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Abstract
We present here the simulation of a Si/SiGe modulation-doped HEMT. The electron transport

properties were obtained from Monte Carlo simulation. We use a set of quantum hydrodynamic
equations for the device simulation. The calculated transconductance is about 300 mS/mm at
300 K. Velocity overshoot in the strained Si channel is observed. The inclusion of the quantum
correction increases the total current by as much as 15 per cent.

I. Introduction

Modulation doped Si;_,Ge,/Si/Si;_,Ge, offers a Si-version of the HEMT. With achievable high
mobility in the strained Si layer (2000 ~ 3000 cm2/Ves at 300 K [1-2], 11,000 cm2/Ves at 77 K
[1], and 175,000 cm?/Ves at 1.5 K [3-4]), the prospects of a high performance FET are good.
Experimental devices have achieved transconductance as high as 330 mS/mm at 300 K and 600
mS/mm at 77 K in a 0.25 pm gate device [1]. In this paper, we present a numerical simulation of
the modulation-doped SiGe device.

In preparation for device simulation, we have obtained electron transport properties, such
as the velocity-field and energy-field characteristics for strained Si and Si;_,Ge, material, by
Monte Carlo simulation [2]. The device modeled here has a gate length of 0.18 pm and we use a
set of quantum hydrodynamic equations which utilize these Monte Carlo results. The calculated
transconductance is about 300 mS/mm at 300 K. Velocity overshoot in the strained Si channel is
observed. The inclusion of the quantum correction increases the total current by as much as 15
per cent.

II. Modeling of Si/SiGe modulation-doped FET

A set of hydrodynamic equations, which is described below, is used in the simulation. The
equations, which are essentially the same as those used in [5-7], describe the particle
conservation, momentum conservation, and energy conservation. Written in the temperature
representation, we have:
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where n is the average electron density, v is the average electron velocity, T is the effective
electron temperature, m* is .thc effective electron mass, E is the electric field, T, is the
momentum relaxation time, Ty is the energy relaxation time, T} is the lattice temperature, and Tq

is given by

2
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with
Uq= - 3—"';,,‘- V2in(n) , 5)
and 7 is the degeneracy factor [7]
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where F;j is the Fermi-Dirac integral, and pf is the Fermi energy measured from the conduction
band edge. The factor ¥is introduced as a correction to the total average electron kinetic energy
(assuming a Fermi-Dirac distribution function):
w= gm*v+ 3 NpT +Uq, ™

Our Monte Carlo simulation was carried out to obtain the transport properties of the SiGe
materials. The computed velocity-field and energy-field relations are plotted in Figs. 1 and 2 for
strained Si grown on relaxed Si 7Geg 3, with modulation-doped concentrations of 1.5 x 1018
cm-3 and 1.0 x 1014 cm-3 at 300 K. The velocity curves in Fig. 1 show that, due to the higher
mobility of the electrons in the strained Si, electrons have higher velocity than that in SiGe
material. The low-field mobility is found to be about 3000 cm2/Vss, and a slightly larger
saturation velocity is observed. The average electron energy (Fig. 2) for strained Si rises faster at
low field because of the light transverse mass and reduced intervalley scattering, but is less at

high field due to impact ionization.
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Figure 1. Velocity as a function of field for strained Si on relaxed SiGe, found from Monte
Carlo simulation.

The relaxation times Ty and Ty, which are functions of energy, are determined by fitting
the homogeneous hydrodynamic equations to the velocity-field and energy-field relations in Fig.

1 and Fig. 2.
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Fig. 2 Average energy as a function of field for strained Si on relaxed SiGe, found from Monte
Carlo simulation.

The numerical simulation has been applied to a 0.18 um gate, quantum-well device with a
modulation-doped structure of Sig 7Geq 3/S1/Si 7Geq 3. The device structure is shown in Fig. 3.
The doping of the top Sig 7Geg 3 layer is taken to be 3.5 x 1018 cm-3, and a doping of 1.0 x 1014
cm-3 is used in the substrate S1j 7Geq 3. The lattice temperature in the simulation is taken to be
300 K. The typical simulation domain is 1.0 pm x 0.095 um. The thickness of the top SiGe
layer is 19 nm, and the strained Si channel is 18 nm. The graded interface transition at the
SiGe/Si junction results in an effective 3 nm spacer layer. For simplicity, we only use a three-
layer structure. The modulation-doped structure in [1] is more complicated. However, the
active structures are similar.

Gate
Source (~0.18 pm) Drain

Fig. 3 The device structure.

III. The simulation results

The computed I-V characteristics for the 0.18 um gate device are shown in Fig. 4, for gate biases
of 0.7, 0.5, 0.2, and O volts, respectively. The small thickness of the top SiGe layer provides a
normally-off device, since a Schottky barrier height of 0.9 V leads to an estimated depletion
width of 18.4 nm. The peak transconductance is about 300 mS/mm, and good saturation with a
drain conductance of 4.6 mS/mm at the gate voltage of 0.5 V is obtained. Approximately the
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same current level and transconductance was found in a 0.25 um device. The simulation results
are comparable to the experimented results in [1]. The relatively larger current level (0.3 mA/um)
and transconductance 5330 mS/mm) found in the ex;l)eriment is thought to be due to a higher
sheet density (2.5 x 1012 cm-2 [1] compared to 1 x 1012 cm2 in this simulation) in the quantum
well for their particular modulation-doped structure.
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Fig. 4 I-V characteristics of a 0.18 pum SiGe device.
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Fig. 5 Electron density across the channel.

Our simulation shows that, without including quantum corrections, the current would be
15 per cent smaller for the 0.18 pm gate device at a gate voltage of 0.5 V, as shown in Fig. 4. In
other words, the inclusion of the quantum potential increases the total current by as much as 15
per cent in the simulation. This large modification of the current was not expected in the device
with such a gate length. However, by inspecting the density distribution along the channel, one
can find that a rapid density change occurs at the gate end close to the drain contact within a
region much shorter than the gate length. In light of the quantum correction depending on the
density change, the modification of the current by the quantum effects is understandable, since
the electron density is high and the density change occurs in a short distance. As we expected,
similar density distribution across the conduction channel (to what we found in the GaAs/AlGaAs
HEMT) is found in this device [7]. The electron densities with and without quantum potential
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included are plotted in Fig. 5, which shows the increase of the electron density in the channel
when quantum potential is included.

Velocity overshoot, with peak velocity 2.6 x 107 cm/s, was observed in the strained Si
channel for both gate lengths used in this simulation, and is very important in achieving the
transconductance observed. In Fig. 6, we plot the longitudinal velocity along the conduction
channel in the quantum well. The bias condition in this case is V, =0.5 V and V4= 1.5 V. The
velocity overshoot in the gate region results in a peak velocity of 2.6 x 107 cm/s. The overshoot
is important in achieving the high transconductance for the device, for it introduces larger current
flow along the quantum well. The first velocity peak in the plot is due to the model structure we
used for the change of interface discontinuity [7], although it is not practical, it does suggest that
the structure can increase the electron velocity between source and gate, which in turn will raise
the average velocity through the device and enhance the device performance.
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Fig. 6 Longitudinal velocity in the quantum well.
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