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Abstract—We report on the modeling and experimental charac-
terization of Si complementary metal-oxide-silicon (CMOS) detec-
tors of terahertz radiation based on antenna-coupled field-effect
transistors (TeraFETs). The detectors are manufactured using
Taiwan semiconductor manufacturing company (TSMC’s) 65-nm
technology. We apply two models—the TSMC RF foundry model
and our own advanced design system (ADS)-hydrodynamic trans-
port model (HDM)—to simulate the Si CMOS TeraFET perfor-
mance and compare their predictions with respective experimental
data. Both models are implemented in the commercial circuit sim-
ulation software keysight ADS. We find that the compact model
TSMC REF is capable to predict the detector responsivity and its
dependence on frequency and gate voltage with good accuracy up
to the highest frequency of 1.2 THz covered in this study. This
frequency is well beyond the tool’s intended operation range for
5G communications and 110-GHz millimeter wave applications.
We demonstrate that our self-developed physics-based ADS-HDM
tool, which relies on an extended 1-D HDM and can be adapted
readily to other material technologies, has high predictive qualities
comparable to those of the foundry model. We use the ADS-HDM
to discuss the contribution of diffusive and plasmonic effects to the
THz response of Si CMOS TeraFETs, finding that these effects,
while becoming more significant with rising frequency, are never
dominant. Finally, we estimate that the electrical noise-equivalent
power (perfect power coupling conditions) is on the order of

5 pW/+/Hz at room-temperature.

Index Terms—Antenna simulation, detection, Gaussian beam,
hydrodynamic, MOSFET, power coupling, Taiwan semiconductor
manufacturing company (TSMC), terahertz (THz).

I. INTRODUCTION

NTENNA-COUPLED field-effect transistors (TeraFETs)
have emerged as powerful devices for a variety of terahertz
(THz) applications such as frequency multiplication and mix-
ing [1], [2], [3], [4], [5], [6], as well as direct THz power detec-
tion [1], [7], [8], [9], [10], [11], [12], [13], [14], [15], [16], [17],
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[18], [19]. The detectors can be readily integrated in electronic
circuits and provide sufficient sensitivity at room temperature,
which makes them well suited for applications. Among these,
TeraFETs fabricated in Si complementary metal-oxide-silicon
(CMOS) technology have reached impressive performance lev-
els [13], [20] with a high sensitivity over almost the entire THz
frequency range. With the growing variety of possible applica-
tions of field-effect transistors (FETs) in the THz range, the need
for reliable design and modeling platforms for such devices has
increased significantly. Here, we focus on detector simulation
and experimentally validate our results. In [21], we presented
our simulation approach for TeraFETs—acronym: ADS-HDM.
The ADS-HDM is implemented into the circuit simulation envi-
ronment Keysight advanced design system (ADS)—an industry
standard. Its implementation is based on an extended version
of the 1-D hydrodynamic transport model (HDM), which has
been used in [1]. The frequency-dependent channel impedance
is determined from the self-consistent solution of the HDM
equations. This physics-based model accounts for the mixing
process in the FET channel involving the charge-carrier density
waves (plasma waves). They are excited by the incident THz
radiation via an antenna element, which couples the radiation
asymmetrically to the FET channel, either via the source-gate
or the drain-gate port [13], [22], [23], [24], [25]. The evidence
for the existence of plasma waves (which are overdamped in the
case of Si CMOS at room temperature) has been strengthened by
experimental findings described in [23], [26], [27], and [28]. In
this work, we present and discuss two simulation approaches to
simulate the detector performance of Si CMOS TeraFETs, our
in-house tool ADS-HDM as well as the Taiwan semiconductor
manufacturing company (TSMC) radio frequency (RF) foundry
model (TSMC RF). Prior to the simulations we propose an
approach to determine the exact THz input power present at
the transistor terminals when the detector is illuminated with a
Gaussian intensity profile. The model predictions are compared
quantitatively with the optical voltage responsivity determined
between 0.4 and 1.2 THz and put into perspective with sim-
ulation results obtained with the TSMC RF. The ADS-HDM
tool allows to switch the plasmonic effects ON and OFF. Using
this feature, we quantify the plasmonic contribution to the THz
detector responsivity. Finally, we discuss the upper sensitivity
limits of the 65-nm Si CMOS TeraFETs.

II. HYDRODYNAMIC MODEL DESCRIPTION

In order to simulate the excitation of density waves of the
charge carriers in the channel of the Si MOSFET detectors, we
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use the following 1-D hydrodynamic transport equations:
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consisting of the continuity (la) and the momentum balance
(1b), both written in terms of the current density 7 = —qnov,
where ¢ is the electron charge, n = n(x) represents the carrier
sheet density in the FET’s inversion layer along the channel
(z-direction), and v = v(x) stands for the local mean carrier
velocity. Note that—contrary to the model presented in [1] and
[22], the second term on the right-hand side of (1b) also takes
carrier diffusion into account. Other quantities of the equations
are the longitudinal electric field £, = —0,.¢ as determined by
the channel potential ¢(x), the electron effective mass (m* =
0.26 mq for electrons in Si in units of the free-electron mass
mg), and the momentum relaxation time 7, of the electrons.
The temperature of the crystal lattice is assumed to be room
temperature (77, = 293 K). kg denotes the Boltzmann constant.
The dependence of n(x) on the externally applied gate voltage is
taken into account by the unified charge control model (UCCM)
for n-channel MOSFETs [29]
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where C,, = <% is the channel capacitance per unit area for
a thickness d of the gate insulator. For d, we assume a value of
3.05nm.!" eg = 3.9 is the relative permittivity of the gate insula-
tor, and ¢g the vacuum permittivity. Ur and Uy, = kBqTL are the
threshold voltage and the thermal voltage, respectively. 7 rep-
resents a nonideality factor, which determines the subthreshold
slope of the drain current with regards to the gate-to-source volt-
age Ugs. The gate-to-channel voltage Uy (z) = Ugs — ¢(2)
is given by the difference of Ugg and the channel potential
©(z), the latter being determined self-consistently by jointly
solving (1a), (1b), and (2).

