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Abstract—We present an analysis of the static characteristics and noise in GaAs ungated recessed
MESFET structures with different values of recess length according to Monte Carlo simulation and
experimental measurements. In order to fit results obtained from Monte Carlo simulation with those of
measurements of the static -} characteristic and high frequency noise in real devices, several real effects
have been introduced in the simulated structures. A good agreement has been found. Two interesting
effects have been studied: first, the surface potential, which controls current flow through the channel,
and second, the presence of high fields under the recess, causing the appearance of hot electrons. We
analyze these effects on the /-V curves and the noise of the devices, trying to detect the influence of ballistic

transport when decreasing the recess length. Copyright © 1996 Elsevier Science Ltd

1. INTRODUCTION

Computer simulation has played an important role in
the development of microelectronics[l1,2]. When
trying to optimize the performance of a given device
there are a lot of parameters which can be modified.
The industry is not able to fabricate all possible
different devices because of material and time
constraints. However, simulations are quite appropri-
ate to this aim. With very low cost and not too much
time, it is possible to determine the influence of
modifications in a given device. An important
problem to be faced is the reliability of these
simulations. The Monte Carlo particle technique
includes a realistic microscopic description of the
carrier transport[3] and therefore it has become a very
powerful tool for the simulation of electronic devices.
Great efforts have been made to reproduce the
experimental results with this technique, but a good
agreement has rarely been found. The static
characteristics are easier to reproduce, but large
difficulties are found when dealing with second-order
quantities, as is the case for noise in the devices.
Though the phenomenological behavior of the noise
has been correctly described[4-7), very few attempts
to fit noise measurements have been carried out[8,9].
A lot of real effects not considered in the theory can
lead to important discrepancies in the results.
The aim of this paper is to model these real effects
- by comparing the results obtained from Monte Carlo
simulation with experimental measurements and to
reproduce the 7-V characteristics and noise tempera-

ture in real devices. The Monte Carlo method[10] is
well suited for this purpose since it does not make any
assumption about the behavior of the electrons and
noise sources inside the device. A critical requirement
for the success of this work is the exact knowledge of
the geometry and doping of the real devices.
However, to avoid the need of prohibitively large
computer resources, some simplifications in the
simulated structures have to be made.

In order to overcome the complications involved in
the measurements of the usual two-port devices, we
will study a simple one-port device: a MESFET
without gate. To characterize such a device, only the
current and a single noise parameter (the noise
temperature) at each biasing point are necessary.
Even if we have no gate we maintain the usual
recessed geometry[11], which increases the import-
ance on the device behavior of the effects owing to the
surface states of the semiconductor at the recess[12].
We have modeled these effects by placing a static
surface charge at the recess (and not by a constant
potential). In addition high electric fields arise in the
channel and as a consequence hot electrons appear.
These two interesting effects will affect both the
current and the noise of our structures. We have
compared three structures with different recess
lengths, trying to observe effects due to ballistic
electron transport in the channel.

Another difficulty for the device modeling is the
uncertainty in the damage produced by the plasma
etching process used to make the recess. The
transport properties of the GaAs in the channel can
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be modified by the introduction of impurities coming
from the plasma used to etch the semiconductor and
also by enhanced surface effects. Due to this
uncertainty we have adjusted the I-V curve to the
experimental results by changing the depth of the
recess in the simulated structures. Furthermore, we
have modeled the resistance of the contacts in the
simulation to get closer to the real device. By
including all the above real phenomena we have
obtained a good agreement between the experimental
and simulation results, even for the noise behavior of
the devices.

In Section 2 we present the MESFET structures
and the measurement technique. The details of the
Monte Carlo simulation are discussed in Section 3.
‘The comparison between experimental and Monte
Carlo results is presented in Section 4. Finally in
Section S the main conclusions of our work are
drawn.

2. TECHNOLOGY AND MEASUREMENTS

A schematic drawing of the real devices to be
analyzed is shown in Fig. 1(a). We will focus on the
technological problems involved in the recess
fabrication. We have three structures with different
values of recess length L =0.2, 0.1 and 0.075 um.
The etching technique used in all of them is plasma
etching with CH4/H:/Ar. The etch rate is about
50 A min-'. This kind of etching can be considered
mainly mechanical, since the plasma is used to give
energy to the atoms of GaAs for escaping from the
attractive forces of the semiconductor. This process
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Fig. 1. Scheme of: (a) fabricated; and (b) simulated
structures (with three different values of recess depth). The
recess length L is variable.
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can modify the characteristics of the device in two
ways:

(1) The surface of the material will accumulate
quite a lot of defects produced by this
disordering process. As a result, the amount of
surface states can increase and so does the
number of charges trapped in these defects and
the value of the associated surface potential.
Therefore the depletion region under the
etched zone may be enlarged, leading to a
channel width reduction.

