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ABSTRACT

A rigorous model is developed to determine the
noise fluctuations in millimeter-wave semiconduc-
tor devices and their spatial and frequency depen-
dence. First the model is generally described and
then it is applied to characterize the operation and
to accurately interpret the noise performance of
sub-quarter micrometer gate-length FETs by mak-
ing use of the noise matrix which describes the
noise fluctuations in the different device regions
and electrodes and their correlations.

INTRODUCTION

Heterostructure field effect transistors (Hetero-
FET) have been demonstrated a superior per-
formance, and in particular noise behavior, by
utilizing the transport properties of the two-
dimensional electron gas (2DEG) channel. Al-
though several experimental and theoretical stud-
ies have been carried through to characterize the
operation and to optimize the structure of these
devices [1-3], there is still a lag of models which
can be used to accurately interpret the noise be-
havior at microwave and millimeter-wave frequen-
cies. For example, it has been recently stated
that optimized MESFET structures are able to
produce noise figures which are comparable to
or even better than those of Hetero-FETs with
the same gate-lengths [1-2]. The average velocity
model which has been used in [2] is not suitable,
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however, to take into account the non-stationary
transport properties in subhalf-micrometer gate
length FETs and, moreover, the quantization ef-
fects in Hetero-FETs. This makes the accuracy of
the calculated results and the validity of the in-
terpretation questionable. Furthermore, most of
the previous studies have been performed below
certain frequency limits what represents another
limitation to the conclusions which were drawn.

The aim of the present work is to extract the gen-
eralized noise matrix which describes the noise
fluctuations in the different device regions and
electrodes and their correlations by using a rigor-
ous physical microscopic model. First the model
will be described and then it will be applied to
determine the d.c. and the noise performance of
similar MESFET and Hetero-FET structures and
to interpret the operation of these devices based
on the physical understanding of the microscopic
transport properties. Finally different possibili-
ties to improve the noise performance at millime-
ter wave frequencies are discussed.

MODELING

The model is based on a self-consistent coup-
ling of a Monte-Carlo code with Poisson’s and
Schrédinger’s equations. A two-dimensional
Monte-Carlo code is efficiently constructed to de-
termine the microscopic and non-stationary trans-
port properties by following the carrier motion in-
side the semiconductor device taking into account
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the different scattering processes, the temporal,
and the spatial variations of the electric field and
the carrier concentration [4]. The variations in the
electric field are determined by solving Poisson’s
equation in two dimensions within a time step,
while the variations of the carrier concentration
are automatically known from the Monte-Carlo
code. To determine the quantization effects in
heterostructure devices accurately, Schrédinger’s
equation is self-consistently solved in the direction
perpendicular to the heterointerface. This means
that all temporal and spatial variations of micro-
scopic quantities (like carrier velocity and carrier
concentration), macroscopic quantities (like termi-
nal currents and voltages), and consequently the
noise spectra can be directly extracted without
any approximation or simplifying assumption.
According to a regional approximation approach,
the simulated semiconductor device is advanta-
geously divided into different regions which are ex-
pected to have a dominant influence on its perfor-
mance. An efficient choice of these regions largely
depends on the understanding of the physical op-
eration of that device. For a semiconductor device
which has M electrodes and which is divided into
N different regions, the generalized noise matrix
& which defines the noise spectral densities of the
currents 4., at the m*h device electrode and i, in
the n'* region is given by
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where the self-spectral densities S;.; (f) and
cross-spectral desities S;,;,(f) are given by
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By making use of the microscopic nature of our
model, the electrode noise current i, (¢) around
its average value I, is calculated from the particle
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counting (PC) method by
A
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while the noise current ¢, (t) around I, is given
from the Shockley-Ramo (SR) theorem by
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In PC method, Q means particle charge, AN net
number of particles which are crossing the mt*
electrode, AFE change in electric field, AT time
step, A area of the m** electrode, and ¢ dielectric
constant, while in SR method, L means length,
N, number of particles, and v;(t) velocity of it
particle in the n** region.

