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Abstract— Multiple-Independent-Gate (MIG) silicon FinFETs
were recently shown capable of enabling (i) device-level polarity
control, (ii) dynamic threshold modulation and (iii) subthreshold
slope tuning down to ultra-steep-slope operation. These operation
mechanisms can unlock a myriad of opportunities in digital as
well as analog design. Here we discuss a continuous compact
direct-current (DC) model, capable of describing the current—
voltage characteristics of a class of MIG FinFETS, namely Dual-
Independent-Gate (DIG) FinFETs, over all its biasing design
space. This model captures some of the unique features of DIG
FinFETs including the dependence of its super-steep subthreshold
swing on drain bias and polarity gate bias. An excellent agree-
ment is shown between the model and measured experimental
current-voltage characteristics in these devices. Moreover, the
predictive nature of the model is evaluated by foreseeing the
perspectives of DIG FinFETs as efficien RF detectors at very
high frequencies.

Index Terms— Compact model, FinFET, Schottky barrier,
steep subthreshold slope, impact ionization, feedback.

I. INTRODUCTION

N order to reduce the power consumption in digital
Iintegrated circuits, increase the trans-conductance genera-
tion efficien y (gn,/Ip) of transistors in analog circuits, and
for attaining a very sensitive nonlinear response to radio-
frequency, transistors attaining very steep subthreshold slope
(SS) at room-temperature are required. The subthreshold slope
in conventional MOSFETs is limited to > 60 mV/dec due
to the turn-on mechanism for current in such devices being
thermionic emission. To overcome this fundamental limit,
different types of field-e fect transistors, based on alterna-
tive current mechanisms, have been proposed during the
last decade. In this regard, Tunnel FETs (TFETs) [1-5], in
which the current turn-on mechanism is band-to-band tun-
neling rather than thermionic emission, have emerged as an
attractive alternative to traditional MOSFETs. Experimental
demonstrations of such devices showing SS below 30 mV/dec
over four decades of current has been recently reported [4]. In
addition to TFETs, Dual-Independent-Gate (DIG) FinFETs [6,
7] have been also recently demonstrated capable of achieving
a very steep subthreshold slope (SS << 60 mV/dec at room-
temperature). The reason behind this super steep slope is a
positive feedback induced by carrier multiplication due to
weak impact ionization under proper biasing conditions [6-10].
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Fig. 1. (a) Structure sketch and SEM images of fabricated DIG FinFET, and
(b) conceptual band diagram for an n-type device illustrating the mechanism
of impact-ionization during the ON-transition. Figure adapted from Ref. [6].

In this regard, experimental demonstrations of DIG FinFETs
have shown SS as small as 3.4 mV/dec at room-temperature
and the possibility of attaining such small slopes over fve
decades of current swing [6, 10].

In order to design circuits based on DIG FinFETs and
to evaluate and project the performance of these devices for
analog and RF applications, it is of interest to develop a sim-
ple, closed form, continuous analytical model for its current-
voltage characteristics. This model must: (i) contain the basic
physics of weak impact ionization during the ON-transition,
and, also, (ii) be capable of capturing the dependence of the
current on the voltages applied at all four-terminals of the
device. Here, we report for the firs time on a simple and
continuous model capable of describing the current-voltage
characteristics of DIG FinFETs in all its operation regions.
Moreover, the proposed model is capable of capturing all the
essential features observed in this device. From the measured
I-V characteristics of fabricated devices previously reported in
[6], we fin a set of parameters that enable an excellent fi
between the experimental data and the proposed continuous
compact model. Moreover, besides enabling circuit design, we
discuss how the proposed model can also predict potential
future applications of these devices, for instance as efficien
RF detectors.

The remainder of this paper is organized as follows. Sec-
tion II describes the operation of DIG FinFETS. Section III
introduces a compact, continuous, model, and describes its
peculiarities. Experimental data is fitte to this model showing
an excellent agreement. Finally, Section IV discusses the
predictive nature and applications of the proposed model.
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II. OPERATION OF DIG FINFETS

A sketch of the structure and a SEM image of a DIG
FinFET are depicted in Fig. la. The device consists of a fin
shaped silicon channel, metallic source and drain contacts,
and two independent gate electrodes. In general, in multiple-
independent-gate (MIG) FinFETs, there are two polarity gates,
a source-polarity gate (PGs) and a drain-polarity gate (PGp),
which modulate the Schottky barriers at the source and drain
ends of the device. Moreover, a control gate (CG) controls the
potential barrier in the channel and thus can govern whether
the device is in ON or OFF state. In DIG FinFETs, the PGp
and PGg terminals are electrically connected, thus leading to
a single polarity gate (PG), as depicted in Fig. 1(a) [6, 7]. The
device depicted in Fig. 1(a), which will be discussed herein,
has a channel length of ~600 nm (CG length 200 nm); the fi
height and width are 340 nm and ~60 nm, respectively [6].
Although fi of experimental data to the proposed model will
be performed at the 200 nm CG node, results from numerical
simulations employing TCAD Sentaurus predict the validity
of the model for shorter channel devices (e.g. 50 nm). Control
of carrier injection at the Schottky barrier by the polarity gate,
offers the possibility of arbitrarily setting the operation mode
of the device as either n-type or p-type [6, 7]. The polarity
gate tunes the Schottky barriers at the source/drain junctions,
therefore selecting the type of majority charge carriers injected
in the channel. Although the discussion in this manuscript will
be focus on the quadrant where n-type operation is achieved,
the same functional model, although employing a different set
of parameters, could be employed in the quadrant where the
device exhibits p-type operation.

