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a b s t r a c t

By Monte Carlo simulations we investigate the plasma spectrum in n-type InGaAs field effect transistors
at 300 K in the whole region of operating conditions from ohmic to saturation regime of the transconduc-
tance characteristics. The presence of a two dimensional (2D) plasma peak predicted within the gradual
channel approximation is confirmed by the microscopic model and its properties are analyzed systemat-
ically. At the highest gate voltages the 2D peak is found to become practically independent of the channel
width.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Generation and detection of electromagnetic radiation in the
TeraHertz (THz) domain is a subject in fast development because
of its potential applications in different branches of advanced tech-
nologies, such as broad-band communications, high-resolution
spectroscopy, medical and biological imaging, and security [1–4].
As a consequence, the realization of solid-state devices operating
in the THz domain at room-temperature and with compact, power-
ful, and tunable characteristics is a mandatory issue. To this pur-
pose, 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 THz detection/generation [5,6].

For the case of a field effect transistor (FET), within the gradual
channel approximation (GCA) the two dimensional (2D) electron
gas in the channel was found to behave as the support of 2D
plasma waves with fundamental frequency [7]

fp ¼
1

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e2n2D

0 dk2

m0me0ediel

s
ð1Þ

where e is the absolute value of the electron charge, m0 and m are
the free and effective electron masses, respectively, d is the gate
to channel distance,

n2D
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is the average 2D carrier concentration associated with the thick-
ness W of the channel measured along the y direction, e0 is the vac-
uum permittivity, ediel is the relative dielectric constant of the
dielectric placed in between the gate and the channel and k is the
plasma wavevector. Expression (1) was obtained for boundary con-
ditions 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 bound-
ary conditions within a Monte Carlo (MC) simulator remains an
open problem. The 2D plasma frequency is dispersive, i.e. fp = fp(k),
and, in particular, depends on the geometry of the semiconducting
channel and the relative dielectric constant of the external dielec-
tric. Through these plasma oscillations, nanometric High Electron
Mobility Transistors (HEMT) provided experimental evidence as
emitters and/or detectors of electromagnetic radiation in the THz
range [8–10].

In the GCA, since n2D
0 can be expressed as UC/e, with

U = UG�UC�UT, where UT is the threshold voltage, (UG�UC) is the
gate to channel voltage, and C = e0ediel/d is the gate to channel
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capacitance per unit surface, the 2D plasma frequency can be also
conveniently expressed as [7]:

fp ¼

ffiffiffiffiffiffiffiffiffiffiffi
eU

m0m

s
� k

2p
: ð3Þ

Following the results of a previous research [3], this work inves-
tigates the effect of the gate voltage upon the plasma dispersion
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 a FET with
a 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 ex-
tracted from inside the channel (preferably in the center) obtained
from a MC simulator coupled with a 2D Poisson solver. As bound-
ary conditions we follow previous works on the subject and use an
Ohmic contact at the source (zero constant voltage) and a constant
applied voltage at the drain [2]. Contacts are permeable to carriers
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 redistribution of
the electric field associated with the geometry of the sample leads
to a modulation of the plasma frequency with respect to its three
dimensional (3D) value. The analogous case of an ungated struc-
ture was already considered in a previous publication [11] and it
can be a valuable source of comparison with present findings.

The paper is organized as follows: the next section reports the
results of numerical simulations that are compared with analytical
expectations carried out within the GCA. Major achievements are
summarized in the conclusions.

2. Results and discussion

Fig. 1 shows a sketch of the structure under simulation. As typ-
ical values of the parameters, if not stated otherwise, we take: the
gate to channel length d = 20 nm, the channel thickness W = 10 nm,
the channel length L = 500 nm, the ionized donor concentration in
the channel Nd = 1018 cm�3 and a drain source voltage of 0.1 V.

Fig. 2 reports the transconductance characteristics of the FET for
different values of the source–drain voltage UD. The behavior of the
drain current, ID, is that typical of a FET. At negative values of UG

one can infer the value of the threshold voltage, UT =� 3.5 V, in
good agreement with the theoretical expression UT = � e NdW
d/(e0ediel). Then, at increasing UG different curves exhibit an initial
linear increase of ID associated with the increase of free carrier con-
centration and a subsequent saturation regime that, at the highest
values of UD, is associated with the free carrier concentration at the
contacts and the saturation value of the drift velocity.

