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ORIGINAL PAPER
Sub-THz Response of Strained-Silicon MODFETs
Juan A. Delgado-Notario, Elham Javadi, Jaime Calvo-Gallego, Enrique Diez,
Yahya M. Meziani, Jes�us E. Velázquez-P�erez,* and Kristel Fobelets*
Plasma waves in gated 2-D systems can be used to detect THz electromag-
netic radiation. This work reports on a two-dimensional hydrodynamic-model
(HDM) applied to investigate the sub-THz photovoltaic response of Schottky-
gated strained-Si MODFETs. TCAD simulation results are validated through
comparison with measurements on the transistors. Simulation and experi-
mental results show an excellent agreement in terms of the efficiency of the
transconductance. The measurement of the photovoltaic response of s-Si
MOSFETs with 100-nm gate length is carried out at two sub-THz frequencies:
0.15 and 0.3 THz. The THz photovoltaic response of the transistor is
implemented in TCAD, as in measurements, grounding the source, biasing
the gate, and floating the drain contact while a sub-THz sinusoidal signal is
superimposed to the bias gate voltage. In agreement with measurements, a
non-resonant sub-THz photovoltaic response is found for the simulated
devices. As THz detection by any plasma wave FET depends on many
parameters (device dimensions, material system, the excitation frequency,
etc.), its optimization is a complex problem that needs to be addressed using
physics-based tools, like the HDM. Since the HDM is able to describe in
detail the photovoltaic response, its use may be generalized to design plasma
wave s-Si MODFET detectors.
1. Introduction

Until recently, the region of the electromagnetic spectrum from
about 100GHz to 10 THz has been almost inaccessible because
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of the lack of efficient sources and detectors
in this “THz gap.” The THz region is an
area for research that encompasses phys-
ics, chemistry, biology, materials science,
and medicine. Nevertheless, over the last
few years there has been an upsurge of
activity due to the emergence of a wide
range of new technologies and THz radia-
tion is now available in both continuous
wave and pulsed form.[1–3] Detection
at THz frequencies is hindered, in com-
parison with detection at shorter wave-
lengths, by the low photon energies
(1–10meV) and rather large values of the
Airy disk diameter. The former condition
means that ambient background thermal
noise will impose the use of cryogenic
cooling of the detector. In comparison to
longer wavelengths, THz detection lacks of
amplifiers and lumped components used
in RF electronic instrumentation.

There are two different techniques to
detect the power of sub-millimeter and
far-infrared wavelengths: the first one is
based on the heterodyne method
(coherent detection), this technique the
incoming THz radiation is shifted to a lower frequency band
using a mixer and then it is amplified and its power detected. For
a long time, the implementation of the heterodyne technique
using Schottky diodes was the only practical method to
detect THz radiation;[4] nevertheless, in this technique has
some significant drawbacks as unavailability of good local
oscillators and relatively low sensitivities at room temperature
(high sensitivity detectors must rely on cryogenic-cooled devices
such as hot electron bolometers or SIS tunnel junction
mixers[5]). The second technique is the direct detection method
that is useful in applications that do not require ultrahigh
spectral resolution. Direct detection, an incoherent technique, is
based in a conversion of the incoming THz power in heat power
or in the set up of a population of non-equilibrium carriers.
Direct detection have some advantages: detectors do not have a
fundamental limit of the sensitivity and they do not produce any
noise power unless photons are absorbed.

In a seminal work, Dyakonov and Shur[6–8] demonstrated that
plasma waves in gated 2-D systems behave like sound waves in a
gas. In field-effect transistors (FETs) of small gate dimensions
and high values of channel mobility, the plasma wave
frequencies lie in the terahertz range. In particular, Dyakonov
and Shur demonstrated that an open-drain FET subjected to an
electromagnetic radiation develops a DC drain-to-source voltage
017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Cross section of the Si/SiGe MODFETs showing the vertical
layout of the transistor. A plot of the vertical profiles of both bands edges
and the Fermi level under the gate in equilibrium is given, the double-deck
supply layer structure leads to a double electron channel in the quantum
well.
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transducing the THz radiation. The value of this voltage is non-
linearly modulated by the gate-to-source bias voltage as this
voltage controls the carrier concentration in the transistor’s
channel.

