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Abstract—Using a semiclassical 2D Monte-Carlo simulation we analyse the noise behaviour of 0.1 um
recessed gate GaAs MESFET and AlGaAs/GaAs HEMT structures. The first step in the noise
characterisation is the calculation of the intrinsic small signal equivalent circuit of these devices. Next,
by first time using Monte Catlo simulations, the P, R and C noise parameters of both structures are
evaluated, and their dependerce on bias is analysed. It is found that short-channel effects are more
important in the MESFET than in the HEMT. The most significant difference between both devices is
that the maximum of the transconductance in the HEMT appears at a lower drain current than in the
MESFET. Therefore, even if both structures show similar noise performance in terms of P, R and C noise
parameters, the optimum operztion point of the HEMT takes place at lower gate voltages, where its noise
behaviour is better. As a consequence, the intrinsic minimum noise figure for the HEMT reaches a value
as low as 2.5dB at 100 GHz, while it is higher in the case of the MESFET, with a value of 5.5 dB.

PACS numbers: 72.70. + m, 85.30.Tv, 85.30.De

1. INTRODUCTION

When comparing high electron mobility transistors
(HEMTs) with the usual field effect transistors
(MESFETs), it is found that heterojunction devices
have reached better noise performance at higher
frequencies[1-3]. Just after the fabrication of the first
HEMTI[4], it was believed that the effect of the
two-dimensional electron gas (2DEG) was respon-
sible for this better behaviour. But in recent years
HEMT and MESFET structures have shown similar
cut-off frequencies, f;, and noise figures[5]. In Ref. [5]
it is demonstrated, by means of a study of the
temperature dependence of these parameters, that the
2DEG is not the cause of the usually better
performance of the heterojunction devices. In fact the
properties of the devices are only related to their
material composition (regardless of the existence or
not of a heterojunction). However, the higher
electron mobility in the HEMT provides a larger
transconductance (as pointed out in [6]). This fact,
together with the lower influence of the parasitic
capacitances, usually makes f; higher in HEMTs. In
addition, the aspect ratio (L,/A4, gate length over
layer thickness) is usually larger in HEMTs, and
consequently the same occurs with the correlation
coefficient C. This leads to a stronger cancellation
between the drain- and gate-current noise sources,
and hence to a lower noise figure.

Here we further investigate the microscopic
processes taking place in the two types of devices,
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their differences and the effect they may have on the
measured noise. To this aim Monte Carlo simu-
lation[7] of a recessed GaAs MESFET and a recessed
GaAs/AlGaAs HEMT is carried out. The validity of
the approach is well contrasted by comparison of the
results obtained from the simulation with experimen-
tal measurements of static /—V characteristics and
noise temperature of the same recessed structures
before the gate is fabricated, which was reported in
Refs [8,9]. The geometries chosen for the MESFET
and HEMT structures are the same as those analysed
in these previous studies and they are not optimised
to reach the best possible performance. In particular,
the aspect ratio of the simulated devices is lower than
usual. In order to avoid short-channel effects,
commercial MESFETs and HEMTs present higher
values of aspect ratio. Therefore, these negative
effects will appear in our devices and it will be
possible to study their different influence on both
kind of structures. Furthermore the aspect ratio in
real HEMTs is usually higher than in real MESFETs,
a feature which was also considered in the choice of
the simulated geometries. So, even when the
comparison performed is not the most general one, it
can give us important information on the different
microscopic processes taking place in both kind of
structures and the consequences on their macroscopic
behaviour.

The noise characterisation begins with the calcu-
lation of the parameters of the intrinsic small signal
equivalent circuit. Then the P, R and C noise
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parameters are calculated, and their dependence on
bias is determined for both devices. To our
knowledge, this is the first time these parameters are
calculated for MESFETs aind HEMTs by using the
Monte Carlo method. Even if the precision for the R
and C parameters (related 1o the gate—current noise
and drain—gate correlation, respectively) is not very
high, their values are an indicator of the qualitative
noise behaviour of the devices, and they are very
useful to compare the noise performance of different
structures.

In Section 2 the detais of the Monte Carlo
simulation and the theoretical basis of the calcu-
lations will be given. Section 3 presents the main
results, and finally Section 4 presents the principal
conclusions of our work.