Fig. 3 reports the plasma spectra pertaining to voltage fluctua-
tions extracted at different points along the channel. We notice
that the lowest 2D and the highest 3D peaks remain fixed at the
respective values of 3.8 and 11 THz. By contrast, in the intermedi-

ate frequency region we observe structures of the spectrum that
depend on the position of the voltage extraction. In other words,
we can associate the presence of harmonics with different extract-
ing points in qualitative agreement with theoretical predictions of
Ref. [12]. The results shown from now on, have been extracted at
the central position of each simulated channel.

Fig. 4 compares the spectral densities of voltage fluctuations ob-
tained under different but complementary conditions. The inter-
esting conclusion coming out from the comparison is that the

Fig. 1. Scheme of the gated structure with the three terminals.
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Fig. 2. Transconductance characteristics of the FET for different values of the drain
voltage.
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Fig. 3. Plasma structures pertaining to voltage fluctuations extracted at different
points (50, 150 and 250 nm) along the channel for L = 500 nm, UD = 0.01 V,
UG = 0.1 V.

 0.001

 0.01

 0.1

 1

 10

 0.1  1  10

S v
(f)

/S
v(

0)

Frequency (THz)

=1018  UG ND
 ND
 ND
 ND

=0.1V
=1017  UG 3V=

=
=

=1017  UG 0.1V
=1018  UG −3V

Fig. 4. Spectral density of voltage fluctuations normalized to their static value
obtained for different but complementary conditions and UD = 0.1 V. (a) The
continuous curve refers to a negligible gate voltage and a carrier concentration
equal to that of the doping of 1018 cm�3, which is confirmed by the simulation; (b)
the dashed curve refers to a positive gate voltage that enhances the equilibrium
carrier concentration of 1017 cm�3 to an average value of 1018 cm�3; (c) the dotted
curve refers to a negligible gate voltage and a carrier concentration equal to that of
the doping of 1017 cm�3, which is confirmed by the simulation; (d) the small-
dashed curve refers to a negative gate voltage that depletes the equilibrium carrier
concentration of 1018 cm�3 to an average value of 1017 cm�3.
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spectra corresponding to a free carrier concentration of 1017 cm�3

in the channel is practically independent whether the carrier con-
centration is the same of the donors one, Nd = 1017 cm�3, or that
associated with a donor concentration of Nd = 1018 cm�3 and in
the presence of a corresponding depletion of free carriers driven
by a substantially negative gate voltage. The same conclusion holds
by comparing the opposite case corresponding to a free carrier con-
centration of 1018 cm�3 in the channel independently whether the
carrier concentration is the same of the donors one, Nd = 1018 cm�3,
or that associated with a donor concentration of Nd = 1017 cm�3

and in the presence of a corresponding accumulation of free carri-
ers driven by a substantially positive gate voltage.

The good agreement between the two couples of spectra proves
the equivalence between a concentration controlled by the gate
voltage or by the ionized donors. Furthermore, results show that
no plasma peaks over the static plateau of the spectrum are detect-
able for carrier concentrations below about n = 1017 cm�3.

Fig. 5 reports the 2D plasma frequency calculated from Eq. (1)
or Eq. (3), taking k ¼ p=ð

ffiffiffi
2
p

LÞ as in Ref. [11] and from the spectra
of voltage fluctuations obtained by MC simulations. The agreement
between theory and simulations is qualitatively good apart a dis-
crepancy in excess at worst of 15% for the MC values. This discrep-
ancy is mostly associated with the fact that the free carrier
concentration along the transverse direction of the channel be-
comes significantly peaked near to the interface with the dielectric.
We conclude that the overall agreement validates the microscopic
interpretation of Eqs. (1) and (3) which received some experimen-
tal check in references [9,10].

