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Abstract— Electronic noise, despite being a limiting factor in
many applications of semiconductor devices and integrated
circuits, constitutes also a source of information about the
microscopic processes taking place inside the devices. The level of
noise and its frequency dependence can provide very useful
knowledge about the dynamics of charge carriers, not available
from the DC behavior. Monte Carlo simulations, performed
precisely at a microscopic level, can be used to identify the link
between the noise behavior of the devices and the peculiarities of
carrier dynamics in high-frequency semiconductor devices. In
this work we review several examples in which the noise
performance of diodes and transistors contains information
about some specific dynamics of electron and holes. In particular,
we will deal with shot-noise suppression in ballistic and diffusive
diodes, noise in Gunn diodes just before the onset of oscillations,
plasmonic noise in FETSs, kink-effect-related noise in HEMTSs of
different technologies and noise related to carriers injected at the
gate of FETs.

Keywords— Monte Carlo simulation, Gunn oscillations, shot
noise, kink effect, plasma oscillations, THz, detection.

L INTRODUCTION

Electronic noise is a limiting factor in many applications of
semiconductor devices and integrated circuits. The fluctuations
of electronic signals around their average (or cyclostationary)
value can make impossible the recognition of the signal being
processed or detected, that could remain hidden if the noise
generated by the device or the circuit is too high. This can be
particularly critical when working at high frequency with low-
power signals.

Fluctuations reflect the presence of the many processes
taking place at a microscopic level and having an influence on
macroscopic quantities like voltages or currents. Indeed, the
level of noise and its frequency dependence may contain very
useful information about such microscopic processes, in
particular about carrier dynamics inside electronic devices, not
available through the knowledge of the DC behavior [1].

To extract such information from the noise, it is necessary
to have an exact comprehension of the microscopic processes
at the origin of fluctuations and how they are transferred to the
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terminals of the devices. To this end, the use of particle
simulation approaches to analyze noise in semiconductor
devices [2], like the Monte Carlo (MC) method [3], can be
especially useful, since they allow identifying the link between
the noise behavior of the devices and the peculiarities of carrier
dynamics. Indeed, within the MC technique no assumption is
made about the noise sources, which are intrinsically taken into
account.

In this paper we review several cases of interest. (i) The
level of shot-noise suppression/enhancement in ballistic and
diffusive conductors and devices contains information about
injection statistics, the presence of space-charge limited
transport or the energy dependence of the probability of the
dominating scattering processes [4-6]. (ii) An anomalous
increase of low-frequency noise can be employed as a useful
indicator of current instabilities and oscillations in Gunn
diodes, especially when such oscillations are not easy to detect
(THz regime) [7-10]. (iii) Noise resonances can evidence the
presence of collective phenomena like plasma effects in diodes
and transistors, than can be exploited for signal detection [11,
12]. (iv) The location of holes generated by impact ionization
in HEMTs, leading to kink effect in the output characteristics,
originates a particular behavior of high-frequency noise, with a
cut-off frequency related to the recombination time [13-16]. (v)
Finally, electrons injected at the gate of HEMT transistors can
lead to a significant noise enhancement in the drain current
[17]. In all these cases, useful information on carrier dynamics
can be extracted from the knowledge of the noise behavior of
the devices.

II.  MONTE CARLO MODELS AND NOISE CALCULATION

The MC technique is quite appropriate not only for the
analysis of the static and dynamic behaviour of high-frequency
electronic devices, but also to study their noise performance.
Since the description of transport is carried out at a
microscopic level, it allows identifying the peculiarities of
carrier dynamics and its relation to the noise behavior.

In this paper, results on different devices will be shown,
going from simple two-terminal homogeneous diodes analyzed
with a 1D model, through more complex self-switching diodes
(SSDs) that require a 2D simulation, to advanced HEMT
structures with an intricate geometry; every one requiring
particular ingredients to be implemented in the MC models. All
of them have in common the use of the simulation of an
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ensemble of charge carriers (mostly electrons, in some cases
also holes) self-consistently coupled with the solution of
Poisson Equation to account for the electrostatic interactions.
The MC transport description is typically based on
nonparabolic spherical valleys and include ionized impurity,
alloy, polar and non-polar optical phonon, acoustic phonon and
intervalley scattering, and appropriate carrier injection
techniques at the contacts [18,19]. In some of the devices
(SSDs and HEMTS), a negative surface charge density o is
assigned to the semiconductor-air interfaces to account for the
influence of the surface states originated during the etching
processes. In the case of HEMTs, where the influence of the
surface charges on the device behaviour is not critical, they are
included in a simple way by fixing the value of ¢ to the
experimentally-extracted equilibrium value, keeping it constant
independently of the topology of the structure, position along
the interface, bias and time. In the case of SSDs, the surface
states at the semiconductor-air interfaces are updated locally
during the simulation according to the surrounding carrier
concentration and operating conditions [20]. Simulations are
performed at 7=300 K.