2. MONTE CARLO SIMULATION

A semiclassical ensemble Monte Carlo simulator
coupled with a two-dimensional Poisson solver is
used for the analysis of the devices. It will not be
considered neither the quantization of energy levels in
the 2DEG, nor the quantum reflection or tunnelling
through the barrier at the heterojunction (classical
laws of conservation of energy and momentum
perpendicular to the heterojunction are used). The
only quantum effect taken into account is the Pauli
exclusion principle[10]. This physical model used for
the simulation of HEMTs was already demonstrated
to provide correct results[11-14]. Ohmic boundary
conditions[15] are considered at the drain and source
contacts, with non-uniform profile of potential and
electron concentration in the case of the HEMT (as
if real top electrodes were used)[9,16]. The gate
Schottky contact allows carriers to leave the device,
but it does not inject them. The temperature is 300 K.
Other details of the simulation can be found
elsewhere[8,9,17,18].

The diagrams of the simulated HEMT and
MESFET are shown in Fig. 1. The geometries
and dopings of the structures are the same as those
used to reproduce the behaviour of the fabricated
ungated devices[8,9]. The rzcess depths were adjusted
in such a way that both ungated structures gave
similar levels of current[9]. The aspect ratio is quite
low, 2.0 for the MESFET and 3.6 for the HEMT,
while in usual devices it 's higher than § to avoid
short-channel effects. Therefore, these undesirable
effects, which could be eluded by means of an
adequate design, will degre.de the performance of our
devices, and it will be possible to analyse their
consequences. The abrupt recess geometry is the same
as that of the real ungated structures and results from
the high anisotropy of the plasma etching, thus
drawing a rectangular shape in the surface of the
device. The effect of the surface potential on the three
walls of the recess has been taken into account
through a static charge (shown as a dotted line ir
Fig. 1)[8,19].

The intrinsic equivalent circuit commonly used for
MESFETs[20] is also valid and applied here for
HEMTs[21,22). It reflects appropriately the small
signal behaviour of both kind of devices and allows
the comparison between them. The method for
calculating the parameters of this small signal
equivalent circuit was described in [20]. It is based on
the calculation of the Y parameters through the
Fourier analysis of the transient behaviour of the
device when a voltage step is applied to the gate or
drain electrode. From these Y parameters the values
of the different elements of the intrinsic equivalent
circuit are extracted: the gate—drain, gate-source
and drain-source capacitances, Cu, Cp and Ca,
respectively, the transconductance, g., the drain
conductance, g, the channel resistance between
source and gate, R;, and the delay time, 1.

The noise characterisation requires firstly the
calculation of the spectral densities of the drain- and
gate—current fluctuations and its cross-correlation,
S S, and S, respectively, which is performed
following Ref. {23]. Then the intrinsic dimensionless
noise parameters P, R and C are determined as
follows[6,22,24-27]:
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Fig. 1. Scheme of the simulated devices; (a) HEMT, (b)
MESFET.
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where Kj; is the Boltzmann constant and 7, the
ambient temperature.

Another important parameter for the noise
characterisation of the devices is the noise figure. The
intrinsic minimum noise figure, Fi,., can be calculated
exactly by using the following formulas{28-30];

Fmt =1 + 2Rn(Gcor + Gopt) (4)
with;
Ri= i ®)
" 4K, T Y
Sk
Geor = Re': Y- Y, TS‘EI_G:I )
A=Vl Sa s 1 vp - 2Re| v v2 S| (7)
S, St
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B=|Im Yn + Yg*i —SJ_ (8)
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where *, Re and Im stand for complex conjugate, real
part and imaginary part, respectively, of the
corresponding complex magnitude. The influence of
extrinsic elements on F. could be easily included in
these expressions[25,30,31], thus allowing the com-
parison of the simulated results with. those measured
in real devices. For example, the extrinsic resistances
would increase the value of F,.

3. RESULTS

The I-V characteristics of tte HEMT and
MESFET are presented in Fig. 2. The gate voltage,
V,, includes the built-in potential of the Schottky
contact. The thick doped layer under the gate of the
MESFET supplies more carriers than that of the
HEMT and so the MESFET can provide a larger
drain current under the same bias conditions. The
effect of the enhanced carrier mobility in the GaAs
channel of the HEMT is not able to override the
higher number of carriers in the channel of the
MESFET. Therefore, the values of the transconduc-
tance in the MESFET are higher taan those of the
HEMT at high gate voltages (when this effect is more
important, since the conduction takes place in almost
the whole thickness of the devices). Short-channel
effects, like high drain conductance and shift of the
threshold voltage, are more proaounced in the
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Fig. 2. IV, characteristics of the MESFET (dotted line,

close symbols) and HEMT (solid line, open symbols). The

gate voltages include the built-in potential of the Schottky
contact.