(2) When the semiconductor is exposed to the
beam of plasma, some of the molecules of CH,
arriving to the surface of the material can be
implanted in it. These new impurities will
change the transport properties of the region
where they are present.

The current flowing through the channel is very
sensitive to these two effects. We will discuss the way
of modeling them in the next section where the details
of the Monte Carlo simulation are explained.

The measurement technique used here has been
described before[13], but in our case is quite
simplified because of the use of one-port devices. Also
in Ref. [13] is shown the synopsis of the system used
to make the noise measurements. They will be
performed in the 2-4 GHz frequency band. This
bench contains an automatic network analyzer, a
noise receiver and an on-wafer microwave measure-
ment station.

The network analyzer is used to measure the S
parameters of:

o the device under test (DUT) Sour;

e the output two-ports Sour (Which represents the
probe, the bias tee and the switch);

e the isolator Siso-

The first step in the process is the calibration of
every part of the system. The Sour, Sio and I'r
(reflection coefficient at the noise receiver calibration
plane) are measured for every point of frequency.
This measurement is made only once since these
parameters are constant with the biasing of the DUT.
The noise receiver is calibrated with the help of a
noise source.

Now we can determine the available noise power
of our device (Pap) through the following formula:

PapGourGiso + Ks T(1 — GourGiso)

__Pall-TiLE
(1= [Tef)(@ = [P

P is the noise power available at the output. Kj is
the Boltzmann constant and T is the room
temperature. KzT(l — GourGiso) is the noise power
introduced by the output two-ports and the isolator,
whose available gains are Gour and Giso, respectively.
I's and T are the reflection coefficients in both
directions at the calibration plane of the noise
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receiver (placed just at its input). These four
parameters (Gour, Giso, 't and I';) can be expressed
as a function of Spur, Sour and Siso.

In this way we can extract P,p and the noise
temperature of the device Tw (Pap = Kz Tn) from the
measurement at each frequency (at each biasing) of
these two magnitudes: Pay and Spyr. The measured
values are constant with frequency (white noise) in
the band we have studied, which is between 2 and
4 GHz. All the measurements are performed at room
temperature.

3. MONTE CARLO SIMULATION

We have performed the calculations at 300 K using
an ensemble Monte Carlo simulation self-consistently
coupled with a two-dimensional Poisson solver, and
including the effects of a series resistance. The Pauli
exclusion principle is considered using the rejection
technique described in Ref. [14]. The devices are
divided into square cells of 50 x 50 A (there are two
rows of 75 x 50 A to adjust the depth of the recess).
Poisson’s equation is solved by using a direct matrix
method (LU decomposition), suitable to analyze
complicated (recessed) geometries. The number of
simulated particles range from 14,300 to 15,000
depending on the structure and the bias point. Ohmic
boundary conditions are considered at the contacts,
so the number of carriers inside the device is adjusted
automatically[15]. The total simulation time is 0.1 ns,
divided into time steps of 1 fs each, short enough to
get a correct solution of the electric field. The material
parameters and the scattering mechanisms of the
three valley model (I', L and X) used for GaAs have
been detailed in previous papers[16, 17].

The scheme of the simulated structures is shown in
Fig. 1(b). We have simulated five different structures,
three with recess length of L = 0.2 um and depths of
500, 625 and 750 A (we will call them 1a, 1b and lc),
one with L = 0.1 um and depth of 625 A (called 2),
and finally one with L =0.075 um and depth of
625 A (called 3).

The geometry of these structures is a little different
to the real one, because of the restrictions of the
simulation. Firstly, the contacts are not placed in the
surface, but at the sides of the structures, with the aim
of reducing the uncertainty in the calculation of the
current due to the time discretization of the
equations[7]. The regions placed under the contacts in
the real devices are ohmic, and in the simulation can
be included in the series resistance r. (together with
the contact resistance) with no influence in the results,
but leading to an important reduction of the number
of simulated particles. This is also the cause of the
shortening of the source region, which is an ohmic
zone working like a series resistance, and is simulated
inside r.. The drain region cannot be shortened
because it is populated by hot carriers which must
cover some distance before thermalizing. Another
modification in the simulated device is the doping of
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the n*-region, which is only 10 cm™ instead of
5x 10®%cm™. This lower doping involves no
significant change in the results, since the behavior of
the device is controlled by the n-region under the
channel.