Depicted in Fig. 1b is the operation mechanism of the
device. Application of a positive voltage on the polarity gate
creates a potential well under this terminal. When a voltage is
applied on the control gate, at the onset of conduction, con-
ducting electrons can acquire enough energy so that electron-
hole pairs are generated by impact ionization as indicated by
step #1 in Fig. 1b. The electrons drift towards the drain and
the generated holes accumulate in the potential well under the
control gate as indicted by step #2 in Fig. 1b. This lowers the
potential barrier and provides for further electrons for impact
ionization. In this process, the more electron-hole pairs that are
generated, the lower the potential barrier becomes, thus setting
a positive feedback. Another factor that further enhances this
carrier multiplication process is modulation of the Schottky
barrier by the holes that are swept towards the source, as
depicted in step #3 in Fig. 1b. Because of this positive
feedback, very steep subthreshold slope (SS << 60mV/dec)
is possible in DIG FinFETs.

III. MODEL

To physically understand the steep subthreshold in the DIG
FinFET [-V characteristics, it is worth noticing that the impact
ionization current can be mathematically expressed by [7, 8]:

args

1 (Vgs) = lpe T, (1)

where:

n= (1+r)/(1+rdVGS

dVgs) , @)

and, r = 2:(){—1;;; Here, ¢ is the electron charge, £ is Boltz-
mann’s constant, 7' is temperature; f,, is the thickness of
the oxide layer and ¢;; is the width of the fin ¢,, and &y,
are the permittivities of the oxide layer and Si, respectively.
Moreover, Vg is the difference between V' cg and the voltage
at the source terminal (Vs), where the potential Vg cg is the
potential at the middle point between the two sidewalls of the
fi in the gate-controlled region. When the carriers generated
by impact ionization charge the body, it is possible to have
dVps/dVgs > 1, and thus n smaller than unity; which leads
to SS < 60 mV/dec.

As discussed in Ref. [7, 8], dVps/dVgs is given by the

following (approximate) expression:

q (Vs _VB.cG—VB,PGS Bil
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3)
where Vp pgs is the center potential in the source polarity
gate region, m is an ideality factor in the junction between the
region controlled by the control gate and the region controlled
by the source-end of the polarity gate, I, is the off-state
leakage current, and /,; is the impact ionization current [7].
Furthermore, in Eqn. (3), f; is a constant and / is a structural
parameter.

In our model, so to properly represent the device charac-
teristics across all bias operation regions, the current voltage
characteristics of the DIG FinFET will be expressed by:

I=CrfrirVip, “4)

where: (i) f77r is a dimensionless, bias dependent, factor
capable of capturing the steep subthreshold slope in the device,
and also capable of smoothly connecting the subthreshold and
the above-threshold regions of operation. And, (if) VpF is a
bias-dependent term that mainly captures the device behavior
above threshold. Moreover, (iii) Cr is a factor that sets the
current levels thus is dependent on the Drain-Source (DS) bias
as well as the polarity gate (PG) bias. Equation (4) is employed
in analogy to the compact analytical model developed for
steep-slope TFETs in Ref. [11-16]. Although the physical
mechanisms behind the steep current turn-on mechanism in
TFETs and DIG FinFETs are intrinsically different, the func-
tional dependences for current on Vg during the onset of
conduction are rather similar. In both devices the subthreshold
current depends exponentially on Vs and the associated SS
can be << 60 mV/dec. In this regard, it is worth mentioning
that in Ref. [11-12] the authors developed a similar compact
model for the /-V characteristics of TFETs based on analyzing
the device operation in each region of operation and extending
the equations ruling the device response in each region to be
continuous across all regions of operation.

