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Abstract — Many trends in the silicon industry could
be interpreted as the herald of the end of traditional Si
scaling. If this premise holds, future performance and
system-on-chip applications may not be reached with
conventional Si technology extensions. We review
progress towards our vision that a larger crystal structure
on Si, namely relaxed SiGe epitaxial layers, can support
many generations of higher performance Si CMOS and
new system-on-chip functionality without the expense of
significant new equipment and change to CMOS
manufacturing ideology. We will review the impact of
tensile strained Si layers grown on relaxed SiGe layers.
Both  NMOS and PMOS exhibit higher carrier
mobilities due to the strained Si MOSFET channel.
Heterostructure MOSFETS designed on relaxed SiGe can
have multiple-generation performance increases, and
therefore determine a new performance roadmap for Si
CMOS technology, independent of MOSFET gate
length. We also indicate that this materials platform
naturally leads to incorporating new optical functionality
into Si CMOS technology.

Keywords — strained-Si, SiGe, MOSFET, mobility,
inverter, frequency, power.

I. Introduction

Recent data from the semiconductor industry show
important trends for Si scaling [1]. It should be
recognized that the 3-4 year delay in reaching peak 8-
inch wafer consumption as compared to the estimated
10-15 year delay before reaching peak 12-inch wafer
consumption shows that Moore’s law, in some respects,
has been slowing since the mid-1990’s. In
combination, the reduced adoption rate of 12-inch
wafers, natural business cycles and the increasing cost of
manufacturing facilities have created a depression in the
semiconductor cycle, increasing risk and lowering return
on investment. The bottom of the cycle in 1996
represented a drop of 52% in orders from the previous
peak, the bottom of the 1998 cycle represented a drop of
72% from the previous
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peak, and the current drop so far represents a drop of
about 80% from the previous peak.

In parallel to these deleterious economic factors, the
scaling of the silicon MOSFET no longer delivers the
end-user value that has been achieved in the past.
During the prime of conventional silicon scaling,
decreasing MOSFET dimension brought advantage in
three areas: cost, functionality, and performance. The
cost of integrated circuits was decreased by shrinking the
die size of a given circuit with concurrent increases in
wafer size, allowing more die to fit on a wafer.
Increased functionality for the end customer was
achieved since the scaling allowed more transistors to be
used in a given area. Finally, the natural consequence of
scaling dimension is that electrons and holes require less
time to traverse the channels of smaller MOSFETSs.
Thus, the operational frequency of the transistor
increases, resulting in higher performance for digital
circuits.

The delayed deployment of larger wafers, the
diminishing increase in performance for further
shrinking of MOSFETSs, and the ‘design gap’ that exists
in order to create circuits that can take full advantage of
higher transistor densities have all contributed to the end
of the traditional silicon roadmap. However, it is
inconceivable that further progress in silicon CMOS
technology will not be required in order for the
information age to continue. Increased functionality,
performance, and lower cost are all still in demand for
future applications, but a new path to achieving this in
silicon technology must be found.

Il. A Materials Revolution

During mainstream silicon scaling, the majority of
material used in the actual silicon chip was dominated
by three elements: Si, O, and Al. As we have
approached the end of traditional scaling, new materials
are being employed to achieve performance goals near
the 0.13um node. For complex circuits, the wiring of
the silicon chip in the back-end has its own scaling
limitations, i.e. without improving interconnect delay,
further performance in transistor improvements will not
produce the same performance increase at the circuit
level. New materials solutions, such as copper
interconnects and low dielectric constant insulators were
introduced at the 0.13um node to accomplish this goal.
Thus, the 0.13um node has deviated from traditional
scaling in that an unprecented degree of flexibility has
been introduced with respect to new material
introduction. This trend can not be ignored. A clear
movement toward the introduction of new elements to
increase performance is occurring. Another example of
this trend is the introduction of Ge into SiGe BiCMOS
processes in order to enhance the 1/0O capability. Just a



few years ago, such an unprecedented incorporation of
new materials was considered prepostorous.