The numerical evaluation of this set of equations is per-
formed in the circuit simulation environment of Keysight ADS
using a novel distributed-element method approach to integrate
the transport equations as presented in [21] for AlGaN/GaN
HEMTs. The steady-state solution is obtained by the harmonic
balance technique. A schematic of the ADS-HDM implemen-
tation is shown in Fig. 1(a). A significant advantage of this
simulation approach versus recently developed TCAD models
for the THz frequency range [31], [32], [33], [34] is that in
the case of circuit based models, such as ADS-HDM [21] or
recently developed compact SPICE models [35], [36], extrinsic
and parasitic device components are readily included in the
full simulation domain [as indicated in Fig. 1(a)], while for
TCAD simulations they have to be included via more complex
mixed mode simulation methods [37]. At the same time, the full
physical model for the description of the plasma-wave mixing
process in the transistor’s channel is retained at the model’s

"Note that the value of d represents an effective insulator thickness. d =
dphys + dgc is the sum of the physical insulator thickness (dphys = 2.6 nm) and
a quantum correction of dg. = 0.45 nm arising from the quantum-confinement
effect of electrons at the Si-to-SiO» interface in nanoscale MOSFETs [30]. The
value of dpnys = 2.6 nm is taken from the information sheet of the 65-nm CMOS
foundry process.
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Fig. 1. (a) Schematic of the ADS-HDM simulation tool: blue box (full simu-
lation domain) represents the THz detector model (is taken in the same manner
for the TSMC RF foundry model), here for source radiation coupling conditions.
At its core (hydrodynamic domain), the hydrodynamic transport equations are
used to calculate the rectified signal of the detector on the basis of plasma-wave-
modified resistive mixing in the transistor’s channel. The equations are solved
in the keysight ADS simulator itself. The FET parasitics are taken into account
in the FET circuit domain. Parasitic components considered are the source and
drain overlap Cy, and fringe capacitances C'y,., the contact resistances R¢, g
and Rc p, and the gate resistance Rg. The antenna parameters including
the antenna impedance Z,y are estimated from EM wave simulations (CST
studio suite). For details of the HDM implementation, we refer to [21]. (b)
Cross-sectional view of the detector implementation in TSMC 65-nm process.
The patch antenna is implemented underneath a passivation layer in the top metal
layer MT. The ground plane is placed in lowest to metal layers M1 and M2.

TABLE I
EXTRACTED SIMULATION PARAMETERS FOR THE ADS-HDM OF THE
DIFFERENT ST CMOS TERAFETS OBTAINED THROUGH A FITTING MODEL
BASED ON THE UCCM

Device w T Ut v  Rc L
2
(Patch length)  (um) (fs) V) © (5
Al (130 pm) 1 19.14 0.45 1.9  36.37 12948
A2 (122 pm) 1 19.67 0.456 1.89  61.25 133.09
A3 (84 um) 1 18.84 0474 222 63.5 127.44
A4 (58 pm) 045 2038 0454 256 8246 137.85

core (hydrodynamic domain). By manipulating or switching
OFFindividual terms in (la), (1b), and (2), one can study and
identify the influences of the various physical processes included
in the equations.

A number of input values for the parameters of the simula-
tions, as presented in Table I, can be obtained from the measured
dc drain-to-source resistance (see below). This makes it easier to
test whether variations of the THz performance of each TeraFET
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may be caused by fabrication-related issues, which also affect
the dc device properties.

III. 65-NM S1 CMOS TERAFETS

The detectors studied in the following are designed for a
commercial 65-nm CMOS foundry process (CLN65LP, type
1.2V_mLow_Vt_MOS) of the TSMC. Fig. 1(b) displays a
cross-sectional schematic view of the detector design. In brief,
a narrow-band rectangular patch antenna, which is placed in the
last metal layer M 10, collects the THz radiation and guides the
signal through a via at one of the narrow sides of the patch to
the source of a single transistor placed directly under the edge of
the patch. The height of the patch above the ground plane (metal
layer M1 and M2) is 8.41 pm.