Noise calculations are carried out in the standard way. First,
from the time series of instantaneous current values obtained
from the simulation, we evaluate the autocorrelation function
of current fluctuations, C;(t). Then, by Fourier transform, the
corresponding spectral density, S;(f), is calculated [2]. To this
end, the dynamics of electrons in the device are simulated
during a long enough time series divided into short time steps.

In order to model THz detection (AC to DC conversion), a
sinusoidal signal of varying frequency is superimposed to the
DC bias of a given terminal and the average current is
recorded. In particular, in the case of HEMTs, as in [21], the
average drain current is recorded when the sinusoidal signal is
superimposed to the DC gate bias, V.

III. CASES OF INTEREST

A. Noise in Ballistic and Diffusive Conductors

Here we analyze transport in a structure (Fig. 1) consisting
in a lightly-doped active region of a semiconductor sample of
length L sandwiched between two heavily doped contacts (of
the same semiconductor) which act as reservoirs by injecting
carriers with Poissonian statistics into the active region [19].
Scattering mechanisms, considered isotropic, are introduced in
the simulation in a simple way by making use of a relaxation
time depending on electron energy as 7(e) = 79e% . In
principle, the exponent o can take any value, although only
some particular values correspond to well-known scattering
mechanisms in a semiconductor model. As examples, o =—1/2
corresponds to scattering with acoustic phonons by
deformation potentials, a=0 to neutral impurities, a =1/2 to
acoustic piezoelectric phonons, and o =3/2 to short-range
ionized impurity scattering [22].

Initially, we consider separately the case of elastic and
inelastic ~ (completely  thermalizing) interactions and
a=0 (energy independent scattering time). While L remains
constant, the value of 7 is appropriately varied covering both
the ballistic and diffusive transport regimes. The transition
between these regimes is described by the ratio between the
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Figure 1. Schematic drawing of the structure under investigation.
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Figure 2. Fano factor vs ballistic parameter ¢ /L for the cases of elastic
and inelastic scattering at different applied voltages. From Ref. [4].
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Figure 3. Fano factor as a function of the energy exponent of the elastic
scattering time o. Red and grey circles refer to MC simulations
performed at V=60 kzT/q for d=3 and d=2, respectively. Dotted curve
and other symbols refer to analytical theories carried out under space-

charge limited conditions. From Ref. [5].

carrier mean free path £ and the sample length L. The level of
space charge inside the active region is characterized by the
dimensionless parameter A, defined as L/Lp., where Lp, is the
Debye length corresponding to the carrier concentration at the
contacts [23]. A high value of A indicates space-charge limited
transport.

Fig. 2 reports the Fano factor y = S,(0)/2ql as a function
of #/L for several values of the applied voltage V in the case of
elastic and inelastic scattering. In the perfect ballistic regime
the two distinct values of y inform about the presence or
absence of the potential barrier limiting the current due to
space charge [23]. For V=40 kzT/q the barrier is still present
and the suppression is important. For V=80 kzT/q and 100
kpTlq the barrier has already disappeared; accordingly the
current saturates and the suppression factor takes the full shot-
noise value. When the diffusive regime is achieved, in the
elastic case y attains a constant value at further decreasing of
£/L, and takes the same value of about 1/3 independently of the
applied voltage. On the contrary, in the inelastic case the higher
the applied voltage the lower the value finally reached by .
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The limiting value reached by yin the elastic diffusive limit
(approximately 1/3 in the case of a=0) provides also useful
information, in this case about the energy dependence of the
dominating scattering mechanism, as shown in Fig. 3, where y
is plotted as a function of a in such a limit. Results for two
different dimensionalities of momentum space d=2,3 are
provided. The figure also includes different theoretical
predictions developed to interpret MC results [24-26]. As
observed, a significant dependence of y on both o and d exists,
reflecting the signature of scattering mechanisms on the noise
of the structure. The Fano factor is found to exhibit an
asymmetric behavior with o, showing a tendency to saturate at
positive values of a (taking suppressed values near to 1/d),
while increasing systematically towards enhanced values well
above unity (noise enhancement) at the largest negative values
of a..