In this abstract, we show that the introduction of Ge
into Si-based MOSFET heterostructures enables a
continual increase in MOSFET performance, leading to
either faster circuits or circuits with substantially lower
power consumption, both features extending the
Semiconductor Industry Association (SIA) Roadmap
beyond the traditional improvements. As these
improvements are largely independent of device
geometry, they can accelerate the performance of Si-
based MOSFET technology beyond that predicted by
the current Semiconductor Industry Association (SIA)
Roadmap.

I1l. Strained or Relaxed?

SiGe is a completely miscible alloy, allowing
any Ge concentration to be alloyed with Si without
compound formation. Since Ge is a larger atom, the
lattice constant of a SiGe alloy increases with increasing
Ge content. When deposited on a Si substrate, the
greater lattice constant of the SiGe alloy places the SiGe
layer in a stress-strain state of biaxial compression.
With enough stress, which increases linearly with Ge
concentration, or if the SiGe layer thickness is great
enough (the point of this transition is commonly
referred to as the critical thickness), misfit dislocations
will be introduced to relieve the stress. There are two
ways SiGe layers can be implemented into a device
integration scheme: 1) The entire compressive biaxial
stress can be retained by limiting the Ge content and
thickness of the SiGe layer (the Strained Case) 2) The
SiGe layer can be completely dislocated by an
engineered approach that minimizes the dislocation
propagation to relevant areas for device layers (the
Relaxed Case). For a review of lattice mismatched
epitaxy, applications, and critical thickness see reference
[2].

IV. The SiGe HBT and SiGe BiCMOS

From 1980-1990, many strained-layer devices (i.e.,
devices composed of lattice-mismatched semiconductors
with active layer thickness below the critical thickness)
were investigated. These devices avoided any problems
associated with defect introduction since the layers were
kept below the critical thickness. However, this often
limited the enhancement in many of these devices as
well. The SiGe heterojunction bipolar transistor (HBT)
is such a casewhere a small concentration of Ge is
incorporated into the base of a Si bipolar junction
transistor. The base layers are sufficiently thin to avoid
misfit dislocation introduction in the base, which would
degrade the device performance. The placement of a
strained SiGe layer on a Si lattice constant leads to a
valence band offset between the Si and SiGe, which is
the emitter-base junction in a bipolar transistor,
resulting in increased gain or fregeuncy performanece.

To date, Ge has been added to commercial Si
processes via the strained approach. In current leading-
edge BiCMOS platforms, SiGe HBTs are implemented,
but there is absolutely no improvement in the majority
of the devices (i.e., the CMOS devices) on the chip .
The main effect is to enhance the I/O capabilities of the
chip as compared to a conventional all-Si BiCMOS chip
and overall the advantages of SiGe alloys are not
exploited to a great extent.

V. Relaxed SiGe: A Platform for Continual
Innovation in the Si Industry

The end of the roadmap discussed in sections | and
Il suggest that adding functionality and performance at
little increase or possibly a decrease in cost should be
the goal of new material introduction. Interestingly, the
introduction of copper, low dielectric constant insulator,
and SiGe HBTs provides improved performance and
slight increases in functionality (the 1/0 improvement in
CMOS), but at the price of additional cost.
Unfortunately, each of these introductions provides only
a single performance increase, not a roadmap for
continual evolution in performance. The fact that these
technologies are being adopted even though they only
provide incremental performance boosts is evidence that
materials solutions that can increase performance,
functionality, and decrease cost will be very attractive.

Relaxed SiGe on Si is a materials platform that can
deliver increased performance and functionality at a
reduced cost. Strained Si layers and other SiGe
heterostructures deposited on top of the relaxed SiGe
layers offer increased MOSFET performance equivalent
to multiple generations of traditional scaling. In
addition, SiGe MOSFET heterostructures can offer new
functionality in MOSFETS, such as low noise figures.
Such characteristics were previously only available in
more exotic devices like bipolar transistors or IlI-V
compound high electron mobility transistors. Finally,
relaxed SiGe alloys on Si can be grown of sufficiently
high quality such that I11-V materials like GaAs and InP
can be deposited on such alloys with sufficient quality
for optoelectronic applications. Thus, while strained
SiGe with a small amount of Ge can moderately enhance
Si BICMOS, relaxed SiGe on Si is a more universal
platform with generations of improvement possible from
higher performance CMQOS to integration of Si CMOS
and I11-V optoelectronics.

