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THz SPICE for Modeling Detectors and
Nonquadratic Response at Large Input Signal

Alexey Gutin, Trond Ytterdal, Valentin Kachorovskii, Andrey Muraviev, and Michael Shur, Life Fellow, IEEE

Abstract— The THz SPICE model is capable of simulating field
effect transistors (FETs) in a plasmonic mode of operation at
frequencies far above the device cutoff frequency. The model
uses a distributed RC or RLC network and is validated by
comparison of the simulation results with our analytical model
of the plasmonic detector, and with measured results. It also
allows us to determine the operation regimes, where conventional
SPICE models are still applicable. The applicability of this model
for THz sensing applications is demonstrated by simulating the
plasmonic THz FET sensor with on-chip amplifier.

Index Terms— Plasmonic detector, SPICE, sub-millimeter
wave, terahertz detectors.

I. INTRODUCTION

TRANSISTOR scaling has allowed circuit designers to
push circuits to run at sub-THz frequencies [1]–[3].

Plasmonic Field Effect Transistors (FETs) have also been
shown to work as detectors [4]–[7] and emitters [8]–[10]
of terahertz radiation with higher responsivity and lower
noise than commercially available products. Terahertz tech-
nology has potential for many sensing applications in security
applications [11], [12], biomedical imaging [13], [14], and
communications [15]. A major advantage of plasmonic FET
technology for sensing applications is an ability to integrate
sensing elements with on-chip amplifiers and readout and
image processing circuitry. To enable such integration, we
need compact CAD modeling tools to simulate plasmonic FET
operation in a complex circuit environment.

Traditionally, digital circuits have been modeled using
SPICE circuit simulators. However, the compact models used
by SPICE fail to accurately model device physics, which
become important as feature sizes decrease, operating frequen-
cies increase, and when devices are modeled as a detector
for terahertz radiation. The traditional SPICE models fail to
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Fig. 1. (a) Traditional circuit representation of a FET in SPICE. (b) THz
SPICE model split into n sections of gate length L/n (where L is gate length
of the entire channel) with distributed RC representation of device channel
and distributed gate resistance of Rg /n, along with equivalent SPICE model.
(c) Model with inductive elements to account for electron kinetic inductance.

accurately model the device operated in the plasmonic mode,
when operating frequencies are much higher than fT and fmax.
This paper describes a new THz SPICE model verified up to
2 THz, which addresses these issues, and can be used with
any other compact modeling platform such as ADS [16] or
CADENCE [17]. This is achieved by modeling the channel of
a FET as a distributed RC or RLC network with distributed
gate resistance, where traditional SPICE models these as
lumped elements.

The model is validated using plasmonic detector
measurements and our recent theory [18] that has explored
nonquadratic response with respect to input signal at large
intensities.

II. THZ SPICE MODEL

The analytical [4]–[8] and computer [19], [20] models that
have been developed to describe the response of a terahertz
detector to radiation at low intensities do not account for
device parasitics, bonding wires, and dependence on device
width. Furthermore, these models are not suitable for simu-
lating various circuit configurations or detector arrays. SPICE
circuit simulators are a natural solution to these challenges,
and provide a fast and accurate way to model and optimize
terahertz detectors prior to fabrication.

1530–437X/$31.00 © 2012 IEEE
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Fig. 2. Calculated characteristic length, L0, as a function of gate swing
voltage at different frequencies for (a) GaAs, (b) GaN, and (c) Si. The
parameters used were the same as in Fig. 3.

The channel and gate resistance of a FET in traditional
SPICE is represented by lumped elements as seen in Fig. 1(a).
This representation fails to accurately capture device physics
of a plasmonic FET. Previous distributive resistive mixing
models have been introduced [21] to describe the channel of a
FET, but are valid for only nonresonant detectors, and did not
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Fig. 3. Space dependence of electron oscillations excited by 1.63-THz
signal at Ugt = 0 for GaAs (mobility of 3500 cm2/Vs, effective mass of
0.067), GaN (mobility of 1500 cm2/Vs, effective mass of 0.23), Si (mobility
of 800 cm2/Vs, effective mass of 0.19). Subthreshold ideality factor of 1.55
was used for all materials. Dashed lines represent characteristic length of
decay, L0, for each material.