B. Noise as Precursor of Gunn Oscillations

A Gunn diode oscillates when the bias voltage exceeds a
threshold value. However, between the initial static state and
the generation of a purely periodic signal there exists a voltage
range for which incoherent fluctuations appear, leading to an
significant increase of noise at frequencies much lower than
those of the oscillations. This effect has been predicted by MC
simulations [7-9] and recently confirmed experimentally [10].
The origin of the noise enhancement is attributed to the
existence of intermittent oscillations for a given range of
voltages, preceding the formation of a coherent oscillation. In
practice, such a noise increase can be used as an indirect
method to predict higher-frequency oscillations in setups where
a direct detection is a complicated challenge, as in the case of
(sub-)THz Gunn oscillators. That is the case illustrated here,
where simulations of GaN asymmetric diodes, so called SSDs
[27], with the geometry shown in Fig. 4, are performed. Details
about the model can be found in [9]. The high saturation
velocity of GaN allows oscillation frequencies approaching the
THz range for channel lengths about a micron.

Fig. 5 shows (a) I-V and (b) S;(0)-V curves for three SSDs
with different values of the surface charge density . This
parameter is decisive for achieving current oscillations that
present harmonics from 100 GHz up to 1 THz. Current
sequences and noise spectra are also plotted as insets in order
to get more information about what happens in the diode for
several voltages at which S;(0) exhibits significant variations. A
higher value of ¢ leads to a stronger channel depletion, which
makes necessary higher voltages to achieve, first, current
conduction through the diode and, then, Gunn oscillations, as
shown in Fig. 5(a). We note that at such voltages there are no
kinks in the I-V curves. Let us focus on the diode with lower
value of surface charge density, SSD1. As can be observed, the
threshold for the onset of Gunn oscillations is about 40 V.
Below this voltage, starting from the Nyquist value at
equilibrium, the noise exhibits a slight increase with the bias
due to electron heating. For voltages higher than 36 V, a
remarkable enhancement of the low-frequency noise is
detected, in parallel to the transition from a passive- to a
generation-state as evidenced by the current sequence and its
corresponding spectral density at 40 V. Once the oscillations
are well established (voltages above 45 V), S;(0) decreases, and
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Figure 4. Scheme of the top-view simulations of the channel with the
involved parameters, background doping Np, and surface charge o, and
the considered dimensions of the diode.
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Figure 5. (a)I-V curves and (b) low-frequency value of the current
spectral density for SSD1, that has o/q = —0.25x10"> cm™, and two more
diodes, SSD2 and SSD3, with 6/q =— 1.0x10'"> cm™ and o/q =— 1.5x10"?
em?, respectively. The insets in (a) show current sequences for some
applied voltages and in (b) the corresponding spectra. From Ref. [9].

then, at around 53 V, it increases again because of the onset of
further frequency components. For higher voltages we find
once more the previously explained behaviour, i.e., a drop in
the noise up to 75 V due to the presence of clear oscillations
followed by another rise according to the incorporation of more
harmonics, as occurs at 100 V.

Simulations of SSD2 and SSD3, with increasing values of
surface charge, confirm that the enhancement of the low-
frequency noise is certainly due to the onset of current
oscillations and further spectral components. In SSD2
oscillations are more difficult to be obtained than in SSDI,
being necessary the application of a voltage around 80 V, while
for SSD3 the effective width of the channel is not enough to
achieve current oscillations even at 100 V. In fact, the current
level is much lower than in the other diodes. With regard to the
low-frequency noise [see Fig. 5(b)], the curve corresponding to
SSD2 exhibits a more or less constant value up to 80 V (with a
slight increase due to electron heating) and then rises
considerably, coinciding with the onset of oscillations at that
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voltage. For a lower value of o, which is the case of SSD1
discussed before, such a bump takes place at lower bias, 36 V,
while for a higher value of o, as occurs for SSD3, S;(0) remains
practically constant since no oscillation is achieved.

