SiGe buffer layer is reviewed.
Characterization results of strained-Si films obtained with secondary ion mass
spectroscopy, Rutherford backscattering spectroscopy, atomic force microscopy,
spectroscopic ellipsometry and Raman spectroscopy are presented. Techniques for
the determination of bandgap parameters from electrical characterization of
metal-oxide—semiconductor (MOS) structures on strained-Si film are discussed.

In the second part, processing issues of strained-Si films in conventional Si
technology with low thermal budget are critically reviewed. Thermal and
low-temperature microwave plasma oxidation and nitridation of strained-Si layers
are discussed. Some recent results on contact metallization of strained-Si using Ti
and Pt are presented.

In the last part, device applications of strained Si with special emphasis on
heterostructure metal oxide semiconductor field effect transistors and
modulation-doped field effect transistors are discussed. Design aspects and
simulation results of n- and p-MOS devices with a strained-Si channel are
presented. Possible future applications of strained-Si/SiGe in high-performance
SiGe CMOS technology are indicated.

1. Introduction silicon-based heterojunction field effect transistors (HFETS)
using conventional Si-processing technology.
In conventional Si technology, complementary metal— Heteroepitaxy of semiconductor materials has been an

oxide-semiconductor (CMOS) structures dominate the active area of research for the last two decades. The interest
integrated circuit market. Their popularity comes from s driven by the possibility of creating novel electronic and
the simplicity in processing as well as their high input optical devices, as well as integrating existing devices in
impedance. However, the p-channel devices are inferior different materials systems, leading to the production of
to the n-channel ones in terms of current drive capability integrated circuits with increased functionality and lower
and speed performance. This is a consequence of lowercost. The foundation of heteroepitaxy was laid by two
mobility of holes compared with that of electrons in Si. jmportant contributions: one by Frank and van der Merwe
In order to match the current drive capability of n-channel jn 1949 [1] who showed theoretically that, if a lattice-
(n-MOS) devices, p-channel (p-MOS) devices are designedmismatched layer is grown on a thick substrate, the layer
about 2-3 times larger than n-MOS devices. This adversely || pe pseudomorphic provided that the mismatch is small
affects the level of integration and device speed. A high ang the thickness of the layer is not large and the other
mobility in the channel of an MOS field effect transistor by Shockley who suggested the use of semiconductors of

(MOSFET) will improve both circuit speed and the level itferent bandgaps for fabrication of heterostructure devices
of integration. In order to improve the speed of VLSI-ULSI 2],

circuits, new materials and device structures are being The lattice mismatch in the SiGe material system
proposed. The advances in the growth of strained-silicon js 4 205 resulting in a very high misfit and threading
(strained-Si) layers on relaxed SiGe buffer layers, combined gjisjocation density. Most of the research has concentrated
with higher values of both the hole and the electron o, geyices having strained layers with thicknesses
mobilities in strained Si, have led to increased interest in pajow the critical thickness. Si.Ge, strained layer

+ Author to whom correspondence should be addressed. E-mail addressN€terostructure devices were fabricated on Si substrates
ckm@ece.iitkgp.ernet.in; fax 91 3222 55303. only in the late 1980s. The key features of the growth
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and electronic properties of the strained SiGe alloy system

and its applications have been described in several excellent A6 AEC=30 meV AEf”O meV

reviews and in recent books [3-6]. "—l'—"—-——A4 ""—"'A6
Strain-induced modification of Si/SiGe films is found A

to have a significant impact on the band structure and Strained 2 Relaxed

carrier transport. When a thin film with a larger lattice Related Si..Ge, Strained S .Ge

constant (e.g. $i,Ge,) is grown on a smaller lattice Si 17 . 07403

constant substrate (e.g. silicon), the film retains the in-plane §

lattice constant of the substrate and is under a biaxially HH HH & LH

compressive strain. Figure 1 shows the band offset between HH & LH }

a strained Si7Gey 3 film grown on silicon. This is known [H

as the type | band alignment where the entire band offset AE 2230 meV AEV=130 meV
occurs in the valence band (figure 1(a)) while the band v
offset in the conduction band is very small. This type . . R
of structure is favourable for hole cgnfinement andyr?as (a) Compresswe Stain (b) Tensle srin
been exploited in several novel heterostructure devices, i.€.rigyre 1. Band alignments between Si and Sig70Geo 0 0N
buried channel p-MOSFETSs, p-channel modulation-doped two substrates: (a) Si and (b) Sio.70G€o 30
field effect transistors (p-MODFETs) and heterojunction
bipolar transistors (HBTs) (see for example, a recent review
by Konig and Daembkes [7]).

Similarly, a smaller lattice constant silicon epilayer will
be under biaxial tension when grown on a larger lattice
constant relaxed-gi,Ge, substrate. Figure 1(b) shows

the band offset for a strained-Si epilayer grown on relaxed _.,_. . N o
Sig70Gaso. In this case, a type Il band offset occurs Si/SiGe heterostructure with tetragonal strain distortion in

and the structure has several advantages over the mor .Oth thg layers [12] and Abstreiter and qovyorkers were the
common type | band alignment, as a large band offset Irst to !ntroducg the concgpt of a st.ra|n-|nduced type |l
is obtained in both the conduction and valence bands,band alignment in the Si/SiGe material system [13]. The
relative to the relaxed Si,Ge, layer [8]. This allows simplest method of strair\ adjustment in a buffer Iay(_a_r is
both electron and hole confinements in the strained-sj 0 9roW a constant-Ge SiGe layer well beyond the critical
layer, making it useful for both n- and p-type devices for thickness when a high degree of strain relaxation takes

strained-Si/SiGe-based CMOS technology. Since strainedPlace. Initially, Si_.Ge. buffer layers with constant Ge
Si provides both larger conduction and valence band offsetsCONtent were grown to a thickness somewhat above the
and does not suffer from alloy scattering (hence mobility critical thickness for strain relaxation by the formation of
degradation) [9], a significant improvement in carrier misfit dlslocatlpns. These were suf‘ﬂuent_ to demonstrate
mobility can be achieved. Strained Si is more difficult to YP€ |l band alignment and electron mobility enhancement
grow than strained $i,Ge,, since bulk Si_,Ge, substrate Oy modulation doping in a subsequently deposited Si/SiGe
is currently not available and, until recently, the growth heterostructure with a Si quantum well. This was first
of relaxed Sj_,Ge, without forming a large concentration ~réported by Abstreiteret al [13] in which a uniform
of defects as a result of dislocation was difficult. Recent Sh-»Ge: buffer layer, thicker than the critical thickness,
studies on the incorporation of a small amount of C Was grown at a high temperature. The strain in the buffer
atoms in the Si/SiGe material system to develop new Was partially relaxed and a thin Si layer was grown on top
types of buffer layers with reduced misfit dislocations may of it. The density of threading dislocations introduced as a
be useful [10]. However, the ability to achieve both result of the lattice relaxation was very high and resulted
n-MOS and p-MOS devices using strained Si provides a in low electron mobility at 4.2 K.
promising alternative for next-generation high-performance ~ Despite gradual improvements, the low-temperature
SiGe CMOS technology (see for example a recent review mobilities remained behind expectations and one of the
by Schaffler [11] and references therein). main reasons was the known high density1(° cm~?) of

In this article, we review the present status of the unwanted threading dislocations. It is now known that the
growth of strained Si on relaxed SiGe buffer layers on problem of high threading dislocation densities in relaxed
Si using various techniques and applications of strained- layers may be avoided by using a series of interfaces
Si films in SiGe-based CMOS technology. Only a brief with low mismatch and increasing the Ge concentration
review is given for well-established results, and readers in steps (step grading) or linearly with a relatively high
are referred to the original publications for more details. growth temperature [14-18]. Because of the gradual
We give a more in-depth discussion of relatively new increase of the lattice mismatch in such a buffer, the
results: low thermal budget processing of strained Si, misfit dislocation network is distributed over the range of
design and simulation of strained-Si channel MOSFETs. compositional grading rather than being concentrated at the
Recent progress made in terms of integration issuesinterface with the Si substrate. The greatly improved buffer
and the future prospects of strained-Si/SiGe-based high-quality obtained via the compositional grading lowered the
performance HFETs which may be integrated into Si threading dislocation density by three orders of magnitude
VLSI-ULSI production are discussed. and resulted in a much improved electron mobility at low

2. Growth and characterization of strained-Si
films

Jorke and Herzog were the first to provide experimental
evidence for type Il band alignment at the interface of an
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temperatures. Strained-layer epitaxial growth on patternedbesides the apparatus used, are the silicon and germanium
substrates has been attempted [19], which can reducesources used and chamber pressure during growth. High-
epilayer threading dislocation densities by up to two order quality buffer layers have been successfully grown at
of magnitude. Powelkt al have proposed a method for 550°C and most of the reported MODFET structures were
producing an almost dislocation-free relaxed SiGe buffer grown using the UHVCVD technique.

layer on thin SOI substrates. In this growth process, High-quality completely lattice-relaxed SiGe buffer
the SiGe epitaxial layer relaxes without the generation of layers have been grown on Si (001) using MBE in the
threading dislocations within the SiGe layer; rather, they temperature range 750—900 and compositional grading
form in the bottom ultrathin SOI substrate with a superficial on the order of 10%um-! or less with final Ge
silicon thickness less than the SiGe layer thickness [20]. concentrations of about 30%. Xt al [34] have grown