A. Subthreshold Region

A characteristic signature of DIG FinFETs is the possibility
of attaining (at proper Vps and Vpg biases) a very steep
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Fig. 2. Impact ionization factor (f;;r) as a function of Vgg for: (a) o

ranging from 10mV to 70mV in 20mV steps (corresponds to variations in SS
of approx. 23mV/dec per curve), and by = 10~7, thus 7 decades variation
in drain current; and (b) by ranging from 1074 to 1077, and co = 10mV. In
both plots Vorr = 0.2V is employed.

subthreshold slope, which, as previously discussed, arises from
impact ionization processes during the ON-transition. When
the bias voltage becomes much smaller than the threshold volt-
age, experimental results evidence the presence of a constant
(i.e. Vgs independent) leakage current. In order to accurately
depict the operation of the device in the subthreshold regime,
a compact model should be able to capture the following two
effects, namely: (a) leakage current (current level at OFF-
state), and (b) steep subthreshold slope at the onset of ON-
state, which is dictated by an exponential dependence on
Vgs as per Eqn. (1). These two features are simultaneously
captured in our model by considering an impact ionization
factor, which is given by:

fir = [1_,_(1 A )tanh (M)]’ )
2 2 0 ()]

where: (i)bo is a factor setting the ON/OFF current ratio,
(i) co is a fittin parameter, which sets the subthreshold
slope, and (iii) VorFr is an offset voltage. Depicted in Fig.
2a is the dependence of fj;r on ¢o (for a fxed Vporr and
bo). It is important to mention, that besides being capable
of capturing the OFF-state behavior and subthreshold slope,
because of the asymptotic limit of hyperbolic tangent to one,
f11F also works as a smoothing function capable of efficientl

connecting the subthreshold and above-threshold regions. The
dependence of f77r on bg is analyzed in Fig. 2b, where
co was fxed to co = 10 mV, which corresponds to a ~12
mV/dec subthreshold slope. Since experimental data on DIG
FinFETs shows constant, steep, slopes over multiple decades
of current swing [6], and due to the fact that in Eqn. (5)
boconstitutes a factor related to the minimum attainable value
by fr7r (i.e. it can be noticed that f7;r ranges between 1 -
bo and bg at its asymptotic limits on Vgs), bg will usually
be a “small number”, i.e. bg << 1 thus the upper bound
of fr7F approaches one. Typical values of bg, ranging from
104 to 1077, are used in order to show the dependence
of fi1r on bg, which is depicted in Fig. 2(b). As can be
noticed in Fig. 2(b), besides being related to the ON/OFF
current ratio, by is also related to the current swing over which
maximum SS is observed. These observations are useful for
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Fig. 3. Vi function plotted (a) for varying b with ¢; = 1.6; and (b) for

varying ¢; from 1 to 1.9 in steps of 0.3 with b; = 50; according to Eqn. (6),
for both plots Vprr = 0.45 is employed.

understanding how these parameters are related to the current-
voltage characteristics of the device, and for later exploring
functional forms for their dependences on Vps and Vpg.
Finally, it is also worth mentioning that this model can be
adapted to describe the p-type operation of DIG FinFETs
simply by just changing the sign of the parameter cy.

B. Above-threshold Region

The region above threshold is modeled employing a func-
tional dependence of the form:

y [bl Ves +Vorr)t +1; Vgs+ Vorr >0
LF =

1; otherwise, ©)
where: ¢; and bj are fittin parameters setting the order and
strength of the current voltage dependence, and VorF is an
offset voltage. Based on experimental data (see Section III
D), we observe that in general 1 < ¢; < 2, thus although
piecewise defined Vfpresults continuous and its derivative
is also continuous. The dependence of V7 r on by and c; is
shown in Fig. 3a and Fig. 3b, respectively. By tuning these two
parameters (b; and cy) simultaneously, the properties of the
device in the region above threshold can be well represented,
as will be discussed in Section III D, by means of fittin the
model to experimental data.

C. Ips-Vgs model

After applying the definition for f7;r and Vi given in
Eqn. (5) and Eqn. (6), the complete current equation for the
DIG FinFET becomes of the form:

I (Vgs) = Cr [b1 Ves + Vorr)"H (Ves, Vorr) + 1]

1 1 Ves + VorF
R Iy ez

Where H(Vgs, Vorr) is the Heaviside step function eval-
uated at Vgs-Vorr. A typical plot of current as a function
of Vgs (assuming C7 = 1) is shown in Fig. 4 together with
the correspondent plots of f7;r and Vpr leading to it. We
observe, in general, that choosing the same values for the
offset voltages in fr7r and Vpr qualitatively produces a very
smooth transition betwen both bias regimes. In the following
discussion we will assume this condition.
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Fig. 5. Flow chart of the procedure employed to determine the model
parameters.

D. Dependence on Vps and Vpg

In order to provide for a complete compact model, the
current dependences on Vps and Vpg should be analyzed
from this point of view, and, in accordance with Eqn. (7), we
will model for the dependences of the unknown parameters,
i.e. by, co, b1, c1, VorF, and Cr, on these voltages. Of these
parameters, the parameters that have a more clear physical
meaning, and which will be discussed in most depth are bg
and cg, which are directly related to the ON/OFF current ratio
and SS.

In accordance with Eqns. (2) and (3) it is observed that

n decreases exponentially with Vpg and Vpg. From Eqn.