NUMERICAL RESULTS

The model is applied to determine the dc and the
noise performance of the Hetero-FET (MESFET)
structure (fig. 1) which consists of a 30 nm thick
GaAs cap layer, a 42 nm Alg3GagrAs (GaAs)
layer, and a GaAs buffer layer doped with a
donor concentration of 2.10%cm=3, 1.108¢m™3,
and 1.10'em™3, respectively. A 0.15um gate
length is recessed at a depth of 30 nm with 0.12um
separation between the gate edges and the highly
doped source and drain regions. The source-gate
and source-drain electrode separations are 0.3 and
1.05 um, respectively. The simulations have been
performed at temperature of 300 K and the drain
voltage was set equal to 2 V. The different regions
which dominate the noise performance are: the
source-gate, the AlGaAs (GaAs) gate, the gate-
drain, and the 2DEG (substrate) regions.
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Fig. 1: The simulated FET structures.



The obtained dc current (fig. 2) and the transcon-
ductance of the MESFET are higher than the same
quantities of the Hetero-FET because the simu-
lated MESFET has an optimized structure which
leads to the best performance [1-2] while for the
Hetero-FET a better performance can still be ex-
pected if both device geometry and doping level
are optimized. Other quantities, for example the
drain current percentage which flows in the 2DEG
region (fig. 2), can also be determined.
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Fig. 2: Drain current of the MESFET (dashed line)
and of the Hetero-FET (solid line), and its percentage
(dotted line) in the 2DEG channel.
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Fig. 3: Drain (solid line) and gate (dashed line) noise
currents of the Hetero-FET. (V;=-.2V, =60 GHz)

Considering the noise behavior, the gate and drain
noise currents (fig. 3), their autocorrelation func-
tions (fig. 4), and their spectral densities S;, and
Si. (fig. 5) have been dertermined. The calculated
results are in very good agreement with other ex-
perimental measurements and theoretical studies
[5]. To our best knowledge, this is, however, the
first time that they are quantitatively calculated
for Hetero-FETs by using a fully self-consistent
particle simulator. The long tail oscillations of
the autocorrelation functions around zero (fig. 4)
increase the uncertainty in the calculated results,
especially for smaller values, at lower frequencies.
On the expense of CPU time, the accuracy of
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the results can, however, be improved by increas-
ing the number of simulated particles, by using a
smaller mesh size and smaller time steps, and by
increasing the simulated time period.
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Fig. 4: Drain (a) and gate (b) noise current

autocorrelation functions of the Hetero-FET for
V,=0.6 V (solid line) and V,=-.2V (dashed line).
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Fig. 5: Drain (solid line) and gate (dashed line) noise
current spectral densities of the Hetero-FET (a) and
of the MESFET (b). (V,=-.6V)

To accurately interpret the measured noise behav-
ior of MESFETs and Hetero-FETs [1-2], one must
keep in mind that the improvement of the perfor-
mance of Hetero-FETs is coming from the separa-
tion of the carriers in the 2DEG channel from their



parent atoms in the AlGaAs layer. This means
that ionized impurity scattering in a Hetero-FET
is much lower than in a MESFET.
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Fig. 6a: Crosscorrelation of the drain noise current
and the currents flowing in the different regions of the
simulated Hetero-FET. (V,=-.2V)
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Fig. 6b: Crosscorrelation of the drain noise current
and the currents flowing in the different regions of the
simulated MESFET. (V,=-.2V)

At lower frequencies of operation, however, optical
phonon and intervalley scattering play a dominant
role so that one can expect that the noise beha-
vior of a MESFET should be better than that of a
Hetero-FET. For higher frequencies, on the other
side, the effect of ionized impurity scattering shows
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a larger influence on the transport properties what
improves the noise behavior of a Hetero-FET com-
pared to a MESFET (fig. 6). One must keep in
mind that the overall noise performance is also af-
fected by the noise generated in the source-gate
and gate-drain regions (regions I and III, respec-
tively) which further deteriorates the noise perfor-
mace at high frequencies (fig. 6).

CONCLUSIONS

The steady-state behavior of subquarter microme-
ter gate-length FETs as well as the self- and cross-
spectral noise densities at different device regions
and electrodes have been accurately determined
by using a microscopic physical simulator. The
superior noise performance of a Hetero-FET, and
in particular at high frequencies, results from the
reduction of the ionized impurity scattering in the
2DEG channel. This effect depends on the current
which flows through that region and its percentage
from the overall current. All physical phenomena
which affect the spatial and temporal fluctuations
are generally included in the model what makes it
an efficient tool for analyzing the noise behavior
of other devices as well.
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