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Abstract—FinFET circuits’ performance suffers from high 

level of parasitics at short channel lengths despite their excellent 
intrinsic behavior. The effective values of a FinFET logic gate’s 
input and parasitic capacitances (Cin, Cp) depend strongly on its 
terminal voltages due to strong gate controlled modulation of 
carrier densities in the low doped part of the extension region 
which shields gate-extension fringing field capacitance. 
Therefore, for developing a systematic circuit design 
methodology with best performance, it is very important to have 
a quantitative understanding of FinFET device parasitics, their 
dependence on circuit parameters and thereby impact on circuit 
delay. In this paper, we investigate the impact of this strong 
dependence of capacitances and its relationship with delay of a 
multi-stage logic circuit. For this, we study the influence of 
circuit parameters such as input and output transition times, 
inverter size (no. of fins), load capacitance etc. on transient 
behavior of FinFET inverter chains. We explain that the trend of 
change in inverter chain delay with respect to driver-load ratio 
(NF1/NF2) and load (CL) can be predicted if this phenomenon is 
considered. 
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I. INTRODUCTION 
FinFETs are promising alternatives for the sub-28-nm 

CMOS technologies due to their better gate control and 
scalability [1], [2]. Despite the excellent intrinsic behavior, 
FinFET circuits’ performance suffers from high level of 
parasitics at such shorter channel lengths [3]. Novel layout 
approach is a solution to decrease the effect of parasitics in 
MugFET devices/circuits [4]. Inferior performance of the 
FinFETs due to larger outer fringe capacitance compared to 
their equivalent planar counterparts can be improved using an 
aggressive fin-pitch reduction [5]. Extensive work related to 

 
 

FinFET circuits and modeling of multi-gate device parasitics 
has been done earlier by researchers [6]-[9]. Conventional 
digital circuit design methodologies [10] are based on the 
assumption that the values of effective capacitances (input and 
parasitic) of an inverter (or any logic gate) are almost 
independent of circuit-level parameters such as input transition 
time and output load etc. Semi-analytical delay models for IG 
FinFET-based logic cells were developed in [11]. Current-
based cell delay model was developed to capture various cell 
parasitic effects [12]. The logical effort delay calculation and 
optimization method was extended to FinFET circuits in [13]. 
However, such methods rely on empirically obtaining currents 
and thus computing logical effort and parasitic delay values of 
logic cells. It is reported in [14] that the effective values of a 
FinFET logic gate’s input and parasitic capacitances (Cin, Cp) 
depend strongly on its terminal voltages. However, the impact 
of this dependence on the delay of a multistage logic circuit 
has not been studied yet. Thus, it is important to study the 
impact of circuit level parameters on effective capacitances 
and in turn the delay. We organize the rest of the paper as 
follows: in Section II we describe the simulation setup and our 
method for extraction of device parasitics. In Section III, we 
report our observations and analysis of input-output 
characteristics of a FinFET inverter chain driving a load 
capacitance CL in regard of circuit design issues: 
Interdependence of the device parasitics and delay on the stage 
(size) ratio, transition times and load. Finally, we conclude the 
paper in Section IV. 

II. SIMULATION SETUP  
We use Sentaurus TCAD [15] device and mixed-mode 

simulations in our work. We are using 2D simulations to avoid 
time consuming 3D simulations without sacrificing the 
accuracy, as discussed by [14].The gate work function is tuned 
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to match the device threshold voltages (Vth) with ITRS [16] 
projections for 16nm with drive currents meeting the targeted 
values. The technology parameters are as per ITRS [16]. The 
structure of the 2D FinFET device used in our simulations is 
shown in Fig.1(a). The source/drain (S/D) extension doping 
profiles are assumed to be Gaussian. Constant doping in the 
S/D pads (2×1020 cm-3) rolls off from the spacer edge into the 
extension region with a doping gradient σL (3 nm/decade). 
Doping profiles are in accordance with [17], [18]. We 
enumerate the device parameters used in table I. Extension 
length used in our simulations is in good agreement with 
earlier reported data [19], [20]. The schematic of FinFET 
inverter with terminal currents is shown in Fig. 1(b). 

