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Monte Carlo investigation of terahertz plasma oscillations in gated ultrathin
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By numerical simulations we investigate the dispersion of the plasma frequency in a gated channel
of n-type InGaAs layer of thickness W and submicron length L at T = 300 K. In the presence of a
source-drain voltage and for a carrier concentrations of 1018 cm−3 the spectra evidences a peaked
shape with two main bumps, the former at high frequency corresponding to the three-dimensional
plasma frequency and the latter at a low frequency. The frequency value of the latter peak exhibits
a dispersion as the inverse of the channel length in agreement with the predictions of gradual
channel approximation. At increasing drain voltages the instabilities associated with the presence of
Gunn domains are responsible for a suppression of the plasma peak in favor of the onset of a peak
in the subterahertz domain associated with transit time effects. © 2009 American Institute of
Physics. 关doi:10.1063/1.3248096兴
Generation and detection of electromagnetic radiation in
the terahertz domain is a subject in fast development because
of its potential applications in different branches of advanced
technologies, such as broadband communications, highresolution spectroscopy, medical, and biological imaging, security, etc.1,2 As a consequence, the realization of solid-state
devices operating in the terahertz domain at room temperature and with compact, powerful, and tunable characteristics
is a mandatory issue. To this purpose, one of the most promising strategies lies in the plasmonic approach, which exploits the plasma frequency associated with long range Coulomb interaction of charge carriers as a possible mechanism
for terahertz detection/generation.3
In bulk semiconductors, the plasma frequency is given
by the simple expression
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with e the absolute value of the electron charge, n3D
0 the
three-dimensional 共3D兲 average carrier concentration, m0 and
m the free and effective electron masses, respectively, and 0,
mat the vacuum permittivity and the relative dielectric constant of the bulk material, respectively. For carrier concentrations of about 1017 cm−3 the plasma frequency is in the
terahertz range for most materials.
For the case of a gated channel, within the gradual channel approximation 共GCA兲 the two-dimensional 共2D兲 electron
gas was found to behave as the support of 2D plasma waves
with fundamental frequency4
f 2D
p

gated

=

1
2

冑

2
e2n2D
0 dk
,
m0m0diel

共2兲

3D
where d is the gate to channel distance, n2D
0 = n0 · W is the
average 2D carrier concentration, diel the relative dielectric
a兲
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constant of the external dielectric, and k the plasma wave
vector. Expression 共2兲 was obtained for boundary conditions
corresponding to a constant value of the potential at the
source and a constant value of the current at the drain contact, respectively. We notice that a practical realization of
these boundary conditions within a Monte Carlo simulator
remains an open problem. The 2D plasma frequency is dis2D
persive, i.e., f 2D
p = f p 共k兲 and depends on the relative dielectric constant of the external dielectric. Through these plasma
oscillations, nanometric high electron mobility transistors
provided experimental evidence as emitter and/or detector of
electromagnetic radiation in the terahertz range.5
This work investigates a gated channel semiconductor
structure from a microscopic point of view, thus testing the
predictions of the simplified analytical approaches and providing more physical insight into the problem. To this purpose, we consider an n-type In0.53Ga0.47As layer within a
gated configuration at room temperature, and investigate the
plasma frequency characteristics by analyzing the frequency
spectrum of voltage fluctuations extracted from inside 共preferably in the center兲 the channel obtained from a Monte
Carlo simulator coupled with a 2D Poissson solver. As
boundary conditions we follow previous works on the
subject6,7 and use an Ohmic contact at the source 共zero constant voltage兲 and a constant applied voltage at the drain. The
time and space discretizations take typical values of 0.2–10
fs for the time step, 0.1–2 nm for the spatial scale of the bar,
500 nm for the spatial scale of the dielectric. Contacts are
permeable to carrier crossing in both longitudinal directions,
while in the transverse direction at the interfaces carriers are
reflected inside the channel. Accordingly, the random motion
of free carriers is responsible of voltage fluctuations inside
the channel and the presence of a dielectric discontinuity at
the interface of a modulation of the plasma frequency with
respect to its 3D value. The analogous case of an ungated
structure was already considered in a previous publication6,7
and it can be a valuable source of comparison with present
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FIG. 1. Schematic of the gated structure with the three terminals.