(2) and (3), the following expression can be derived for the

mathematical dependence of cp on Vpg and Vpg:
a0

(1 +ﬂoeVOVPGe5oVDS) ’

where ag, fo, y0, and Jp are constants. By means of deter-
mining co at different values of Vpg and Vpg via fittin the
measured /ps-Vgs to the model in Eqn. (7), the values of
these unknown constants can be extracted. Similar procedures
will be employed to fin the voltage dependences of the
other fi e parameters in Eqn. (7). Depicted in Fig. 5 is a
sketch of the procedure employed so to extract the complete
voltage dependences for all the model parameters. More details
about the parameter extraction will be discussed in the next
subsection.

@®)

co) =

E. Parameter Extraction

We extracted the b, co,b1,c1,Cr,Vorr from the measured
Ips-Vgs characteristics at different values of Vpg and Vpg
by means of fittin experimental data to the model in Eqn. (4).
The extracted parameters were found by using the Nonlinear
Least Squares Error method (NLSE) [17] to minimize the
following error function:

eo (bo, co, b1, c1,Cr, Vorr)
Vgs=1V
= Z {loglo (IDS,Eqn(7)) - 10g1o (IDS,measured)}2 )
Vgs=—1V

where, Ips, £4n.(7) is the calculated current using Eqn. (7), for
afxed Vps and Vpg, and Ips measured 1S the measured value
for the current. Defining Y1 (Vps, Vpg) = bo(Vps, Vrg),
(Vps, Veg) = co(Vps, Vea), Y3s(Vps, Vea) = bi(Vps,
Vrg), Ya(Vps, VrG) = c1(Vps, Vrg), Ys(Vps, Vrg) =
Cr(Vps, Vrg), and Ye(Vps, Vrpg) = Vorr(Vps, Vrag),
3D plots in the [Vps, Vpg] space were then generated for
these six functions (Y;, i = 1, ...6). From these 3D plots, the
values for the unknown parameters in the Y; functions were
found by means of fittin the extracted values to the mathe-
matical expressions in Eqns. (8)-(13). Fitting was performed
via employing a non nonlinear least squares error method to
minimize the following error functions:

€ = {Yi,calc,Eqn.(n) - Yi,extracted}2 s
> 2

VDS VPG

where Y; cale,Eqn.(n) are the calculated values for the Y;
functions at various Vpg and Vpg using Eqns. (8)-(13) and
Yi extracteda are the extracted values.

Depicted in Fig. 6 are the extracted values of co versus
Vpg (Fig. 6(a)) and Vpg (Fig. 6(b)) together with the curves
obtained from the best fi of this data to the model in Eqn.
(8). Overall, a good qualitative agreement is observed between
the physical model in Eqn. (8) and the extracted values of cg
obtained from fittin the measured device data to the model
in Eqn. (7).

At this end, we proceeded to plot the extracted values of
by versus Vpg (Fig. 7(a)) and Vpgs (Fig. 7(b)). It is observed
that these extracted values, in logarithmic scale, show a linear
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Fig. 7. Extracted and fittin of by versus (a) Vpg, and (b) Vpg. Fitting
was performed employing the model in Eqn. (9).

dependence with Vpg as well as Vpg. Moreover, by increases
with Vpg, and decreases with Vpg. As discussed in Fig. 2, a
smaller b¢ is an indication of a smaller leakage current floo
thus a larger ON/OFF current ratio. The fact that ¢ increases
with Vpg is an evidence of Drain-Induced Barrier Lowering
(DIBL) effect [18], which leads to an increased OFF-current
leakage current floo as Vpg is increased. In contrast, the lower
bo at larger Vpg is a result of a better conduction through
the polarity-gate controlled regions, i.e. higher polarity-gate
induced doping, which physically translates into a larger ON-
current level. Based on the above observations, we employed
a model of the form:

V) v VpsVi
bo = ayePVpsth2VrcthsVps PG+,B4’ )

in order to model the Vps and Vpg dependences in by.
Depicted in Fig. 7(a)-(b) are the curves obtained from fittin
the extracted values of bg to the model in Eqn. (9). A good
qualitative agreement is observed between the model in Eqn.
(9) and the extracted values of by obtained from fittin the
measured device data to the model in Eqn. (7).

In addition, we proceeded to fin models for b1, c1, Cr, and
Vorr. For this purpose we looked at the 3D plots of these
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Fig. 8. 3D plots of the extracted values of: (a) by, (b) ¢y, (¢) C7, and
() VorF, versus Vpg and Vpg, together with the surfaces fittin these
parameters to the models in Eqns. (10)-(13).

parameters in the [Vps, Vpg] space and determine adequate
functions for fittin these points with a continuous surface.
Since the physical origin of these parameters is less clear than
that for by and cg, we employed two-variable polynomials
and exponential functions in our fittin models. In this regard,
for b; and ¢; we will employ a 3™ and 2" order quadratic
equations, respectively, of the form:

b1 = po+ p1Vps + paVeG + p3Vhs + paVpsVec
+psVhG + p6Vis + p1VhsVrc
+psVpsVic + poVigs (10)
c1 = qo+q1Vps+42VrG+a3VpsVrG + q4VhG + 45V b,
(11
Moreover, for C7 we will employ a combination of a linear

dependence on Vpg and an exponential dependence on Vpg
and Vpg, according to the following equation:

o0 VpG+o1Vps+o2VpGVps
2

(12)