Experimental studies in the last few years on strained compositionally graded relaxed;SiGe, buffer layers on
SiGe materials have resulted in a significant progress in theSi with various composition gradients and temperatures.
understanding of strain relaxation kinetics and optimization The authors reported a threading dislocation density in
of graded buffer layers with respect to relaxation and fully relaxed SiGe buffer layers grown using both MBE
surface morphology [21-26]. These parameters areand RTCVD in the range $81¢° cm? [35]. Gas-
of crucial importance as they are interdependent and source molecular beam epitaxy (GSMBE) [36,37] has
are affected by growth temperature, grading rate and also been successfully employed for the growth of high-
composition. It appears that the competition between quality completely lattice-relaxed step-graded SiGe buffer
dislocation nucleation and propagation determines the layers on Si (001) in the temperature range of 750800
final threading dislocation density in the film. The A more abrupt compositional transition of the SiGe/Si
compositional grading is believed to promote propagation interface is expected in GSMBE-grown quantum wells,
while suppressing nucleation of dislocations and leading to owing to reduced Ge segregation at the heterointerface
reduced amounts of surface strain, thus allowing higher [38], than in those grown by solid-source MBE where
growth temperatures [27,28]. In fact, the use of a Ge segregation has been recognized as an important issue
compositionally graded, relaxed,;SjGe, buffer layer has [39]. Another advantage of GSMBE is that uniform
been advocated as a ‘virtual substrate’ and allows the strainthickness and composition can be obtained without sample
in the film to be tailored at will (for a detailed discussion rotation. However, GSMBE is associated with autodoping
on strain adjustment in SiGe buffer layers, see for example of doping gas impurities, which would affect the device
an excellent review by Schaffler [11]). characteristics.

Many methods exist for the deposition of silicon and Structural characterization and determination of film
Si;_.Ge, films on silicon at a low temperature. These quality of strained layers are usually carried out by trans-
can be broadly categorized into chemical vapour deposition mission electron microscopy (TEM) (both plan view and
(CVD) and physical vapour deposition by molecular beam cross-section) for the determination of defects—dislocations
epitaxy (MBE). On the CVD side, Gibbores al at Stanford within the layers and measuring the thickness of the lay-
were one of the first groups to demonstrate high-quality ers and by energy-dispersive spectroscopy utilizing a scan-
Si;_.Ge, on silicon. The lamp-heated limited reaction ning TEM instrument for film composition. Rutherford
processing reactor (LRPCVD) [29,30] has been used to backscattering spectroscopy (RBS) also yields similar infor-
grow linearly graded SiGe buffer layers and strained Si. In mation. High-resolution x-ray diffraction is typically used
LRPCVD, the temperature of the wafer is rapidly switched to determine strain. In this technique, the lattice constant
to start and stop the growth process between materialperpendicular to the sample surfaeg, is determined. To
layers, and source gases are changed when the wafer igxtract the Ge content and strain state of the film, it is also
below the growth temperature. Very abrupt interfaces necessary to find;. This can be achieved by measuring
and doping profiles have been achieved by this techniquethe Ge content by some other method (e.g. RBS) @nd
[31]. High-quality, epitaxial, relaxed $i,Ge, layers can be measured by a grazing incidence x-ray technique.
have been grown by rapid thermal processing chemical An alternative technique that measures the strain in the film
vapour deposition (RTCVD) by Junet al [32]. Further directly is Raman spectroscopy. Sputter depth profiling by
improvements of the relaxed buffer (step-graded) layer secondary ion mass spectroscopy (SIMS) is used to study
formation using atmospheric pressure chemical vapourthe chemical composition, e.g. Ge profile. However, this
deposition with intermediatén situ annealing at high  method has a limiting depth resolution of about 3 nm and
temperature have been reported recently by Kissieget cannot give a reasonable profile for ultrathin films.

[33]. Threading dislocation densities as low as 100°&€m Fitzgerald et al [15,40] have used triple-crystal
were found, indicating that most of the misfit dislocations x-ray diffraction and conventional plan-view and cross-
really extended throughout the wafer. sectional TEM for the determination of strain relaxation.

The ultrahigh vacuum chemical vapour deposition Compositionally graded (10% Gem™!) Si;_,Ge, films
(UHVCVD) reactor developed at IBM by Meyerson and grown at 900C by both MBE and RTCVD reveal that for
his coworkers appeared at nearly the same time as0.10 < x < 0.53 the layers are totally relaxed. ;SiGe,
LRPCVD. Combining a standard diffusion furnace with cap layers grown on these graded layers are threading
ultrahigh vacuum, they have had the most significant dislocation free when examined with plan-view and cross-
impact on the fabrication of Si/§i,Ge, HBTs [14]. The sectional TEM. Electron beam induced current (EBIC)
major differences between UHVCVD and MBE techniques, images were used to count the low threading dislocation
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Figure 2. RBS spectrum (random) for a strained-Si Energy (eV)

sample. (After [41].) Figure 3. Real and imaginary parts of pseudo-dielectric

function (e) = (1) +i{e,) for bulk Si (- - - -) and strained
densities. The dislocation densities measured by EBIC S' (—)- (After [41].)
from MBE-grown samples with final Ge concentrations of
23%, 32% and 50% were found to bet4 10° +5 x 10%, 3000
17 x 10 £ 1.5 x 10° and 30 x 10° + 2 x 10° cm2,
respectively.

To calibrate the Si ,Ge, composition in the buffer cap
layer RBS is extensively used. Figure 2 shows typical
RBS data for a step-graded relaxed $Ge, buffer layer
together with buffer cap and the strained Si grown using
GSMBE [41,42]. The scattered B from the buffer
SiGe layer appears at higher energies (channel numbers
250-350) while those from the strained-Si film and from 5
the Si substrate appear at lower energies (channel numbers oL . . . .. e
50-250). The small peak above the background at the 480 500 5210 540
silicon leading edge is attributed to the silicon signal Frequency, o (cm™)
obtained from the top strained-Si layer. The concentration Figure 4. High-resolution Raman scan showing Si-Si
of Ge in the SiGe buffer cap layer and the strained-Si layer mode phonon peaks from relaxed-Sio.70Geo.s0 layer and
thickness are found to be 0.20 and 3@0respectively. strained-Si layer. (After [45].)

Spectroscopic ellipsometry is a non-destructive optical
technique which is extremely sensitive to thickness, alloy
composition and interfacial conditions of a heterostructure
[43]. The pseudo-dielectric function of the sampe is
obtained from the ellipsometer data and is given by

F Fully ——
- relaxed
Sig.,Geg 3

2000

strained-Si

1000 «

Intensity (arb. unit)

I

content and the strain state of the film. The strain in the
film is found from a shift in the wavenumbe#). Each
peak corresponds to a bond between a different pair of
atoms, with the two peaks at the lowest wavenumbers (SiGe
and Si-Si) originating from the thick S§i,Ge, layer and
the small peak at the highest wavenumber coming from

Figure 3 shows the variation of real and imaginary parts the thin strained-Si layer.
of the pseudo-dielectric function with energy for (a) silicon Semiconductor surface roughness is one of the
(data used from [44]) and (b) the strained-Si sampiz. important parameters which can adversely affect the
and E, are the two critical points of transitions and are performance and reliability of the devices.  Surface
marked in figure 3. It is observed that there is a shift of the morphology of buffer layers is dependent on the processing
E1 peak, contributed by the strained Si, compared with that conditions such as grading rate and growth temperature.
of bulk Si. The smaller peak observed at a lower energy While it has been shown that high growth temperature
(3.1 eV) corresponds to thg; peak originating from the is desirable for dislocation propagation, it also leads to
relaxed uniform-Ge contenk (= 0.18) Si_,Ge, cap layer a 3D growth and eventually a rough surface morphology
[41]. that may affect lithography steps in subsequent device

The strain state of a relaxed-SiGe buffer layer with processing.  Atomic force microscopy (AFM) vyields
a thin strained-Si surface layer may be determined usinginformation about the surface morphology of a layer.
Raman spectroscopy [45]. A typical scan of a thick Hsu et al have investigated the surface morphology of
Sii_,Ge; layer with a thin strained-Si layer is shown in relaxed, compositionally graded ;SjGe, structures, to
figure 4. The peaks in the scan represent resonant phonorillustrate the influence of defect-related strain fields on
modes in the lattice and will depend on both the Ge film growth [25]. Quantitative topographic measurements

