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Monte Carlo Simulator for the Design Optimization
of Low-Noise HEMTs

Javier Mateos, Tomás González, Daniel Pardo, Virginie Hoël, and Alain Cappy

Abstract—A complete analysis of low-noise 0.1 m gate
AlInAs/GaInAs HEMT’s has been performed by using a semi-
classical Monte Carlo simulation. The validity of the model has
been checked through the comparison of the simulated results
with static, dynamic and noise experimental measurements of real
HEMTs. In order to reproduce the experimental results, we have
included in the model some important real effects such as degen-
eracy, surface charges, T-shape of the gate, presence of dielectrics
and contact resistances. Moreover, the extrinsic parameters of
the devices have been added to the usual intrinsic small-signal
equivalent circuit, thus allowing the calculation of the real noise
of the HEMTs (characterized using the extrinsic minimum noise
figure). In this way, we make possible not only the comparison with
the experimental noise results, but also the analysis of the influence
of the parasitic elements, the device width or the number of gate
fingers on the noise of the HEMTs. The reliability of the simulator
allows us to realize “computer experiments” which will make faster
and cheaper the optimization process of the device design.

Index Terms—HEMT, Monte Carlo, noise, simulation.

I. INTRODUCTION

T HE PRINCIPAL objective of modern electronics tech-
nology is the fabrication of faster devices with the lowest

level of noise. Even if the reduction of the gate length ()
up to the technological limit is the main way to achieve this
purpose, the use of new materials and devices is also essential
for the progression toward higher frequencies. In recent years,
heterojunction devices have provided better performance
than MESFETs [1], which in the past were the most popular
high-frequency and low-noise devices. In particular, within
the vast family of heterojunction devices, the best results
ever reported in the W-band have been obtained with InP
based HEMTs using the AlInAs/GaInAs material system [2],
improving those of usual GaAs based pseudomorphic HEMTs.

Computer simulation is a very useful tool for the optimization
of the device design, since it allows the study of the influence of
the large amount of parameters entering the fabrication process
[3], [4]. However, the small dimensions of modern devices limit
the validity of the basic simulation methods (like drift-diffusion
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or hydrodynamic models) and the Monte Carlo (MC) micro-
scopic model appears as the only one adequate to this purpose
[5]. Anyway, for a simulation tool to be applied to the design
of real devices, it must be previously checked that it reasonably
reproduces the experimental measurements of static, dynamic,
and noise characteristics of the devices. The first requirement
to accomplish this objective in the case of MC simulation is to
represent precisely the geometry and doping profiles of the de-
vices. Then, some important real effects must be introduced in
the model: degeneracy [6], surface charges [7]–[9], contact re-
sistances [9], [10], T-shape of the gate and dielectric disposition
[9]. And finally the extrinsic elements must be added analyti-
cally to the intrinsic numerical MC simulation in order to obtain
the extrinsic static [10], dynamic [11] and noise [12] parameters
of the devices. In this way, when the reliability of the model has
been confirmed, the simulator becomes a very useful tool for the
design optimization of real HEMTs.

When fabricating devices with submicrometer gate lengths,
the reduction of the gate resistance () is the key point for the
achievement of high RF performances and low levels of noise.
When using the traditional triangular and rectangular gates,
is proportional to ( (the height of the gate is comparable
to ). Thus, in state-of-the-art devices whose gate length has
been shortened up to 30 nm, it is fundamental the use of the
T-gate technology to avoid the increase of [2], [13]–[16].
This kind of technology can reduce the value of from seven
to ten times with respect to triangular or rectangular gates. How-
ever, it has the drawback that the gate capacitance is increased
[9], but we will show that its effect is much lower than the ben-
efit obtained by a lower .

The device width, , can also be reduced in order to minimize
. In this case, the drawback is that the current provided by the

device is also reduced (it is proportional to). Multifinger gates
can be the solution for this problem since they permit to diminish

without reducing the total device width [17]. The effects of
such configuration will be addressed in this paper.

The aim of this work is to present a Monte Carlo simulation
model applied to the study of static, dynamic, and noise charac-
teristics of short-channel T-gate AlInAs/GaInAs HEMTs. The
comparison of the results of the simulation with experimental
measurements will be carried out in order to confirm the validity
of our model. Once a good agreement has been found, we will
perform a systematic analysis of the extrinsic noise performance
of the HEMTs, with emphasis on the influence of the parasitic
elements. And finally some guidelines about the design opti-
mization of low-noise devices (choice of the device width and
number of gate fingers) will be given.