In the following, four different devices are studied with re-
spect to their detector performance. The devices differ only in
terms of their respective patch length Lyycn [see micrograph
with the values in Fig. 2(a)], which results in different resonant
frequencies. The patch width is fixed to 40 yum. A 1.3-pm-thick
passivation layer covers the devices. An important figure of
merit, which determines the efficiency of our detectors, is the
optical voltage responsivity R{F.? It is defined as the rectified
voltage (or current) signal between the drain and source terminal
AUpg withregards to the available optical THz input power P."

mn °

the total power of the incident THz beam in free-space [38], [39]

AUpsg

m

3

In this work, the responsivity is measured with the help of
an optoelectronic spectroscopy system [TeraScan 1550, Toptica
Photonics AG, Graefelfing (Munich)], where the optoelectronic
detector is replaced by our TeraFETs. AUpg is measured using
the lock-in technique. For this purpose, the bias to the photo-
conductive emitter is modulated with a sine wave at fq =
7.62 kHz. A schematic drawing of the measurement setup is
displayed in Fig. 6(a). Continuous-wave THz radiation between
0.1 and 1.2 THz is generated by an InGaAs photomixer emitter.
Its radiation is guided to the Si CMOS TeraFET via four off-axis
paraboloid (OAP) mirrors with 90°-beam-deflection geometry.
The THz beam path is purged by dry nitrogen in order to
minimize radiation absorption by water vapor. The total power
P;? of the incoming THz beam in front of the Si CMOS TeraFET,
placed in the focal point of the last OAP mirror, is measured
using a calibrated large-area Golay cell.

The peak-to-peak rectified voltage between drain and source
contacts is obtained as AUps = aqga - Upia, where Uppa is
the lock-in amplifier’s output signal. It is proportional to the
rms of the first Fourier fundamental component of the de-
tector signal. apja represents a lock-in correction factor. For
an ideal sinusoidal modulation (e.g., by electronic chopping)
of an emitter, the lock-in correction factor is found to be a
constant value of ap s cor = 24/2. However, inspection with an

’In this work, we aim to model explicitly the optical responsivity of the
detectors. One distinguishes between optical and cross-sectional responsivity
and NEP [25]. The cross-sectional responsivity is employed if the antenna cross-
section is smaller than the beam size. It is calculated as the optical responsivity
multiplied by the ratio of the (measured or calculated) beam cross-sectional area
at the antenna to the (calculated) antenna cross-sectional area [38].
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Fig. 2. (a) Top-view micrograph of the array of four detectors (Al1-A4)
showing the rectangular patch antennas; the corresponding patch lengths are
listed. All patches have the same width of 40 pm and height of 8.41 pm above
the ground-plane. (b) Direct measurement of the Gaussian beam intensity profile
Tgauss(, y) obtained close to the resonant frequencies of the patch antennas
Al1-A4. The physical dimensions (Lpatch - Whaten) of each patch are indicated
as blue rectangles, while the simulated effective area Aefr is shown in green.
(c) Simulated real (solid line) and imaginary part (dashed line) of the antenna
impedance Z,y and (d) effective area A.g obtained from EM wave simulations
(CST Studio Suite). (e) Extracted FWHM in x (red), y (blue) and estimated
mean FWHM (green) of the Gaussian beam intensity profile measured in the
focal point of a 2”” OAP mirror as presented in (b). The black solid line shows the
calculated minimum FWHM from (7) for d;, = 30 mm and f;, = 50.8 mm. (f)
Antenna Gaussian beam coupling efficiency 7gauss for each detector (A1-A4)
extracted from direct measurements of the Gaussian beam intensity profile (open
dots). In addition we present 7)g,uss for arbitrary frequencies assuming (i) an ideal
Gaussian beam intensity profile (open squares) and (ii) solving (9) numerically
(solid lines). In both cases the FWHM of the Gaussian beam is determined from
(7) [as shown as black line in (e)].

oscilloscope shows that the THz wave is not modulated sinu-
soidally, but rather exhibits a more square-wave-like waveform
with a detailed shape, which depends on the beat-note frequency
of the laser radiation. Measured results and the derivation of
the THz-frequency-dependent values of apa,cor are discussed
in Appendix A. apiacor 1S found to increase linearly with
frequency from ~ 2.4 (at 0.1 THz) to ~ 3.1 (at 1.2 THz).
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IV. POWER COUPLING THEORY

For a proper comparison of the simulated optical voltage
responsivity with the measured one to be addressed later, the
electrical THz input power Pi‘;]’[ at the source transistor terminal
(here for source coupling conditions) has to be estimated. For
this purpose, we need to consider multiple losses suffered by the
incoming radiation before it is converted into the electrical input
signal. PP denotes the power of the incoming THz beam directly
before the passivation layer. The electric power Pﬁ;',am, which one
obtains from this optical power at the antenna is calculated in
the following way:

Pifl{am - nop * Mscat * ngauss(’/) : Pi(:lp . (4)

Here, 7o, takes into account all possible optical losses of
the incident THz radiation on the path from the source to the
detector, which are not considered by the electromagnetic (EM)
wave simulations. For example absorption and reflection losses
associated with the substrate and a lens, which may be attached
to it [25], [39]. In this work, we set 7., = 1, since the incident
THz light is coupled directly from free space to the antenna as
indicated in Fig. 1(b), neither passing through a substrate nor
a substrate/superstrate lens (backside illumination is obstructed
by the ground plane). 1., represents the absorption efficiency of
the antenna. It includes the residual scattering losses that occur in
areceiving antenna element even in case of a perfectly matched
load. For large planar antennas it is known to be 7y = 0.5 [38],
[40]. The final loss factor is the frequency-dependent Gaussian
beam coupling efficiency 7jgass (7). From a geometrical point
of view, ngauss(y) considers collection losses resulting from
the discrepancy between the spatial extension of the incident
Gaussian beam’s intensity profile, given by [41]

k
Tgauss (7, 0) = Io - exp (" : r2) (5)
2R
and the effective area of the antenna [42]
Xo? Xo?
Ag="-G="" € D. (©)
Here, zp = % - D¢? is the Rayleigh range and ko = i—g =