findings. In the GCA, the plasma frequency f p can be also
conveniently expressed as

with U = UG − UC − UT, where UT is the threshold voltage,
共UG − UC兲 is the gate to channel voltage, and U = en2D
0 / C with
C = 0diel / d the gate to channel capacitance per unit surface.
Figure 1 shows a sketch of the structure under simulation. As typical values of the parameters, if not stated otherwise, we take the following: the gate to channel length d
= 20 nm, the channel thickness W = 10 nm, the drain potential UD = 0.01 V, the gate to source potential UG = 1 V, and
the channel length L and the carrier concentration as variables.
In the absence of a net current 共UD = 0 V兲 the simulations evidence the only presence of the plasma peak in the
spectrum of voltage fluctuations at a frequency corresponding to that of the 3D case 共10 THz兲. By changing the values
of 共i兲 the gate voltage 共from 0.1 to 5 V兲, 共ii兲 the channel
length 共from 0.1 to 1 m兲, and 共iii兲 the channel thickness
共from 1 to 10 nm兲, the frequency value of the 3D plasma
peak does not change significantly.
In the following we exploit the influence of the presence
of a net current in the channel. We first consider a value of
the drain voltage sufficiently small to be in the Ohmic region
of response, and then consider the case of a drain voltage
sufficiently high for the onset of current saturation and/or
negative differential conductivity conditions.
Figure 2 reports the spectral density of voltage fluctuations extracted in the middle of the channel for n3D
= 1018 cm−3 and different lengths. The spectra exhibit a
structure with a first peak centered at about 10 THz and a
second one shifting at lower frequencies at increasing length
following a 1 / L behavior, as predicted by the GCA, within
an accuracy of a factor 2 at worst. We notice that the high
peak value of 10 THz corresponds to the 3D value at the
given concentration. In the absence of a dielectric discontinuity at the channel insulator interface, i.e., by taking diel
= 13.88, the spectra do not evidence the presence of sharp
peaks but rather a broad structure well below the value of the
low frequency plateau, before cutoff at the highest frequencies. Furthermore, at increasing channel lengths the presence
of resonant frequencies at values above the fundamental 2D
peak is evidenced. These oscillations are related to the resonant excitation of spatial modes of plasma waves in the dielectric layer separating the channel from the gate.8
Figure 3 reports the peaks of the 2D plasma frequency in
the middle of the channel exhibited by simulations as a function of the channel length at two carrier concentrations. Symbols refer to simulations and lines to the theoretical predictions of Eq. 共2兲 with the choice k =  / 共冑2L兲, with L the
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FIG. 2. Normalized spectral density of voltage fluctuations for different
channel lengths and carrier concentration 1018 cm−3, W = 10 nm, and UD
= 0.01 V. Continuous 共dashed兲 curves refer to the presence 共absence兲 of a
dielectric discontinuity at the interface between the channel and the insulator
under the gate.

channel length. The inset in Fig. 3 reports the expected scaling of f 2D with the dielectric thickness. The agreement found
is within the numerical uncertainty, estimated to be at worst
within 20%, and validates the main predictions of the analytical theory. We notice that the spectra taken for different
values of the thickness W in the range of 1–20 nm are quite
similar to each other and the case W = 10 nm is found to
better reproduce the theoretical expectation.
Figure 4 compares the noise spectra of voltage fluctuations in the presence of an increasing of the applied voltage
up to values sufficiently high 共1 V兲 for the onset of Gunn
instabilities.9 The results show that the presence of the Gunn
instabilities suppresses totally the plasma peak of the voltage
spectral density and is responsible of a sharp peak at the
Gunn domain transit time frequency of about 0.1 THz. When
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FIG. 3. Frequency of the second peak attributed to the 2D plasma peak as a
function of the length of the channel for carrier concentrations of 1018 and
1019 cm−3. The inset reports the same quantity as function of the dielectric
thickness. Symbols refer to simulations and lines to theoretical predictions
of Eq. 共2兲.
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dielectric is found to substantially amplify the plasma peaks.
Harmonics above the fundamental 2D frequency are detected
at increasing channel lengths. The presence of a high sourcedrain voltage able to establish Gunn domains washes out all
the plasma peaks in favor of the onset of a Gunn peak at a
lower frequency within the 0.1 THz range which is related to
transit time effects.
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FIG. 4. Transition from plasma to Gunn of the voltage spectrum peak at
increasing values of the drain voltage for a carrier concentration 1018 cm−3,
L = 1 m, W = 10 nm, and UG = 1 V.

comparing the emergence of Gunn effect here with that of
the ungated structure,7 we find that for the same set of parameters the presence of the gate is responsible of a significant suppression 共up to about a factor of 50兲 of the height of
the plasma peak which is also broadened. Accordingly, the
possibility of current oscillations is limited by the presence
of the gate, as expected. Another advantage of the gated
structure is a greater sensitivity of the plasma peak to the
channel length 共scaling as 1 / L兲 with respect to the ungated
structure 共scaling as 1 / 冑L兲. Furthermore, the 2D carrier concentration 共and thus the plasma frequency兲 can be modulated
directly by the gate bias.
In conclusions, within a microscopic Monte Carlo simulator we have investigated the plasmonic peaks associated
with voltage fluctuations spectra in n-type InGaAs gated
structure of nanometric sizes. The main results of the present
investigation are summarized as follows. In the presence of a
net current in the channel we observed the onset of a plasma
peak at frequency below that of a 3D electron gas, whose
dispersion follows that of a 2D electron gas predicted within
the gradual channel approximation. The presence of a dielectric discontinuity at the interface between the channel and the
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