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a b s t r a c t

This paper investigates and compares the impacts of metal-gate work-function variation on important
analog figures-of-merit (FOMs) for TFET and FinFET devices using 3-D atomistic TCAD simulations. Our
study indicates that, at 0.6 V supply voltage and 0.2 V gate-voltage overdrive, TFET exhibits superior var-
iation immunity regarding transconductance to drain–current ratio (gm/IDS), output resistance (Rout) and
intrinsic gain, and comparable variability in gm and cutoff frequency (fT) as compared with the FinFET
counterparts. In addition, how the correlations between pertinent parameters (e.g., gm and Rout) impact
the variation immunity of important analog FOMs are analyzed. Our study may provide insights for
low-voltage analog design using TFET/FinFET technologies.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

To maintain high enough ION/IOFF under low supply voltage, new
post-CMOS devices with subthreshold swing below the 60 mV/
decade limit of room-temperature MOSFET are important. Using
band-to-band tunneling as the major conduction mechanism,
Tunnel FET (TFET) [1–4] is a promising device structure that may
surmount this physical limit. While currently it is difficult for TFET
to reach the required ION performance for logic applications [2–4],
it has been pointed out that TFET can be very attractive for low-
power analog applications such as operational transconductance
amplifier (OTA) [5–9].

With the scaling of device dimensions, random variability
emerges as reliability crucial concern and may hinder the feasibil-
ity of TFET [10–12]. The impact of variability on TFET analog char-
acteristics, however, has rarely been known and merits
investigation. Among various variation sources, the work-function
variation (WFV) [13–16] associated with the metal gate has been
suggested as the most important variation source for TFET [3].
Moreover, [13,17] have pointed out that the threshold-voltage
(Vth) variation can be mitigated by thinner EOT provided by high-
k metal-gate except for WFV. In this paper, using 3-D atomistic
TCAD simulations [13,18], we investigate the impacts of WFV on

important analog figures-of-merit (FOMs) for TFET, and compare
our results with the FinFET counterparts.

2. Simulation methodology

To simulate the band-to-band tunneling current for TFET, the
non-local band-to-band tunneling model [18,19] that accounts for
arbitrary tunneling barrier with non-uniform electric field is
employed. Local tunneling models such as Hurkx [20] and Schenk
[21] models assume a constant electric field along the tunneling
path. In the non-local band-to-band tunneling model, the electric
field at each point along the tunneling path is dynamically changing.
The tunneling current is calculated with each point of the band pro-
file. In this framework, the tunneling paths are dynamically calcu-
lated according to the gradient of energy band. Similar to the work
in [11], the parameters in the non-local band-to-band tunneling
model are calibrated with the data in [22]. In addition, to accurately
describe the analog behavior of FinFET devices, the mobility model
has also been calibrated [23]. Fig. 1 shows a schematic of the simu-
lated double-gate structure for TFET and FinFET devices, which are
designed with similar device geometries (Lg = 25 nm, Wfin = 7 nm,
Hfin = 20 nm, and EOT = 0.65 nm). As can be seen in Fig. 2, the TFET
device with steeper subthreshold slope possesses lower VT

(�0.27 V) than that of FinFET (�0.33 V) while maintaining compara-
ble IOFF. Besides, we utilize asymmetric source/drain doping
(Nsource = 3 � 1020 cm�3 and Ndrain = 1 � 1020 cm�3 [6]) for TFET to
mitigate the drain-side ambipolar leakage. A graded junction
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(1 nm/decade doping decay) for the source–channel and drain-
channel junctions is applied in this work.

Since analog circuits are usually biased in the low gate-bias
regime for better power efficiency [24,25], we focus on the analog
FOMs at gate-voltage overdrive VGT = 0.2 V (VGT = VGS � VT). Fig. 3
shows a comparison of the output resistance (Rout) versus VDS char-
acteristics for the TFET and FinFET devices biased at VGT = 0.2 V. It
can be seen that the Rout of TFET reaches its maximum for VDS lar-
ger than �0.6 V. Therefore, in this work, we examine the impact of
random variability on important analog FOMs for devices biased at
VGT = 0.2 V and VDS = 0.6 V.