2;:)” the wave vector in free-space with speed of light in vacuum

co. Iy denotes the intensity in the center of the Gaussian beam.
D represents the minimum 1/e? Gaussian beam diameter

V2. FWHM 4 fL ¢

In(2)
where dy, is the diameter of the collimated optical beam before
the focusing element, FWHM is the full width at half maximum
(FWHM) of the indicent gaussian beam intensity profile, and
fr is the focal length of the focusing element (in this work an

OAP mirror with f;, = 2” = 50.8 mm). The total incident THz
power is distributed over Jguuss (7, @) such that

Dy (7

7dL'7T-I/

Pgauss = Ijiip = / Igauss (T, QO) dA
A

[e's) 2
= / / 7 Loquss (1, ) dipdr
o Jo

=27 - [1 — exp (—arQ)]SC = o 3

ko _ 8 _ 4In(2)

zr D2~ FWHM?"
element is determined in the direction of maximum gain G 3 et
is the antenna efficiency and D the antenna directivity. Both,
Aegr and €,,¢, can be obtained from EM simulations [CST Studio
Suite, shown in Fig. 2(d)] or from direct measurements (e.g., ab-
solute gain methods or gain transfer methods). For more details
about the different methods to estimate the effective area of a
THz detector, we refer to [38]. Our EM wave simulations take the
full 3-D structure of the Si CMOS TeraFET into account [i.e.,
all structures shown in the cross-sectional view of Fig. 1(b)].
This includes the vias from the antenna to the transistor and
the ground-plane, the surrounding metallization, the different
dielectric layers and the passivation layer. The lumped element
port is placed at the position of the transistor. In general, the EM
wave simulations of €,y () and thus also of 7 (1) consider
both conduction losses of the metallization and possible dielec-
tric losses due to the surrounding dielectric layers. Consistent
with the real device, the metallization is simulated as lossy
copper, so conduction losses are considered in our simulations.
Dielectric losses are not considered here because the dielectric
layers are made of insulator materials with zero loss tangent.

We want to clarify that the Gaussian beam coupling effi-
ciency 7gauss (V) is closely related but not identical to the gaus-
sicity [43]—a quantity typically employed for substrate-lens-
assisted antennas. These typically are configurations, where a
dielectric lens (e.g., hyperhemispherical silicon lens) is placed
onto the detector’s substrate to enhance the Gaussian beam
coupling efficiency under backside illumination conditions [20],
[43], [44]. The gaussicity can be estimated from the overlap
integral of the normalized simulated antenna pattern and the
best focused Gaussian beam in the angular domain [39], [43].
This calculation imposes that the effective area of the antenna is
larger than (or of the same size as) the Gaussian beam diameter
at the position of the antenna plane (after the dielectric lens and
the substrate).

In this work, we determine 7)gs(7) for free-space optical
coupling conditions, where the latter condition is not fulfilled.
In the following, we assume that the detector is positioned in the
focal point of a focusing element, such as an OAP mirror [see
Fig. 6(a) in Appendix A] and that the evolution of the optical
beam in the experiment can be treated on basis of Gaussian
beam theory [41]. Under these circumstances 7)gauss(¥) can be
calculated for arbitrary frequencies from

with o = A of the receiving antenna

Pant 4 v Ae Y
ngauss(y) = Pga s =1- 575 ) ~ 111(2) . AH‘E((V))
G In(2) - Aegr(v) 1
Bv) = /0 b <_ FWHM(»)? 'cos2(so)) e ©

where FWHM = /In(2)/2 - Dy is the frequency-dependent
minimum FWHM of the incident Gaussian beam given in
the antenna plane (in focal point of the OAP mirror) and
Agpor = 7 - (FWHM/2)? is the spot size of the beam. Note
that the integral for 5(v) has no analytical solution and needs
to be solved numerically. However, we find that 5 can be

3 A rectangular patch excited in its fundamental mode has a maximum gain in
the direction perpendicular to the antenna plane ( = 0°). Based on our exper-
imental setup (see Appendix A) we assume perfect perpendicular illumination
of the optical beam to the antenna plane to estimate the effective area.
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approximated by 5 ~ 7/4 — In(2) - Aesr/Aspot, Which leads to
Neauss ~ 11(2) - Aegr /Aspos. For details on the derivation of the
equation set (9), we refer to Appendix B.

Precise knowledge of dj, is therefore required to determine
the Gaussian beam intensity profile at the detector position. For
this purpose, we estimate the FWHM (or Dy) at the focal point
of the OAP mirror by direct measurements of the Gaussian beam
intensity profile Iy (,y) using an automated X—Y microm-
eter translation stage as shown in Fig. 2(b) at the respective
resonant frequency of each detector A1-A4. We want to empha-
size that Iy (2, y) may have to be de-embedded when using
highly directional antennas with a narrow beamwidth. The 3-db
beamwidth (angular width) of the patch antennas in this work is
roughly 90° over a wide range of frequencies. From gauss (2, y)
we determine the FWHM of the Gaussian distribution alongside
X (shown as red line) and Y (shown as green line) using a
Gaussian fit model [see Fig. 2(e)]. Then, the mean FWHM can
be obtained from FWHM = /FWHM, - FWHM,, (shown
as green line). Consequently, we take the observed frequency
roll-off of the measured FWHM to define d, in our measurement
system. Best agreement with direct measurements of the FWHM
is observed for d;, = 30 mm [calculated from (7), shown as black
solid line in Fig. 2(e)].