One important feature of our Monte Carlo
technique is the incorporation of the series resist-
ance[18], representing the contacts resistance and
the nonsimulated ohmic parts of the devices. The
value we have taken for 7. is 5 x 10-*Qm (where
4 x 107*Qm comes from the contact resistance
measured experimentally). In this way the device
becomes divided into what we will call intrinsic
device, which is simulated through the Monte Carlo
technique, and the series resistance.

The way of including the series resistance in the
simulation is by changing every time step the voltage
applied to the intrinsic device (U;) depending on the
total current flowing through r.. The differential
equation to be solved to calculate U; is the
following[18]:

Ud = Ua - rC[T = Ua - rC(Icond + ldisp)

h dU,
= Ua—rC(Icond+£7d_tda (2)

where U, is the total biasing, /7 the total current (per
unit length in the nonsimulated direction), ..« the
conduction current, Iy, the displacement current, ¢
the dielectric constant of the material, /# the vertical
length of the contacts and / the horizontal dimension
of the device. The calculation of It is performed
following Ref. [19]. L. is given by:

Icond = = 3= Z Ui, (3)

where g is the absolute value of the electron charge,
Z the nonsimulated dimension of the device and v; the
velocity in the x-direction of the electron i. The
summation extends to all the carriers inside the device
(N7) at the time considered.

By taking finite differences in eqn (2), the value of
Uy at a time ¢ is obtained as:

U~ rels + "2 0,0 - A1

reeh
IAt

Uu(t) = (4)

1+

This calculation assumes a noiseless series resist-
ance. rc does not add any fluctuation to the total
current. It is used only to update the voltage between
the electrodes. The noise equivalent circuit of the
simulated device (including #¢ as noiseless) is shown
in Fig. 2(a). Sy and Ss represent the spectral densities
of the current density fluctuations in the intrinsic
device and in the total circuit, respectively, and 7, the
differential resistance of the intrinsic device.

From the total current density fluctuations
calculated from the simulation, we extract Ss (as the
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Fig. 2. Noise equivalent circuits: (a) Monte Carlo
simulation; (b) Monte Carlo simulation including the noise
in the series resistance.

Fourier transform of the autocorrelation function of
the fluctuations), and so the noise temperature of the
device, T, can be easily obtained:

_ Sdr§ _ 4K Tarq
(re + e~ (re+ra)”

Ss (%)

However, if we want to compare the results of the
simulation with the experimental measurements we
must include the effect of the noise generated in the
series resistance. We model it as thermal noise at the
lattice temperature (7.) and assume it to be
uncorrelated with the noise sources of the intrinsic
device. This last assumption may not be completely
true, but the influence in the final result is not
expected to be significant since r. is related to ohmic
regions far from the active part of the device. The
equivalent circuit of the simulation including the
noise in the series resistance is presented in Fig. 2(b),
where S. is the spectral density of the noise added by
ro and S, the total spectral density, whose relation
with Sy is:
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Fig. 3. I-V characteristics of the real device with a recess

length of 0.2 um (thick line), compared with simulated

results in structures with the same recess length but different

depth: 1a, 500 A (circles); 1b, 625 A (squares); and Ic, 750 A
(triangles).
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Fig. 4. I-V characteristics of the real and simulated
structures. The thick lines correspond to the experimental
current densities in the devices with a recess length equal to
0.2 um (dotted), 0.1 um (dashed) and 0.075 um (solid), and
the symbols to the Monte Carlo simulation in structures
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Knowing the noise temperature of the device,
calculated from eqn (5), and the noise temperature of
the contacts (7. = 300 K), we can calculate from
eqn (6) the noise temperature T, of the whole device:

— Tcrc + Tdrd

T,
rc+rd

Q)
which is the parameter to be compared with the
experimental measurement.

The noise temperature is a good magnitude to
compare experimental and simulated noise results,
because it does not depend on the depth of the device
(thus independent of the number of simulated
particles). In the case of the spectral density and the
correlation function, both change with the nonsimu-
lated dimension of the device. Concerning the
dependence of the noise results on the spatial
discretization, it has been checked that they are not
significantly modified if the size of the meshes is
reduced.