And, for Vorr we will employ polynomial dependences on
Vpg as well as on Vpgs of the form:

Cr = po+ m1Vpe + e

Vorr =ro+r1Vps +r2VeG +r3Vhs +raVosVeG +rsVpg
FreV3g+ VAV +rsVpsVig +roVig. (13)

Depicted in Fig. 8 are 3D plots of the extracted values of b
(Fig. 8(a)), c1 (Fig. 8(b)), Cr (Fig. 8(c)), and Vorr (Fig. 8(d)),
versus Vpg and Vpg, together with the surface plots obtained
from fittin these extracted values to the models in Eqns. (10)-
(13). A good qualitative agreement is observed between these
models and the extracted values of the parameters obtained
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from fittin the measured device data to the model in Eqn.
().

Depicted in Fig. 9 are examples of the measured current-
voltage characteristics for the analyzed DIG-FinFET, whose
performance was reported in [6], together with the calculated
current-voltage characteristics obtained via fittin to the con-
tinuous compact model here discussed in semi-logarithmic
(Fig 9(a)-(b)) and linear scales (Fig. 9(c)-(d)), showing a good
agreement between the model and measurements.

F. Ips-Vps model

Our discussion so far has been focused on the device
operating in “saturation” region and on the /pg-Vgs charac-
teristics. When analyzing the device characteristics on the Vpg
domain, it is observed that “saturation” occurs for Vpgs > 2V.
Otherwise, when Vps < 2V, the current was found to follow
a dependence on Vpg of the form:

yB
I x (1 —eljs).

So to capture this behavior, we can defin a modifie current
equation as follows:

(14)

_bs
Ips = {wIEqn-(7) + (1 — w)IVDsng} (1 —e 4 ) . (15)

Where, A and B were found to be functions of Vs and Vpg.
The equations employed for representing4 and B are of the
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FinFET, with Vpg =5V and Vgg = 0.1, 0.3, 0.5V. (a) In semi-logarithmic
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Fig. 11. Transconductance (gy): (a) directly extracted from the numerical
derivative of the measured device data, and (b) evaluated from the model.

form:

A=s50+51Vgs +52Vpg +S3V1%G +s,VesVpe +S5V(2;S

+S6V(3;S + 57 VGSV%JG + 58 ch,‘SVpca (16)
B =ty+tVpc+0Ves+tVesVrG +taVis. (17)
Moreover:
1 1 Vps — 2V
={-+ —tanh | ———— )|, 18
v Hz+2a" ( 50mV )] (18)

was used to smoothly connect the “linear” and “saturation”
regions.

Depicted in Fig. 10 are examples of the measured /pg-
Vps characteristics and their fittin using the proposed model.
Results are displayed in semi-logarithmic and linear scale
showing good agreement in both cases.

Finally, Table I summarizes all the parameters used to fi
the experimental data to the model.

I'V. PREDICTIVE NATURE

In order to evaluate the potential of electron devices
for analog and RF applications, accurate estimates for the
current-voltage characteristics as well as for its derivatives are
required. For instance, compact models for TFETs enabled
the evaluation of the perspectives of these devices for analog
applications [13] as well as RF detectors [19]. In this regard,
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Fig. 12. Estimated current-responsivity enhancement (E) as a function of
Vgs bias for two different drain biases for a DIG FinFET configure as RF
detector (Vpg = 5V). The RF responsivity is estimated from the developed
DC compact model of the device.

it is worth mentioning that numerical calculation of the deriv-
atives directly from experimental device data can be prone
to significan uncertainty when computing derivatives. From
this point of view fittin of experimental data to a continuous
compact model, whose derivatives are also continuous, can
be therefore beneficial Depicted in Fig. 11 is a typical plot
of the trasconductance (g,) as directly extracted from the
numerical derivative of the measured device data, and as
evaluated from the model depicting this effect. From this
point of view fittin of experimental data to a continuous
compact model, whose derivatives are also continuous, can
be therefore beneficial In this section, we will discuss on the
application of DIG-FinFETs as RF detectors at millimeter-
wave and terahertz frequencies and predict the performance of
these devices based on the developed model. Many detection
approaches have been developed to-date [20], however, a
miniaturized room-temperature detector technology, exhibiting
a very sensitive broadband response at room-temperature, is
still largely missing. Conventional FETs can operate as effi
cient detectors far beyond their fundamental cut-off frequency
[21]. Indeed, FETs can intrinsically operate as non-resonant
broadband detectors with high responsivity, because of self-
mixing [22] as described by the Dyakonov-Shur theory [23].
When a RF fiel is applied between the gate and the source
terminal of the transistor, this electric fiel is rectified and
a source-to-drain DC photo-current, or photo-voltage, depen-
dent on the device configuratio and boundary conditions, is
induced. Assuming current detection and conjugate matching
of an antenna coupling the incoming RF signal into the device
so to provide maximum power transfer, the following upper
bound for the detector responsivity can be obtained [24-26]:

_ 1 0dag _ 10InIps(Vgs) _ 1 gn
T 2000Vgs 2 oVgs " 21Ips’

where oo corresponds to the FET channel conductivity.
Moreover, g, in Eqn. (19) represents the transistor trans-
conductance, and g,,/Ips is the trans-conductance to current
ratio, which is an important factor, related to the slope in
the current-voltage characteristics, and widely employed in
analog circuit design. In traditional FETs, the g,,/Ips ratio
is theoretically limited to values below 38.5 V~!  which
sets a maximum attainable responsivity. The ratio between

(19)

i

TABLE 1
FITTING PARAMETERS

PARAMETER PARAMETER
PARAMETER PARAMETER

VALUE VALUE
oo 0.05507 V To -0.3548 V
bo 2.348 x 10°* I 0.0783
Yo 2..038 V! I 0.3568
do 2.092 V! I3 0.07945 V!
o 1.0x10° Iy -0.1935 V!
Bi 1.367 V! Is -0.0317 V!
B> -0.04912 V! T -0.03445 V2
B3 -0.1259 V2 7 0.0539 v
n -0.6986 Iy -0.004 V2
Po -23.25 Ty 0.00285 V2
pi -45.02 V! So 0.09588
D2 75.4 V- s 0.2357 V!
p3 5.9 Vv? Sy -0.05913 V!
P4 14.47 V*? S3 0.009813 V2
ps -33.98 V2 Sy -0.1246 V2
Ps 2.667 V3 Ss -0.2963 V2
p7 -6.18 V3 S6 -0.3516 V3
ps 1.96 V3 S7 0.01688 V3
Po 3.815V3 Sg 0.2009 V
G 1115 o 3276
qi 0.8633 V! t 0.1658 V!
Q2 0.5276 V! t -1.7 V!
q3 -0.1Vv? t3 0.2 V?
qQ4 -0.01571 V2 ty -0.04583 v
as -0.06 V2
o 2939 A
M 0.03424 A/V
2 3.86 x 105 A
) 0.8955 V!
G 1.076 V!
[P 0.001335 V2

the responsivity in DIG FinFET detectors and the maximum
attainable responsivity in traditional FETs is thus given by:

Ripigrinrer _ kT dInlps (Vgs) _ kT gm
Vas q Ips’
Plotted in Fig. 12 is the responsivity enhancement factor
(E), as define in Eqn. (20), for a DIG FinFET detector
configuratio where the polarity-gate voltage is set to Vpg =
5V. E is plotted as a function of Vg in order to depict the
Vs bias dependence of the response. Moreover, two cases
are analyzed, corresponding to Vpg biases of: (i) Vps =5V,
where impact ionization is significan and the device shows
maximum SS << 60 mV/dec, and (ii) V'ps = 2V, where the
SS is always > 60mV/dec. We observe that whereas in the firs
case, in the subthreshold region much larger responsivity than
that in traditional FET detectors is attainable, in the second
case, the responsivity is always smaller than the FET-limit.
This is a result of the capability of attaining a smaller SS
under large V' pg and Vpg biases because of impact ionization
processes. In general, based on Eqns. (7) and (20), it is
observed that:

E =

- (20)
Ri max MOSFET q

Rimaxp1GFinFET _ KT 2
q co
Therefore, the smallest ¢, the largest the detector responsivity.
As a general rule, ¢o will benefi from: (a) large applied
voltages (V' pg and Vpgs), thus large slopes in the electric field
(b) small polarity-gate lengths, and (c) from the incorporation

2

Emax =
Ri max MOSFET



of direct-gap materials with smaller bandgap than that of Si at
the drain-end of the device so to boost carrier multiplication
processes as carriers drift from the control-gate-controlled
channel to the drain contact.

V. CONCLUSION

We discussed an analytic DIG FinFET continuous compact
model capable of capturing the current—voltage characteristics
of the DIG FinFET in all the device operation regions.
Although discusses only with regards to n-type operation, the
model can be readily adapted to also describe the p-type
operation. The model accounts for the bias-dependent super
steep subthreshold swing, leakage levels, as well as the above-
threshold characteristics of the device. To prove the validity
of the model, the model was fitte to experimental results
on fabricated devices. An excellent agreement was observed.
Moreover, based on the proposed model, we predict on the
performance DIG FinFETs as RF detectors.