MESFET, as it can be expected in view of its lower
aspect ratio. The origin of these negative effects lies
in the fact that the gate potential in the MESFET is
not able to control the large amount of current
flowing through the substrate{32]. In this device the
threshold voltage, V7, is —3.0 V, while in the HEMT
is —2.5 V (V1 is defined as the gate voltage for which
the drain current vanishes, extrapolating from an

Iy — Vs curve under a drain voltage of 1.0 V). In
the case of the HEMT the current is more confined
in the vicinity of the heterojunction, and so the gate
control is improved. This effect diminishes when the
drain voltage increases, since the injection of carriers
in the GaAs buffer of the HEMT becomes important.
At equilibrium, the sheet electron density in the
channel of the simulated HEMT is 0.9 x 10" ¢m—2,
which is in good agreement with usual measured
values[1].

Once the static behaviour of the devices is
determined, the following step is the small signal
characterisation. Figure 3 presents the values of gn,
gas» Cys, Coa and Cy, (these parameters are frequency
independent up to 100 GHz) and current gain cut-off
frequency [ f: = gn/27(Cy + Cy)] for both devices as
a function of the drain current (for a constant drain
voltage). Under high current conditions, when the
conduction takes place mainly through the layers in
contact with the gate, the transconductance in the
MESFET reaches larger values than in the HEMT
(Figs. 3(a) and 3(b)) because of the higher electron
mobility in the » layer of the MESFET with respect
to that in the AlGaAs layer of the HEMT. But in the
range where the variation of Vg is affecting the
accumulation layer of the HEMT (Vi = —0.75V,
Iy ~ 200 A m™"), g increases and is higher than in the
MESFET, since the electrons in the HEMT
accumulation layer are high-mobility carriers and
consequently a slight variation of their number
provides an important change of the current. The
behaviour of £ is quite influenced by gn, and its
dependence on I follows the behaviour previously
explained for g., thus taking higher values in the
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MESFET at high and low currents and in the HEMT
at the intermediate range. It is also observed that gy,
is similar in both devices ard takes rather high values
(because of short-channel =ffects), which is specially
troublesome under saturation conditions since low
values of gy are requirec for having high power
gain[6]. At the transconductance peak, the voltage
gain (gn/gs) in both devices is around 10 dB (which
is a common value in real transistors).

In Figs 3(c) and 3(d) we notice that the most
important capacitance is C, (squares) since it takes
the highest values and limirs the frequency behaviour
of the devices. The value o7 C, is determined only by
the variation of the source part of the gate
space-charge region, while Cy is a consequence of
two opposite effects. The first one is the variation
of the space-charge region, which has a positive

gm (S/m), g4s (S/m), f; (GHz)

Capacitance (pF/m)
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Fig. 3. Values of the transconductance, (gm, circles), drain
conductance, {ga, squares), cut-off frequency, ( f;, triangles),
and capacitive elements (C,, circles, Cg squares and Cus
triangles) of the small signal equivalent circuit for the
MESFET (dotted line, clos:c symbols) and HEMT (solid
line, open symbols) as a function of the drain current for
Vis = 0.5V ((a) and (c)) and Ve = 2.0V ((b) and (d)).
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Fig. 4. Spectral density of gate- and drain-current

fluctuations and its cross-correlation as a function of

frequency in the saturation region, V4 = 2.0 V, for different

Ve in the (a) HEMT and (b) MESFET. The f? and f
dependencies are also plotted.

contribution to this capacitance (positive increment
of charge with positive increment of V). The second
effect is the accumulation of carriers produced at the
drain side of the gate because of the intervalley
transitions, which increases with the increase of the
drain potential, thus providing a negative contri-
bution to Cg (positive increment of charge with
negative increment of V). This second effect makes
Cy much lower than C, which is especially evident
for Vi, =20V (Fig. 3(d)) when intervalley tran-
sitions are very important, thus making C, take even
negative values[19]. It can be appreciated that Cy is
higher in the HEMT, as corresponds to its narrower
space charge region (because of the higher doping of
the layer in contact with the gate). In the case of Cy,
the effect of the higher doping of the HEMT is
compensated by its more important accumulation
domain, which reduces this capacitance and makes it
similar to that of the MESFET. Sometimes C,q is
neglected in the equivalent circuit[25], but in our
devices this is possible only in the high-current region,
since for low ¥, the value of Cy is of the same order
than that of C,. The values of C are similar in both
MESFET and HEMT, and much greater than C.
Such unusual high values of Cg are caused by the
pronounced short-channel effects, which make the
injection of carriers into the substrate very important,
leading to a notable source-drain coupling.