€ =€+ ieo. (1)
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via scanning force microscopy show the roughness Several other workers have calculated the expected
associated with the cross-hatch patterns oriented alongelectron mobility enhancements in strained-Si layers
the (110) direction, which basically results from a local relative to bulk Si [54-58]. Vogelsang and Hofmann
accumulation of the underlying misfit dislocations beneath [54] have calculated the in-plane electron drift velocities
the surface. In addition to AFM, Nomarski optical and mobilities in strained Si for 300 K and 77 K. High-
interference micrographs can also yield similar information field drift velocities were calculated by Monte Carlo (MC)
about the surface morphology of a relaxed layer [46]. simulations and low-field mobilities by numerical solution
AFM is used for acquisition of highly accurate of Boltzmann's equation including intra- and intervalley
3D topographs over an extended scale with a high phonon and impurity scattering mechanisms. A mobility
spatial resolution and the digitized surface topography is enhancement of 74% was obtained at 300 K compared
represented by a 2D array whose elements express thewvith 36% at 77 K and significant improvements of drift
height information of each point of the 2D-scanned image velocities relative to bulk Si up to several 10 kV Th
grid. AFM measurements on GSMBE-grown strained-Si were reported. Yamadat al [57] have reported an MC
layers have been carried out by Betaal [41] with a model study of the low-temperature mobility of electrons. For a
ARIS-3300 instrument (from Burleigh Instruments, Inc.) device structure having a 10 nm spacer and 20'® cm3
over a scan region of.8 um x 3.5 um. Strained-Si fims  doping, mobility values of Zx 1® cm? V-1 s 1 at 4.2 K
have an RMS surface roughness, an average roughRgss ( and 31 x 10° cn? V! s7* at 1.5 K for an electron density
and a fractal dimensionZ);) of 22. 0A, 14.6 A and 2.9, of 7.5 x 10" cm~2 were obtained. Peak mobility values of

respectively. 50x10°cmP Vs tat4.2Kand Bx10° cn? V-1 st
at 1.5 K were predicted for wider spacer layer widths
3. Mobility in strained Si and lower channel electron densities. Raskeal [58]

have studied the electron transport in the inversion layer of

Optimum semiconductor device design is ultimately based Strained-Si channel n-MOSFETs using an MC tool taking
on a full understanding and accurate modelling of into account scattering mechanisms, i.e. phonon, surface

charge-carrier transport in semiconductors. Because offoughness and alloy scattering. Table 1 shows the computed
its relevance to both basic understanding and device low-field electron mobility enhancement factor for strained
applications, there has always been a strong interest inSi together with some reported experimental device data.
accurate model descriptions of the m0b|||ty as a function For a low level of strain in Si and for low electric fields,

of strain, temperature and dopant concentration. For the€lectron mobility increases with increasing strain.
estimation of maximum theoretical mobilities that can High-field velocity saturation and overshoot of elec-
be achieved in modulation-doped Si/SiGe heterostructurestrons in strained-Si channel devices have been studied
and MOSFETs, several theoretical studies incorporating by Miyata et al [56] and the study shows only a
various scattering mechanisms have been reported [47—49]slight increase in the saturation velocity at both room
The main scattering mechanisms to be considered in thetemperature and 77 K. As the electric field parallel to
strained-Si/SiGe material system are (i) lattice scattering the current flow is increased, the drift velocity of the
(scattering at acoustic and non-polar optical phonons), €lectrons increases and approaches the saturation velocity.
(ii) ionized impurity scattering and (iii) neutral impurity ~These high electric fields are common in short-channel
scattering. In Si,Ge. materials, alloy scattering devices, and thus the saturation velocity, rather than low-
becomes important as a fourth independent mechanismfield mobility, may ultimately limit the performance of
[50]. Also, strain distribution in the lattice-mismatched Scaled devices. The estimated difference between strained-
SiGe layer affects the relative importance of intra- and and unstrained-Si saturation velocities is 10% or less

intervalley scattering owing to strain-induced changes in [54], and preliminary experimental estimates indicate an
the conduction and valence bands. enhancement of only 5% [60]. Electron velocity overshoot

in strained-Si/Si_,Ge, MOSFETs has also been studied
using an MC simulator by Gamigt al for steady and non-
steady state for high longitudinal field transport regimes
Stern and Laux considered remote doping and background[61]. It was concluded that, at high longitudinal fields,
doping in the channel as well as the contribution of interface the electron velocity overshoot effects, due mainly to the
roughness and interface charges. Their results are inreduction of the intervalley scattering rates as the Ge mole
good agreement with the experimental data when realistic fraction increases, improve MOSFET drain current and
background acceptor densities betweett Hhd 13> cm—3 transconductance.

were considered [17,47,51,52]. Monroe and coworkers The progress in the study of hole mobility in strained
have studied the limitations of various parameters Si, however, has been relatively slow. Using strain
including scattering from remote dopants, background Hamiltonian andk - p theory, Nayak and Chun [9] have
impurities, interface roughness, alloy fluctuations, strain, calculated the low-field hole mobility of strained Si. Non-
morphology and threading dislocations on the mobility [53]. parabolicity and the wrapped nature of the valence bands
Considering all potential scattering mechanisms which are were included in computation. At room temperature,
reasonable, the authors predicted an electron mobility overin-plane hole mobilities were found to be 1103 and
1000000 cri V~! s, which is comparable with those 2747 cn? V—! s~ for Ge contents of 10% and 20% and are
reached in GaAs/AlGaAs heterostructures. 2.4 and 6 times higher than those of bulk Si, respectively.

3.1. Theoretical mobility
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Table 1. Low-field electron mobility: dependence on strain level in Si.

Ge concentration  Strain in Si Temperature  Mobility

in the buffer (%) (%) (K) enhancement factor Reference
Computed
10 0.4 300 1.6 [58]
20 0.8 1.8
30 1.33 1.9
25 0.1 300 1.14 [54]
5 0.2 1.27
10 0.4 15
15 0.6 1.65
20 0.8 1.73
25 1 1.74
25 0.1 77 1.28
5 0.2 1.36
10 0.4 1.36
16.6 0.66 300 2.67 [56]
333 1.33 2.67
16.6 0.66 77 1.35
33.3 1.33 1.35
Experimental
10 0.4 300 1.45 [59]
20 0.8 1.67
29 1.3 1.75
29 13 77 1.35

Table 2 shows the computed low-field hole mobility for
strained Si together with some reported experimental hole

5 .
Sx1074 X Ismailetal Xie, et al

mobility enhancement factors obtained from device data. i 1995/
I Schaffler,et al.
_ N . /4. < 1892
3.2. Experimental mobility 10°F B /
Low-temperature Hall mobility measurements are com- FIB[1993  wiief al
monly used to determine the overall quality of a heterostruc- I 1991 lsmailat al ismail et al.
ture and are used to optimize the growth parameters. At L n 1993

low temperature, where the thermal effects and scattering
by phonons are dramatically reduced, the electron mobility
becomes very sensitive to residual scattering mechanisms
due to background charge impurities, roughness and dislo-
cation. Experimental electron mobility data from strained-
Si/SiGe modulation-doped structures may be divided into

1991\\\
Schuberth, st al.

1991 Herzog,et al.

1990

=TT TTTIT

[Box buffers | [ Graded butfers]

Hall Mobility (cm?/ V « sec)
)

two categories: (a) data from devices with the uniform- 10°L Abstreiter, et al,

composition buffer and (b) devices with the composition- F 1985

ally graded buffer. Figure 5 shows the Hall mobility re- SUTT SRR SN S FTY ST SRS W T Y s—
ported by several workers [13,17,60,65-69] using both 1 10 100 300
uniform-composition and graded buffer layers. In the case Temperature (K)

of the uniform-composition buffer [13,67,69], strain re- g re 5. Measured electron Hall mobility versus

lief is a function of buffer layer thickness. In order to temperature in modulation-doped strained Si. The full

achieve a strain level of 1% in Si, which corresponds symbols are for strained Si grown on high-quality, graded

to a completely relaxed §isGeys buffer, a partially re- S_il,xez_ax buffer layers, while the open symbols refer to

axed 02 jum ShsGeyz, niform-composiion bufer s~ 175 Y1 SO 0% oo Do o,

required [71]. For an effective strain level of 1% in Si on a

uniform-composition buffer, record high electron mobilities

of 1280 cnf V-1 s~ at 300 K [69] and 17 000 cfrv 1 s72 3 x 108 cm™2 and decreases by two orders of magnitude
at 1.5 K [67] have been reported. In this type of buffer, when the threading dislocation density is<110* cm~2
mobility is limited by the presence of a large number of [72].

defects (18-10° cm™2) in the buffer layer. The effect The introduction of graded buffer layers had a great
of dislocations on electron mobility has been reported by impact on the electron mobility enhancement. The
Ismail. It has been found that the electron mobility is sen- uppermost curve in figure 5 represents very high (around
sitive to threading dislocations when their density exceeds 200000 crd V-1 s1) low-temperature mobilities but

1230



Strained-Si heterostructure FETs

Table 2. Low-field hole mobility: dependence on strain level in Si.

Ge concentration  Strain in Si  Temperature  Computed mobility

in the buffer (%) (%) (K) (cm? v-1 s Reference

10 0.4 300 1100 [9]

15 0.6 1950

20 0.8 2700

25 1 3500

Experimental mobility
enhancement factor

29 1.33 300 1.2 [62]

18 0.8 300 14 [63]

18 0.8 77 2.0

25 1.0 300 1.5 [64]
underestimates the 2D electron gas (2DEG) mobility at 300
around room temperature. This is due to parasitic parallel [ &) vaience Band Orrset
channels of low mobility and unknown carrier concentration 5’ S
in these samples, which freeze out at low temperatures but & 200
lead to a reduced average value of the Hall mobility at n37 N \
higher temperatures. By carefully designing the doping = 100 N Cateuiated
concentration in a series of samples, Nelssinal [73] =
could separate the contribution of the 2DEG at room oL, 1 N : L
temperature and extracted room-temperature mobilities in o 0-1 . gc-ﬁjc ()((353 0.4
excess of 2500 ctV~! st for the limiting case of 300 -
a vanishing parasitic channel. The room-temperature ___ r () Conduction gand offser
mobility enhancement factor is almost twice that of bulk 3 -
Si and thrice that of an Si MOSFET. Extremely high £ 2001
electron mobilities obtained in MODFET structures grown uéu N \
using MBE and UHVCVD indicate that similar buffer 100 Catcutated
layer quality has been obtained. By optimizing the -
MODFET layer sequence and thickness of strained-Si 00 —s5—t55 55— 5.4

well [74], the best mobility values between 300000 and
400000 cm V-1 s! have been obtained. Additional
wave functioning by front and back gating of some of
the structures led to a record low-temperature (0.4 K)
electron mobility in the Si channel of a MODFET beyond
500000 cm V~1 st [75,76], which is an improvement
of more than a factor of 10 as compared with the best Si
MOSFETSs reported.

