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Abstract—Computer simulation is used to establish the impact
of design parameters on the subthreshold characteristics, hot
carrier injection, and high frequency performance of Si-SiGe
FET’s. The results indicate that by fully grading the Ge content in
the channel of a MOSFET, short channel effects are reduced and
high frequency performance is improved as compared to devices
with uniform Ge channels. A cutoff frequency of 38 GHz and a
maximum frequency of oscillation of 160 GHz are predicted for
fully graded p-channel MOSFET’s with 0.25 um gate lengths.
Energy balance simulation reveals that hot carrier injection at
the Si-SiO- interface is considerably suppressed if a fully graded
channel is employed.

1. INTRODUCTION

ONSIDERABLE effort has been dedicated to the
SiGe-Si heterostructure system as a promising vehicle
to implement bandgap engineering concepts in the techno-
logically mature silicon environment [1], [2]. Si-SiGe HBT’s
have already proved that the performance bounds of Si bipolar
transistors can be pushed beyond the limits envisioned only a
few years ago [3]. Developments over the last decade have also
demonstrated that high speed FET action can be achieved with
both type I and type II Si-SiGe heterostructure alignments,
employing either Schottky or MOS gates [4]-[9].
Record-breaking electron and hole mobilities have so
far been the exclusive domain of Schottky-gate controlled
modulation-doped FET’s (MODFET’s) [10]-{12]. Recently
reported Si-SiGe p-channel MOSFET’s [13] and [14] have
demonstrated hole mobilities higher than in Si devices but
well below those measured in MODFET’s. This discrepancy
is partly due to the quality of the Si-SiO, interface and
its proximity to the SiGe channel but is also due to the
much higher Ge mole fractions, 0.8-1, typical of type II p-
MODFET’s. More experimental work is required to elucidate
this problem. At least from the theoretical point of view, hole
mobilities in buried heterojunction MOSFET channels should
be comparable to those in Schottky gate devices.
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Since the performance of state of the art Si p-MOSFET’s
lags behind that of n-MOSFET’s, upgrading the p-channel
device requires more urgent attention. The focus of this study
will therefore be on Si-SiGe p-FET’s. Where appropriate,
reference will be made to recent Si-SiGe n-MODFET results
[91.

Most of the experimental work on Si-SiGe FET’s has
been carried out on devices with channel lengths greater than
0.25 pm. It is critical for the future prospects of Si-based
heterostructure IC’s that their performance edge be maintained
as the dimensions shrink to 0.1 pm and beyond. In the deep
submicrometer realm, nonlocal transport effects play a signifi-
cant role, and a meaningful attempt to predict device behavior
ultimately requires their inclusion. To date, such studies have
been hindered by the complexity of the numerical modeling
problem and by the scarcity of experimental data referring
to the transport properties of SiGe. In the investigation of
hot carrier injection in MOSFET’s, the temperature of both
electrons and holes must be monitored.

The purpose of this paper is to 1) propose a fully compo-
sitionally graded SiGe channel concept as leading to the best
performance in deep submicrometer MOS devices, 2) quantify
the high frequency performance of Si-SiGe FET’s, and 3)
estimate the impact of compositional channel grading on hot
carrier and short channel effects.

The paper is organized as follows. The second section
describes the numerical model employed in the study of
submicrometer heterostructure devices. Section III discusses
present Si-SiGe FET concepts and proposes an optimized
structure with a fully graded SiGe channel. Section IV presents
simulation results on the dc characteristics and on the high fre-
quency performance of graded- and uniform-channel Si-SiGe
p-MOSFET’s. The influence of Ge compositional grading on
hot carrier injection is assessed based on energy balance simu-
lations. The scaling potential of fully graded channel Si-SiGe
MOSFET’s is demonstrated in Section V for channel lengths
as small as 0.06 pm. Finally, in Section VI, conclusions
are drawn regarding the prospect of Si-SiGe FET’s for low-
voltage, high-speed digital and analog applications.

II. NUMERICAL MODELS

The ATLAS/BLAZE 2D heterostructure device simulator
[15] is used to analyze type I and type II graded and abrupt
heterostructures. Both the conventional Drift-Diffusion (DD),
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and the more sophisticated Energy Balance (EB) model, which
accounts for nonlocal transport effects, were employed for
simulations of the dc characteristics. Frequency domain per-
formance was simulated using the DD model. The EB model
for semiconductor devices with nonuniform bandgap [16]
and [17] is obtained by combining the approach proposed
by Stratton for Si devices [18], with the DD heterojunction
model as developed in [19] and [20]. The system of five
independent semiconductor equations is solved with potential
¥, electron and hole concentrations n and p, and electron and
hole temperatures 17, and T, as variables.