At this point, the noise characterisation can be
performed. Firstly, the spectral density of gate- and
drain-current fluctuations and its cross correlation
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are calculated (S, S, and S, ;,, respectively). In Fig. 4
the values of §,, S, and S, vs frequency in the
saturation region of the HEMT (Fig. 4(a)) and
MESFET (Fig. 4(b)) are presented. The long-time tail
of the autocorrelation function of current fluctu-
ations leads to an important uncertzinty in the values
of the spectral densities, mainly in S, and Si;,, since
they take very low values. Thus, following Ref. [23],
the zero-frequency values of S, and S, are
subtracted from S,(f) and S ,(/) to obtain the
results shown in Fig. 4. It can be observed that in
both devices S, is constant with frequency and its
value is roughly proportional to /. S;, shows an f?
dependence with a proportionality factor which is
also increasing with the drain current, and Im[S,,,,] is
proportional to f. The real part of S, takes always
negative (but insignificant) values, and it can be
neglected[27]. These results agree satisfactorily with
the conventional analysis of noise in FETs[24,25,27].

It is not possible to extract correct conclusions
about the noise performance of both devices from the
values of the spectral densities, since different devices
with different levels of current, conductances and
capacitances are compared. Anyway, the S,, values
are found to be higher in the MESFET as a result of
the higher drain current. For the comparison to be
meaningful it is necessary to make use of normalised
noise parameters providing clear information about
the noise performance of the devicss. The P, R and
C noise parameters are adequate to this purpose.
They are calculated following eqns (1)+3). Their
values vs I; under saturation conditions (Vg = 2.0 V)
are presented in Fig. 5. No significant frequency
dependence was found up to 100 GHz.

P describes the channel noise caused by velocity
fluctuations, and R the gate noise induced from the
channel noise[22]. In Ref. [22] a decomposition of the
channel in ohmic region (linear electron velocity-field
relation) and high-field region (electrons travelling
with saturation velocity) is performed, and the values
of the P and R parameters are calculated as the sum
of the contributions from the two parts. The
contribution to P from the ohmic region, which is
proportional to gi./gwl, is responsible for the
increase of P at decreasing low currents, and the one
from the high-field region, which is proportional to
g3.14/gnm, for the increase at high currents. This typical
“U-shape™ dependence of the P darameter on Vi
(and therefore on 1,)[6,22,33] is found in the HEMT,
but not in the MESFET (Fig. %(a)), where it is
observed that P does not increase at low currents.
This is because of short-channel effects: the MESFET
is difficult to be pinched off and so both g, and I; do
not decrease as much as in the HEMT (gq is almost
constant in both devices). The dependence of P on the
drain voltage is very weak.

The calculated values for R and C (Figs. 5(b) and
(c)) are not very accurate. The relative error can reach
30%, since the low frequency values of S, and S, are
very small and involve a large urcertainty, as was

discussed previously. Anyway, the qualitative be-
haviour of P, R and C agrees satisfactorily with the
values extracted from experimental measure-
ments[22,30,31] and calculated theoretically[6,28] in
other HEMT structures. Thus the simulation can
provide useful information on the dependence of the
noise parameters on bias and allows a reliable
MESFET-HEMT comparison. In Fig. 5(b) it can be
observed that R decreases when V, is lowered (and
consequently /; diminishes) as a consequence of the
increasing barrier imposed by the gate voltage for the
electrons to approach the gate electrode. By
increasing the drain voltage the electrons get enough
energy to go over this barrier and move near the gate,
and thus R becomes higher. Figure 5(c) shows that
the correlation coefficient is nearly constant with 7;.
The larger value of the HEMT aspect ratio makes C
higher in this device with respect to the MESFET,
with an important difference appearing mainly for a
current around 200 A m~'. This higher value of C
means a stronger cancellation between gate and drain
noise and, as we will see, leads to a lower value of the
noise figure.