Room-temperature mobility data are important from
device relevance. Typical values are between 2000 and
2800 cn? V! s71 for n channels [60, 77], which exceed
those in bulk-Si MOSFETs by a factor of 4-6. High hole
mobilities in excess of 9300 dnv—! st at 4 K in a
p-type modulation-doped Sifyi;Gey13/Si heterostructure
have been reported by Whall and coworkers [78]. For

Ge Conc. (x)

Figure 6. Band offsets: (a) valence band and

(b) conduction band for strained Si to relaxed Si;_,Gey.
Calculated curves are from People [8] and the data from
Braunstein et al [81]. Plot is after [45].

between the strained-Si and relaxed-$Ge, layers [81]

are plotted against theoretically estimated values in figure 6.
The extracted values match very well, particularly at low
Ge concentration. Substituting the extracted conduction
and valence band offset values, the overall bandgap of the
strained Si can be obtained and is shown in figure 7 together

with the theoretical calculations of People [8].

The heterojunction band offsetsAf., AE,) in a

p channels room-temperature values between 1400 andstrained-Si/SiGe heterostructure have been determined from

1800 cnt V-1 s1 have been reported [79], a factor of
6—9 above those of conventional Si p-MOSFETSs.

4. Bandstructure of strained Si

The effect of both strain and alloying on the bandgap
of strained Si/SiGe material system has been reported in
detail by People [8]. In particular, the reported computed
conduction and valence band discontinuities have been
based on the calculations of van de Walle and Martin
[80]. The extracted valence and conduction band offsets

the measurement of threshold voltages of a surface
channel strained-Si p-MOSFET structure (see figure 18(a))
[82]. To determine the threshold voltage at the
strained-Si-SiGe interfac&{y) and the threshold voltage
at the strained-Si-SiDinterface {rs), the zero-current
intercept of thelps—Vss andIp S—g,}/ 2 characteristics were
used. The measured values of threshold voltdges and

Vrs were —1.0 V and —1.7 V, respectively [41,82]. The
extracted experimental valence band offagi, was found

to be 160 meV. Using the valance band offset value, the
conduction band offset was obtained from the following
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Figure 7. Bandgap of strained Si grown on a layer before and after wet oxidation at 850 °C. (After [46].)

relaxed-Si;_,Gey buffer layer. Qalculated curves are from

[8] and the data from [81]. Plot is after [45]. To investigate possible relaxation of strained Si during
thermal oxidation, Welseret al [46] processed three
samples (grown using LRPCVD) with graded; SiGe,

equation:
) buffer layers ¢ = 0.30), a constant Ge buffer Lm
AE. = Ey(Sh-.Ge&) _ _ thick and various thicknesses (160, 445 and 1@30of
+AE,(SihGe/Si) — E,(strained Si) (2)  strained Si grown on p substrates. The strained-Si layers

were grown at 700C and the buffer layers were over 95%
relaxed. The samples were p-type doped to 70 cm—3
E,=111-0.4x €) by flowing 0.5 standard ctnmin~ of diborane during the
growth. The samples were oxidized (both dry and wet)
where x is the Ge concentration in the top part of a at temperatures ranging from 750 to 9@in a standard
completely relaxed SiGe buffer cap. The conduction band oxidation furnace to yield approximately 13.0 nm of oxide.
offset AE, was found to be about 126 meV. Figure 8 shows a typical Raman scan before and after
oxidation at 850C. It is noted that the Si—Si peak size from
o . o the strained-Si layer is diminished owing to Si consumption
5. Oxidation of strained-Si films during oxidation, but unaltered peak positions of the Si-Si
. ) ) ) ) o ) from the strained Si and buffer §iGey 3 layer indicate
High-quality dielectric (oxide or nitride) layer formation ¢ sirain has not been reduced and relaxation remains
is an integral part of MOSFLET fabrication. Oxidation unchanged in the strained Si and buffep-&eys layer,
of an ultrathin (typically 300A) strained-Si layer is a respectively. ) '
key processing issue as the gate oxide thickness and By measuring the wavenumber shift from the Raman
strained-Si channel thickness (remaining strained Si after gcan for the strained-Si (before and after oxidation) Si-Si
oxidation) are determined by this gate oxidation step. |ine on all of the samples, the strains before and after
High-temperature=700°C) processing is not desirable for  oxjgation were found and are plotted as a function of
strained-Si/SiGe structures to prevent strain relaxation andtemperature in figure 9. It is seen that, for all oxidation
dislocation propagation from the buffer layers. Many of the temperatures, the thinnest strained-Si layer (Ap@ppears
reported deV|Ce structures Used a MODFET Configuration to remain fu"y strained. The 44@\ strained_si |ayer |s
with a Schottky gate to avoid high-temperature gate oxide fy|ly strained as grown but shows some evidence of partial
growth [83-85]. Several workers have used conventional strain relaxation during oxidation. Finally, the thickest
thermal (both dry and wet) oxidation at 750-8&Dfor the  strained-Si layer (1028) is partially relaxed even as grown
fabrication of strained-Si MOSFETs [62, 63, 86]. and continues to relax more as a function of oxidation
temperature.

Since the oxide is relatively thir{13.0 nm), the oxide
growth rate is expected to be linear and precisely that was
Device-quality oxides usually result from thermal oxidation reported by Welseet al [46]. Figure 10 shows a plot of
of Si. Dry oxygen gas or steam is used at high temperaturelinear rate constant®/A) for all three strained-Si samples
(typically 800—1000C) in the furnace, and the Si reacts and a control Si sample as a function of temperature.
with the oxidizing ambient to form Si©on the surface of  The values extracted for all samples at all temperatures
the wafer. During oxidation, Si from the wafer is consumed are very similar, well within the expected accuracy of the
by the growing oxide, resulting in a loss of approximately measurement. In addition, the activation energy BgiA
0.44¢,, of Si for an oxide thickness,,. was found to be of the order of 1.7, which is comparable

where E,(strained-Si) is given by [8, 13]

5.1. Thermal oxidation of strained-Si films
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Figure 9. Strain in Si layers after thermal oxidation. Si experimental data; computed low-frequency (—) and
thicknesses refer to as-grown thickness, prior to oxide computed high-frequency (- - - -) C-V plots. (After [88].)

growth. Wet oxidation times were t = 40, 8 and 2.5 min for

750, 850 and 900 °C, respectively. (After [45].) ) o ) )
performed for strained-Si/SiGe channel widths exceeding

200 A, and quantum effects were neglected. At the

Temperature () SiO,-strained-Si interface, a trap density at the middle of
10F 9?0 SISO 8?0 7150 the bandgap of % 10'2 cm~2 eV~! was assumed.
© [ éﬁ:;;’inl,y v 5.2. Low-temperature oxidation of strained-Si films
§ B As discussed above, there is evidence of oxidation-induced
% - partial strain relaxation in thicker strained-Si films, which
] continues to increase as a function of oxidation temperature.
¢ 10 Low-temperature oxidation of strained-Si/SiGe films is thus
2 F Initial Oxide Thickness : important for achieving a high-quality gate oxide while
T r ® 160A maintaining the pseudomorphic nature of the film. It has
3 i O 4454 also been reported in the literature that the mobility of
i A1020 R strained Si degrades owing to the presence of a high fixed
i  Control-Si oxide charge {4 x 10" cm?) [46,62,86]. Beraet al
have reported the growth of ultrathin oxides 100 A)
0.10 | | | 1 | ] | . -
0.84 0.88 0.92 0.96 1.00 on strained-Si layers at a very low temperatue2Q0°C)

4 using microwave KO plasma and microwave electron
1000/T (K ') cyclotron resonance Oplasma [87,88]. The electrical
properties of the plasma-grown oxides are shown in table 3.

Fi 10. Oxid wth rate of strained Si i t . - .
gure xice grow'n rae o stramed Sl in we The values of fixed oxide charge densitQ«/q) are

oxidation. The linear rate constant (B/A) versus inverse

oxidation temperature is plotted. Experiments show very found to be lower in plasma-grown oxides than in thermal
little dependence of oxide growth rate on the initial oxide [46, 62]. However, the interface state densitibg )(
thicknesses of strained Si. (After [46].) at mid-gap of the oxide grown using thermal (dry) and

microwave Q plasma are higher than that of microwave
with the value of 1.96 for bulk Si. Although there was N2O plasma grown oxide. The breakdown field strength

no measured difference between the average growth rate®! the NeO plasma grown oxide is comparable with that of
of oxide on strained Si and that on bulk Si, the authors the mainstream thermal oxide.
reported that the oxidation rate decreases slightly as the
strain in the Si layer increases. . 6. Nitridation of strained-Si films

Thermal (dry) oxidation of strained Si (3@0thick on a
fully relaxed step-graded SiGe buffer grown using GSMBE In Si, various types of oxynitride processes such as
on a p substrate) at 70C and quantum hole confinement ROXNOX and NO treatment have been employed to retard
in accumulation at the strained-Si-SiGe interface has beenthe boron penetration and to improve the oxide integrity
reported by Beraet al [88] as shown in figure 11. [91-94]. For strained-Si-channel MOSFET applications,
The simulated hole confinement in accumulation in an it is thus important to study the growth of gate-quality
SiO,/strained-Si/SiGe heterostructure using a 1D numerical oxynitride films on strained Si. However, the growth
Poisson solver is also shown. All simulations were temperature should be much lower than that of the
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Table 3. Electrical properties of dielectric films on strained Si.