V1. SiGe Alloy Implementation Map

To fully understand the difference between the
application of strained SiGe and relaxed SiGe, Fig. 1 is
a diagram of integrated silicon system performance vs.
Ge concentration in SiGe alloys on Si. At the left side
of the diagram, the lattice constant of the SiGe alloy
remains close to that of Si. To avoid dislocations, little
Ge can be added to silicon (i.e., limited extension to the
right on this diagram). If the alloy Ge concentration is



low, a paucity of applications can benefit from this
small amount of Ge. Also, the inset shows that strained
SiGe alloys on Si substrates create a band structure that
confines holes but not electrons. This band alignment
further limits the utility of such materials. Thus, one of
the few devices that can take advantage of this limited
enhancement is the n-p-n heterojunction bipolar
transistor which was previously discussed. Further to
the right in Fig. 1, we see that many generations of
CMOS improvement, including the integration of
optoelectronics, are possible if the critical thickness
criterion for high Ge concentrations is exceeded. For
many years, all applications in 111-Vs and SiGe explored
only lattice constants close to that of the substrate
material. However, in 1991, renewed interest in relaxed
semiconductor systems led to low threading dislocation
density, relaxed SiGe on Si [3]. It was quickly realized
that such a platform allowed higher carrier mobilities in
MOSFET configurations as well as the long term
potential of integrating 111-V materials [4][5][6][71[8].

Once a relaxed SiGe lattice constant is produced on
Si, much higher mobilities in electrons and holes can be
produced in Si-based MOSFET devices. As Fig. 1
shows in the central region, the band alignment for thin
tensile-strained Si or SiGe alloys and thin
compressively-strained Ge or Ge-rich alloys are
advantageous for confining high mobility electrons and
holes. For a given concentration of Ge in the relaxed
SiGe buffer, if a lower concentration of Ge is used in a
device layer, the device layer will be in tension. The
tension improves the mobility and enables the
confinement of electrons. If a higher concentration of
Ge is used in a device layer than in the substrate, the
device layer will be in compression. This compression
improves the mobility of holes, and the holes are
confined to the compressed layer. Thus, the relaxed
SiGe buffer on Si provides a platform for the contintual
enhancement of the mobility in NMOSFETSs as well as
PMOSFETSs.

As we eventually scale to higher Ge concentrations
in Fig. 1, a natural transition is the incorporation of
GaAs-based materials for optoelectronics, since the
lattice constant of GaAs and Ge are very close. GaAs
incorporated on Si in such a fashion has been shown to
be viable for LEDs [5], solar cells [9], and has been
proven to host the highest minority carrier lifetime in
any GaAs on Si ever produced [10]. The ability to
fabricate optical links on a Si CMOS circuit using
standard CMOS processing will usher in a new age of
ultra-low  cost  board-to-board and  chip-to-chip
interconnections [11]. The ability to create such low-
cost optics will change system architecture in many
communication products, and the future markets and
outcome of such a disruption is unforseen at this time.

VI. Strained Si and Ge-based Transistors
In this section, we review some of the devices that
indicate how silicon CMOS can evolve using strained

SiGe heterostructures (i.e., the middle part of Fig. 1).
The simplest strained Si transistors incorporate a thin
strained Si layer on a relaxed SiosGeo. buffer layer,
essentially the same structure used to measure the first
high mobility strained Si in 1991 [4], except the top
SiGe layer has been removed to simplify the structure.
The schematic of the layer structure in this surface
channel MOSFET is shown in Fig. 2. A Ge
concentration of 20% is typically used since the electron
mobility enhancement saturates at that value. Such a
surface channel structure may have a lower mobility at
low vertical fields (under the gate of the MOSFET) than
a structure which includes a top SiGe layer, but since
MOSFETSs used in digital electronics operate at high
vertical fields, only the high-vertical-field transport is
relevant for these applications. A typical plot of
mobility vs. vertical electric field under the gate is
shown in Fig. 3. As one can see, in a conventional
MOSFET, as the vertical field is increased, the mobility
decreases. As silicon electronics has been scaled, the
smaller MOSFETs have an increasing vertical field
under the gate (obtained by a thinner gate oxide even
though gate voltages are being scaled to lower voltages),
and thus mobility in MOSFETSs has been decreasing as
MOSFETS have been scaled. The MOSFETSs are able to
operate at higher frequencies since the distance between
the source and drain decrease during geometric scaling;
thus, despite the decrease in mobility with scaling,
increased performance was obtained during theprime of
tradtional CMOS scaling.