Fig. 4. Schematic of simulation circuit in open drain mode.

have distributed gate resistance, which is important to model
at high frequencies. At THz frequencies, the oscillations of
the electron density excited in the FET channel–called plasma
waves–might propagate and decay within a fraction of the
device channel [22]–[24]. According to [25], the characteristic
distance of the plasma wave decay (shown in Fig. 3) is
given by

L0 =
√

μ n

ω(dn/dU)
∣∣U=Ug

(1)

where (see Ref [26])

n(U) = CηkB T

e2 ln

[
1 + exp

(
eU

ηkB T

)]
(2)

and C is the gate-to-channel capacitance per unit area, η is
the subthreshold ideality favor, kB is the Boltzmann constant,
T is temperature, e is the electronic charge, and U is the gate-
to-channel voltage swing.

At high frequencies, L0 < L, the single channel lumped
element model becomes inaccurate, especially close to and
below the threshold, where dn/dU is small (see Fig. 2).

To capture these device physics we use the distributive
model for the channel capacitance and resistance and the gate
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Fig. 5. (a) Comparison between the analytical model from [26] and THz SPICE model in open drain mode. b) Analytical model and THz SPICE model at
several load resistances.
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Fig. 6. Experimental setup used for measurements at 1.63 THz.

resistance as shown in Fig. 3(b), with each section being
smaller than L0. All simulations in this work used a model of
four sections.

The model shown in Fig. 3(b) does not account for the
electron inertia, and, therefore, is only applicable to the
nonresonant regime of operation (decaying plasma waves).
However, this model could be generalized by inclusion of
the inductive elements [as shown in Fig. 3(c)], such that the
resonance frequency of this distributive circuit equals the
plasma wave frequency for the appropriate boundary con-
ditions. Such model and its implications will be considered
elsewhere.

For each section, we use the following model equa-
tions (see Table I for brief summary of parameters and
Appendix for detailed list of parameters and typical values).
In the sub-threshold region, the drain-to-source current Ids is

Fig. 7. Comparison between THz SPICE simulation and measured data of
varying output power levels at 1.63 THz.

given by:

Ids = Idson. exp

(
Vgs − Von

Xn Vth

)

Xn = 1 + q.N f s

cox
+ 1

2

(
γ.λs√
ϕ − Vbs

+ λn

)
. (3)

Above threshold, Ids is given by:

Ids = Ids_at = β

(
Vgs − VT − 1 + λb

2
Vdsm

)
Vdsm

β = Ue f f cox
We f f

Le f f
. (4)

III. MODEL VALIDATION

A generalized expression to characterize device response at
large and small signals above and below the threshold voltage
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Fig. 8. (a) Comparison of the analytical model from (5), THz SPICE simulation, and the response of a quadratic detector. (b) Comparison of THz SPICE
simulation and measured data above threshold (Ugt = −70 mV) and below threshold (Ugt = 100 mV).

can be expressed as

δU = ηK B T

c
InI0

(
eUa

ηK B T

)
(5)

where I0 is the Bessel function of the imaginary argument,
and Ua is the voltage coupled at the gate. Above threshold,
device response at large intensities can be expressed as

δU = U2
a

2
(√

U2
gt + U2

a /2 + Ugt

) (6)

Detectors can operate in photoconductive or photovoltaic
regimes. In the photoconductive regime, drain current is used
to bias the detector and increase response at the expense of
higher flicker noise. In the photovoltaic mode, the drain of the
detector is left floating, limiting noise only to thermal.

This paper studies the detector operated in the photovoltaic
regime. Fig. 4 shows the equivalent circuit simulated using
the distributed THz SPICE model. A sinusoidal wave of
amplitude Ua representing the THz field coupled to the device
is superimposed on a DC bias, Vgs , at the gate. In the
absence of THz radiation, the voltage at the drain is zero.
Once radiation is applied, a sinusoidal wave is seen at the
drain. Integrating this wave over time establishes a DC shift
representing the THz response of the detector, δU.

The analytical model open drain response was obtained
using the same gate length, subthreshold ideality factor, and
temperature as were used for the THz SPICE model. Fig. 5(a)
shows the THz response as a function of applied gate-bias
voltages. As seen, there is a strong agreement between the
analytical and THz SPICE models. Adding a load resistor
of finite value creates a voltage divider circuit between the
channel resistance and load [27], and significantly affects the
measured response. Fig. 5(b) shows the detector response
as a function of gate-bias voltage at finite loads for both
the analytical (Eq. 23 in Ref. 26) and THz SPICE models.