REFERENCES
[1] Q. Zhang, W. Zhao, and A. Seabaugh, “Low-subthreshold-swing tunnel
transistors,” IEEE Electron Device Letters, vol. 27, no. 4, pp. 297-300,
2006.
A. Seabaugh and Q. Zhang, “Low-voltage tunnel transistors for beyond
CMOS logic,” Proc. IEEE, vol. 98, no. 12, pp. 2095-2110, 2010.
A. M. Ionescu, and H. Riel, “Tunnel field-e fect transistors as energy-
efficien electronic switches,” Nature, vol. 479, pp. 329-337, 2011.
D. Sarkar, X. Xie, W. Liu, W. Cao, J. Kang, Y. Gong, S. Kraemer, P. M.
Ajayan, and K. Banerjee. "A subthermionic tunnel field-e fect transistor
with an atomically thin channel," Nature, vol. 526, no. 7571, pp. 91-95,
2015.
L. Liu, D. Mohata, and S. Datta, "Scaling length theory of double-gate
interband tunnel field-e fect transistors," IEEE Transactions on Electron
Devices, vol. 59, no. 4, pp. 902-908, 2012.
J. Zhang, M. De Marchi, P.-E. Gaillardon, G. De Micheli, "A Schottky-
Barrier Silicon FinFET with 6.0mV/dec Subthreshold Slope over 5
Decades of Current," in /EDM Tech. Dig., San Francisco, USA, 2014,
pp. 13.4.1-13.4.4.
J. Zhang, J. Trommer W. M. Weber, P. E. Gaillardon and G. D. Micheli,
“On Temperature Dependency of Steep Subthreshold Slope in Dual-
Independent-Gate FinFET,” IEEE J. of the Electron Devices Society,
vol. 3, no. 6, pp. 452456, Nov. 2015.
J. G. Fossum, R. Sundaresan, and M. Matloubian, “Anomalous sub-
threshold current—Voltage characteristics of n-channel SOI MOS-
FET’s,” IEEE Electron Device Lett., vol. 8, no. 11, pp. 544-546, Nov.
1987.
Z. Lu, N. Collaert, M. Aoulaiche, B. De Wachter, A. De Keersgieter, J.
G. Fossum, L. Altimime, and M. Jurczak,., “Realizing super-steep sub-
threshold slope with conventional FDSOI CMOS at low-bias voltages,”
in IEDM Tech. Dig., San Francisco, CA, USA, 2010, pp. 16.6.1-16.6.3.
P.-E. Gaillardon, J. Zhang, M. De Marchi, G. De Micheli, "Towards
Functionality-Enhanced Devices: Controlling the Modes of Operation
in Three-Independent-Gate Transistors," Invited, / 0" IEEE Nanotech-
nology Materials and Devices Conference (NMDC), Anchorage, USA,
2015.
H. Lu, D. Esseni and A. Seabaugh, “Universal analytic model for tunnel
FET circuit simulation,” Solid-State Electronics, vol. 108, no. 1, pp. 110—
117, Jan. 2015.
H. Lu, J. W. Kim, D. Esseni, and A. Seabaugh, “Continuous semiem-
pirical model for the current-voltage characteristics of tunnel FETs,”
in Proc. 15th Int. Conf. Ultimate Integr. Silicon (ULILS), Stockholm,
Sweden, 2014, pp. 25-28.
L. Barboni, M. Siniscalchi and B. Sensale-Rodriguez, “TFET-Based
circuit design using the transconductance generation efficien y gm/Id
Method,” IEEE J. of the Electron Devices Society, vol. 3, no. 3, pp.
208-216, May 2015.
J. Wu and Y. Taur, "A continuous, semi-analytic current model for DG
and NW TFETs," IEEE Transactions on Electron Devices, vol. 63, no.
2, pp. 841-847, 2016.

[2]
[3]
(4]

(5]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

Y. Dong, L. Zhang, X. Li, X. Lin, and M. Chan. "A Compact Model
for Double-Gate Heterojunction Tunnel FETs." IEEE Transactions on
Electron Devices, vol. 63, no. 11, pp. 4506-4513, 2016.

J. Wu, J. Min and Y. Taur, "Short-Channel Effects in Tunnel FETs,"
IEEE Transactions on Electron Devices, vol. 62, no. 9, pp. 3019-3024,
2015.

J. H. Mathews and K. D. Fink, “Curve Fitting,” in Numerical Methods
Using MATLAB, 4th Ed. New Jersey, USA: Prentice-Hall, Inc., 2004,
ch. 5, sec. 5. 2, pp. 263-275.

A. Keshavarzi, K. Roy, and C. F. Hawkins. "Intrinsic leakage in low
power deep submicron CMOS ICs," in Proceedings International Test
Conference, Washington DC, USA, 1997, pp. 146-155.

W. Li, T. Yu, J. Hoyt, and P. Fay, “InGaAs/GaAsSb interband tunneling
FETs as tunable RF detectors,” In Device Research Conference (DRC),
Santa Barbara, CA, 2014, pp. 21-22.