The most characteristic noise parameter of a given
device is the minimum noise figure. Measurements
usually characterise the noise behaviour of the
devices with this parameter{1-3,5,28,33]. We will
focus on the intrinsic value of the minimum noise
figure, which is obtained in the simulation from
eqns (4)-(9) (where the extrinsic elements, if known,
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Fig. 5. (a) P (b) R and (c) C parameters of the MESFET
(dotted line, close symbols) and HEMT (solid line, open
symbols) as a function of I; for Vi, =2.0V.
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Fig. 6. Fn for two frequencies, 10 GHz (circles) and

100 GHz (squares), for the MESFET (dotted line, close

symbols) and HEMT (solid line, open symbols) as a
function of Iy for Vi =2.0V.

could be included to calculate the total minimum
noise figure). Figure 6 presents the dependence of F,
on I, for both devices under saturation conditions (at
two frequencies, 10 and 100 GHz). The typical
behaviour of F,, can be observed: it exhibits a
minimum at intermediate gate voltages and increases
at both high and low currents. F,, is very high at large
Iy because of the increase of both the drain and gate
noise (P and R respectively). The noise figure is
reduced as the drain current diminishes, but at very
low I, the decrease of the cut-off frequency makes F,
increase again[28]. The optimum operation point for
the HEMT is fy 250 Am™' (Vs & ~ 0.75 V), where
F,, takes its minimum value (0.3 dB at 10 GHz and
2.5 dB at 100 GHz) and g, reaches its maximum, thus
providing low noise and high gain up to very high
frequencies. In the case of the MESFET the optimum
operation point corresponds to a higher current, I,
x400 Am~' (V, ~ — 0.5V), since g, reaches its
maximum at this current and F. does not vary
substantially at intermedia‘e gate potentials (around
0.7dB at 10GHz and 5.5dB at 100 GHz). The
minimum value of Fi, in the HEMT is lower than in
the MESFET since it is reached at a lower drain
current, when P and R are smaller. In addition it
coincides with the maximum of g., which leads to a
high cut-off frequency, thus showing very good noise
performance up to very high frequencies. In the
MESFET the most important part of the current
flows near the gate, and hence g. reaches its
maximum at a higher gate potential for which the
drain and gate noise are more pronounced (and its
cancellation lower), leading to a higher noise figure.

In resume, concerning tke P, R, and C parameters,
we have not found importznt differences between our
MESFET and HEMT devices, with these particular
geometries and doping profiles. The main difference
lies in the fact that the maximum current control in
the HEMT is accomplished at lower drain current
values than in the MESFET. This leads to a better
noise performance (in terms of the intrinsic minimum
noise figure) of the heterojunction devices at the
optimum operation point.

4. CONCLUSIONS

A comparison between the noise performance
of two particular MESFET and HEMT structures
was carried out by using a Monte Carlo simulation.
The behaviour of the simulated noise parameters
is in good agreement with theoretical predictions
and experimental measurements in HEMTs and
MESFETs. Some remarkable differences were found
between both devices.

(i) The maximum current control in the HEMT is

accomplished when the conduction takes place
through the GaAs channel, far from the gate
electrode, while in the MESFET the gate control
improves when the current flows near it.
(ii) The transconductance maximum in the HEMT
is shifted to lower values of the current with respect
to the MESFET. As a consequence, the optimum
operation point of the HEMT takes place at lower
drain current, thus leading to a lower gate and drain
noise and hence to a lower noise figure.
(iii) While providing the same current levels,
short-channel effects in the HEMT are less pro-
nounced than in the MESFET because of its higher
aspect ratio. In fact, in real HEMTS it is easier than
in real MESFETS: to avoid these negative effects when
reducing the gate length, since their aspect ratio can
be enlarged (without affecting the conducting
channel) by means of a thinner cap layer.

The conclusions reached with our analysis can not
be extended directly to HEMTs and MESFETs with
any geometry, doping profile or material compo-
sition. The optimisation of the present structures in
order to obtain better values of the transconductance
and cut-off frequency could change completely the
noise performance of the devices, since transconduc-
tance and noise are very closely related. However, the
analysis of the influence on the noise of the different
parameters and processes taking place inside the
devices that has been performed can be used as an
useful indicator of the differences that may be found
between both types of devices.
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