This paper reports on an experimental and theoretical study of
the response of strained-silicon MODFETs to sub-THz radiation.
Section 2 presents the description of the strained-silicon (s-Si)
MODFETs whose sub-THz response has been studied both
numerically and experimentally along with the set of equations
of the transport model used in the TCAD (Technology CAD)
framework. The numerical procedure implemented to obtain
numerically the THz photovoltaic response is detailed. Section 3
presents the comparison of the TCAD modeling of the
transistors with experimental results. In particular, the sub-
THz response of s-Si MOSFETs in the photovoltaic mode is
studied. Finally, Section 4 contains the main conclusions of the
present work.
Figure 2. Microscope image of the s-Si MODFET showing the T-structure
of the two fingers of the gate.
2. Strained-Si MODFETs Description and
TCAD Modeling

2.1. Strained-Si MODFETs

As above pointed out, high-mobility channels are necessary to
build plasma-wave THz detectors. The material system Si/SiGe
allows the creation of a thin layer of strained silicon under
tetragonal (biaxial tensile) strain. This strain has significant
implications for the band structure of the semiconductor and a
high impact on the performance of the MODFET (Modulation-
doped Field-Effect Transistor) devices that are based on the Si/
SiGe system.

Tetragonal strain has the effect of lifting the sixfold
degeneracy of the conduction band in silicon into a twofold
and fourfold degenerate sets lowering the energy of the two
valleys with their long axis perpendicular to the Si/SiGe
interface. It has been theoretically predicted,[9] that �0.8%
strain, resulting from a Si0.8Ge0.2 alloy, provides sufficient
lowering that only the twofold degenerate valleys are occupied at
room temperature for low values of the electric field. Since
intervalley carrier scattering may only occur between degenerate
minima, electrons in a layer of (tensile) strained silicon would
undergo a lower number of intervalley scattering events per unit
time than in bulk silicon.

The combination of lower scattering rates (i.e., higher values
of the momentum relaxation time) and a lower value of the
electron conductivity mass as compared to bulk Si make tensile
strained silicon layers excellent candidates to build high-mobility
FETs.

The layer structure of the transistors is presented in Figure 1.
Low energy plasma-enhanced chemical vapor deposition was
used to grow a linearly graded virtual substrate onto a high
resistivity p-type Si substrate. Molecular beam epitaxy (MBE) was
subsequently employed to create the active layers of the
heterostructures shown in Figure 1. The green layer in Figure 1
with a thickness w¼ 9nm highlights the strained quantum well
sandwiched between the Si0.55Ge0.45 relaxed layers. Two Sb-
doped supply layers provide the carriers to the strained-Si
quantum-well channel[10]; to ensure high channel mobility
Phys. Status Solidi A 2017, 1700475 1700475 (
spacers were used to reduce remote impurity scattering by
dopants in the supply layers. The ohmic contacts were not self-
aligned and exhibit a sheet resistance of about 150Ω square�1.
Pt/Au was used for the Schottky-gate that is not symmetrically
placed between source and drain. The total drain-to-source
distance is fixed to 2 μm. All devices had a T-shape design
(Figure 2) of the gates’s fingers
2.2. TCAD Hydrodynamic Transport Model

In their seminal work, Dyakonov and Shur[6] used a simple
model (the Euler motion equation in one dimension) to
demonstrate the ability of plasma-waves FETs to generate and
detect THz radiation. The one-dimensional Euler equation
retains the basic description of the problem (it contains four
terms: two terms that account for carrier drift and diffusion, one
term that describes the effect of scattering on the average carrier
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2 of 6)
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velocity, and the time derivative of velocity) while it is still
possible to obtain an analytical solution. Therefore if the one-
dimensional model is suitable to draw general conclusions about
the frequency response of the FETplasma channel, it is clear that
a single one-dimensional equation it is insufficient to accurately
describe the complexity of the charge transport physics in deep
submicron FETs. Aspects as energy-dependent non-scalar
effective carrier masses, scattering time dependent on the
carrier energy, high electric fields that locally modify the carrier
mobility, bi-dimensional structure of the devices, etc. cannot be
included in a single equation and, accordingly, a numerical
solution of a set of transport equations is compulsory. Moreover,
owing to the carrier heating by the electric field in deep
submicron FET channels a drift-diffusion model is not valid to
describe the carrier transport[11] and, accordingly, additional
equations accounting for carrier energy relaxation must be self-
consistently added to the transport model and coupled to the
standard set of equations of the drift-diffusion model.