A. Mobility and Ionization Models

In the case of DD simulations a field dependent mobility
model is employed for Si;_,.Ge,:

_ _ Hop
pup(E) = 14 b
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where F is the electric field parallel to the heterointerface, and
Usn and v,y are the saturation velocities of electrons and holes.

In EB simulations carrier mobilities are expressed as func-
tions of the local carrier temperatures:
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in(Ty) = G ar Ty @
where
_ 3 kBitop _ 3 _kBhon_
L) QU2 Tmp " 2qu T

and Tyn = Tmp = 0.4 ps in both Si and SiGe.

The low-field mobility values in undoped SiGe are derived
from experimental data [9], [13], [21]-[23]. The low-field hole
mobility in undoped Sip 5Geo 5 is assumed to be 40% higher
than in Sig 75Geg 25 [22]. The saturation velocities in SiGe are
set equal to those in Si, in accordance with experimental {12],
[24] and Monte Carlo simulation results [25], [26].

The temperature dependent impact ionization is calculated
based on the model proposed in [27]:

T, T,
G = Ay|J,|exp (— "cr) + Ap|J,| exp (—ﬂ> €)
T PivYp Tp

n
where

Tncr — Equn'rin
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2 quspT;
E,cr Tpcr = E%Epcp
and 7;, = 75, = 0.4 ps in both Si and SiGe.
Other Si and SiGe material parameters were taken from
[28] and [29].
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Fig. 1. Layer structure of the proposed type I graded Si/Sij — »Gex p-channel
MOSFET.

III. DEVICE STRUCTURES

The layer structure of a Si-SiGe p-MOSFET is shown
in Fig. 1. Typical Type I, 2-Dimensional Hole Gas (2DHG)
Si-SiGe FET’s feature a thin, undoped SiGe film with uniform
composition as the conductive, buried channel. The film is
separated from the gate oxide by an undoped Si cap. Because
the bandgap difference between Si and SiGe is almost entirely
accommodated in the valence band, the thin (100-150 A)
SiGe film forms a rectangular quantum well for holes. A
50-100 A thick p-type §-doped region is inserted immediately
below the channel, in the Si substrate, to adjust the threshold
voltage1 [1], [14]. It also helps to maximize the number of
carriers in the channel over a wider range of gate voltages
[30]. The effective hole velocity is determined by the parallel
transport properties of the semiconductor material in which the
channel is formed and by the quantum distribution of mobile
charge along the direction perpendicular to the gate. In order to
take full advantage of the transport properties of the quantum
channel, conduction in the Si layers, especially in the cap layer,
must be minimized.

Besides the ubiquitous gate length reduction, maximizing
the transconductance of an FET requires that the gate-to-
channel spacing be maximized and that the effective velocity
of the free carriers in the channel be maximized. The reduction
of the gate to channel spacing is also instrumental in sup-
pressing short channel effects. In order to improve the cutoff
frequency, the effective velocity needs to be maximized.

The gate-to-channel spacing has three components: the
gate oxide thickness t,., the thickness of the silicon cap
layer t.,, and the gate-voltage-dependent distance between the
channel/cap interface and the position of the charge centroid
in the channel A¢(Vgs). Minimum practical limits of ¢, and
t.o are around 30 A [32] and 50 A, respectively. These are
comparable to the value of At(Vgg), which, under normal
operating conditions, varies between 10 and 80 A, depending
on the energy bands profiles in the channel.

The effective velocity of carriers in the channel can be
improved by employing a large Ge mole fraction in the
channel and by increasing the number of carriers in the
SiGe channel. The placement of the §-doped film or of an

! As shown recently [31], one can control the charge distribution also by
inserting an insulating layer (such as SIMOX) immediately below the channel.
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insulating layer beneath the channel has a negative impact on
At(Vgs), because carriers will be accumulated at the bottom
of the channel. In deep submicrometer devices, this leads
to transconductance degradation and to a large subthreshold
slope.

An improved solution is proposed here, whereby the é-
doped region is maintained to control the threshold voltage,
but its negative impact on transconductance is eliminated
by engineering the Ge mole fraction in the channel so that
At(Vgs) is minimized over the entire bias range. As suggested
earlier [30], full compositional grading can be employed to
simultaneously maximize the velocity of holes in the channel
and reduce the gate to 2DHG spacing. This is possible if the Ge
concentration is linearly ramped up toward the gate, from 0%
to 50% over 120 A. As a result of the composition gradient,
an electric field is induced in the channel. This field is directed
from the substrate toward the gate, and pushes the holes closer
to the gate, where the Ge mole fraction and mobility are
highest. The energy band diagrams of the uniform, and of
the proposed fully graded Si;_;Ge; channels are shown in
Figs. 2(a) and 2(b), respectively. In both cases the average Ge
mole fraction is 0.25, but it peaks at 0.5 in the graded channel
device.