In Fig. 2(f) we plot the calculated Gaussian beam coupling ef-
ficiency ngauss () obtained from the numerical solution of (9) for
each patch antenna (A 1-A4) taking the simulated effective areas
Aegr and the experimentally determined minimum FWHM into
account. Besides that, we compare the solution of (9) with values
0Of gauss Obtained from the direct evaluation of the numerical area
integral for P,y [see (13) in Appendix A] and Pyuss [see (8)]
using 1) the measured and 2) an ideal symmetric Gaussian beam
intensity profile Iy (2, y). The latter is determined from the
minimum FWHM [see (7)] at the respective frequencies. From
Fig. 2(f), even for the A3 and A4 with larger effective antenna
area, only about 10% of P, can be coupled into the antenna
element in the best case. Finally, the electrical THz input power
at the source transistor terminal Pﬂl [see Fig. 1(a)] is obtained
from [13], [20], [25]

P = nm(v) - P,

in,ant
4 Re[Zan] - Re[Zy]
|Zanl + Zt|2

. Pel

in,ant

(10)

where 7,,(v) accounts for the impedance mismatch of the
antenna impedance Z,,(v) [see Fig. 2(c)] to the transistor
channel impedance Z;(v). Best electrical power coupling to the
transistor is ensured whenever conjugate impedance matching
conditions are present Z,,, = Z;. Note, that impedance mis-
match effects (7),,,(v)) are inherently embedded in the circuit
simulation software ADS (e.g., by taking a power source at a
certain frequency with complex impedance) and therefore, for
the simulations presented here, we use PS¢~ as THz power
input parameter. Besides the simulated antenna parameters
Zant(V), Aegr(v) as well as the Gaussian beam coupling efficiency
Neauss () all other unknown input simulation parameters, in case
of ADS-HDM, are obtained from dc drain-to-source resistance
(Rps) measurements. The measured resistance curves are fitted
to a simple serial resistance model for the MOSFET channel,

meas.

s TSMC RF = ADS-HDM

Al
108

2
100.2 04 06 08 1

Ugs|V]

Fig.3. Comparison of the measured dc drain-to-source resistance (black line)
with simulations obtained from TSMC RF (blue open squares) and ADS-HDM
(red open squares) for the different Si CMOS TeraFETs (A1-A4). Upg is set to
10 mV for all measurements and simulations. The dashed vertical line represents
the extracted U for the respective devices using a fit model based on the UCCM
(see Table I). For both models we assume a fixed residual resistance of R ex
= 300 2 for a short-circuit protection FET, which is connected in series with
the drain electrode of all respective transistors.

which is based on the UCCM. The extracted simulation param-
eters are given in Table 1.*

V. SIMULATIONS AND COMPARISON WITH MEASUREMENTS

In order to validate the implementation technique and the
fitting routine discussed previously we compared the simulated
Rps as a function of Ugg with measurements. In Fig. 3, Rpg is
shown for TSMC RF and ADS-HDM together with the respec-
tive measured data for a fixed drain-to-source voltage of Upg =
10 mV. We observe good agreement between the ADS-HDM
and data, which is a direct consequence of the specific simulation
parameter extraction performed for each device separately (see
Table I). Contrary TSMC RF exhibits only near-quantitative
agreement with data close to Ur. In the inversion regime
(Ugs>Ur) the measured Rpg are slightly higher than predicted
by TSMC RF. To the best of the authors’ knowledge, the
discrepancy originates from globalized simulation parameters
of the TSMC RF foundry model. These globalized simulation
parameters are only adapted depending on the CMOS fabrication
process (here CLNO65SLP, type 1.2V_mLow_Vt_MOS) and the
device dimensions (length and width of the channel). Therefore,
the foundry model cannot account for possible variations (e.g.,
due to imperfections, defects, etc.,) of the electrostatic properties
within a foundry fabrication run. A comparison of the frequency-
dependent measured optical voltage responsivity (top panels)

4Note that each detector is connected in series to a different short-circuit
protection FET for which we assumed Rj exq = 300 €2. The exact residual
resistance of the protection FET is not known to us and might vary between the
devices. This can influence the extracted values for R¢.
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Fig. 4. Top panels: Comparison of the measured frequency-dependent opti-
cal voltage responsivity (black line) with simulations using TSMC RF (blue
open squares) and ADS-HDM (red open squares) for devices A1-A4. Bottom
panels: Comparison of the simulated frequency-dependent real (solid lines) and
imaginary (dashed lines) antenna impedance Z,n; (green) with corresponding
simulations of the complex conjugate transistor channel impedance Z;* using
TSMC RF (blue) and ADS-HDM (red) for the different Si CMOS TeraFET
devices. Estimated impedance mismatch factor 7,,, (dots, right axis) is calculated
from (10) for TSMC RF (blue) and ADS-HDM (red).