The drift-diffusion model consists of the Poisson equation
and the continuity equations for electrons and holes:

r2φ ¼ � q
e

p� nþ Nþ
D �N�

A

� � ð1Þ

@n
@t

¼ 1
q

r � JnÞ �Un
� ð2Þ

@p
@t

¼ � 1
q

r � JpÞ �Up

�
ð3Þ

where φ is the electric potential, q is the absolute value of the
electron charge, n (p) is the electron (hole) concentration, Nþ

D

N�
A

� �
is the ionized donor (acceptor) concentration, e is the local

material permittivity, Jn JpÞ
�

is the current density of electrons
(holes), and Un (Up) represent the net electron (hole)
recombination rate.

The generalized expressions for the electron and hole current
densities are

Jn ¼ qμn unð Þ nE þr unnð Þð Þ ð4Þ

Jp ¼ qμp up
� �

pE �r upp
� �� � ð5Þ

where E is electric field, μn (μp) is the electron (hole) mobility and
un (up) is the electron (hole) thermal voltage. In the drift-
diffusion approximation, the thermal voltages of both type of
carriers are equal to the one of the lattice (u0¼ kT0/q, k being the
Boltzmann constant and T0 the lattice temperature) as charge
carriers and lattice are in equilibrium. For short channels and
high values of the electric field, charge carriers are hot and the
electron (hole) temperature Tn (Tp) differs with the lattice
temperature. Under these circumstances, energy balance
equations for electrons and holes have to be added to the
charge transport model to account for carrier heating and energy
relaxation; carrier mobility is strongly modified by the carrier
temperature as implicitly noted in Eqs. (4) and (5) through the
Phys. Status Solidi A 2017, 1700475 1700475 (
dependence with un¼ kTn/q and up¼ kTp/q. The hydrodynamic
model (HDM),[12–14] includes carrier energy balance equations
coupled to Eqs. (1)–(3):

r � Sn ¼ 1
q
Jn � E � 3

2
n
un � u0

τn
þ @ unnð Þ

@t

� �
ð6Þ

r � Sp ¼ 1
q
Jp � E � 3

2
p
up � u0

τp
þ @ upp

� �
@t

� �
ð7Þ

where Sn SpÞ
�

is electron (hole) energy flow density and τn (τp) is
the electron (hole) energy relaxation time. The carrier energy
flow densities are

Sn ¼ � 5
2
un

Jn
q
þ μnnrun

! 
ð8Þ

Sp ¼ þ 5
2
up

Jp

q
þ μpprup

! 
ð9Þ

To reduce the computational burden and to ease the
numerical convergence in our calculations only the electron
energy balance was taken into account; since the s-SiMODFET is
essentially a majority carrier device to neglect the hole heating
does not introduce any significant error.

In the present work, a two-dimensional HDM (Eqs. (1)–(9))
was used to obtain the photovoltaic THz response of the s-Si
MODFETs using Synopsys TCAD[15] commercial software.
Transport parameters for both holes and electrons are usually
obtained from uniform-field Monte Carlo simulations,[16,17] of
charge transport in unstrained SiGe and in Si under tensile
strain.

In the TCAD simulations impurity de-ionization, Fermi-
Dirac statistics, and mobility degradation due to both
longitudinal and transverse electric field were taken into
account.[15,18] All the devices studied in the present work had a
gate length of 100 nm.
2.3. Calculation of the Photovoltaic Mode Response
in TCAD

The TCAD study of the THz photovoltaic response of the
transistor is implemented, as in measurements, grounding the
source, biasing the gate, and floating the drain contact while a
sub-THz sinusoidal signal is superimposed to the gate voltage as
described in Refs. [6–8]. The amplitude of the gate signal was
fixed to 5mV. Strictly, a Maxwell solver would be necessary in
order to simulate the electromagnetic coupling of the
incoming THz wave to the electron channel in order to calculate
the magnitude of the AC voltage induced on the gate electrode;
but this study is beyond the scope of the present work. Since the
amplitude (5mV) of the AC gate voltage is arbitrary, the
magnitude of the THz response will be presented as arbitrary
units in figures.
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim3 of 6)
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Figure 3. Efficiency of the transconductance versus the gate overdrive
voltage obtained from measurements.