A. Rogalski, and F. Sizov, “Terahertz detectors and focal plane arrays,”
Opto-electronics rev., vol. 19, no. 3, pp. 346-404, 2011.

W. Knap, M. Dyakonov, D. Coquillat, F. Teppe, N. Dyakonova, J.
Lusakowski, K. Karpierz, M. Sakowicz, G. Valusis, D. Seliuta, and
L. Kasalynas, “Field effect transistors for terahertz detection: physics
and firs imaging applications”. Journal of Infrared, Millimeter, and
Terahertz Waves, vol. 30, no. 12, pp.1319-1337, 2009.

A. Lisauskas, U. Pfeiffer, E. Ojefors, P. H. Bolivar, D. Glaab, and H.
G. Roskos. "Rational design of high-responsivity detectors of terahertz
radiation based on distributed self-mixing in silicon field-e fect transis-
tors." Journal of Applied Physics, vol. 105, no. 11, p. 114511, 2009.
M. Dyakonov, and M. Shur, “Detection, mixing, and frequency multipli-
cation of terahertz radiation by two-dimensional electronic fluid” IEEE
Transactions on Electron Devices, vol. 43, no. 3, pp. 380-387, 2006.
A. Lisauskas, S. Boppela, M. Bauer, J. Zdanevi¢ius, J. Matukas, V.
Krozer, and G. Roskos, “Terahertz Detection with Field-effect Transis-
tors: Intrinsic versus Device Sensitivity Limits”. In Optical Sensors, pp.
SeTu5A-2, 2014.

P. Foldesy, “Terahertz responsivity of field-e fect transistors under arbi-
trary biasing conditions,” J. of Appl. Phys., vol. 114, no. 11, pp. 114501-
1-10, 2013.

M. Sakowicz et al., “Terahertz responsivity of fiel effect transistors
versus their static channel conductivity and loading effects,” J. of 4Appl.
Phys., vol. 110, no. 5, pp. 054512-1-6, 2011.

Mehdi Hasan received the B.S. degree in Elec-
trical and Electronic Engineering from Bangladesh
University of Engineering and Technology, Dhaka,
Bangladesh, in 2009, and the M.S. degree in Electri-
cal and Computer Engineering from the University
of New Mexico, Albuquerque, NM, USA, in 2012.
He is currently pursuing the Ph.D. degree in Electri-
cal and Computer Engineering at the University of
Utah, Salt Lake City, UT, USA.



Pierre Emmanuel Gaillardon (S’10-M’11) is assis-
tant professor in the Electrical and Computer Engi-
neering (ECE) department at The University of Utah,
Salt Lake City, UT and he leads the Laboratory
for Nanolntegrated Systems (LNIS). He holds an
Electrical Engineer degree from CPE-Lyon, France
(2008), a M.Sc. degree in Electrical Engineering
from INSA Lyon, France (2008) and a Ph.D. degree
in Electrical Engineering from CEA-LETI, Greno-
ble, France and the University of Lyon, France
(2011). Prior to joining the University of Utah, he
was a research associate at the Swiss Federal Institute of Technology (EPFL),
Lausanne, Switzerland within the Laboratory of Integrated Systems (Prof.
De Micheli). and a visiting research associate at Stanford University, Palo
Alto, CA, USA. Previously, he was research assistant at CEA-LETI, Grenoble,
France. Prof. Gaillardon is recipient of the C-Innov 2011 best thesis award
and the Nanoarch 2012 best paper award. He is an Associate Editor of the
IEEE Transactions on Nanotechnology. He has been serving as TPC member
for many conferences, including DATE’15-16, DAC’16, Nanoarch’12-16, and
is reviewer for several journals and funding agencies. The research activities
and interests of Prof. Gaillardon are currently focused on the development
of reconfigurabl logic architectures and digital circuits exploiting emerging
device technologies and novel EDA techniques.

Berardi Sensale-Rodriguez (S’07-M’13) received
his Engineer’s degree from Universidad de la
Republica — Uruguay in 2008, and the PhD degree
from the University of Notre Dame in 2013. In July
2013, he joined the faculty of the University of Utah,
where he is now an Assistant Professor of electri-
cal and computer engineering. His early research
interests were focused on numerical modeling of
RF/microwave components and analog circuit design
oriented towards low power (sub-threshold) portable
and implantable electronics. His doctoral work was
focused on the proposal and development of novel THz devices and systems.
More recent interests include plasmonics, metamaterials, and optoelectronic
devices. He has authored/coauthored over 70 research articles in these and
related arcas. He is a member of Tau Beta Pi, the IEEE, APS, and an associate
member of the Uruguayan National Researchers System (SNI). He is the
recipient of the Best Student Paper Award at the 37th international conference
on Infrared, Millimeter and Terahertz Waves, the firs prize in the Engineering
Division of Notre Dame’s 2013 Graduate Research Symposium, the Eli J. and
Helen Shaheen Award in Engineering (highest honor bestowed on Notre Dame
graduate students), and the NSF CAREER award.