Temperature Breakdown

Processing condition (°C) Q/q (cm™2) Dy (cm=2 eVt field (MV cm™1)
Thermal oxidation

Wet oxidation [45] 850 2.0 x 101 (5.5-10)x10%°

Dry oxidation [62] - 4.1 x 10t 1.3 x 10%2 -
Microwave plasma oxidation

N,O plasma [87] 150 6.0x 10 1.2 x 10 5.0-7

ECR O, plasma [88] 150 2.6 x 10%° 2.2 x 10*? 2.7-3

Mainstream dry 1000 2.5 x 10%° (1.6-6)x10%° 6-8

oxidation (Si) [89]
Nitridation

N,O+NHjz plasma 150 6.1 x 10%° 6.5 x 101! 10-12

(2 min + 2 min) [90]

NH3 plasma (2 min) [90] 150 6.0 x 101! 4.7 x 101 5-8

conventional nitridation or ROXNOX process (typically
above 900C) to prevent the strain relaxation in strained Nz O s 2
Si. Beraet al [90] have studied the growth and properties
of a low-temperature<£200°C) oxynitride film on strained

Si using NO and NH plasma. Two different types of
oxynitride films were grown using a microwave (700 W,
2.45 GHz) plasma cavity discharge system [95]. Table 3
shows the processing condition for various samples. High-
resolution x-ray photoelectron spectroscopy (XPS) studies
were performed on as-grown and*Aion etched sample
surfaces. No nitrogen signal was observed in the XPS
spectra from the as-grown film surfaces. Figure 12 shows
Si 2p and N 1s photoemission spectra for etchedaNd
N2O + NH3 treated samples. The observed Si 2p peaks
are attributed to signals from the Si substrat®98.8 eV) o FTRNPT T Loy
and SiQN, layer (around~101-103 eV). N 1s spectra of Binding Energy (eV)

the N,O-grown films exhibit two peaks corresponding t0  rigyre 12, High-resolution XPS spectra of Si 2p and N 1s

SIEN bonds at 396.2 eV and SN-O bonds at 400.8 eV.  signals after 1 min Ar* ion etching for N,O and N,O + NHj
However, the corresponding spectra for Nhitrided N,O nitrided oxide on strained Si. (After [90].)

oxides show a single peak at 397.9 eV with a higher

broadening having a full width at half-maximum of 2.7 eV.

The position (397.9 eV) and line shape of the N 1s spectrum

in this case suggest that the peak may be a convolutionheterostructure devices. In addition to MOSFETs, many of
of spectra due to SN, Sp=N-O and Si-NH, bonds the reported strained-Si device structures used a MODFET
with the most significant contribution from 3\ bonds configuration with a metal Schottky gate [84,85,99].

in the sample [96]. It may be noted that the nitrogen gcnotiky contacts play an important role in the performance
atoms accumulate at or near the oxide—substrate mterfaceOf semiconductor devices for various electronic and

forming a silicon oxynitride layer. Fixed insulator charge
densities Qf/q) for two samples (NH plasma treated
and NO-NH; plasma treated) are shown in table 3. The . ) ) ) .
minimum value ofQ;/q for the N;O-NH; plasma treated hglghts and ideality factors of Pt gnd Ti on p-type strfeuned
sample is comparable with that of mainstream thermal oxide Si (grown on a graded re|aX€do§QGQ-)‘18 buffer layer) in

(2.5 x 101 cm2) [97, 98] and shows that a good-quality the temperature range 90-300 K using the current-voltage
oxynitride film, necessary for conventional-Si processing (/~V) characteristics [100,101]. It has been found that
technology, is possible on strained Si at a low temperature.While the ideality factor decreases with an increase in
temperature, the barrier height increases for both the metals.
The interface state density of Pt/p-strained-Si Schottky
contacts has been determined using experimental forward
As both the electron and hole mobilities have been found bias current-voltage/t-V) and capacitance—voltagé<V')

to be very high compared with those of bulk silicon, technigues. The effects of interfacial oxide layer and series
strained Si (on a relaxed SiGe, buffer layer) has resistance present in the structure have been studied in detail
attracted much attention for novel bandgap engineered[102].

XPS Intensity (Arb, )

1

' 1
398.85 403.8%

optoelectronic applications.
Chattopadhyagt al have reported the Schottky barrier

7. Contact metallization on strained-Si layers
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Figure 13. Typical layer sequences: (a) n-MODFETs with Si-channel on relaxed-SiGe buffer, (b) p-MODFET with SiGe
channel and (c) p-MODFET with Ge channel on relaxed-SiGe buffer. (After [11].)

8. Device applications a compositionally graded buffer, where the Ge content is
varied. Linear or step grading is essential to minimize
Si CMOS transistors are the most important building dislocation faults and buffer layers have to be thick
block in digital integrated circuits owing to low power (3 um) for strained-Si channels. Device fabrication steps
consumption and matured technology. The use of strainedinclude in general a low-temperature processing to avoid
Si/SiGe materials promises to improve the speed—powerdegradation of the abruptness of the heterointerfaces, mesa
performance of CMOS devices by offering higher electron etching and a Pt/Ti/Au Schottky gate with a barrier height
and hole mobilities. Device applications of strained- of about 0.9 eV. The device dc characteristics obtained
Si/SiGe with special emphasis on heterostructure MOSFETSwere well behaved and an extrinsic transconductance of

and MODFETSs are discussed below. 40 mS mm! for a gate length of  um was reported
[103]. Table 4 summarizes important parameters of some of
8.1. MODFETs the n-MODFETs reported in the literature. The dependence

of n-MODFET performance on strain in the Si well and

In a MODFET, carriers are separated from their parent quality of SiGe buffer layer at different temperatures is
donor or acceptor atoms as they fall across a heterojunctionindicated.
to a lower-energy undoped layer. A typical MODFET When a compositionally graded buffer layer was
structure consists of a thin (5-30 nm) well with quantized employed instead, n-MOSFET performance has been
states in which the carriers move collision free (2D electron dramatically improved with optimized layer design for
or hole gas (2DEG or 2DHG)), n wells are strained Si high transconductance values by minimizing the distance
[84,103] or p wells are SiGe (typically up to 30% Ge) between the 2DEG and the Schottky gate. For 1.2%
[104,105]. Doping is accommodated in a neighbouring strain in Si, room-temperature transconductances of
SiGe layer or in an Si layer separated from the well by a thin 340 mS mm? for a 14 ;m gate length [85], 330 mS mth
undoped spacer (2—-20 nm). The doped layer can be severalor a 025 um gate device [84] and 390 mS m for
nm thin or only a subatomié-doped layer. Figure 13 a 05 um gate device [108] have been obtained. A
shows the layer sequence typically used for n-MODFETs 2DEG density of(1-3 x 10'2 cm™2 has been measured
with an Si channel and graded-SiGe buffer layer. For a in these devices and a room-temperature mobility of
detailed discussion on layer sequence and proper design500 cn¥ V- s! was reported. At room temperature
of a MODFET, see [11]. High-quality quantum wells the highest reported Hall mobility was 2830 €1 s1
require very complex buffers in order to compensate the [85]. At 77 K and for 1.2% strain, transconductances
large misfit to the Si-substrate, a careful adjustment of of 670 mS mm?! for a 14 um gate device [85],
the layer sequence and thicknesses, composition and strait00 mS mm?* for a 025 um gate device [84] and
states and the doping levels. Extensive experimental work520 mS mm?! for a 05 um device [108] have been
on the modulation-doped structures (mostly n-MODFETS) measured. Ismaét al have shown an improved gate design
involving strained Si on relaxed Si.Ge, layers has been that resulted in a lower leakage at high temperature with a
performed by several groups [73, 84]. transconductance of 390 mS miat 300 K for a 05 um

Early work used a uniform-composition buffer, where device [108]. These values are comparable with those
the Ge content was kept constant, and recent work usesreported for high electron mobility transistors (HEMTS)
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Table 4. Dependence of n-MODFET performance on strain in Si and quality of SiGe buffer layer at different temperatures.

Strain
in Si Gate Low-field
channel Type of SiGe length  Temperature  mobility
(%) buffer used (um)  (K) (cm? vtst) g, (mS mm-t)?2 Reference
1 Uniform composition 1.6 300 1550 40 (E) [103]
Sip.75G€0 25, 70 (1)
0.2 um
1.3 Uniform composition 14 300 1090 80 (E) [106, 107]
Sio.68G€0.32, 88 (1)
0.3 um;
S|056605/8| 155 (E)
1.2 Compositionally graded 1.4 300 60-72 (E) [85]
Sio7Geo s, 77 100-133 (E)
1.5 um
300 340 (E)
300 380 (1)
77 670 (E)
77 800 (1)
1.2 Step 0.25 300 1500 330 (E) [84]
graded 77 9500 600 (E)
Sip7Geos
(defect density
10* cm~2)
12 Step 0.5 300 2600 390 (E) [108]
graded 77 520 (E)
Sip7Geo 3

a E, extrinsic; |, intrinsic.

fabricated in the GaAs system [109]. These results are very

. T Gate

encouraging when considering the technology used for the g rce Drain
fabrication of these devices. ] ]