Besides improving mobility, the large Ge mole fraction
near the top of the channel provides a larger barrier in the
path of the high energy holes that try to transfer from the
SiGe channel to the Si cap layer. The expected outcome is
a performance leverage over a wider range of gate voltages
as compared to Si or uniform channel Si-SiGe devices, and
suppressed hot carrier injection. High Ge mole fractions are
typically accompanied by larger lattice mismatch and more
dislocations. However, a fully graded channel device alleviates
this problem by maintaining a relatively small integrated Ge
dose, while offering enhanced carrier confinement and faster
parallel transport. The feasibility of this graded Ge profile has
recently been demonstrated in MOS capacitor experiments
[331.

The 0.25 pm p-channel MOSFET Type I structures inves-
tigated in this study consist of (from substrate to the top gate
oxide): an n-type Si substrate doped 6 x 107 cm~3, a 8 nm
thick p-type Si layer 6-doped 2 x 10'® cm~2, an undoped 5
nm thick Si buffer, an undoped 15 nm thick Si; —,Ge, channel,
an undoped 5 nm thick Si cap layer and a 5 nm gate oxide.
The Ge concentration in the channel is either uniform at 25%,
or graded from 0% at the bottom to 50% over 12 nm and then
back to 0%, over 3 nm, at the top of the channel, as shown
in Fig. 2(b). All abrupt heterojunctions are graded over 30
A. In both cases the average Ge concentration is low enough
(25%) to avoid strain relaxation. The lateral diffusion in the
source and drain regions is assumed to be 0.05 pm. For other
nominal gate lengths, the doping profile and the gate oxide
thickness are scaled. The rest of the structural parameters are
left unchanged.

IV. SIMULATION RESULTS

In order to verify the credibility of the mobility model,
simulation results are compared in Fig. 3 with recent
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Fig. 2. Energy bands (a) of the uniform SiGe channel device, and (b) of the
proposed fully graded SiGe channel S¥/Sii — .Ge, p-MOSFET.

transconductance data measured in long channel Si-SiGe
p-MOSFET’s with uniform and graded Ge channels. The
validity of the Drift-Diffusion model for short channel devices
was also tested on the transconductance characteristics of
a submicrometer 20% Ge p-MOSFET [13], as shown in
Fig. 4. These results appear to indicate that the DD model
may be applied to effective channel lengths as short as
0.25 pm.

A. DC Characteristics

Fig. 5 illustrates the transfer characteristics of a fully graded
SiGe channel p-MOSFET with 0.25 pm nominal gate length.
Both DD and EB balance simulation results are plotted for the
sake of comparison.

In the subthreshold region, since very small currents and
gate voltages are involved, the DD and EB results are in
very close agreement, indicating that the scaling problem can
be reliably addressed with conventional modeling techniques.
This situation is maintained at moderate current levels, slightly
above threshold. It is only at high gate voltages that the
DD model underestimates the drain current. The relatively
small subthreshold slope (90 mV/decade) is an indication
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form 25% Ge and graded 0-50% Ge channel p-MOSFET’s. The low field
mobility is 250 cm?/Vs and 400 cm?/Vs for the uniform and graded devices,
respectively. The drift diffusion model was used in simulations.

that source-drain punch-through does not occur and that the
substrate doping is suitable for this gate length. The threshold
voltage shifted by 50 mV when the drain voltage was changed
from ~0.1 V to —2.5 V. From a qualitative point of view, the
dc characteristics of the graded SiGe channel p-MOSFET are
similar to those of uniform channel devices. It is in the high
frequency performance that its superior performance becomes
apparent.

B. High Frequency Performance

Frequency domain perturbation analysis [34] was employed
to predict the small signal equivalent circuit, including the
transconductance and the output conductance. The frequency
dependence of the S parameters, and from it, those of the
current gain hg; and of the unilateral power gain GUpy,, were
calculated. fr and fna.x were determined according to their
definition, without extrapolation, from the simulated Ao, (f)
and GUpax(f) characteristics. The gate resistance R, was
modeled as a lumped resistor in series with the intrinsic gate
terminal. The effect of the source resistance R, was inherently
accounted for in the 2D device structure.