st
a
tu

s

so
li

d
i

p
h

y
si

ca a

www.advancedsciencenews.com www.pss-a.com
In our simulation it was found that the induced drain voltage
exhibit both the same shape (sinusoidal) and frequency that the
AC one superimposed to the gate, therefore it is ensured that no
frequency conversion takes place. Additionally, it was found that
its amplitude is considerably smaller than the one of the gate’s
signal in agreement with the fact that in the sub-THz range the
transistor is unable to amplify signals. The mean value of the
induced drain voltage was negative in good agreement with
theoretical models.[6–8]

When a photodetector operates in the photovoltaic mode no
DC electric current flows at its terminals, instead a voltage
difference, whose magnitude is direct function of the optical
power, sets up. As demonstrated by Dyakonov and Shur,[6–8] the
principle of operation of the plasma wave detection is as follows:
when the device is excited by an external electromagnetic
radiation the induced AC electric fields in the channel’s device
are converted into a measurable DC signal via a nonlinear
conversion mechanism. In a FET under THz illumination, the
DC signal will set up as a voltage in the drain under open-circuit
conditions.

As the drain voltage must be supported by a net charge in the
drain region, in TCAD simulations a charge boundary
condition has to be implemented at the floating drain contact
with a distributed boundary condition over all nodes of the
mesh of the drain electrode; the net charge was used in
the boundary condition. The charge boundary condition is
specified as follows:

� D � dS ¼ Q ð10Þ

where D is the electric displacement field, Q is the total net
charge and the integral is evaluated over the entire surface of the
drain electrode. Equation (10) forces the potential on the drain
(i.e., the photoresponse of the detector) to be adjusted to produce
the correct total charge on the electrode.
3. Results and Discussion

3.1. Validation of the HDM Model of Strained-Si MODFETs

TCAD simulation results were validated by comparison with DC
and AC measurements. Figure 3 gives the experimental and
calculated values of the efficiency of the transconductance versus
the gate overdrive (the gate bias minus the threshold voltage of
the transistor) of a s-Si MODFET with a gate length (Lg) of
100 nm.

The efficiency of the transconductance is a key parameter that
is typically used to compare the performance of different
technologies and it is strongly related to the design of basic
building blocks in analog circuits.[19]

The efficiency of the transconductance is used here because it
clearly indicates the operation region of the device and, since the
efficiency of the transconductance is linearly dependent on a
current derivative, discrepancies between simulation and
experimental results are readily revealed.

The efficiency of the transconductance is defined as the ratio
of transconductance (gm) to drain-to-source DC current (Ids):
Phys. Status Solidi A 2017, 1700475 1700475 (
gm
Ids

¼ 1
Ids

@Ids
@VGS

� �
¼ @ln Idsð Þ

@VGS
ð11Þ

where VGS is the gate-to-source voltage. Measurements to obtain
the efficiency of the transconductance of the transistors where
carried out on wafer using a Keysight B1500A Semiconductor
Device Parameter Analyzer.

Figure 3 shows that TCAD simulations results closely
follow the experimental ones for values of the overdrive
voltage above �0.2 V. Since plasma wave THz detection needs
a plasma channel well-established discrepancies between TCAD
and experimental results for gate voltages below �0.2 V are
totally irrelevant to the analysis of THz detection by plasma
waves.
3.2. TCAD and Experimental Study of Sub-THz Detection

The TCAD simulation structure is as follows: first, for each gate-
to-source bias value the two-dimensional (Figure 1) set of
equations of the HDM is solved using the proper boundary
conditions and the internal magnitudes of the transistor at the
bias point are determined, then time-domain simulations are
conducted varying the superimposed small signal on the gate
electrode; the time step is adapted to the value of the sub-THz
frequency of the signal to ensure a correct sampling of the
sinusoid.[20]

Figure 4 gives the room temperature photovoltaic response of
a s-Si MODFET with a 100-nm gate length obtained in TCAD
simulations at four THz frequencies in the range 0.1–1THz. The
maximum of the photoresponse magnitude decreases as the
excitation frequency increases. The photoresponse has a
maximum located at a gate bias close to the threshold voltage.
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim4 of 6)
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Figure 4. Simulated photoresponse versus gate voltage under excitation
at different frequencies for a s-Si MODFET with Lg¼ 100 nm.

Figure 5. Photoresponse versus gate voltage under sub-THz excitation at
150GHz (red square) and 300GHz (blue dotted). Inset shows the
corresponding transfer characteristics for a drain voltage of 0.2 V.
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This maximum is due to a lowering of the carrier concentration
in the two-dimensional channel plasma gas as the gate bias is
lowered below the threshold voltage and, for values of the gate
overdrive in excess of 0.25 V, due to mobility degradation for in
agreement with the significant fall of the efficiency of the
transconductance observed in Figure 3.