In Section II we present the MC simulator, the real and sim-
ulated devices and the theoretical basis for the small-signal pa-
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Fig. 1. Equivalent circuit of the devices. The shaded area represents the intrinsic elements that are obtained by the MC simulation, while the dotted box encloses
the “intrinsic” equivalent circuit from the point of view of experimental measurements (just excluding the contact parasitics).

rameter extraction and noise analysis. In Section III, the static,
dynamic and noise performance of the HEMTs will be studied
by using the MC simulation (whose results are checked by com-
parison with experimental measurements). In Section IV the
main conclusions of our work are extracted.

II. DEVICE DESCRIPTION ANDANALYSIS PROCEDURE

The T-gate technology was used to fabricate the real
AlInAs/GaInAs -doped 0.1-m recessed-gate HEMTs an-
alyzed in this work, whose geometry, layer structure and
dielectric distribution was presented in previous papers [6],
[9]. The fabricated device has a two-finger gate topology
with a total width of m. All the features of these
state-of-the-art devices are reproduced as closely as possible in
the MC model [9].

A semiclassical ensemble MC simulator self-consistently
coupled with a two-dimensional (2-D) Poisson solver is used
for the simulation of the intrinsic HEMT. The simulation
domain includes the whole device, thus taking into account the
T-shape of the gate and the dielectrics placed on the top of the
device. The surface charges appearing on the semiconductors
in contact with the dielectrics are also considered in the model
[7], [9]. Degeneracy and nonequilibrium screening of impurity
scattering are accounted for by means of the self-consistent
calculation of the local electronic temperature and Fermi level
[6]. Further description of the MC simulation can be found
elsewhere [1], [6]–[9].

In order to carry out the comparison of the measured results
(extrinsic) with those obtained from the simulation (intrinsic)
it is necessary to include in a post-processing stage the para-
sitic elements that are not present in the MC simulation. First,
the source and drain contact resistances (and ) must be
included analytically in the calculation of the– charac-
teristics [10] (since the simulations are performed at constant
intrinsic , it is necessary to interpolate the results to obtain

– curves at constant extrinsic ). does not affect the
static results due to the null mean gate current.

Fig. 2. (a) Scheme of the noise tuning configuration and (b) its equivalent as
seen from the output.

The extrinsic small-signal equivalent circuit that we will use
for the noise calculations is shown in Fig. 1. The shaded area
corresponds to the intrinsic part of the circuit, which is the most
commonly used intrinsic equivalent circuit for both MESFETs
and HEMTs [1], [18], [19]. These intrinsic elements are ex-
tracted taking as a basis the parameters of the HEMT, cal-
culated using the classical MC technique [20]. We have added
some extrinsic capacitances representing the parasitic capacitive
effects associated with the topology of the devices not taken into
account in the intrinsic simulation. The values of these capaci-
tances have been determined by fitting the experimental data at
zero current, where it remains only the effect of the geometric
(extrinsic and intrinsic) capacitances, which are independent of
the biasing. These values are fF/mm,
fF/mm and fF/mm (quite reasonable values con-
sidering the technology used). The intrinsic equivalent circuit
obtained from the MC simulation together with the extrinsic ca-
pacitances correspond to the “intrinsic” small-signal equivalent
circuit from the point of view of experimental measurements,
which is determined excluding the effect of contact resistances,
capacitances and inductances [18]. Thus, we must perform the
comparison of the measured “intrinsic” equivalent circuit with
the coupling of the usual intrinsic circuit and the extrinsic ca-
pacitances, which is represented in Fig. 1 inside the dotted box.

Contact resistances have also been included in the extrinsic
equivalent circuit. In this case has an important effect, since
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in dynamic regime the value of the gate current is appreciable.
In both the static and dynamic calculations the values used for

, and (only and in the static case) are those
measured experimentally ( , and

). The capacitances and inductances of the contacts have
not been included in the equivalent circuit since they do not
affect the noise figure of the device (the only sources of thermal
noise are the contact resistances); they just change the optimal
admittance for which the minimum noise figure is found.