Si-SiGe p-MOSFET’s with uniform Ge concentration in
the channel and with a fully compositionally graded channel
were simulated. Transconductance versus gate voltage and
cutoff frequency versus gate voltage characteristics are plotted
for these devices in Figs. 6 and 7. To assess the impact of
velocity saturation on transconductance and cutoff frequency,
structures with 0.25 ym, 0.5 pm, 1 pm, and 2 pm gate lengths
were investigated. Devices with compositional grading exhibit
a sharper channel turn-on, immediately above threshold, and
higher transconductance and cutoff frequency. This steep
increase in transconductance and cutoff frequency is due to
the higher mobility at the top of the graded channel and to the
electric field induced by the compositional grading.
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Fig. 4. Measured and simulated transconductance characteristics for 20% Ge
channel p-MOSFET’s. The nominal gate length is 0.4 um. The drift diffusion
model was employed in simulations.
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Fig. 5. Transfer and subthreshold characteristics for graded (0%-50%) Ge
channel p-MOSFET’s calculated with the drift diffusion (dotted line) and the
energy balance (solid line) models.

For MOSFET’s with 0.5 pm linewidths, the advantage of
compositional grading is maintained throughout the investi-
gated gate voltage range. The speed and gain improvements
diminish as the device dimensions shrink. In the case of the
0.25 pm MOSFET’s, the superiority of the graded channel
is lost at gate voltages beyond —1.75 V when, regardless
of the compositional profile in the channel, transconductance
and cutoff frequency saturate at 350 mS/mm and 38 GHz,
respectively. This is due to the fact that saturation velocity,
rather than mobility, limits peak g,, and fr. For linewidths
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Fig. 6. Transconductance versus gate voltage for graded (0%-50%) Ge, and
uniform 25% Ge channel p-MOSFET's, calculated using the drift diffusion
model.
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Fig. 7. Drift-Diffusion simulated cutoff frequency versus gate voltage for
graded (0%-50%) Ge, and uniform (25% Ge) channel p-MOSFET’s.

around or below 0.25 um, simulation results indicate that, if
mobility values are unchanged, the maximum transconduc-
tance and cutoff frequency scale linearly with the value of
the saturation velocity in the SiGe channel. However, even
for a 0.25 um technology, full compositional grading, with
its sharp turn-on, is beneficial in low-voltage and low-power
applications.

Compositional grading was also found to reduce the output
conductance in the saturation region. As a consequence, the
low-frequency intrinsic voltage gain g, /gqs of the 0.5 ym
device increased from 23 (uniform Ge channel) to 32 (graded
Ge channel). For large gate voltages, the voltage gain of the
0.25 pum MOSFET’s reduces to 25, regardless of the Ge profile
in the channel. This is due to the fact that, in this bias range,

1043

100
e Type 1 p-MOSFET Vgg=-2.5V
O Type I n-MODFET Vgg=-0.2V
80!
|Vps| =25V
60|
fr
(GHz)
40!
20t
0 05 i 13
GATE LENGTH L (um)

Fig. 8. Cutoff frequency versus nominal gate length for graded (0%-50%)
Ge channel p-MOSFET’s. Results are also shown for the type Il n-MODFET
of [9]. The drift diffusion model was employed in simulations.

most of the conduction takes place in the cap layer, which is
identical in the two structures.

Fig. 8 summarizes data referring to the dependence of
the cutoff frequency of graded channel MOSFET’s on the
gate length. For the sake of comparison, the simulated cutoff
frequency of a recently reported type II n-MODFET [9] is
also shown. The predicted cutoff frequency of the graded SiGe
channel p-MOSFET is only slightly below that of the type II
n-MODFET of identical linewidth (38 GHz as opposed to 42
GHz). This casts a favorable light on the prospect of CMOS
technology in which the n and p channel devices have matched
dc and ac characteristics.

Next, the impact of the gate resistance on the maximum
frequency of oscillation was investigated. If the contribution
of the gate resistance is neglected, frmax iS about one order
of magnitude larger than fr. However, when a realistic
gate resistance R, is considered, the maximum frequency of
oscillation is severely degraded, as illustrated in Fig. 9. The
degradation is exacerbated as the device dimensions shrink
and, as a result, fmax may become smaller than fr,? for gate
lengths below 0.1 pm. The reduction of R, will be a major
problem in deep submicrometer CMOS technology and metal,
or metal-reinforced polysilicon gates [35] will have to used in
conjunction with multiple-finger layout geometries in order to
attenuate its impact on fmax-