C. Noise and THz Rectification in HEMTs

Plasma-related charge fluctuations in regions where a
potential barrier limits the current flowing through the devices
originates a link between the noise in the current (given by the
plasma oscillations) and the AC to DC rectification (given by
the coupling between the internal plasma and the external
output signal). This effect takes place in diodes, like SSDs [11],
and transistors [12], and allows identifying resonances in the
noise that could be exploited for signal detection. This
approach has been confirmed by experiments made with classic
HEMTs based on different material systems (GaAs, InGaAs
and GaN) and Si MOSFETs, where THz detection as a result of
plasma wave resonances has been demonstrated [28].

Here we show some illustrative results in HEMTs based on
InGaAs channels, with the geometry shown in Fig. 6. The
comparison between simulations of noise and THz detection
allows determining the location of the dominant plasma effects
leading to signal detection. Additionally, information about the
plasma modes (2D and 3D, gated and ungated) present in the
structure can be obtained [12].

Fig. 7 compares the spectral densities of (a) source, (b)
gate, and (c) drain current fluctuations with the frequency
dependent DC drain current resulting from the superposition of
a sinusoidal signal at the gate terminal in HEMTs with
different length of the source access region Ls. As observed,
the noise spectra exhibit a resonance related to plasma effects,
which seems to be also present in the rectification of the drain
current. The dependence on Lg of the amplitude and frequency
of the peak in the AC to DC conversion signal is clearly
correlated with that of the noise spectra of the source current
[Fig. 7(a)], but not with the gate and drain ones. This happens
because it is the resonance between the plasma-related charge
fluctuations of the source-gate region and the oscillating gate
voltage that results in the increase of the average drain current,
Aly, due to an enhanced injection of electrons over the potential
barrier induced by the gate electrode. In fact, the very same
characteristic frequency is also visible (not shown here) in the
spectra of the electric potential fluctuations in the channel
under the source side of the gate (the point that determines the
value of /; since it is where the carrier injection over the
potential barrier takes place). Moreover, both the gate-drain
distance and the gate length do not affect the position of the
resonant peak of the AC to DC conversion. On the other hand,
in addition to the previously observed dependence on Lg, the
resonant frequency strongly depends on the length of the
source side of the recess, L,. These results clearly indicate that
the source-gate region (including the recess) acts as the plasma
wave cavity that produces the resonant detection of THz
radiation in HEMTs, fact that is also reflected in the source
current noise spectra.

D. Kink-effect Related Noise in HEMTs

The kink effect consists in an anomalous increase in the
drain current /; at sufficiently high drain-to-source voltages V,
which leads to a reduction in the gain and a rise in the level of
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Figure 6. Layer structure and geometry of the InGaAs HEMTs.
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Figure 7. Comparison between the (a) source, (b) gate and (c) drain
current noise spectra, Sy, Sj; and Sy, respectively, and the frequency
dependent drain current due to AC to DC conversion, calculated as the
average drain current originated by the superposition of a sinusoidal
signal of 0.1 V of amplitude and varying frequency to the DC gate
potential (Vy=-0.3V, Vg=1.0V) of a HEMT with L=100 nm and
Ls=500 nm and different values of L.

noise [13]. Here we will describe the behavior of the noise
related to the kink effect in two HEMTs fabricated with
different technologies: a 100 nm-gate InGaAs/InAlAs HEMT
[13, 29] and a 225-nm isolated-gate InAs/AISb HEMT [15,
30]. Even if the influence of kink effect on the DC, AC and
noise behavior of the transistors is similar for both
technologies, its physical origin exhibits significant
differences, mainly related to the location inside the device of
the holes (generated by impact ionization) at the origin the
effect. For the analysis of this phenomenon is therefore
essential to include in the MC model impact ionization events
as well as hole recombination [13]. Good agreement between
the MC simulations and experimental measurements of output
characteristics, not shown here, where obtained for both
transistors [13, 15].
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mechanisms. (c) and (e) correspond to the InGaAs HEMT, (d) and (f) to
the InAs one. Two different values for the recombination time t.. have
been used: 0.01 and 0.1 ns for the InGaAs HEMT, and 0.02 and 0.05 ns
for the InAs-HEMT.