Another delicate point in the Monte Carlo
simulation is the modeling of the effects related to the
surface states at the recess. The perturbation in the
periodicity of the lattice potential at the surface
introduces energy states lying in the forbidden band.
This phenomenon is usually characterized by a
surface potential, whose value Vs can be estimated to
be —0.5V in GaAs[20], which produces a depletion
of electrons in the zone near the surface. The effects
of the surface states are specially critical in the recess
surface, since the current flowing through the device
is controlled by the width of the channel in this
region, which in turn is affected by the surface
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potential. Moreover, the plasma etching used to
make the recess can accentuate all these phenomena.
If we want to simulate structures as similar as
possible to the real ones we must include this effect;
in any other case the current obtained would be
unacceptably high. The way of modeling the surface
potential is 1o place a static surface charge o at the
recess, representing the charge trapped in the surface
states, whose value is[21]:

o= ,/2gNpVse, ®)

where g is the absolute value of the electron charge
and Np the impurity density. This model is consistent
with the current calculation performed following Ref.
{191 since, if the displacement vector outside the
device is neglected as compared with its value inside,
the surface charge fixes the internal electric field
normal to the surface.

The effect of the surface states is considered only
in the three walls of the recess since this is the region
which controls the current in the device. The
inclusion of the surface effects in the rest of the free
surface will only lead to an increase of computer time
with no significant influence on the results (moreover
the surface effects have been reduced in this region
because of the passivation process).

In order to include in the Monte Carlo simulation

6.0
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the damage produced by the plasma etching on the
region under the recess, we have adjusted the -V
curves of the simmiated devices by increasing the
depth of the recess {by the same value for the three
structures), which represents a similar effect to that
produced by this attack. This effect could also be
modeled by increasing the amount of surface charge
at the recess. However, this would lead to a larger
depletion region not only in the direction of the
plasma attack (with the same effect of a deeper
recess), but also in the direction parallel to the surface
{which would appear as a longer recess). This is not
justifiable because of the high directivity of the
plasma etching, which does not affect intensely the
lateral walls of the recess. A more plausible possibility
would be the increase of the surface charge only at the
bottom of the recess, but this treatment of the
channel degradation will not be considered.

4. RESULTS

In Fig. 3 we present the [~V characteristics of the
real device with recess length of 0.2 pum compared
with the results of the simulation in the structures la,
1b and 1¢ (recess length 0.2 um and depths of 500,
625 and 700 A, respectively). The structure 1a has the
geometry closest to the real device, but as can be
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observed the current obtained is too high. To fit the
I-V curve we have used the recess depth as an
adjustable parameter to take into account the fact
that the plasma etching can modify the conducting
properties of the region near the recess, as was
explained in Section 2. We have obtained a very
good agreement in the current with the structure 1b,
where the value of the recess depth is 625 A, higher
than in the real structure. This result confirms our
assumption. The current of the structure, Ic is too
low; however, we will study its noise behavior to see
the influence of the recess depth on the noise
temperature.

Figure 4 shows the current measured in the three
real devices compared with the simulated results in
the structures 1b, 2 and 3 (recess length 0.2, 0.1 and
0.075 um respectively, and all with recess depth
equal to 625 A). We must stress that the same
value of the recess depth used to adjust the current
in the first device provides also a good agreement
in the other cases. This means that the transport
is accurately described by the simulation model,
and the reason of the disagreement when simulating
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the real geometry comes from the violent action
of the plasma etching. The good agreement obtained
for the current in the three structures could not
be found by increasing the surface charge as
suggested at the end of the last section.

It can be observed that there is an important
increase of the current when the recess length is
reduced. We can explain this fact from the results of
Figs 5(a) and (b), which show the average velocity of
electrons inside the structures 1b and 2, under a
biasing of 2 V. The increase in the current comes from
the higher velocities of the carriers under the recess
due to its shorter length (since the width of the
channel remains constant). When the recess length is
0.2 ym the maximum velocity in the channel is
around 4.5 x 10°ms~!, while reducing the length
to 0.1 um the peak velocity shifts around
5.5 x 10°m s~'. These values remain constant when
increasing the applied voltage in the saturation region
of the I-V curve, which shows that the higher
overshoot is not the result of applying the same
potential drop over a smaller device, but of the
increasing ballistic character of the transport in this
region as the recess is shortened. We will try to
analyze in the following the effect of this kind of
behavior in the noise of the devices.

The simulated autocorrelation functions of the
total current density fluctuations for the structures
1b, 2 and 3 under three different biasings are
presented in Fig. 6. At equilibrium an oscillatory
behavior is observed, with two main frequencies
resulting from the coupling of the plasma oscillations
caused by the two homojunctions present in the
devices [n* — n and n-substrate, Fig. 1(b)][4,5]. When
the structures are biased, the values of the
autocorrelation functions for the shortest times
increase and the oscillations vanish. Both effects are
attributed to the presence of hot carriers inside the
devices. There is no important difference between the
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Fig. 8. Value of the spectral density of the current density
fluctuations Ss at 2-4 GHz obtained from simulation (open
squares, corresponding to the axis on the right), and
comparison of the noise temperature obtained from it, T
(open circles) with the experimental value, T, (full circles,
both corresponding to the axis on the left) in structures with
the same recess length: (a) 0.2 um; (b) 0.1 yum; and (c)
0.075 um. All simulated structures correspond to a recess
depth of 625 A.

three structures, which means that the associated
spectral densities are similar.