The simulation setup is calibrated with fabricated device 
described in [21], [22] as shown in Fig. 1(c). Physical models 
used in our simulation setup account for the ionized impurity 
scattering, carrier-carrier scattering, the effect of lateral/ 
perpendicular field dependence of carrier mobility, velocity 
saturation and carrier quantization effects [15]. We now 
discuss the extraction of large signal terminal capacitances of 
a FinFET inverter. Terminal currents (Iin, Idd, Iss) of FinFET 
inverter are shown in Fig. 1(b). The effective input 
capacitance Cin (for digital circuits) is the ratio of the charge 
entering the input node of inverter ∆Qin and the corresponding 
change in input voltage ∆Vin. To measure ∆Qin for a given 
value of ∆Vin, we integrate the input current Iin during the 
corresponding transition. The parasitic capacitance is the ratio 
of the charge entering/leaving the output node of inverter 
∆Qout and the corresponding change in output voltage ∆Vout. 
To obtain the charge entering/leaving the output terminal 
∆Qout, we integrate the difference in currents ( |Idd- Iss|). Here, 
Idd is the current entering into the supply node and Iss is the 
current leaving from the ground node as shown in Fig. 1(b). 
The value of Cp = (∆Qout/∆Vout) – CL. Here, we consider ∆Vin 
(∆Vout) from 0.1Vdd (0.9Vdd) to 0.9Vdd (0.1Vdd) for rise/fall 
transition. 

III. RESULTS AND ANALYSIS 
 
It is reported in [14] that for a FinFET inverter the values of 

Cin and Cp for a given ∆Vin are strong functions of input 
node’s transition time (trin) and CL. This is explained using 
Extension Transistor Induced Capacitance Shielding (ETICS) 
phenomenon [14]. ETICS arises because the FinFET 
extension region forms a distributed parasitic transistor (by the 
gate, spacer dielectric material and the low doped regions of 
the fin extension) which shields a part of the gate-extension 
fringing field capacitance for values of gate-drain voltage |Vgd| 
smaller than a threshold during transitions at the input and 
output nodes. The physical origin of the phenomenon is that 
the gate to drain capacitance Cgd (a part of the outer fringing 
capacitance originating from the gate fringing field lines that 
terminate in the low doped region of the extension) is 
modulated by the terminal voltages. This is due to the 
modulation of carriers in the low doped extension region as 

TABLE I. NFINFET AND PFINFET DEVICE PARAMETERS 
 

Parameter Value Parameter Value 
Gate Length 
LG 16nm Extension Length 

Lext 
16nm 

Fin width Wfin 8nm S/D pad length 
LSD 40nm 

Fin height Hfin 25nm Channel Doping 
(N/P) 

1×1016cm-3 

(B) 
Oxide 
thickness 1.1nm Pad Doping (N/P) 2×1020cm-3 

(As/B) 
 

 

 

 
Figure 1. (a) NFinFET device structure. (b)  Schematic of FinFET inverter. (c) 
Calibration of TCAD models with experimental data at LG=75nm [21] and 
(inset) for LG=25nm [22]. 

 
the carrier concentration in the source/drain extension region 
highly depends on the voltages. The Miller capacitance 
contributing to the total Cgd depends on the Off/On state of the 
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parasitic transistor, which in turn depends on the carrier 
density in the extension region during the transition. A part of 
the Miller capacitance is shielded in the off states of the 
distributed parasitic transistors and doesn’t contribute 
significantly to the gate capacitance. 

In this work, we analyse voltage transitions at the nodes of a 
two stage FinFET inverter chain driving a load capacitance 
CL. This is important because of the following reason: In 
conventional circuits, these transitions and delay are 
determined by the size ratio of the inverter stages (or stage 
ratio), input transition time and CL. However, due to ETICS, 
inverter capacitances are strong functions of transition times, 
which is not the case in conventional circuits. Due to ETICS, 
the values of input and parasitic capacitances of an inverter 
become large if two conditions occur simultaneously. These 
two conditions are: (a) Parasitic Drain Extension (DE) 
transistor is ON, and (b) a large “overlap” of input and output 
transitions exists. In this regard, we study these 
interrelationships between stage ratio, inverter capacitances 
and their impact on the inverter chain’s delay. In our 
experiment, the second stage inverter (Inv2) drives CL (200 
aF) and acts as a load for the first stage inverter (Inv1) as 
shown in Fig.2, with both the inverters initially having single 
fin devices. 