Fig. 4 is a plot of mobility in short-flow annular
NMOSFETs as a function of vertical field, for both
control Si devices and the structure in Fig. 2. Fig. 4
shows that in strained Si channels, a similar roll-off in
mobility is experienced with higher vertical fields.
However, a very impressive characteristic is that the
enhancement in electron mobility is retained,
independent of vertical electric field. This behavior is
important because it demonstrates the scalability of
strained Si, i.e., the enhancement in electron mobility
occurs independent of the generation at which it is
employed. This enhancement independent of vertical
field can be displayed more clearly by dividing the
strained Si curve by the control Si curve, producing
enhancement as a function of vertical field, as shown in
Fig. 5. An enhancement as high as 80% is seen, quite a
remarkable enhancement since conventional scaling,
when vyielding great performance gains, produced an
enhancement of approximately 20-30% per generation of
Si.

Fig. 1 implies that increasing Ge concentration will
yield further benefit to digital electronics, yet electron
mobility enhancement ceases at 20% Ge. The continued
improvement will be due to enhancement of hole
mobility, since increasing Ge concentration in the
relaxed buffer continues to enhance hole mobility. Both
electron and hole mobility enhancements are required to
continually improve the speed, or decrease the power, of



digital CMOS since CMOS consists of both
NMOSFETs and PMOSFETSs. Fig. 6 is a graph of hole
mobility extracted from MOSFET devices as a function
of Ge concentration in the relaxed buffer [12][13]. Hole
enhancement factors of greater than 2 were obtained with
the same basic structure of Fig. 2, with higher Ge
concentrations (>35%).

How far can we improve the PMOS performance
using these heterostructures? We have recently created a
compressive Ge channel on a 70% Ge concentration
buffer, with a dislocated epitaxial Si cap layer at the
surface [14]. Thus, holes in this MOSFET lie almost
entirely in the compressive Ge channel, except for the
part of the hole wavefunction which resides in the thin
Si cap layer. This thin epitaxial layer of Si is
important, since the mature SiO,/Si gate technology can
be used with this compressive Ge MOSFET. Also note
that a significant facet of this MOSFET is the proof that
the dislocated Si cap layer is not deleterious to the gate
technology. Although it was anticipated this was the
case due to the nature of dislocation electrical activity
and the amorphous/crystalline interface, the data
confirms this hypothesis. Fig. 7 is a plot of effective
mobility enhancement in these MOSFETs vs. vertical
electric field, and one can clearly see that the
enhancement approaches 8! The two curves correspond
to MOSFETs with two different Si cap thicknesses, 40
and 60 A. The 40 A cap displays a higher mobility
since more of the wavefunction lies in compressive Ge
and less in the top Si cap layer.

It is interesting that strained Si research, started in
1991, has revealed recently this frutiful path of SiGe
MOSFET heterostructures, potentially extending all the
way to pure Ge channel MOSFETs. Thus, transistor
research has come full circle in the sense that the first
transistors were entirely composed of Ge. Ge did not
scale in manufacturing due to its poor oxide and low
mechanical robustness. The advent of high quality
relaxed SiGe buffers on Si substrates [3] combined with
the ability to use SiO./Si gate technology in the Ge
MOSFET [14] has potentially allowed the injection of
the Ge MOSFET into the Si manufacturing
infrastructure, some 50 years later.