To see how the depth of the recess influences the
noise temperature we represent in Fig. 7 the values
obtained for T, from the simulation in the structures
1a, 1b and Ic, together with the experimental results
in the real device with recess length of 0.2 um. The
values of the noise temperature are highly sensitive to
the change of the recess depth, but once the I-V
characteristic is fitted (structure 1b) we obtain quite
satisfactory results for the noise behavior of the
device.

The most valuable results of our study are shown
in Fig. 8. They are the simulated low-frequency value
of the spectral density of the current density
fluctuations Ss and the noise temperature obtained
from it 7,, compared with the experimental
measurements of the noise temperature 7, in the three
real structures, plotted vs the current density. The
value of S, increases with the appearance of the
saturation in the current of the device, and then
decreases for very high current. In the three structures
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the shape is similar, with the only difference that the
saturation starts at a different current. The error in
this result is about 15% due to the long time tail of
the autocorrelation functions[5,16). The accuracy is
lower in the values of the noise temperature because
of the uncertainty in the calculation of the differential
resistance of the device, obtained from the slope of
the I-V characteristic. The uncertainty in the
experimental results is also of about 15%. Taking this
fact into account we can consider that the agreement
simulation-measurements is quite good and that we
have been able to reproduce the noise behavior of the
devices. For the lowest currents, close to equilibrium
conditions, the noise temperature takes the expected
value of about 300 K. Since the value of the spectral
density does not change a lot with the current, the
noise behavior of this kind of device is mainly
controlled by their resistance, thus making the noise
temperature increase when they saturate. Therefore
we can extract a qualitative idea of the noise behavior
in these structures just from the knowledge of their
I-V curves.

Even if we examine carefully these results we
cannot find any effect which could be associated to
the ballistic transport of electrons under the recess.
The behavior of the noise temperature does not
change when reducing the recess length within the
range analyzed. The noise temperature at equi-
librium is that predicted by the Nyquist theorem,
and we detect no reduction that could be expected
from the ballistic transport[22,23]. This can be
attributed to two possible reasons. The length of the
recess may be still too long. In addition, it seems
that even if the region under the recess is
controlling the current, the noise generated in other
parts of the device masks the effects of the motion
of the electrons in the channel.

5. CONCLUSIONS

We have presented an experimental and theoreti-
cal (Monte Carlo simulation) analysis of the static
characteristic and high-frequency noise in ungated
recessed MESFETs with different geometries. Try-
ing to investigate the effect of ballistic electron
transport in the channel the recess length has been
reduced down to 0.075um. We have made
experimental measurements of their /-F character-
istic and noise temperature, and next we have tried
to reproduce those results using the Monte Carlo
method. In order to model several effects which
change the ideal behavior of the devices we
have modified the standard Monte Carlo technique.
We have performed the simulations including a
series resistance and surface effects in the recess
region.

First we have performed the modeling of the
surface effects by means of a static surface charge.
Due to the uncertainty in the damage produced by
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plasma etching in the conducting channel, the depth
of the recess has been used as an adjustable parameter
to fit the /-V curves of the real devices. Once this
parameter is fixed (to a value higher than the real
one), the agreement is very good for all different
values of recess length. This means that the transport
is accurately described by the model used for GaAs,
and one reason of disagreement when simulating the
real geometry comes from the violent action of the
plasma etching, which degrades the quality of the
GaAs under the recess.

Once the /-V curve has been fitted, the noise results
are very well reproduced through the Monte Carlo
simulation. The noise temperature increases signifi-
cantly when the current saturates. The latter is
associated to the increase of the differential
resistance. We have not found any evidence in the
noise behavior which could be interpreted as a
consequence of ballistic electron transport. Its
presence, if it exists in the range of recess lengths
analyzed here, is masked by the noise generated in
other regions of the devices.

The main achievement of our investigation is that
we have been able to reproduce the static and noise
experimental results using Monte Carlo simulation,
properly modified to include some real effects. This
agreement validates our method and motivates us to
analyze more complicated and interesting devices. It
is also clear from the results that although the Monte
Carlo method is able to reproduce very well the
qualitative behavior of the devices, in order to
reproduce the experimental measurements, mainly of
second order quantities, it is necessary to have an
exact knowledge of their geometry and the real effects
taking place inside.
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