For the variability analysis, the WFV resulting from the poly-
grain characteristic of metal gate is considered as the main varia-
tion source. To simulate the random grains of the metal gate, the
Voronoi approach [13] that can faithfully imitate the irregular
grain patterns is employed for TiN metal gate with 5 nm average
grain size [14]. To simulate WFV by Voronoi approach [13], we dis-
tribute grain seeds randomly first. The number of grain seeds is
equal to the metal area divided by the average size. Then, we draw
the perpendicular bisector between each two seeds. The area
ringed by the perpendicular bisector is the grain. Fig. 4(a) shows
the formation of Voronoi pattern for WFV. Finally, we assign WF
on these grains based on the probability of each orientation as
shown in Fig. 4(b).

For the TiN metal gate, two grain orientations (h200i and
h111i) with 60% and 40% occurring probabilities, respectively,
are considered [16], and the work function of h200i is 0.2 eV
higher than that of h111i [11,13,16]. To capture the statistical
characteristics of TFET and FinFET devices due to WFV, 3-D TCAD
atomistic simulations are performed. Fig. 1 shows a simulated
device structure with Voronoi grain pattern representing the WFV.

3. Results and discussion

Fig. 5 shows the WFV-induced dispersions of IDS–VGS for TFET
and FinFET devices at VDS = 0.6 V. Compared with FinFET, it can
be seen that TFET exhibits larger IDS fluctuation at lower VGS. In
addition, it is noted that TFET exhibits larger subthreshold-swing
variation as compared with the FinFET counterpart.

In Fig. 6, the normalized gm variations of TFET and FinFET are
compared. It can be observed that TFET and FinFET devices exhibit
comparable variability r/l, which is the normalized standard devi-
ation and an indicator of FOM variation [26].
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where r represents the standard deviation of FOM distribution and
l represents the mean value of FOM distribution. N is the sample
number, which is equal to 150 in this study.

In gm, while FinFET possesses about one-order-of-magnitude
larger gm than that of TFET [7]. However, as indicated in Fig. 7,
the advantage of FinFET against TFET in gm/IDS is marginal. Fig. 7
also shows that TFET possesses smaller variability in gm/IDS as com-
pared with the FinFET counterpart.

Fig. 8 shows the normalized Rout distributions for TFET and Fin-
FET at VGT = 0.2 V and VDS = 0.6 V. It can be seen that, in addition to
offering a substantially higher output resistance (about two-
orders-of-magnitude higher in l) [7], TFET also possesses smaller
Rout variation (r/l) as compared with FinFET. This can be explained
as follows. For FinFET, the output resistance is quite sensitive to the
gate work-function near the drain side because it may determine
the inversion charge near the drain and thus the screening of
drain-field penetration (i.e., the degree of DIBL) [27]. For TFET,
however, the band-to-band tunneling current generated through
the source–channel junction is less sensitive to the drain field
and thus the drain-side work function.

Fig. 9(a) shows the normalized intrinsic-gain (gm � Rout) varia-
tions for TFET and FinFET. It can be seen that, in addition to provid-
ing a larger intrinsic gain (�3� in l), TFET also exhibits smaller
intrinsic-gain variation (r/l) as compared with FinFET. Although
the gm variation is comparable, a smaller Rout variation (Fig. 8)
results in the smaller intrinsic-gain variation for TFET. Further-
more, the strong negative correlation between gm and Rout
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TFET (p-i-n) FinFET (n-i-n) 

Source 3e20 cm-3 1e20 cm-3

Drain 1e20 cm-3 1e20 cm-3

Doping 
decay 1 nm/decay 

WFV Simulation 

Modeling approach Voronoi 

Average grain size 5 nm 

Tunneling orientation <110> 

Fig. 1. Schematic of the simulated double-gate structure for TFET and FinFET taking
metal-gate WFV with Voronoi grain pattern into consider [13]. Lg is the gate length,
Wfin is the fin width, and Hfin is the fin height. This table shows conditions for
doping and WFV simulation.
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Fig. 2. IDS–VGS characteristics of the TFET and FinFET devices at VDS = 0.6 V. The
threshold voltages (VT) are 0.27 V and 0.33 V, respectively, for TFET and FinFET with
a constant current equal to 10�7 A/lm.
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Fig. 3. Comparison of the output resistance versus VDS characteristics for the TFET
and FinFET devices biased at VGT = 0.2 V.
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