Because of the extremely rigid nature of the semiconductor
device equations in the HDM, strong stability requirements are
necessary to ensure the stability of the transient integration.[21]

The method used in the present work is the one-step
integration,[15] therefore only the present time solution of the
set of equations of the HDM and the one calculated at the
previous time step are required.

In order to verify the above TCAD results, s-Si MODFETs with
a 100-nm gate length were excited at room temperature using a
dual-frequency electronic source based on a 12.5GHz dielectric
resonator oscillator and frequency multipliers. The emission
frequencies were 150 and 300GHz with output power levels of 4
and 6mW, respectively. To measure the DC photovoltaic
response signal (voltage drain-to-source, Δu) of the transistors
a lock-in technique was used. The measurement set up is
described in Ref. [22]. The incoming radiation intensity was
modulated by a mechanical chopper between 0.233 to 1.29 kHz
and coupled to the device via the metallization pads and
bounding wires.

The measured photoresponse Δu under excitation at 150 y
300GHz versus the gate voltage is shown in Figure 5.
Comparing Figure 4 and 5 it can be noticed that both
measurements and simulation results exhibit similar depend-
ences with frequency and gate bias. The HDM model is able to
correctly describe the experimental dependence of the photo-
voltage: the photoresponse decreases as the excitation frequency
increases and, also, as above discussed, the maximum of Δu is
reached for a gate bias close to the threshold voltage.
Additionally, the slight shift of the maximum of Δu toward
Phys. Status Solidi A 2017, 1700475 1700475 (
higher values of the gate voltage when the excitation frequency is
increased that was predicted by TCAD simulations (Figure 4) is
experimentally confirmed by measurements (Figure 5).

This behavior of the photoresponse (single-maximum of
the intensity obtained around the threshold voltage of the
transistor) has been reported earlier and explained as non-
resonant (broadband) detection due to a low quality factor
(Q¼ωτ< 1)[23,24] i.e., a low mobility in the device’s channel. In
the present case, the device shows higher channel mobility
(�1300 cm2V�1 s�1) than conventional Si-MOSFET (�200 cm2

V�1 s�1) the quality factor was estimated to be 0.13 at 150GHz
and of about 0.27 at 300GHz, therefore, the resonance condition
is not fulfilled.
4. Conclusions

Plasma waves in gated 2-D systems can be used to detect
electromagnetic radiation with frequencies in the terahertz
range. In the present work, a two-dimensional hydrodynamic-
model is applied to strained-Si Schottky-gated MODFETs
(Modulation-doped Field-Effect Transistor) in order to investi-
gate their sub-THz response. In particular, the photovoltaic
response of the s-Si MODFET has been addressed in the study:
an open-circuit drain FET subjected to THz radiation develops a
DC drain-to-source voltage transducing the THz radiation. To
this aim, a charge boundary condition for the floating drain
contact was implemented. TCAD simulation results were
validated through comparison with DC and AC measurements.
In particular, simulation and experimental results showed an
excellent agreement in terms of the efficiency of the trans-
conductance, a key parameter strongly related to the perfor-
mance of analog circuits that easily allows identifications of
discrepancies between simulations and measurements. The
study of the THz photovoltaic response of the transistor
was implemented, as in measurements, grounding the
source, biasing the gate, and floating the drain contact while
a sub-THz sinusoidal signal is superimposed to the gate voltage.
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim5 of 6)
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In agreement with measurements, a non-resonant sub-THz
photovoltaic response was found for the simulated devices. The
measurement of the photovoltaic response of s-Si MOSFETs
with 100-nm gate length was carried out at two sub-THz
frequencies: 0.15 and 0.3 THz. The HDM model was able to
correctly describe the experimental dependence of the photo-
voltage on both the excitation frequency and the gate-to-source
bias. The HDM model was able to describe in detail the
experimental dependence of the photoresponse in terms both
the excitation frequency and the gate-to-source bias. As the
photovoltaic response of any plasma wave FETdetector depends
on many parameters (the whole device topology, the material
system, and the excitation frequency), the optimization of
the THz response is a complex problem that needs the use of
physics-based TCAD tools to maximize the THz response.
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