First, we increase the number of fins (NFs) of Inv2 from NF 
= 1 to NF = 5: One would conventionally expect the values of 
the 1st stage effective capacitances Cp1 to remain almost 
constant and Cin1 to increase slightly due to the in1-in2 
capacitive coupling (Cgd1). However, we observe from TCAD 
simulations that the values of both Cin1 and Cp1 decrease as 
shown in Fig.3(a). This can be explained to be originating 
from ETICS phenomenon [12]. The decrease in the value of 
Cin1 and Cp1 (Fig.3(a)) with increasing NF2 results from a 
reduced miller coupling of output-input nodes during the 
period the parasitic transistor is ON. Because, the transition 
time at the output of Inv1increases with an increase in NF2 
resulting in reduced transition in output voltage ΔVin2 
corresponding to a given ∆Vin1 transition. With the increase in 
NF2, conventionally, the values of Cin2 and Cp2 are expected to 
increase proportionally. However, we observe from 
simulations that the values of Cin2 and Cp2 increase by a much 
larger factor, as shown in Fig. 3(b). This non-conventional 
behavior can be explained to originate because of ETICS. 
Moreover, we find that the amount of decrease in Cin1 (Fig. 
4(a)) and Cp1 (Fig. 4(b)) with increasing NF2 is constant for 
different CL values. However, due to ETICS, the change in the 
values of Cin2 (Fig. 4(a)) and Cp2 (Fig. 4(b)) with increasing 
NF2 is different for different values of CL. This is because the  

 
Figure 2.Circuit for two stage inverter (FinFET) chain experiment. 
 

 
 

Figure 3.Variation of (a) 1st stage effective input capacitance Cin1 and effective 
parasitic capacitance Cp1 (b) 2nd stage effective input capacitance Cin2 and 
effective parasitic capacitance Cp2 with 2nd stage number of fins NF2 in a two 
stage FinFET inverter chain. 
 
 

 
 

 
Figure 4. Variation of 1st and 2nd stage (a) effective input capacitance Cin1 and 
Cin2 (b) effective parasitic capacitance Cp1 and Cp2 with 2nd stage number of 
fins NF2 in a two stage FinFET inverter chain driving a variable load CL. 
 
Cin2 and Cp2 are strong functions of voltage transitions at the 
input-output nodes of the Inv2 and consequently CL. 
Therefore, for a given NF2, the decrease in Cp2 with increasing 
CL (Fig. 4(b)) results from a reduced miller coupling of output-
input nodes during the period the parasitic transistor is ON. 
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For much larger load capacitances the effect of ETICS 
reduces. This is because the output voltage starts falling after 
the input voltage transition is almost over (for rising input 
transition). Therefore, the miller coupling of output-input 
nodes doesn’t change much with further increase in load 
capacitance. 

Further, we analyse the implication of these issues on 
circuit performance figures-of-merit such as delay. We 
consider a FinFET inverter chain’s delay per stage, which is 
conventionally estimated as τd = (CL+Cp).Vdd/ Ieff. However, in 
FinFETs, parasitic transistors play a dominant role in 
determining delay due to their varying behavior with circuit-
level parameters. We demonstrate our experiments/analysis of 
two stage inverter chain to study the implication of driver-load 
size ratio on delay. 

1)Driver inverter (Inv1) size constant, load inverter (Inv2) 
size varies 

We consider a two stage inverter in which the size of driver 
inverter Inv1 is kept constant and the load Inv2 is varied for a 
fixed/variable lumped load CL (Fig. 2).  
Case 1: The size of Inv2 (NF2) is varied from 1 fin to 5 fins 
and value of CL is kept constant (CL = 200aF, the value of Cin1 

varies from 81.55 to 66.31 for NF2  = 1 to NF2 = 5). 
The delay of Inv1 (d1) increases as expected; However, the 

delay of Inv2 (d2) decreases till NF2 = 2 and remains almost 
constant thereafter. This results in the inverter chain having its 
minimum delay for a driver-load ratio NF2/NF1 = 2, as 
observed in Fig. 5. This non-conventional behavior of d2 is 
because the value of Cin2 and Cp2 increase as NF2 increases for 
a given CL (due to ETICS, as seen in Fig. 3).  Due to this, for 
CL = 200aF in Fig. 5, the optimum driver-load stage size ratio 
is 2. This is different from an optimum ratio of 4, obtained 
from conventional methods [11] not considering ETICS. 

The values of Cin2 and Cp2 are strong functions of voltage 
transition at node ‘out’ and consequently CL. Due to this, the 
inverter chain delay versus NF2 plots are strongly determined 
by CL, as seen in Fig. 6. Though the minimum delay occurs 
for NF2/NF1 = 2, the delay increases for NF2/NF1> 2 for 
smaller values of CL. We explain this as follows: One would 
expect the values of Cin2 and Cp2 to increase almost 
proportionally with NF2. However, due to Miller effect and 
ETICS, for smaller values of CL, the values of Cin2 and Cp2 
increase by a larger factor (Fig. 3b). 