VII. Strained Si and Ge-based Inverters

With the possibility of enhancing both the
NMOSFET and PMOSFET using strained SiGe
MOSFET heterostructures, we quickly realize that a
CMOS inverter becomes the basic element to track for
generational improvement in heterostructure CMOS.
Fig. 8 is a schematic of a strained channel inverter, in
which the NMOSFET and PMOSFET both have the

potential for carrier mobility improvement, thus
allowing the inverter to operate at higher frequency or
lower power. In current Si CMOS, the electron

mobility is higher than the hole mobility, and therefore
to balance the inverter the PMOSFET is designed to be
2 to 3 times as wide as the NMOSFET. Although the

PMOSFET has a slightly higher capacitance due to this
scaling, this increase in delay is compensated by the
increased drive current and balanced inverter, thus
creating an optimum typically with a ratio of widths
between 2 and 3.

Fig. 9 is plot of the calculated delay time of an
strained channel inverter vs. transistor gate length. Also
drawn on the plot is the Si control inverter, as dictated
by past and present Si scaling, and including the
Semiconductor  Industry  Association  Roadmap
projection for gate lengths which have yet to be
commercialized. Four curves are shown for strained
heterostructure inverters, the first 3 labeled ASC1,
ASC2, and ASC3 calculated for inverters based on
heterostructures with increasing Ge concentration in the
relaxed buffer, but with the width of the transistors
unchanged. ASC4 represents an inverter based on high
Ge concentrations with the width of the transistors in
the inverter optimized for minimum delay. As can be
seen in the figure, a change in substrate material which
includes different heterostructures is very promising for
future effective Si scaling.

VIII. New Materials, No New Factories

In this paper, we have presented the case that the
silicon roadmap is slowing, and that new substrate
materials, relaxed SiGe with strained heterostructures,
offer a new path for Si CMOS technology. Relaxed
SiGe on Si offers a new path since improved
performance and higher functionality is obtained at
lower cost. Higher performance is obtained through a
fundamential increase in carrier mobility inside every
MOSFET, which can be used for either higher frequency
performance or lower power consumption. Fig. 10 is a
plot of microprocessor frequency vs. year, based on the
enhancements in inverter speed shown in Fig. 9. As
one can see, significantly higher frequency performance
can be expected if the transistor speed enhancement can
be extracted without any other bottlenecks, such as back-
end interconnect delay. Fig. 11 and Fig. 12 are plots of
similar projections for power consumption. Given that
interconnect delay will be introduced once again as
transistor speed no longer becomes the bottleneck, and
considering that the frequencies projected by Fig. 10 are
not required in most current end user applications, we
suspect that the use of the higher carrier mobilities to
operate at lower voltages and thereby reduce power
consumption dramatically (as shown in Figs. 11 and 12)
will be the main use of future CMOS technology. The
plethora of anticipated portable devices which require
sufficient (i.e., not state-of-the-art) computing power
will likely be a large driver for adoption of this higher
performance roadmap. Clock frequency will no longer
be the dominant figure of merit for Si CMOS as ultra-
low-power heterostructure CMOS is deployed.

Higher functionality for CMOS is obtained since
such low power operation combined with other low
noise MOSFETSs on this platform allows new system-



on-chip functionality not possible with conventional Si.
Long-term, the ability to also integrate optical devices
with Si CMOS in a Si CMOS manufacturing
infrastructure will produce functionality in markets that
can currently not be anticipated. Finally, lower cost is
achieved since the infrastructure needed to manufacture
products using this technology already exists, i.e. no
new manufacturing equipment in new factories is
needed.

Since dimensionality (gate length) is no longer
delivering  improved  performance, cost, and
functionality, what is the physical parameter on which
many performance parameters will be plotted to reveal
generational improvement? Based on the long path of
increasing potential shown in Fig. 1, one possible
conclusion is that the lattice-constant on which
electronics are built is a new metric (which correlates to
Ge composition). Based on the new roadmaps shown in
this paper, Fig. 13 is a new roadmap based on lattice
constant. The rate of deployment of lattice constant
shown in Fig. 13 is consistent with the increase in
performance metrics shown in Figs. 11-13.