Once the equivalent circuit elements andparameters are
calculated, we can proceed with the noise characterization of
our device. First, intrinsic (including the extrinsic capacitances)

, and noise parameters are calculated [1], [12], [17], [21].
, and represent the drain and gate noise sources and

their cross-correlation, respectively. Then, the extrinsic min-
imum noise figure, , can be evaluated by taking into ac-
count both intrinsic and extrinsic noise sources. Intrinsic noise
is represented by means of the, and parameters, while the
extrinsic noise comes from the thermal fluctuations originated
in the contact resistances, , and . The method of ex-
traction of the extrinsic is detailed in the work of Greaves
and Unwin [12] based on the classic work of Rothe and Dahlke
[22]. The expression for is:

Re (1)

where
noise resistance;
correlation admittance;
optimum input admittance.

corresponds to the admittance we have to connect in par-
allel with the input of the amplifier (our transistor) to obtain the
absolute minimum of the noise figure, Fig. 2(a). This is the noise
tuning condition [22], whose equivalent representation from the
point of view of the output is shown in Fig. 2(b) (where
is the output admittance of the circuit). The power gain of this
configuration is called associated gain, , (associated with
the minimum noise condition) and can be calculated as follows:

Re

Re

(1)
where , , and are the extrinsic parameters of
the HEMT (calculated using the equivalent circuit of Fig. 1,
following the process reported in [11]).

Usually, the measured quantity is not but the complex
optimum reflection coefficient :

(2)

where is the characteristic impedance, in this case 50.
The experimental characterization of the noise performance

of real devices is performed by simultaneously measuring their
parameters and output noise power, and then extracting the

values for the four noise parameters [23] ( , , magni-
tude and phase of ) and the associated gain. represents
the noise added by the device to the signal that it is amplifying,
which has an absolute minimum when the input reflection co-

Fig. 3. Comparison of theI –V characteristics (also the extrinsicg and
g are shown in the inset forV = 0:8 V) measured in a real HEMT (solid
line) with those obtained from the MC simulations (dotted lines, black circles).

efficient is . Finally, is a measure of the sensibility of
to the changes of the input admittance with respect to its

optimum value. These parameters will be calculated using the
MC simulation and the comparison with the experimental mea-
surements will be presented in next section.

III. RESULTS

A. Static Characteristics

By adjusting separately the surface charge at the cap layer
and at the bottom of the recess [9] we have obtained the–
characteristics shown in Fig. 3 (the influence of the drain and
source contact resistances has been incorporated to the intrinsic
MC results). It can be observed that the static characteristics of
the real HEMT have been reproduced quite closely. The inset of
Fig. 3 presents the values of theextrinsictransconductance, ,
and drain conductance,, calculated from the – curves as

(3)

The agreement of the simulation with the experimental mea-
surements also for these incremental parameters is fairly good
(even if is somewhat underestimated by the MC simulation).
Finally, it is remarkable that the experimental value of an im-
portant parameter like the threshold potential is adequately pre-
dicted by the simulation (approximately0.5 V).

B. Dynamic Behavior

The intrinsic parameters of the HEMT are calculated
by means of the Fourier analysis of the transient response of the
transistor to voltage stepsapplied in the gateand drain electrodes.
As explained before, the extrinsic capacitances , and

are included in the measured intrinsic part of the equivalent
circuit. So, the new parameters are obtained as

(4)

with the angular frequency andthe imaginary unit. Now, the
intrinsic small-signal equivalent circuit obtained from the new
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Fig. 4. Comparison of the small-signal parameters measured experimentally
(solid line) with those calculated with the MC simulation (dotted lines,
black circles) forV = 0:8 V: (a) gate-source, drain-source and gate-drain
capacitances, (b) transconductance and drain conductance, and (c) intrinsic
current gain cutoff frequency.

parameters can be compared with that extracted experimen-
tally from the measurement of theparameters of the transistor
(taking away the effect of the contact parasitics) [18], [19].

Fig. 4(a) shows the experimental and simulated values of the
gate-source, drain-source and gate-drain capacitances as a func-
tion of the drain current for an extrinsic drain voltage of 0.8 V.
The values of theintrinsic and [Fig. 4(b)] and the in-
trinsic cutoff frequency [Fig. 4(c)], , are also
shown. The value of is important for the noise behavior of
the device, since the factor governs the increase with fre-
quency of the noise figure of the devices [21], [23]. A notable
agreement between the experimental and simulated values of
the equivalent-circuit elements is observed. It is especially re-
markable that their dependence on the biasing is very well de-
scribed, thus supporting the validity of the dynamic simulation.
Also, some important parameters are properly reproduced, like
the maximum intrinsic transconductance, which is found to be
approximately 1000 to 1100 S/m, giving a maximum cutoff fre-
quency of about 250 to 275 GHz.

The slight disagreement found between the measured and
simulated intrinsic transconductance can be explained by the
underestimation of the drain conductance shown before (Fig. 3),
since , and are coupled by the relation

(5)

Fig. 5. P , R, andC parameters as a function of the drain current forV =

0:8 V. The inset represents their frequency dependence forI = 60 A/m.

and by the fact that the surface charges have been adjusted to
reproduce the extrinsic (and not intrinsic) values of the current
and transconductance.