MC simulations allow identifying the physical origin of the
kink effect as follows. For high enough V' the holes generated
by impact ionization mechanisms, mainly in the gate-drain
region, move towards the source contact. This happens for V
about 0.7V and 0.3V for InGaAs and InAs HEMTs,
respectively, when the gate-to-drain voltage provides the
electrons with a kinetic energy similar to the bandgap of the
channel semiconductor (0.75 eV for InGaAs and 0.35 for
InAs). In the case of InGaAs HEMTs, the generated holes are
confined in the channel (type I heterojunction) and tend to pile
up under the source side of the gate, Fig. 8(a). For the InAs-
HEMT, the valence band discontinuity and the electric field
benefit the descent of the holes towards the AISb buffer (type II
heterojunction), where they accumulate, mainly under the gate
and at the gate-drain region of the transistor, Fig. 8(b). Due to
this pile-up of positive charge, the potential barrier which
controls the passage of electrons through the channel is
lowered, thus the channel is further opened and /, increases,
leading to the kink effect in the output characteristics.

In InAs HEMTs, the increase of 1, for a fixed V,, due to the
appearance of holes grows with V. This behavior is the
opposite to that found for InGaAs devices, in which the
increase of I, is lower for higher V,,, which occurs because
although the electron concentration in the channel is larger
when the channel opens, the maximum electron energy is
reduced due to the lower gate-to-drain potential. In the case of
InAs HEMTs the bandgap is much smaller, thus impact

ionization probability remains significant for higher values of
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Figure. 9. (a) Si(f) and (b) Sw(f) with (solid lines) and without (dashed
lines) considering gate-tunnel injection. V4 = 1.0 V. From Ref. [17].

V4. Besides, impact ionization events take place not only near
the maximum of electron energy (under the gate), but all along
the drain-side of the channel, where the electron velocity is
higher when increasing V.

Apart from this static effect, impact ionization and hole
recombination lead to fluctuations of the hole concentration in
the channel, particularly in the pile-up. Since these charge
fluctuations are strongly coupled to the drain-current
fluctuations by the high transconductance of the transistor, an
important increase of the drain-current noise is expected to take
place concurrently with the kink in the /,-V, curves. Thus, the
low-frequency value of S;,;, Figure 8(¢) and (f), is found to
increase with V, (due to the higher number of impact
ionization events) and 7., both enhancing the pile-up of holes,
with a strategic position under the gate, Figure 8(a) and (b).
Indeed, S;(0) depends on ¥V and Vi in a similar way to that
shown by the kink-related increase of /,; more pronounced for
higher ¥, and lower (higher) V,, in InGaAs (InAs) HEMTs.
However, the relative increase of S;;(0) with respect to its value
when impact ionization is not considered in the simulations is
much higher than that of 7, And even in conditions where the
kink effect in the I,-V, curves is hardly detectable [for
example when Vy is just above the onset of impact ionization
mechanisms, V;=1.0 V for the InGaAs HEMT, Fig. 8(c), and
V4=0.3 V for the InAs HEMT, Figure 8(d)], Si,(0) already
exhibits a significant increase [Fig. 8(e) and (f)]. This indicates
that when HEMTs are biased in the vicinity of the kink onset,
even if the static behavior of the transistors is not perturbed,
their noise is already showing the signature of the effect, since
drain noise is extremely sensitive to the dynamics of holes
generated by impact ionization.

E. Noise Related to Gate Electron Injection in HEMTs

Finally, here we explain how the tunnel injection of
electrons through the gate in a 100 nm-gate InGaAs/InAlAs
HEMT modifies the noise spectra [17]. Fig. 9 shows (a) S,
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and (b) Sy as a function of frequency, with and without
considering gate tunnel injection in the device, for several
biasing conditions. The high-frequency peak due to plasma
oscillations is noticed in all cases. As observed, Sy, presents an
increase of the low-frequency plateau when tunnel effect is
included in the simulations, more pronounced the lower (more
negative) is ¥, and thus more intensive electron injection takes
place. Interestingly, there is an increase in S;; due to the gate
tunnel injection while this effect leads to a reduction in /; in
open channel conditions. Again, like at the onset of kink effect,
this increase in Sy, is remarkable even when the tunnel effect is
hardly noticeable in the /-V characteristics (not shown). The
origin of this effect in the noise is attributed to the fluctuations
induced in the potential barrier controlling the current flow
through the channel by the electrons injected under the gate
into the Schottky layer. These potential fluctuations are
strongly coupled with the drain current fluctuations, leading to
the large increase observed in Sy As concerns Sy, due to the
appearance of a DC /, component originated by the tunnel
injection through the Schottky contact, a low-frequency
enhancement in Sy, roughly corresponding to the full shot
noise value 2q/,, takes place.
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