of devices A1-A4 with the respective simulations—TSMC RF
and ADS-HDM—can be seen in Fig. 4. The final unknown
simulation parameter of the ADS-HDM—the total parasitic ca-
pacitance per micron channel width C,,,, . ¢, 11, whichincludes
the overlap C,, and fringe CY capacitances—is determined
from the comparison of the measured responsivity roll-off of
the detector characterized at the highest THz frequencies (A4)
with the respective ADS-HDM simulations. Best agreement is
found for Cyy4 f w1 = 0.75fF /pum. Similar values have been
reported for St CMOS TeraFETs manufactured with the 150-nm
technology by TSMC [13]. Besides that, in simulations of the
detector voltage response AUpg, the calculation of the dc read-
out is performed against an effective loading impedance |Z;,| =
|(1/Rin + i - 27 fmoaCL) 1| ~ 440k [45], taking into account
the lock-in amplifier’s input impedance R;, (10 M£2) and the
effective capacitance of the cable (C, = 0.5m - 0.95 pF /m).

We obtain a near-quantitative agreement between both models
and measurements at low THz frequencies (Device Al and A2).
Both models predict magnitude, peak position and the roll-off of
the measured signal quantitatively. Only far away from the peak
(at 0.4 THz for Al and A2) we observe a discrepancy between
data and simulations. As presented in Fig. 2(c) the EM wave
simulations of the antenna impedances Z,,, suggest an additional
antenna resonance at ~ .35 THz, which is not observed in the
THz characterization measurements. At higher THz frequencies
(Device A3 and A4) the predicted peak position and magnitude
of the optical voltage responsivity of both models starts to differ.
The observed divergence can be related mainly to different
predicted losses due to imperfect conjugate impedance matching
(Zant # Z7) between Z,n and Z;. The latter is determined by
either TSMC RF or, in case of ADS-HDM, by the hydrodynamic
transport equations [see (1)] together with the UCCM [see (2)].
In the bottom panels of Fig. 4 the real part and imaginary part of
the simulated complex conjugate transistor channel impedance
Z,* is depicted together with Z,, for each device. In addition
we show the calculated impedance mismatch factor 7,, [(10),
shown as dots, right axis]. Both models suggest that—especially
in case of device A3—perfect conjugate impedance matching
(Mm ~ 1) is reached. Remarkably both models predict very
similar Z,. Despite the fact that TSMC RF has not being adapted
specifically for the THz frequency range, it exhibits good agree-
ment with measurements and with ADS-HDM. In addition to
the frequency-dependent measurements we also measured and
simulated the optical voltage responsivity R’ as a function of
gate voltage Ugs. In Fig. 5(a), we compare the measured optical
voltage responsivity of devices Al to A4 with the results of
simulations with ADS-HDM and the TSMC RF for fixed exci-
tation frequencies. Again, we observe good agreement between
both models and measurements. Best agreement is obtained
in the inversion regime above Ur (marked as vertical dashed
line) of the respective transistor, while agreement gets worse
below Up, where R("}’ (Ugs) peaks. The deviations are attributed
to unknown details of power-coupling and Ugg-dependent
impedance matching. In addition to results for the full-fledged
ADS-HDM, we also plot the predicted purely resistive-mixing
response of the transistor, where the diffusive and plasmonic
terms of the HDM are neglected and only the low-frequency
limit is considered (9;j < j/7p), such that (1b) is reduced to
j =0+ E,, with the conductivity o = (¢*7,n)/m"*. The dif-
ference between the full ADS-HDM and the purely resistive
self-mixing model increases with frequency. The responsivity
as predicted by the full model is larger than that of the purely
resistive mixing, albeit not by a fixed factor for all values of U .
The maximal difference reaches values of about 20% for device
A4 at 1070 GHz and Uggs = 0.4 V. This increase is evidence
that diffusive and plasmonic features cannot be neglected as
the frequency rises. Their influence, however, does not become
dominant up to the highest frequencies of our studies, and
an approximative treatment of rectification by purely resistive
mixing yields fair results.

The presented results of measurements and simulations of the
optical voltage responsivity have only considered the measured
detector response with respect to the available optical THz input
power P.F. For a detector sensitivity, noise contributions to the
detected signal must be taken into account. The most important
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Fig. 5. Left panels: (a) Comparison of the measured voltage-dependent
optical responsivity R("}) (black line) at constant excitation frequency with
corresponding simulations obtained from TSMC RF (blue open squares) and
ADS-HDM (red open squares) for A1-A4. The vertical dashed line repre-
sents the extracted Up from Rpg measurements in case of the ADS-HDM
(see Table I). The pure resistive self-mixing detector response predicted by
the ADS-HDM is plotted as red line. Right panels: (b) Comparison of the
measured optical voltage-dependent noise-equivalent power (NEP) (NEPOp)
(black line) at constant excitation frequency with corresponding s1mulat10ns
using the TSMC RF foundry model (blue open squares) and our in-house tool
ADS-HDM (red open squares) for the different Si CMOS TeraFET device.
The vertical dashed-dotted line represents minimum NEP;’,p of the respective
devices. TSMC RF (blue filled squares) and ADS-HDM (red filled squares)
simulations of the voltage-dependent electrical NEP (NEP%}) with regards to
the maximum available power delivered from the antenna Pl?l ane I addition,
the simulated electrical NEP calculated with regards to the available power
at the source transistor terminal P61 is depicted for TSMC RF (blue dashed

line) and ADS-HDM (red dashed hne)

figure of merit in this context is the noise-equivalent power
(NEP). The NEP is defined as the ratio of the detectors voltage
or current noise spectral density (Vy or Iy) in a 1 Hz bandwidth
(A f) and the detectors voltage or current responsivity, respec-
tively. It can be defined with regards to the optical or electrical
detector responsivity (R{¥ or “f}). For measurements of the
voltage response we have