The first reported p-channel MODFET in strained Si. _Ge_ . cap
Si grown on a relaxed SiGe buffer was with a TBiSi 0'7. 0.3 x=0.55
Schottky-barrier gate contact [104]. Transconductances S|1-x Gex U
of 2.5 and 2 mS mm?! were measured at 300 K for Si__Ge. . spacer x=0.70
enhancement- and depletion-mode devices, respectively. 0.7770.3
Recently, Arafaet al have reported a very-high-speed p-Si_ _Ge 18 -3
p-type SiGe MODFET using an Si,Ge, channel withx 0.7770.3 4x10 cm B-doped
around 0.70 and mesa separation with a Ti/Pt/Au Schottky
gate. The structure is shown in figure 14, where an inverted relaxed Sio 7Geo 3 buffer
layer sequence is used. For the channel, the Ge is gradec ' '
from x = 0.70 tox = 0.55 (from bottom to top) to prevent - y=0.3
holes from being pulled to the upper heterointerface under graded S'j_-yGey 1
negative gate bias. These structures have resulted in hole y=0.0
mobilities of 800-1000 cmV~! s~ at room temperature o 1
and of 3300-3500 cfV~! s~! at 77 K. For a gate length ~ —— n"-Si substrate -
of 0.25 um, a maximum extrinsic transconductance of
230 mS mm? was measured. This high transconductance
value has led to a unit current gain cut-off frequengy 6f Figure 14. Device structure for high-mobility p-MODFET
24 GHz and a maximum frequency of oscillatiofy,(,) of with SiGe channel on relaxed-SiGe buffer. (After [99]

37 GHz at room temperature [99, 110]. For a gate length of ©IEEE 1996.)

0.23 um, an intrinsic transconductance of 280 mS mm

has be_e_n obtained, which is more than double the valueg 5 gtrained-Si-channel n-MOSEETs

for a silicon p-MOS at the same gate length [111]. The

extracted microwave performance of this device yiefds  Very high electron mobilities demonstrated in strained-
and f,,.. of about 30 and 45 GHz, respectively. Further Si layers suggest a great potential for this material in
improvements are expected in shorter gate length deviceshigh-transconductance n-MOSFETs. To date, in-plane
and with the introduction of conventional Si technology, electron mobilities approaching 3000 &nv—! s! have
especially self-aligned gate techniques for a reduction in been reported in long-channel MOSFETSs with both surface
gate—source series resistance. and buried channels [112]. Figure 15 shows schematic
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Figure 15. Device structures for strained-Si MOSFETs with (a) Si on the surface, (b) Si buried and (c) dual strained-Si
channels.
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Eer (MV/Cm) Figure 17. Effective mobility of surface channel, strained-Si
n-MOSFETs at room temperature. Strained-Si mobility
Figure 16. Effective low-field mobility versus effective field increases with increasing strain (higher Ge content in the
for different n-MOSFETs. The surface channel strained-Si relaxed buffer layer). (After [45].)

mobility shows a fairly constant mobility enhancement

compared with that of control-Si device, while the buried . . .
strained-Si mobility peaks at low fields but decreases device performance. Depending on the dopant type in the

rapidly at higher fields. (After [86].) layers, these structures can be used for n- or p-MOSFETSs.
Welseret al have fabricated both p- and n-MOSFETs
using all these device structures and some of their results
diagrams of several possible configurations of strained-Si- gn n-MOSFETs are presented below [112,113]. Long-
channel MOSFETs. All the structures have thick, relaxed- channel L x W = 10 um x 168 um) surface and buried
Sy, Ge, buffer layers, consisting of a layer with linearly n-MOSFET devices fabricated on relaxed-Se 3 buffer
graded Ge content followed by a constant Ge content |ayers showed well-behaved output characteristics. The
layer. The surface channel device (figure 15(a)) has aeffective low-field mobilities for these device structures
single layer of thin strained Si grown on top of the relaxed are shown in figure 16. For the surface channel strained-
buffer layer. This layer is oxidized to form gate oxide. Sj device ./, is enhanced compared with the bulk-Si
The buried strained-Si-channel device (figure 15(b)) has acontrol device and has a similar dependence on the effective
layer of strained Si buried beneath a thin layer of relaxed electric field. The peak mobility is 1000 &t s,
Sii_,Ge,. An additional layer of strained Si is necessary which shows an 80% enhancement over the Si control
to form gate oxide on top of the Si.Ge,, but ideally this (550 cnt V~! s71). The peak mobility value for buried
additional Si layer (sacrificial layer) should be consumed channel device is over 1600 éw 1 s1, which is almost
during oxidation. If this sacrificial layer is not consumed 3 times that of the Si control device. Room-temperature
fully, then a very thin layer of Si, left between the gate effective mobility versus electric field curves of surface
oxide and the 3i,Ge, barrier layer (figure 15(c)) which  channel, strained-Si n-MOSFETSs with different Ge contents
can act as a parallel conducting channel, strongly affects thein the buffer layer are shown in figure 17 together with the
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Figure 18. Schematic diagram of a strained-Si p-MOSFET: (a) strained Si grown on a fully relaxed SiGe buffer layer (abrupt)
and (b) strained Si grown on a grade-back Si;_,Ge, layer (graded).

mobility extracted from a bulk-Si control device. Strained- 40% and 200% higher at 300 K and 77 K respectively
Si mobility increases with increasing strain (more Ge than that of a similarly processed bulk-Si p-MOSFET.
content in the relaxed buffer layer) and has little dependenceThis is a consequence of the biaxial tensile strain in Si
on the effective electric field. which improves in-plane hole mobility. Riret al have
also reported enhanced hole mobilities in surface-channel
p-MOSFETs (see figure 18(b)) employing strained Si on
pseudomorphic %i,Ge, on fully relaxed Si_,Ge, buffer
Exploiting the demonstrated higher mobility for 2DHGs, layers [62].

efforts have been made to fabricate strained-Si-channel  Figure 19 shows the variation of lowps (—0.1 and
p-MOSFETs. The aim has always been to improve —0.3 V) transconductances of strained-Si and control-Si
the speed performance of FETs through the use of p-MOSFETs at 300 K for the device structure shown in
heterostructures. Various research groups working on thefigure 18(a). For lowVgs the output current is small
problem were generally able to achieve better performanceand remains nearly constant up t€0.65 V. The gate
with strained-Si compared with control-Si devices. The voltage at which peak transconductance occurs depends on
tensile strain in silicon grown on relaxed SiGe buffer raises the value of Vs and the device type, i.e. control Si or
the light hole band and lowers the heavy hole band, leadingstrained Si. The control-Si device shows one large peak at
to a significant increase in the low field hole mobility. —1.7 V. However, for the strained-Si devices two peaks are
Observation of hole mobility enhancement in strained-Si perceptible at-1.5 V and —1.9 V at 300 K. The peak at
p-MOSFETs was first demonstrated by Nayetkal [64]. —1.5V corresponds to hole confinement at the strained-Si—
The initial devices were fabricated on agdm uniform- SiGe buffer interface. At higher gate voltage, however, the
composition partially relaxed SiGe buffer, which is known holes at the Si@-strained-Si interface dominate the channel
to have a very high defect density [15], and this resulted in conduction and the device becomes a surface channel
a limited performance (subthreshold slope 111 mV/decade).device. The transition from buried channel to surface
Recently, an improved device structure and process tochannel is clearly seen from the transconductance plot at
fabricate high-performance strained-Si p-MOSFETs with 77 K (figure 20). The two peaks-(L.55 V and—2.7 V) are

a high-quality (defect density<10° cm~2) step-graded  clearly seen. Thé;s—Vis characteristics at 77 K for both
completely relaxed thick (3:m) SiGe buffer layer, a low the strained-Si and the control-Si devices are also shown in
thermal budget (maximum temperature 7Q) and a high- this figure. It will be noticed that there is substantial current
quality (100 ,&) gate oxide have been reported [63,82]. at Vi close to zero, particularly for the control-Si device.
The device structure used is shown in figure 18(a). It was For the strained-Si device the characteristics indicate an
shown that the high-field channel mobility of a device with accumulation current threshold of aboufl V. When the

a germanium concentration of 0.18 in the SiGe buffer was temperature is reduced to 77 K, the mobility improves in

8.3. Strained-Si-channel p-MOSFETs
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Figure 19. Linear transconductances of long-channel
(L x W =100 um x 300 um) strained-Si (on a 18% Ge
buffer layer) and control-Si p-MOSFETs at 300 K. (After
(82].)
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Figure 20. Linear transconductances of long-channel
(L x W =100 um x 300 um) strained-Si and control-Si
p-MOSFETs at 77 K. Drain currents for the devices are
also shown (right-hand scale). (After [82].)
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Figure 21. Comparison of the field effect and effective hole
mobility of long-channel strained-Si and control-Si
p-MOSFETSs at 77 K: curve a, us of strained Si; curve b,
s Of control Si; curve c, uer Of strained Si; and curve d,
e Of control Si. The effective electric field values
applicable at 77 K for a current threshold value of —1.0 V
are also indicated. (After [82].)

for strained Si and control Si at 77 K. The effective
field values corresponding to the gate voltage (assuming
Veg = —1 V) are indicated. The presence of the
surface and parasitic channel at the strained-Si>-%iQl
SiGe-Si interfaces is indicated by the transconductance (see
figure 20). AboveVss = —2.5 V, the strained-Si device
shows an improvement in both field effect mobility and
effective mobility.