C. Hot Carrier Injection

Energy Balance simulations were performed in order to
assess the impact of nonlocal transport effects and carrier
heating on the dc characteristics of 0.25 pm Si-SiGe p-
MOSFET’s. It was found that, for Vpg = —2.5 V and
Vas = —2.5 V, the temperature of the hot holes at the drain
end of the channel was similar in graded and uniform channel
devices. However, the temperature of holes residing in the Si

2 f is not affected by the gate resistance Rg.
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Fig. 9. Maximum frequency of oscillation versus gate length for graded
(0%-50%) Ge channel p-MOSFET’s with the gate resistance as variable
parameter. The drift diffusion model was employed in simulations.
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Fig. 10. The ratio of the substrate and drain currents in compositionally
graded (0%-50%) Ge, and uniform 25% Ge channel p-MOSFET’s with 0.25
pm linewidth. The results were obtained using energy balance simulations.

cap layer was 2500 K in the compositionally graded device
and 4000 K in the uniform one. This confirms that the higher
valence band energy barrier between the graded channel and
the Si cap limits hot carrier injection in the cap layer and in
the oxide. Additional evidence to support the suppressed hot
carrier injection in the compositionally graded p-MOSFET is
provided by the ratio of the substrate and drain currents. Fig.
10 shows this ratio as a function of the drain voltage. A factor
of two improvement is observed for the graded device at high
drain bias. The shape of the characteristics is similar to that
experimentally observed in Si MOSFET’s [36].

In general, a comparison between DD and EB simulation
results suggests that the impact of hot carrier transport on the
dc and high frequency characteristics of Si—-SiGe MOSFET’s
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Fig. 11. Threshold voltage and subthreshold slope dependence on the feature
size for graded (0%-50%) Ge, and uniform 25% Ge channel p-MOSFET’s.
The vertical structure was optimized for 0.125 ym gate length.

is more significant than in Si-SiGe HBT’s [37] and cannot be
overlooked for linewidths below 0.25 pm.

V. SCALING LIMITS OF
HETEROSTRUCTURE Si-SiGe MOSFET’S

As pointed out recently [38], the threshold voltage Vr and
the subthreshold slope S are critical parameters in estimating
the scaling limits of field effect transistors. Unlike predicting
the cutoff frequency, which becomes problematic below 0.25
pm gate lengths due to lack of reliable transport parameters for
SiGe, Vr, and S can be accurately determined from both DD
and EB simulations. Therefore, it is justifiable to investigate
the threshold voltage and subthreshold slope of devices scaled
down below 0.25 pm.

Fig. 11 presents the threshold voltage’s dependence on the
gate length for a Si-SiGe p-MOSFET structure which was
optimized for 0.125 um feature size (i.e., the gate oxide
thickness was reduced to 30 A and the substrate doping was
increased to 1.2 x 10'® cm~2). The actual channel lengths
of the 0.1 pym and 0.125 pm devices are 0.058 pm and
0.061 pm, respectively. These channel lengths are close to
the envisioned limits for conventional Si MOSFET’s [38].
The threshold voltage difference between the uniform and the
graded channel devices is partly due to the different peak Ge
composition (185 mV) and partly due to the build-in field
caused by compositional grading. The threshold voltage swing
at small gate lengths is slightly more pronounced for the
uniform channel device.

Grading has a more significant impact on the subthreshold
slope, as illustrated in Fig. 11. Graded 0.125 pm devices
have a subthreshold slope of 100 mV/decade as opposed to
120 mV/decade for the corresponding uniform channel p-
MOSFET. Again, this is the result of the grading induced
built-in field which sharpens up the channel turn on and delays
short channel effects by pushing carriers closer to the gate.
It can therefore be concluded that by ramping up the Ge
composition in the channel, short channel effects are reduced
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and the feature size of Si-SiGe MOSFET’s can be shrunk
below 0.1 um.

VI. CONCLUSION

The performance of submicrometer Si-SiGe MOSFET’s
was investigated using 2D numerical simulation. It was
demonstrated that, by fully graded the Ge composition in
the channel, heterostructure MOSFET’s can be scaled down
to channel lengths below 0.1 ym without degradation from
short channel effects. Another important consequence of the
fully graded SiGe channel is the increase in transconductance,
voltage gain, cutoff frequency and maximum frequency of
oscillation as compared to devices with uniform Ge channels.
This improvement is particularly significant at small effective
gate voltages. Energy balance simulations revealed that hot
carrier injection at the Si-SiOs interface was at least 50%
lower in graded than in uniform channel p-MOSFET’s.
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