TABLE I

SPICE MODEL PARAMETERS

Name Parameter Typical value

Vgs Gate-to-source voltage -

Vds Drain-to-source voltage -

Vdsat Drain saturation voltage -

Vdsm Minimum voltage between Vds and
Vdsat

-

Vbs Bulk-to-source voltage 0 V

VT Threshold voltage −0.18 V

Von Modified threshold voltage -

γ Bulk threshold parameter 0.43 V1/2

λs Effect of the short channel -

λn Specifies narrow width effect -

λb Effect of small geometry on saturation
voltage

-

cox Oxide capacitance per unit area 0.56 μF/cm2

ϕ Surface potential 0.8 V

N f s Surface state density 1012 1/cm2

Uef f Effective surface mobility 3500 cm2/Vs

Wef f Effective width 10 μm

Lef f Effective length 0.13 μm

Capacitive loading effects [28] were estimated to be negligible
and ignored.

To compare the THz SPICE model to measured results,
we used a 0.13 μm × 10 μm depletion-mode InGaAs/GaAs
HEMT from TriQuint Semiconductor. Fig. 6 shows a
schematic of the experimental setup. An optically pumped
THz gas laser (Coherent SIFIR-50) operating at 1.63 THz
was used for terahertz radiation. The laser features a built-
in output power monitor, which was used for output power
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Fig. 9. Comparison of traditional SPICE model with lumped elements, THz
SPICE model using distributed elements, and the analytical model from [26].

Fig. 10. Simulated response as a function of frequency at different device
widths.

calibration. The beam was modulated using an optical chopper
operating at 210 Hz, and was focused on the sample using a
parabolic mirror such that electric field polarization was in the
direction of current in the device. The detector was mounted
on a computer controlled three-axis nano-positioning stage
(ThorLabs NanoMax 341), which was used to find maximum
response and focus. A lock-in amplifier (Scientific Instruments
SR-830) was used to measure the response, δU.

The laser was operated at varying power levels, and detector
response was measured as a function of gate voltage. A THz
SPICE model matched to the parameters extracted from the
device was used to simulate response at different values of
Ua corresponding to the output power levels of the laser.
Fig. 7 shows close agreement between measured data and
corresponding THz SPICE simulation results.

The analytical model developed in Eqs. 5 and 6 was also
simulated using the THz SPICE model and compared to
a quadratic detector response. Fig. 8(a) shows close agree-
ment between simulated response using THz SPICE and the
analytical model. There is also a clear divergence at large
amplitude signals, representing high output intensity. Detector
response was also measured as a function of the laser output
power. Fig. 8(b) shows simulated nonquadratic response at
high intensities, and close agreement with measured results.

Fig. 11. Circuit schematic of detector and amplifier circuit.

Fig. 12. Simulated comparison of detector with and without on-chip amplifier
circuit.

Fig. 9 shows terahertz response as a function of gate-bias
voltage for the analytical, traditional SPICE, and THz SPICE
models of distributed in various sections. It can be clearly seen
that the traditional SPICE model deviates substantially from
analytical theory, especially below threshold. Since maximum
terahertz response is observed subthreshold, it is critical to
have a model accurate below and above threshold. The THz
SPICE models distributed between four sections show close
agreement with the analytical model.

It has been experimentally shown that response to terahertz
radiation degrades with increasing frequency [29]. As a result,
the effect of parasitics on device response is important to
model. SPICE is uniquely suitable to model the dependence of
parasitics on terahertz response. Fig. 10 shows the dependence
of terahertz response as a function of incident frequency at
several gate widths. It can be seen that terahertz response
drops with higher frequency at larger gate widths, which is
consistent with experimental data.
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IV. CIRCUIT SIMULATION EXAMPLE

THz sensing applications require high sensitivity and low
noise. This can be achieved by using on-chip amplification
using a circuit shown in Fig. 11 [30].

Fig. 12 compares the simulated responsivity with and
without the on-chip amplifications obtained using the THz
SPICE. This example clearly illustrates the model capability.