Case 2: Now, to analyze the interdependence of 1st stage 
delay d1 on driver-load size ratio we do another experiment. 
We ensure an almost constant value of d2 in this experiment 
by varying the size of Inv2 (NF2) from 1 fin to 5 fins along 
with a simultaneous increase in CL by the same factor. We 
find that d1 increases with a smaller (about half) slope with 
NF2 than that in case 1 because of the reduced value of Cin2-
(Fig. 7 and Fig. 5). The value of Cin2 reduces with increasing 
NF2 since the overlap of transitions at in1 and in2 reduce. This 
is significant from a design point of view since it shows that 
the increase in d1 due to an increase of the Fan-Out of Inv1 
(FO1) is much smaller than that obtained by increasing NF2 
for a constant CL. 

 
Figure 5. Variation of 1ststage, 2nd stage and total delay of a two stage FinFET 
inverter chain with load-driver size ratio i.e. 2nd stage number of fins NF2. 

 

 
Figure 6. Variation of total delay of a two stage FinFET inverter chain driving 
a variable load CL. 
 

2) Load inverter (Inv2) size constant, driver inverter (Inv1) 
size varies 

We now vary the size of the driver Inv1 while keeping the 
size of Inv2 constant. The size of Inv1(NF1) is varied from 1 fin 
to 5 fins (CL is kept constant 100 aF). We observe in Fig. 8 
that d2 is almost constant and d1 is constant up to NF1 = 2 
(slightly smaller at NF1 = 2) and increases after that. This is 
because as the value of NF1 increases, the overlap of in1-in2 
increases, resulting in a larger value of Cp2. This is important 
because this is contrary to conventional circuits where an 
increase in the size of Inv1 would always reduce d1. 

Now, we simulate a three stage FinFET inverter chain 
driving a load CL as test circuit, as the driver and load of Inv2 
are both realistic and hence, the results can be used to 
generalize the design and performance of any digital circuit. 
Inv2 is driven by an inverter (Inv1) of constant size instead of 
an ideal source to consider the impact of Cin2. All the inverters 
initially have single fin devices. We then increase the number 
of fins of 3rd stage inverter (Inv3) from NF3 = 1 to NF3 = 5 
(Fig. 9). The optimum driver-load ratio for minimum delay is 
influenced by the effective input and parasitic capacitances of  
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Figure 7. Variation of the 2nd stage effective input capacitance Cin2 with NF2 
for constant lumped load CL (200 aF) and a CL scaled along with NF2. 
Comparison of these two cases showing their impact on 1st stage delay. 
 

 
 

Figure 8. Variation of 1ststage, 2nd stage and total delay of a two stage FinFET 
inverter chain with driver-load size ratio i.e. 1nd stage number of fins NF1. 

 
 

 
 

Figure 9. Variation of 2nd stage and 3rd stage effective input capacitances Cin2, 
Cin3 and effective parasitic capacitance Cp2, Cp3 with 3rd stage number of fins 
NF3 in a three stage FinFET inverter chain. 

Inv2 and Inv3 which vary with the terminal voltages. For a 
value of CL= 200aF, due to ETICS, Cin2 and Cp2 decrease by 
8% and 18% respectively with the change in the size of Inv3 
from NF3 = 1 to NF3 = 5. Here, we expect Cin3 and Cp3 to 
increase proportional to NF3. However, we find that the values 
of Cin3 and Cp3 increase by 654% and 2235% respectively, 
which is so high  due to modulation of effective capacitances 
with transition times due to ETICS. Therefore, the variations 
of d1, d2 and d3 would be qualitatively different with NF3 for 
different values of CL. This would have a serious implication 
on circuit design. 
 

IV. CONCLUSION 
 

We study delay and node voltage transitions of a multi-
stage FinFET inverter chain. We consider the impact of 
extension region’s parasitic transistor’s effect on inverter’s 
input and parasitic capacitances Cin and Cp, respectively. 
Using mixed-mode TCAD simulations, we show that these 
capacitances are strong functions of driver-load size ratio and 
load capacitance CL. Due to Miller effect and parasitic 
transistor action in the extension regions, the relationships of 
delays and driver-load size ratio are qualitatively different 
when compared with conventional circuits. An increase in a 
stage inverter’s size (number of fins) does not lead to a 
monotonous reduction in its delay. The delay first reduces and 
then saturates if its load is large. If its load is small, the delay 
monotonously increases. The delay of its previous stage too 
increases by a value which is larger than expectation from 
conventional considerations. All the trends shown are 
dependent on the ratio of driver-load sizes. Therefore, we 
believe that the trend would be qualitatively the same with 
increasing stages. This non-conventional driver-load stage 
relationship must be considered for evolving a systematic 
circuit sizing methodology for FinFETs. 
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