8.4. Low-frequency noise in strained-Si channel
p-MOSFETs

Low-frequency noise is a serious design constraint for
critical components in radio-frequency and microwave
communication systems as it can lead directly to
undesirable spectral broadening. Preliminary results of
an experimental study on low-frequency noise in strained-
Si and control-Si p-MOSFETs have been reported by

both silicon and strained Si, the factor of improvement Chakrabartetal [114]. The drain current noise of strained-
depending on the scattering mechanisms operating at theSi devices L x W = 100 um x 300 um) were measured

applied gate voltage.

with an EG&G Princeton Applied Research model 5210

The transverse field dependence of MOS device lock-in amplifier at various spot frequencies of 1.2 kHz,

parameters has assumed a greater importance because 82 kHz and 120 kHz and it has been shown that the
the thinner gate dielectrics and higher doping levels used low-frequency noise of strained-Si p-MOSFETs has/# 1

in submicron MOSFETSs, leading to very high transverse nature and is much lower than that of a bulk-Si device.
electric fields well above 0.5 MV cmt. It is well It has also been noticed that the noise current decreases
known that such high fields cause a degradation in devicewith the increase inVps in some ranges. The low-
performance. The variation of the effective mobility with frequency noise spectrum shows evidences of generation—
electric field is often used as a basis of comparison of recombination noise [114,115].

MOS devices developed and for computer-aided design.

The transconductance factor, field effect mobility and 9. Simulation of strained-Si-channel MOSFETs

effective mobility computed fronTps—Vss characteristics

at room temperature and liquid-nitrogen temperature have Simulation studies on strained-Si-channel high-performance
been compared for strained-Si and control-Si accumulation HFETs have been reported by several workers [116-118].
p-MOSFET devices [82]. Figure 21 shows the variation Abramo et al [117] have presented a study on a novel
of computed field effect mobility and effective mobility Si/SiGe structure (n-MOSFET) simulated by means of
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a one-dimensional quantum mechanical approach which

accounts for the quantum nature of the 2DEG. In the 2:4€-04 = wy( =7.5%0.8 um
simulation, energy splitting between degenerate conduction For = Jook —
band valleys of strained-Si layer, optical and elastic acoustic ~ z.ce-0sf- "~ O T
phonon scattering among subbands and surface roughnes A Ut ‘*fiﬁai:zz
scattering were implemented. The non-parabolicity effect g , ¢ o4l ‘// “"x,‘_* Tt
on the scattering rates and velocities was included by § {-’ £ Tz |
first-order perturbation theory following [119]. Room- § I
temperature low-field peak electron mobility values greater § [ 1/
than 2800 cri V™! s were predicted. The authors il I contrors:
also showed good turn-on characteristics and linear 8e-05 [~ lf" "
transconductance behaviour for the structure considered. .i',' {

Although two research groups have demonstrated 4e-05 |- I-'," i
high-performance strained-Si-channel n- and p-MOSFETs %
[62,63,82,112], until recently very little information on ° A

1

the design issues has been available in the literature.
Careful design considerations are necessary for gate oxide,
strained-Si and graded-SiGe layer thicknesses, Ge contentigure 22. Simulated linear transconductance at 300 K
and profile and substrate doping required to control the (Vo = —0.1 V) for an n*-gate strained-Si p-MOSFET (abrupt
threshold voltage to optimize the device performance. A €ase) with various Ge contents (x = 0.10, 0.20 and 0.30)
simulation study of strained-Si short-channel p-MOSFETs and control-Si device. (After [116].)

has been presented by Armstrong and Maiti [116]. The key

design issues for poly-Si contact short-channel strained-and it 4,.. iS given by

Si heterojunction MOSFETs were considered. Analytical

models for both electron and hole mobility enhancements tarora(T) NY = i1 (T>a” 112, (T /3007

in strained-Si and SiGe were used in a 2D device simulator ’ P\ 300 14 N/N.,(T /300"
to evaluate the strain dependence of transconductance at 5
both low and room temperature. In case of a p-MOSFET, Whereus, =543 cn? V-s™h 1, =4070cn? V-is,
with the use of a strained grade-back layer, a reduction®, = —0.57, B, = —2.23, y, = 2546 and N, =
in valence band discontinuity was obtained at the strained- 2.67 x 10" cm™>.

Si-SiGe interface leading to a significant decrease in hole ~ Mobility due to alloy scattering is given by [120]
concentration in the buried parasitic SiGe channel and an
increase in transconductance. Simulation results were also
verified with experimental device results.

The basic device structures considered for simulation
are similar to those showq in figure 18. ABQum strained- (Matloy) "t = exp(—2.58x)/2150 7)
Si-channel p-MOSFET (figure 18(a), abrupt case) on an
Sii—. Ge, buffer cap (09 xm) grown on top of a step-graded  for 0.2 < x < 0.6.

2.1 um relaxed SiGe buffer layer, having a 1@0gate The modified Arora mobility and the mobility due to
oxide and a 139 thick strained-Si layer, was considered. alloy scattering were combined using Mathiessen’s rule
However, in this structure, a parasitic buried channel is and implemented for SiGe regions in a drift diffusion
formed at the strained-Si—SiGe interface and leads to devicesimulator. As the low-field hole mobility in strained Si
performance degradation owing to lower hole mobility in increases with increasing strain (i.e. with Ge mole fraction,
the relaxed SiGe channel. In the other device structure x, in the substrate [120]) and because of the absence of
(figure 18(b), graded case) considered, a thin (3001541)0 alloy scattering in strained Si [9], the enhancement in hole
strained graded &i,Ge, buffer cap (grade-back layer) mobility in strained Si was considered to be the same as
was sandwiched between the strained-Si layer @l)aand in SiGe (but without alloy scattering) and was modelled
relaxed Sj_,Ge, layer (Q7 um) to avoid the problem  using equation (4). This model was implemented for the
of hole confinement at the strained-Si-SiGe interface as strained-Si region througa C interpreter function.

the valence band discontinuity is reduced because of Ge  The effect of Ge content on the linear transconductance
grading. For simulation, a channel length 08 @m and a is shown in figure 22 where the transconductance has been

e (V)

(atioy) * = x(1— x) exp(—7.68x)/1241  (6)

for x < 0.2 and

130 A gate oxide thickness were considered. plotted as a function of gate voltage (8 = —0.1 V)

To account for the enhanced mobility in both strained- for different Ge content devices. Si device simulation
Si and SiGe layers, the low-field hole mobility for;SjGe, results are also shown for comparison purposes. As seen
was modelled following [120]. The doping-concentration- from figure 22, when compared with a bulk-Si device, a
and temperature-dependent mobility due to Aretaal device with an abrupt SiGe cap layer shows a mobility (and
[121] was modified by using an analytic expression hence transconductance) enhancement factor of 1.4 and 1.6
involving Ge contenty, as follows: in strained Si forx = 0.20 andx = 0.30, respectively.

The results are comparable with the reported theoretically
wx, T, N) = parora(T, N)(1 + 4.31x —2.282) (4) predicted hole mobility enhancements [63].
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Figure 23. Output characteristics of a surface channel strained-Si n-MOSFET: (a) simulated and (b) experimental (data from
[113] ©IEEE 1992.)

cap thickness of 40 nm and gives rise to an enhancement

P-MODFET in transconductance of 30%.

- 0.6v A simulation study of a surface-channel strained-Si n-
AN, N-MODFET MOSFET (see figure 15(a) for a typical device structure)
AR + 0.6V has been reported by Armstroegjal [118]. An analytical

Pt Schottky Gateg . model for electron mobility enhancement in strained Si was
used. For simulation, the source and drain region doping of
iSi 10?° cm2 and a junction depth of.B um were considered.
— A channel region doping of 6 cm=3 was assumed. The
et i-Sip. 368y fixed oxide charge density was assumed to kd 6% cm2
+ iSi and the interface between the strained Si and SiGe is
p 1=t assumed to be defect free. Figure 23(a) shows the simulated

output characteristics for a transistor having a gate length
of 2 um and a width of 5 um at room temperature
for different gate biases. Also shown (in figure 23(b))
are the experimental output characteristics (data reproduced
from figure 3(a) in [113]) for a surface channel strained-
Si device. A striking similarity between the simulated
and experimental data is observed. High electron mobility
strained-Si buried n-channel heterostructure MOSFETSs (see
figure 15(b) for a typical device structure) with a submicron
channel length have been investigated by Clifeinal
When a grade-back layer is introduced (see fig- using numerical simulation to evaluate the performance
ure 18(b)) the problem of confinement of holes at the [122]. An inversion layer mobility degradation model was
strained-Si-SiGe interface can be avoided as valence bandncluded in simulation and a maximum channel mobility of
discontinuity is reduced because of Ge grading. It has been2600 cnt V-1 s~ were assumed.
shown that, for a graded cap layer thickness of AQ@he
discontinuity in the valence band is almost zero and hence 10. Si/SiGe heterojunction CMOS (HCMOS)
confinement of holes and subsequent formation of a para-
sitic buried channel are reduced and the device becomes a&he demonstration of superior performances of both
surface-channel one. Agreement with the reported experi-MODFETs and MOSFETs (n and p types) has led to the
mental results of Rinet al was shown to be good [62]. The proposal of combining these device types in analogy to the
authors concluded that the optimal confinement of holes conventional CMOS. The advantages to be gained by using
within the strained Si occurs for a grade@ &b&y 3 buffer strained-Si/SiGe in conventional Si CMOS technology have