Vn

NEPY = &

Y R‘f
NEPS = Vfl an

7?’V

where the voltage noise spectral density Vi, in case of zero
drain-to-source bias (Upgs = 0 V) during THz detection opera-
tion, is dominated by Johnson—Nyquist (thermal) noise, such

that Viy = /4kpT RpsA f [16], [46]. This assumption is based
on noise characterization measurements of Si CMOS TeraFETs

TABLE II
MEASURED MINIMUM NEP{’}’ IN PW/+/Hz AT RESPECTIVE GATE VOLTAGES
U s FOR THE DETECTORS A1-A4 AS WELL AS SIMULATED VALUES
OBTAINED FROM TSMC RF AND ADS-HDM FOR NEP{? (OP.) AND NEP$!
(EL.) WITH REGARDS TO P\«

Device Al A2 A3 A4

Frequency 580 GHz 620 GHz 830 GHz 1070 GHz

Ugs 0.5V 052V 0.55V 0.6 V

measured 169.9 (op.) 194.7 (op.) 111 (op.) 67.17 (op.)

TSMC RF 208.2 (op.) | 183.3 (op.) | 180.6 (op.) | 137.74 (op.)
5.25 (el.) 5.27 (el.) 9.3 (el.) 11.57 (el.)

ADS-HDM 189.9 (op.) 155 (op.) 121.5 (op.) | 71.42 (op.)
4.93 (el.) 4.46 (el.) 6.25 (el.) 6 (el.)

manufactured by TSMC’s 90-nm technology [16]. In Fig. 5(b)
we present a comparison of the measured optical NEP with
simulations obtained by the TSMC RF and the ADS-HDM.
Both models correctly predict the overall magnitude and gate
voltage dependency of the measured NEP{? close and above the
Ur. Below threshold and at higher THz excitation frequencies
(A3 and A4) the ADS-HDM achieves better comparability with
data. In order to show possible improvements of the detector
performance (e.g., by enhancing the Gaussian beam coupling
efficiency 7guss or reducing the back-scattering effect of the
antenna) we present simulations of the electrical NEPel, which
represents the intrinsic lower limit of the detector sensitivity.
We perform this calculation for two cases, where the electrical
responsivity is referred 1) to the available power originating from
the antenna element RS = AUpg/ P, m ant and 2) to available

power at the Source transistor terminal R{} = AUps/ Plill
the latter impedance mismatch losses 7, are excluded. These
losses play a more dominant role at lower THz frequencies,
where the device impedance Z; changes more strongly with
applied gate voltage. As already indicated by the estimated
values of 1gauss [see Fig. 2(f)] and also visible in Fig. 5(b) there
is more room for improvements of the detector sensitivity for
Al and A2—with respective small effective antennas areas [see
Fig. 2(d)] - then for A3 and A4. For example, if 7)gauss is increased
to ~ 1 by reducing the FWHM of the Gaussian beam intensity
profile in the antenna plane using common methods, such as
dielectric lenses (placed here on the patch antenna), one can
expect that the detector performance increases by a factor of 40
for Al and 12 for A4. In Table II the best determined optical
NEPs for the respective detectors A1-A4 are shown together
with the predictions by the TSMC RF and the ADS-HDM at
the respective frequencies and gate voltages. In addition we
present the simulated electrical NEP (with regards to the PS! ant)
of the respective devices at the same frequency and gate voltage
conditions. The simulations suggest that a minimum NEP of
5 — 6 pW /v/Hz could be achieved at room temperature in ideal
optical coupling conditions (1op = 1, Ngauss = 1, and 1jgecqe = 1)
and 10 — 12 pW //Hz if the backscattering effect of the antenna
is taken into account (nop = 1, Ngauss = 1, and 7o = 0.5). This
in close agreement to the purely analytical calculations of the
electrical NEP for 150-nm Si CMOS TeraFETs as presented
in [13].