V. CONCLUSION

In summary, we have developed a new THz SPICE model
capable of accurately simulating FETs at terahertz frequencies.
This model characterizes the device channel as a distributed
RC or RLC network, compared to traditional SPICE models
which characterize the channel by lumped elements. We have
shown close agreement between THz SPICE, analytical model,
and measured results. The THz SPICE model can be used in
any compact modeling platform, and can be used to simulate
and optimize terahertz detectors prior to fabrication. This
model also paves the way for more accurate simulations for
digital circuit designers as circuits move closer to operating at
terahertz frequencies.

APPENDIX

BERKELEY SPICE LEVEL 3 MODEL EQUATIONS

In the sub-threshold region, the drain-source current Ids is
zero if the model parameter N f s is not specified. Otherwise,
Ids is given by

Ids = Idson. exp

(
Vgs − Von

Xn Vth

)

where Vth is the thermal voltage.
Above threshold Ids is given by

Ids = Ids_at = β

(
Vgs − VT − 1 + λb

2
Vdsm

)
Vdsm.

Definitions of the different quantities are given below.

β = Ue f f cox
We f f

Le f f

cox = εsi

tox

λb = λn + γ λS

4
√

φ − Vbs

Idson = Ids_at (Von, Vdsm, Vbs)

Vdsm = min (Vds, Vdsat)

If Vmax ≤ 0

Vdsat = Vsat

else

Vdsat = Vsat + Vc −
√

V 2
sat + V 2

c

Vsat = Vgs − VT

1 + λb
Von = VT + Vth.Xn

Xn = 1 + q.N f s

cox
+ 1

2

(
γ.λs√
φ − Vbs

+ λn

)

TABLE II

PARAMETER LIST AND TYPICAL VALUES

Name Parameter Units Typical value

VT 0 Zero-bias
threshold voltage

V −0.18

γ Bulk threshold
parameter

√
V 0.43

ϕ Surface potential V 0.6

εsi Dielectric constant
of Silicon

F/m 1.0359 × 10−10

tox Gate oxide
thickness

m 10−7

Nsub Substrate doping 1/cm3 1017

N f s Surface state
density

1/cm2 1012

X j Metallurgical
junction depth

m 3 × 10−9

Ld Lateral diffusion m 31 × 10−12

U0 Surface mobility cm2/Vs 3500

Vmax Maximum drift
velocity for
carriers

m/s 8288

δ Width effect on
threshold voltage

- 0.0

θ Mobility
modulation

1/V 0.0

η Static feedback - 0.0

κ Saturation field
factor

- 0.2

L Drawn gate length m 0.13 μm

W Drawn gate width m 10 μm

VT = Vbi − 8.14.10−22.η

cox .L3
e f f

Vds + γ.λs
√

φ − Vbs

+λn(φ − Vbs)

Vbi = VT 0 − γ
√

φ

λn = δπεsi

2cox We f f

λs = 1 − X j

Le f f

⎛
⎝ Ld + Wc

X j

√
1 −

(
Wp

X j + Wp

)2

− Ld

X j

⎞
⎠

Wp =
√

2εsi

q Nsub
(φ − Vbs)

Wc = X j

[
0.0631353 + 0.8013292

Wpv

X y
j

−0.01110777

(
Wp

Xγ
j

)2]
.

Unless γ is assigned a value:

γ =
√

2qεsi Nsub

cox
.
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Unless ϕ is assigned a value:

φ = 2Vthln

(
Nsub

ni

)

where ni is the intrinsic carrier concentration in Silicon

Le f f = L − 2Ld

We f f = W − 2Wd .

Effective mobility calculations

I f, Vmax ≤ 0

Uef f = Us

else

Uef f = Us

1 + Vdsm
Vc

where

Us = U0

1 + θ(Vgs − VT )

Vc = vmax.Lef f

Us
.

In the saturation region, drain current is modified as follows:

Ids = Ids

1 − �L
Lef f

.

If Vmax ≤ 0

�L = Xd k
√

Vds − Vdsat

�L = − E p X2
d

2

⎡
⎣

(
E p X2

d

2

)2

+ κ X2
d(Vds_Vdsat)

⎤
⎦

1/2

E p = Ids_at(Vgs, Vdsm, Vbs)

gds(Vgs, Vdsm, Vbs).Le f f

Xd =
√

2εsi

q.Nsub
.
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