C. Noise Behavior

In order to analyze the intrinsic noise of the HEMT we will
make use of the well-known, and noise parameters. Fig. 5
shows the intrinsic values of , and as a function of the
drain current at 1 GHz for an extrinsic drain voltage of 0.8 V.
The results agree well with the usual analysis of noise in FETs
[17], [21], [23]: shows a minimum at intermediate current,

decreases at low current, andis more or less constant. The
calculation of and is not very accurate ( %), mainly due
to the important uncertainty in the calculation of the gate noise.
It can also be noticed (inset of Fig. 5) that they are practically
frequency-independent up to 50 GHz.

The extrinsic noise performance of the devices is character-
ized through the four parameters , and the complex

, together with . In Fig. 6 we present their values calcu-
lated from the MC simulation at 19 and 94 GHz and the compar-
ison with those obtained experimentally. At 19 GHz, the experi-
mental noise parameters are directly extracted using the method
presented in [23], while the values at 94 GHz are the result of
the extrapolation of the measurements at 19 GHz [24], and con-
firmed by the measurements of and at 94 GHz, i.e., the
noise figure and gain with an input load of . The reference
plane for the measurements of theparameters is not exactly
placed at the input of the active device (as it is the case in the
simulation). This distance leads to a further dephasing,(pro-
portional to frequency), of the measuredparameters, which
is taken into account within the simulatedparameters by dis-
placing their reference plane. The value ofhas been adjusted
in order to reach a good fitting of the experimental results of

and , whose values are strongly dependent on the po-
sition of the reference plane ( and do not depend on
it). Indeed, if the reference plane were placed just at the input of
the device, would be almost independent of frequency. The
value of which leads to a better agreement is 15at 94 GHz
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Fig. 6. (a) Minimum noise figure (b) associated gain, (c) noise resistance,
(d) magnitude and (e) phase of� at 19 and 94 GHz as a function of the
drain current for an extrinsic biasV = 0:8 V. The values are obtained
experimentally (solid lines) and with the MC simulation (dotted line, black
circles).

(0.16 per GHz), corresponding to a displacement of the refer-
ence plane of about 0.1 mm, which is a reasonable value.

This is the first time, to our knowledge, that all these param-
eters are calculated by means of a MC simulation. Moreover,
as can be observed in Fig. 6, the accuracy of the theoretical
predictions is considerably high; the dependence of the results
both on biasing and frequency being very well reproduced. The
minimum noise figure shows the typical U-shape, mainly due
to the influence of , which increases at both high (due to
the increase of the drain noise, associated with theparam-
eter, Fig. 5) and low drain current (due to the decrease of the
cutoff frequency, Fig. 4). Thus, exhibits a minimum at in-
termediate gate bias. The increase of and low current
is not completely well reproduced by the simulations since it is
not possible to calculate accurately the frequency dependence
of the small signal parameters at low, when is practically

Fig. 7. Frequency dependence of (a)F and (b)G obtained with the
MC simulation forV = 0:8 V and I = 60 A/m (the point where the
absolute minimum noise figure is found) for devices with different widths. Also
shown are the intrinsic results (dash-dot line) and those for a device withW =

100 �m and without T-gate, modeled by a higher gate resistance,R = 25 


(dash–dot–dot line).

null. Anyway, if this calculation could be made precisely, the
values of and would presumably increase a lot due to
the important decrease of the intrinsic cutoff frequency[21],
[23]. Experimental and simulated results show that the absolute
minimum noise figure is obtained for a drain current of about 60
A/m, giving approximately dB with an associated
gain of 12.0 dB at 19 GHz and dB with
dB at 94 GHz.

The frequency dependence of the minimum noise figure and
the associated gain are shown in Fig. 7 for different values of
the device width, , at A/m. We can appreciate the
well-known increase of and decrease of with fre-
quency, that set an upper limit to the working frequency of the
device. The intrinsic values of these quantities are also shown
in the figure, thus revealing the important effect of the extrinsic
elements (mainly that of , since the associated thermal fluc-
tuations are strongly amplified by the device), which lead to a
considerable increase of and decrease of . Since the
influence of on the noise is more important than that of
and , and since is proportional to and and to