Fig. 6 reports the potential U, calculated as U � UG � UT since UC

takes negligible values (at most of 0.16 V for UG = 10 V), and from

its expression within the GCA U ¼ en2D
0 d=ð�0�rÞ with n2D

0 deter-
mined from Eq. (2). The good agreement between the values ob-
tained from the two definitions represents a valuable check of
consistency and validates from a microscopic point of view the
GCA in the region of considered gate voltages.

Fig. 7 reports the average 3D concentration profile versus the
transversal channel position for a 10 nm channel thickness as ob-
tained by MC simulations at the reported gate voltages. The differ-
ent curves illustrate the accumulation/depletion of carriers near to
the interface between the channel and the dielectric associated
with positive/negative values of the gate voltages.

Fig. 8 reports the average 3D concentration profile along the
channel length at the given values of the gate potential. Different
curves illustrate the rather uniform concentration along the longi-
tudinal direction, and the accumulation (depletion) effect associ-
ated with the positive (negative) values of the gate voltages.

Fig. 9 reports the plasma spectra under an accumulation gate
voltage of 10 V for different thicknesses of the channel. The results
prove that for UG = 10 V the 2D value of the plasma peak, centered
at about 7 THz, is rather independent of the channel thickness. Fur-
thermore, the peaks at the highest frequencies are reminiscent of
the 3D value of the plasma frequency.

Fig. 10 reports the plasma peak at the lowest frequency as a
function of the channel width for different gate voltages. The re-
sults complement those of Fig. 9. Indeed, the simulations evidence
that the gated 2D plasma frequency: (i) increases systematically
with the thickness (as expected since n2D

0 increases with W) at a
given gate voltage and, (ii) tends to saturate at the 3D value of about
11 THz that corresponds to an average carrier concentration of
1018 cm�3. As shown in Fig. 7, these results are associated with a
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Fig. 5. 2D plasma frequency as a function of the gate voltage. Theoretical values
(continuous curve) are calculated using Eq. (2) with the 2D average carrier
concentration in the channel obtained by the simulations; numerical values
(symbols) correspond to the peak at the lowest frequency evidenced by the spectra
of voltage fluctuations provided by MC simulations.
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Fig. 6. Potential U as a function of the gate voltage. The continuous line refers to the
values obtained from its definition U = UG � UC � UT with UC = 0 and UT = �3.5 V;
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calculated from Eq. (2) using the concentration profiles of MC simulations.
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Fig. 7. Profiles of the 3D average concentration of free carriers along the channel
thickness when going from the interface with the external dielectric to the other
side of the channel. Results are obtained by MC simulations at the reported gate
voltages.
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length. Results are obtained by MC simulations at the reported gate voltages.
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nonuniform carrier concentration along the channel thickness, and
which makes the average 3D carrier concentration at the highest
gate voltages rather independent of the thickness in the range
W 6 20 nm. For values of W larger than about 50 nm, the 2D plas-
ma frequency tends to the 3D value as expected.

3. Conclusion

The paper investigates plasma oscillations in nanometric FETs
of InGaAs under a wide range of operating conditions ranging from
Ohmic to saturation regime of the transconductance characteris-
tics. The microscopic model makes use of a Monte Carlo simulator
self-consistently coupled with a 2D Poisson solver. Simulations are
favorably compared with analytical expressions obtained within
the gradual channel approximation. Results show that the peak
of the plasma frequency can be controlled by means of the gate
voltage as long as the channel is near to pinch-off. For high values
of UG � UT, the value of the plasma frequency diverges from the
ideal theory [7], and it is found to become nearly independent of
the gate voltage and the channel thickness. Here, because of strong
charge accumulation just under the interface between the dielec-

tric and the gate, the 2D plasma peak takes values close to that
of the 3D peak.

Some hints and guidelines to take advantages of driving 2D
plasma frequency by appropriate gate voltages in the range �2
to 10 V and source–drain voltage in the range 10–200 mV are sum-
marized as follows:

- 3D concentration over 1016 cm�3 is necessary for the plasma
peak to be not hidden by thermal noise;

- a reasonable good resolution of 2D plasma frequency over ther-
mal noise is found for channel width in the range 2–20 nm and
channel length in the range 100–500 nm.
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