i-SiOJ GPJ\).3
n-Sig 7 Geg 3

Figure 24. Complementary Si/SiGe MODFET
cross-section. (After [111] ©IEEE 1995.)
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been examined by several workers [111,123-126]. As thickness of 50A, the predicted transconductances of n-
high electron mobility (2200-3000 &1 s1) [60] in and p-MOSFETs are 750 mS mmand 600 mS mmt,
strained-Si channels under tensile strain and hole mobility respectively. The power—delay product of Si/SiGe CMOS
(800-1500 cri V~1 s71) [127] in compressively strained is lower than that of Si-CMOS and SOI technology while
SiGe channels have been achieved, both n- and p-typeoperating at a lower supply voltage.
MODFETs have been fabricated using both strained-Si and  Sadek and his coworkers [123,126] have proposed
SiGe layers. a design for an Si/SiGe HCMOS which is planar and
For n-MODFETSs, the n-doped (phosphorus, 25 keV, avoids inversion of the parasitic surface channel within the
5 x 10" cm™?) Sio.7Gens layer is separated from the Si designed operating voltage range and presented simulation
channel by a spacer of 3 thick Sip;Ge 3. The Schottky results demonstrating the feasibility. A schematic cross-
gate was formed by Pt. These devices demonstrated a largeection of the proposed structure is shown in figure 26.
enhancement over bulk Si MOSFETs. The measured peakAs discussed above, the design provides for both a
transconductance atDum gate length was 420 mS mrh compressively strained SiGe hole channel and a tensilely
about a factor of 2 higher than in Si n-MOSFETs and strained Si electron channel in a planar structure. The layers
comparable with that in GaAs MESFETs or MODFETs at are grown on a low-defect-density £110° cm~2) relaxed
the same gate length. The microwave performance wasgraded SiGe buffer. The p well i® situ doped during
also impressive. Anfr value of 40 GHz and ary,... growth of the relaxed buffer, while the n well is created by
value of 56 GHz for 4 um were obtained [111] and are ion implantation prior to growth of the channel layers. An
comparable with those of GaAs/AlGaAs HEMTs and may undoped spacer is grown above the well doping in order
be further improved if an insulating substrate such as SOI to adjust the threshold voltage. An n-typeloped layer is
is used [20]. used to bend the energy bands so as to avoid inversion of the
For p-MODFETSs, tt]e 9 Gey 3 layer was doped with low-mobility Si surface channel. The strained-Si electron
boron, followed by a 2%\ thick spacer, and then a strained channel is separated from thedoped layer by an undoped
40 A Sio3Gey 7 channel, which was finally capped with a setback layer to minimize ionized impurity scattering. A
200A thick Sip7Gey 3 layer. Schottky contacts were formed graded Ge content is used in the strained-SiGe hole channel
using Pt. For these devices, an intrinsic transconductance otto minimize the surface roughness scattering by pushing the
280 mS mm! at 023 um gate length was obtained, which carriers away from the oxide interface. An Si cap layer is
is more than double the value for the Si p-MOS at the used to grow a high-quality gate oxide. Am situ doped
same gate length. The extractgd of 30 GHz andf,,.. p*-poly-Si gate is used for the devices.
of 45 GHz for 023 um were reported [111] and further Device and circuit simulations show the performance
improvement is expected as a result of device scaling andadvantage of the proposed technology over bulk-Si CMOS
use of an insulating substrate such as SOI and advancedor an effective gate length of.® um. Figure 27 shows
processing technology. the simulated power—delay product versus stage delay of
Based on the above experimental demonstration, an 11-stage inverter ring oscillator, comparifig;; =
O'Neill and Antoniadis [124,125] have investigated 0.2 um Si/SiGe HCMOS with bulk-Si CMOS for unloaded
using computer simulation the high-frequency (microwave) and loaded ¢; = 10 fF) cases. The higher carrier
performance of submicron p- and n-channel Si/SiGe-basedmobility of the HCMOS results in a 6.4-fold improvement
FETs suitable for CMOS technology. 2D simulation of in power—delay product at a stage delay of 28 ps for the
devices having gate lengths down tolOum using a unloaded case and a 4.6-fold improvement at a delay of
hydrodynamic model demonstrated an enhancemerf-in 55 ps for the loaded case. A minimum delay of 22 ps is
by around 50% for n-channel devices while it was more predicted for unloaded Si/SiGe HCMOS running at 1.5 V.
than doubled for p-channel devices. Ismail [111] has Complementary HFETs (CHFETs) can enhance the
modelled the performance of Schottky-gate complementary performance limit of conventional CMOS. Owing to a
MODFET structures, where electrons would flow through barrier-confined carrier transport in quantum wells with
a strained-Si channel and the holes flow through a strained-higher mobility, higherv,,, and highern, one can expect
SiGe layer, both channels being epitaxially grown on Si higher transconductances, higher speed, lower gate delay,
substrates (see figure 24). For a Qum gate length lower noise and low power consumption. Because of
the calculated peak transconductance of the n-MODFET the enhanced performance of p-HFETs equally sized p-
was 820 mS mmt, whereas that of the p-MODFET was and n-FETs can be designed for higher packing density.
610 mS mm?. The predicted delay for an inverter was Striking performance predictions have been made for SiGe
11 ps at a power dissipation per stage of 0.07 mW. BecauseHFETs and Si CMOS. While standard CMOS needs a
of inherent problems, such as non-planarity, higher leakagegate length below .@ um for transconductances around
current, difficulty in threshold voltage adjustment and 400 mS mm? [128,129], these are even found at relaxed
reproducibility for manufacturing associated with Schottky gate lengths of 1.2-4 um with HFETs. Sub @ um
gates, the authors also studied Si/SiGe CMOS structures asSiGe HFETs will yield more than 800 mS mt at
shown in figure 25. The structure is planar and uses 88  room temperature and above 1000 mS thmat 77 K
gate insulator and poly-Si as the gate material. In this case[7]. Figure 28 shows the predicted transconductance for
an Si cap layer was used on which either a low-temperatureHCMOS extrapolated from measurements on 1.2-Im
oxide was deposited or gate oxide was thermally grown. MODFETs in comparison with the best Si MOSFETs.
For an effective gate length of Dum and with an oxide  These results are corroborated by recent experimental
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Figure 26. (a) Cross-section of a proposed Si/SiGe HCMOS technology device and (b) schematic of channel layers and
conduction and valence band for gate bias just above Vr. (After [126] ©IEEE 1995.)

demonstrations [111,130], which are both based on cutoff frequency,f;, at which the current gain falls to unity

S-parameter measurements on mesa-type devices withis defined by

submicron gates defined by electron beam lithography. fi=
Concerning high-frequency performance of Si/SiGe- 27 Cyq

HFETs, so far only predictions can be made on the basiswhere C,, = dQ,/dV,, and Q, is the gate charge.

of transconductances and gate—source capacitances. ThRecent record sub.05 um CMOS values have set a new

8m ®)
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Figure 27. Power—delay product versus stage delay for
Si/SiGe HCMOS and bulk-Si CMOS. The corresponding
drain bias values are indicated on the curves. (After [126]
(©IEEE 1995.)

4

n-MODFET 77K

n-MODFET

n-MOSFET —®

p-MODFET

OfS 1.10
Gate Length (um)

Figure 28. Predicted transconductance of
high-performance HCMOS extrapolated from
measurements on 1.2-1.4 um MODFETSs, in comparison
with best Si-MOSFETs. (After [7].)
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channel and these have been demonstrated [131]. These
devices show outstanding Hall hole mobilities at room
temperature (up to 1300 émv-! s1) and 77 K (up

to 14000 crm V! s71) and the compatibility with Si
substrates. The implementation of n- and p-MODFETSs is
a prerequisite for complementary transistors (CMODFETS)
with matched characteristics which cannot be realized in
any of the established material systems because of the
far inferior properties of the corresponding p-type devices.
With almost identical mobilities of electrons in Si and holes
in Ge, the Ge/SiGe/Si heterostructures could provide such
matched transistor pairs, and moreover, remain compatible
with Si VLSI technology. Demonstration of CMODFETSs is
already under way using a simplified double-mesa structure
with a layer sequence consisting of a pseudomorphic SiGe-
channel p-MODFET underneath a relaxed SiGe buffer
and an n-MODFET structure grown on top of it. This
development will require more refined integration concepts
and process steps and could open the field of high-speed
applications for the complementary logic [70].

11. Conclusion

In this paper, a review of recent progress in strained Si
on relaxed SiGe technology has been given. Progress in
design and fabrication of high-mobility n- and p-channel
strained-Si/SiGe devices (MOSFETs and MODFETSs) was
presented as well as some of the materials and processing
issues related to the fabrication of these heterostructures.
In addition, an outlook on the integration issues of these
devices with CMOS based on Si was presented. Because
of their compatibility with conventional Si-processing
technology, mobility-enhanced HFETs are expected to
provide the performance advantage when downscaling in
device dimensions will no longer be possible in bulk
Si. Since low-power mixed-mode circuits are becoming
increasingly important for mobile communications, Si/SiGe
HCMOS technology will be useful for the improvement
of high-frequency performance. However, from a
manufacturing point of view, several issues of concern are
device isolation, interconnects and reliability, which need
further experimental investigation in order to assess the
potential of Si/SiGe HCMOS.

landmark [129]. n-MOSFETs have reached 70-118 GHz References

with gate lengths of 140-90 nm and p-MOSFETs have

reached 38-67 GHz between 100 and 65 nm. Simulation
predicts beyond 200 GHz for HFETS, perhaps higher, if one 2]

can profit from the more pronounced velocity overshoot
expected from strained-Si/SiGe [56]. This outstanding

performance also has positive consequences for the gate (5]

delay. SiGe HCMOS will open the sub 10 ps range for
digital applications (see figure 27). It may go down to

2-3 ps, an improvement by factors of 3-5 over the best [7]

CMOS values of 11.8-22 ps [128, 129].

The success of n-MODFETSs structures grown on graded (8]
SiGe buffers with Ge content exceeding 30% suggested

an extension to higher Ge contents (up to 100%) to
allow p-type structures (Ge/SiGe/Si) with a pure Ge
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