What will this future of new materials instead of
drastically new factories look like? Considering that a
new 12-inch fabrication facility costs in the
neighborhood of 5 Billion US dollars, and that in 2001
an estimated 63 Billion US dollars was invested in such
infrastructure by world-wide semiconductor
manufacturers, one must ask how such funds would be
invested in this new CMOS world. First, if the funds
were invested in other parts of the disaggregated
industry, such as design, one can speculate that
innovation at the chip level would increase drastically,
especially with the new functionality introduced by the
new materials platforms. However, most likely the
largest effect would be a sharp decrease in silicon chip
manufacturing cost, since manufacturers no longer need
to invest such large funds into factories with drastically
new equipment. New factories will be built, but the
manufacturing equipment will be mature. In fact, in
time, this suggests that fabrication equipment for
semiconductor manufacturing will be commaoditized,
and eventually fabrication facility cost may actually
decrease. Thus, if expansion occurs to increase chip
volume in this commoditized world, the cost will be
relatively low and the risk to expand may be lower
compared to the high risk game played today. Overall,
this paradigm shift to new materials should accelerate
the implementation of novel complex chip technologies
in end products.

IX. Conclusion
We have shown that the silicon roadmap, using the
MOSFET dimension as the metric, is approaching an
end. Relaxed SiGe alloys on Si substrates offer a new
materials platform that can continue to enhance CMOS
performance, functionality, and cost, even as
conventional scaling approaches its limits. NMOS

fabricated on strained Si possess electron mobilities
with an enhancement of 1.8 (80% increase), and PMOS
has been shown to have potential to increase hole
mobilities by a enhancement factor of nearly 8. Putting
these enhancements together in a digital inverter, one
can enhance CMOS performance for either higher
frequency performance or lower power operation far into
the future. Long term, the high Ge concentrations in the
buffer layers allow for the integration of high quality
optoelectronic materials and devices. Thus, the lattice
constant of the SiGe buffer on Si becomes the metric for
the new roadmap. In a world in which new materials,
not novel factories, define the technology path, factory
costs eventually decrease, and capital not used in the
construction of very expensive novel factories accelerates
the adoption of complex chip technologies.
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performance. Large concentrations of Ge introduced on
a Si wafer require relaxed SiGe, which can host high
performance Si CMOS and optical devices.
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Strained Relaxed
Si SiGe
Fig. 2. Schematic of basic structure for strained Si
MOSFETs. A relaxed SiGe layer on Si is produced,

followed by a final silicon layer, which is under tensile
strain due to the relaxed SiGe.
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vertical field. As devices are scaled to smaller
dimension, the effect is that the vertical field
experienced by carriers is increased.  Thus, each
generation of Si technology decreases effective mobility
in the channel.
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Fig. 4. Plot of effective mobility of electrons extracted
from a large strained Si NMOSFETs. The curves
represent the Si control (Bullk Si), as well as the
mobility measured in MOSFETs with different Ge
concentrations in the relaxed SiGe buffer. The increase
in electron mobility saturates at a Ge concentration of
approximately 20%, and the mobility enhancement is
independent of vertical field.

Fig. 6. Plot of hole mobility enhancement in strained
Si PMOSFETSs vs. Ge concentration in the relaxed SiGe
buffer. A maximum enhancement of more than 2 is
seen in MOSFETSs with a Ge concentration >40%. The
general shape of the data is in agreement with theory.
The decrease in enhancement above 40% is likely due to
the introduction of misfit dislocations into the channel.
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Fig. 8. Schematic of a strained Si CMOS inverter. As
the strained layers increase the effective mobility in the
channels of both NMOS and PMOQOS, the inverter delay
decreases.  Designing initial epitaxial structures to
support a balanced enhancement over generations of
strained Si CMOS technologies is important in
maintaining the expected performance enhancements.

Fig. 9. A plot of possible inverter delays vs. gate
length for various epitaxial strained channel structures.
In general, as Ge content in the relaxed buffer is
increased, performance increases. All curves keep the
WI/L ratio the same except for the curve labelled
‘ASC4’. In this case, the W/L was adjusted to
maximize performance.
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Fig. 13. Assuming the increase in performance shown
in Figs. 10-12, this plot shows the necessary rate at
which the lattice constant must increase vs. time.
Dimension of the MOSFET is no longer the relevant
parameter.