, the value of decreases when decreasing(with an
increase of ), as it can be noticed in Fig. 7. To evidence
the importance of the T-gate technology for the fabrication of
low-noise amplifiers, in Fig. 7 we have also shown the values of

and obtained with a typical value of gate resistance
in a HEMT fabricated without the T shape (usually about seven
times higher than with the T-gate). We can clearly see that due
to the higher gate resistance ( ), increases a lot
when the T-gate is not considered, passing, approximately, from
3.0 to 5.5 dB at 94 GHz. Nevertheless, in this figure we have not
taken into account the slight decrease of associated with
the decrease of the gate capacitance when not using the T-gate
technology [9]. Anyway, even if the increase of shown in
Fig. 7 is somewhat exaggerated, the great influence of the low
resistance of the T-gate on the noise of HEMTs is confirmed.
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Fig. 8. (a)F and (b)G as a function ofW obtained with the MC
simulation for the same bias point of Fig. 7 and for different frequencies: 50
GHz (circles), 100 GHz (triangles) and 200 GHz (squares). The shaded area in
(a) represents the range ofW for which there is no problem of adaptation at the
different frequencies.

The influence of the device width on the noise behavior of the
devices can be better understood by means of Fig. 8, where
and are represented as a function of at A/m.
As observed, increases and decreases for wider de-
vices, thus deteriorating their performance, more significantly
the higher is the frequency. Therefore, must be reduced to
obtain devices with lower noise. Moreover, if is too large,
one meets problems of adaptation. It happens because the input
capacitance is proportional to , the impedance
becomes very small and the adaptation requires an extremely
small inductance. Thus the product is usually kept approxi-
mately constant; i.e., the width must be decreased if the working
frequency increases. This rule is shown in Fig. 8 by means of the
shaded area, which represents the region where the adaptation
is possible. This figure can be useful for the fabrication process,
since it informs about the required of a device for working at
a particular frequency and with certain values of and .

On the other hand, there are also some restrictions that fix a
limit for the reduction of . To obtain the results of Fig. 8 we
have supposed that the extrinsic capacitances are proportional
to , which is a good approximation only for large. Indeed,
for very short , the capacitances do not vanish but they reach
a certain saturation value, thus abandoning the linear behavior.
This offset leads to a deterioration of and [17] that
is not considered in Fig. 8, but we have verified that it becomes
important only when is lower than 20 m. Another reason
for avoiding a further reduction of is that the level of cur-
rent provided by the devices decreases proportionally to, and
usually a minimum delivered power is a key exigency in their
fabrication. Therefore, the optimum value for at a given fre-
quency is the highest one which lays inside the shaded region
of Fig. 8, since it provides the maximum current without prob-
lems of adaptation, and a further reduction ofdoes not ben-
efit significantly the noise behavior. Following this rule, we have
found that for 50 GHz and m, dB with

dB, for 100 GHz and m,

Fig. 9. (a)F and (b)G as a function of the number of fingers of the gate
obtained with the MC simulation for the same bias point of Figs. 7 and 8 and
for different frequencies and total device widths: 50 GHz andW = 100 �m
(circles), 100 GHz andW = 40 �m (triangles) and 200 GHz andW = 20 �m
(squares).

dB with dB and for 200 GHz and m,
dB with dB.

Another way to decrease the gate resistance without reducing
the width of the devices (and consequently the current) is the
use of multifinger gates. In Fig. 9 we show the values of
and at A/m as a function of the number of fingers
of the gate for different frequencies (each one with its optimal
width). It can be noticed that passing from one to two fingers
provides a remarkable improvement in the performance of the
device (lower and higher ), more important the longer
is and the lower is the working frequency. However, when
passing from two to four fingers, small differences are detected,
thus making worthless the technological effort that requires the
fabrication of more than two fingers (air bridges are necessary).
Therefore, two is the optimal choice for the number of fingers
(in fact, all the previous results correspond to devices with two
gate fingers).

IV. CONCLUSIONS

We have performed an exhaustive analysis of static, dynamic
and noise performance of a 0.1m T-gate AlInAs/GaInAs
HEMTs by using an MC simulation whose results have been
contrasted with experimental measurements. A very good
agreement has been found in the– characteristics,
small-signal and noise parameters, thus confirming the validity
of the simulation model. Moreover, we have calculated, by first
time using MC simulation, the four noise parameters ( ,
and the complex ) together with , with quite high ac-
curacy. The effect of the extrinsic elements of the small-signal
equivalent circuit on the noise behavior of the devices has also
been analyzed, thus obtaining important information that can
be used for the optimization of the fabrication process. We
have found that the reduction of the gate resistance is the most
efficient method for obtaining low-noise devices. Also, the
influence of the device width and the number of gate fingers on
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the noise has been studied. Thus, the optimal values forand
the number of fingers for a particular working frequency can
be predicted and applied to device fabrication.
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