VI. CONCLUSION

In summary, the detector voltage responsivity and sensitivity
of four 65-nm Si CMOS TeraFETs in the THz frequency range
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of 0.4 and 1.2 THz and the gate voltage range of 0 to 1 V were
investigated in detail using two transistor transport models—the
TSMC RF foundry model and our in-house ADS-HDM circuit
implementation. The THz characterization measurements were
performed under nitrogen atmosphere and the accurate peak-
to-peak response of our detectors was determined from time-
domain data acquisitions in order to ensure a suitable database
for both models. The amount of THz power injected into the
transistor terminals by the Gaussian beam via the antenna was
calculated based on geometric constraints. A near-quantitative
agreement between model and experiment was observed over
a wide range of THz excitation frequencies and gate voltages.
The simulations indicate that the 65-nm Si CMOS TeraFETs
perform close to perfect conjugate impedance matching and
further improvement of their detector performance down to
~ 10pW/+v/Hz at room temperature can be expected if the ef-
ficiency of Gaussian beam coupling is improved. By comparing
the two models with each other and with experimental I/V and
THz characterization, we find that the TSMC RF foundry model
is applicable beyond its actual design frequency range for 5G
communications and 110 GHz millimeter-wave applications. It
can be used with confidence to make predictions about detector
performance in the investigated operating range of our Si CMOS
TeraFETSs up to 1.2 THz. However, the experimental data of A3
and A4 and their comparison with the simulations suggest that
the TSMC RF model may lose its validity at frequencies above
1.2 THz at which the plasmonic mixing terms in (1b) are likely to
begin to dominate the device response. Our work extends recent
advances in compact SPICE circuit modeling of Si MOSFETS
in the THz frequency range [35] by two more simulation ap-
proaches. In this work, we compare our simulations directly
with experimental data and achieve near-quantitative agreement
over a wide operating range. We conclude that both models can
be used for modeling and designing MOSFET integrated circuits
for operating frequencies of at least 1.2 THz (of special interest
for 6G communications, THz imaging, biomedical diagnostics,
etc). Finally, it is worth to mention that the ADS-HDM can
be adapted to several key material technologies in the THz
research field, such as graphene, AlIGaN/GaN- (as shown in [21])
and AlGaAs/GaAs HEMTs, as the governing hydrodynamic
transport equations only need to be coupled to an charge control
model suitable for the respective material technology.

APPENDIX A
LOCK-IN AMPLIFIER CORRECTION FACTOR - TOPTICA
TERASCAN 1550

In Fig. 6(a), we sketch the measurement setup used to gather
the data in this work. The Si CMOS TeraFETs are character-
ized using the lock-in technique (Ametek DSP 7265) with an
electronically modulated InGaAs photomixer emitter (Toptica
TeraScan 1550) @ foq = 7.62 kHz (indicated as blue line).
Alignment of the detectors was performed in xyz to guarantee
the correct position in the focal point of the final OAP mirror
(diameter: 2”). From time-domain acquisitions of the detector
signal (red line), we determined the lock-in correction factor
Qarra via

Pk2Pk(AUps)
RMS(UIOCk*iH,lfmod)

QLT A,COIT = (12)

] Lock-in Time [ms]
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Fig. 6. (a) Schematic drawing of the measurement setup for optical charac-
terization of the Si CMOS TeraFETs. (b) Fundamental component (green) of
the detected waveform (red) extracted from time-domain acquisitions (using an
oscilloscope) for a single broadband 65-nm Si CMOS TeraFET at 0.2, 0.6 and
1 THz when illuminating the detector with an electronically chopped (reference
shown in blue) InGaAs photomixer (Toptica TeraScan 1550). (c) Extracted
lock-in correction factor A corr as a function of frequency. Calculated
values (dashed / dotted lines) for the lock-in correction factor are shown for
different types of references/emitter modulations. A reference measurement of
QrmLIA,corr at 1 THz measured with the similar Toptica TeraScan 1550 is
shown as blue star [39].

as a function of the radiation frequency using a single broadband
65-nm Si CMOS TeraFET (log-spiral antenna).

In Fig. 6(b), the measured detector signal Upg (red line,
left axis), the modulation waveform for the Toptica emitter
(blue line, right axis) — which serves as the reference for the
lock-in amplifier —, and the fundamental component of the
measured detector signal Uock—in,1f,,, (green line, left axis)
— extracted using Fourier analysis — are presented for three
different radiation frequencies (0.2, 0.6 and 1 THz). In addition,
the extracted peak-to-peak value (red dashed line), relevant
for the detector calibration and sensitivity measurements, as well
as the obtained RMS value of the fundamental component (green
dashed line), which is measured by the lock-in amplifier after
bandpass filtering at f,,,q = 7.62 kHz, are shown. In Fig. 6(c),
we present apia corr as a function of the radiation frequency.
A linear fit is used to determine the observed frequency trend,
which is relevant for our simulations and correct predictions of
AUpg. We speculate that the unexpected frequency dependence
of a1, corr 18 a consequence of frequency-dependent non-linear
mixing properties of the Toptica InGaAs photomixer emitter.
They manifest, when the photomixer is illuminated by the fiber-
coupled dual-color optical beam at different beat-note frequen-
cies Av (0.1-1.2 THz). This leads to the observed non-ideal (here
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Fig. 7. Sketch for visualizing mathematical steps for the calculation of
the Gaussian beam coupling efficiency. The dimensions of the effective area
Acpp = L? are indicated as a green square.

non-sinusoidal) modulation of the emitted THz output power
and to the change in oA corr With the beat-note frequency.
Further investigations, also at higher frequencies, are needed to
clarify the origin of the observed effect.

APPENDIX B
GAUSSIAN BEAM COUPLING EFFICIENCY

In order to calculate the total power coupled into the effective
area (indicated as green square in Fig. 7) of an arbitrary planar
antenna we assume a point symmetry of Iy (2, y) to split the
calculation into 8 equal triangles as indicated in Fig. 7 (black
triangles). Together with the parameterization r(¢) = % - cos ¢
we obtain

Pant = // Igauss ($7 y) dXdy
Acsr

:8-// Tyauss (@, y) dxdy
Aa

i i)
=8Iy - / / - exp (—ar?) dpdr
0o Jo

™

T . L2
o [ (L)
a Jo 4 cosp?
_ b [ —4p]. (13)
a

With the definition of the Gaussian beam coupling efficiency
Neauss = If;’ =t we finally derive the equation set (9).
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