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Abstract—We examine the power-performance 

variability of a projected sub-5nm GaAsSb/InGaAs vertical 
tunnel FET considering various process control tolerances 
in the state-of-the-art device integration and propose 
countermeasures in device design. Nominal and three-
sigma-corner device characteristics generated in quantum-
mechanical/TCAD simulations are used to calibrate a semi-
empirical compact model, based on which the nominal and 
variability-inclusive energy-delay landscapes are extracted 
from ring-oscillator circuit simulations at sub-500mV 
supply voltages. Variations in four parameters are 
identified as of major impact on the worst-case speed loss 
and iso-speed energy penalty: dopant pocket thickness, 
gate work function, hetero-band offset and body thickness 
(in descending order). Variability-resilient device options 
are explored against pocket thickness variation, including 
1) pocket de-sensitization with increased thickness and 
reduced doping concentration; 2) broken-gap tunnel FET 
with a negative effective band gap. Re-engineered devices 
achieve < 18x speed loss and < 3x energy penalty for (0.1 – 
1) ns gate delay with respect to the nominal corner. 
 

Index Terms— Circuit simulation, heterojunctions, III-V 
semiconductor materials, logic circuits, tunnel FETs 
(TFETs), power-performance, process variability  
 

I. INTRODUCTION 
EDUCING energy consumption has become a major 
challenge in present day’s MOSFET scaling due to the 

difficulty in supply voltage (VDD) reduction and leakage current 
(IOFF) suppression [1][2]. Among the proposed solutions, tunnel 
FETs (TFETs) with III-V materials based heterojunction 
structures (“hetero-TFETs”) [3][4] have shown the promise of 
combining the desired sub-60 mV/dec subthreshold swing (SS) 
and high on-current (ION) in experimental devices [5][6][7], 
which has further translated to an outstanding energy efficiency 
in circuits/systems from predictive simulations [8][9].  

Given the band-to-band tunneling (BTBT) mechanism and 
steep slope of TFETs [2] that hint a sensitive response of current 
to voltage, the power-performance (PP) variability of TFETs 
merits close attention seeing the multitude of parameter 
variations in aggressively scaled devices [10], including global 
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parameter deviation due to finite processing tolerance (process) 
and local statistical parameter fluctuations (statistical) [11]. 
Particularly, study of process-induced PP variability provides 
guidelines to process control budget in device integration and 
insights to parameter optimization in device design; moreover, 
it enables accurate modeling of statistical variability which 
depends highly on the former at scaled dimensions [11]. 

To date, while device-level variability in III-V (hetero-) 
TFETs has been extensively explored [12][13][14][15], PP 
variability study is only reported for a few scattered statistical 
parameter variations [14][15]. Meanwhile a comprehensive 
process-induced PP variability is yet lacking, which becomes 
especially pressing considering the paradigm shift in device 
integration driven by various scaling boosters in TFETs such as 
confined vertical nanowire [6][7] and dopant pocket [5][6].   

Here we report on a predictive PP variability study of a sub-
5nm-node GaAsSb/InGaAs vertical p-n-i-n TFET over 
comprehensive process variations. The paper is organized as 
follows. In section II we introduce the device structure, nominal 
device characteristics, process variation assumptions and 
device-level impact. In section III we elaborate on the 
methodology in propagating parameter variations to the energy-
delay relations in a ring-oscillator circuit and quantify the 
impact of each parameter on the worst-case speed loss and iso-
speed energy penalty. In section IV, we propose device design 
options against the most sensitive parameter, pocket thickness, 
namely a re-engineered pocket design in the GaAsSb/InGaAs 
TFET, as well as alternative material systems with a broken-
gap band alignment such as GaSb/InAs heterojunction. 

II. DEVICE BACKGROUND AND DEVICE-LEVEL VARIABILITY  

A. Nominal Device and Characteristics 
The nominal GaAsSb/InGaAs n-TFET (Fig. 1(a)) has a 

staggered-gap (StG) band alignment and a vertical architecture 
[3][16], which is fully optimized at device level with its I60, the 
maximum current attainable at sub-60-mV/dec-SS [3][4] 
reaching 9.2 μA/μm at VDD = 0.3 V (Fig. 2). The complementary 
p-TFET is assumed to be an electrically mirrored n-TFET, as a 
symmetric n-p-i-p pTFET does not simultaneously deliver the 
desired low SS and high ION due to the large source degeneracy 
at high doping concentration [14]; this allows to focus 
exclusively on the impact of process variability and exclude 
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factors related to the lack of perfect p-n symmetry. A nanosheet 
(NSh) channel is chosen to maximize drive strength [17]. The 
standard cell ground rules (Fig. 1(b)) enable a similar cell area 
to that of a 3nm-node lateral Si/SiGe FinFET [18] 1; the latter 
will be referred to as “3nm MOSFET” in the paper. 

A full-zone 15-band two-dimensional quantum mechanical 
(QM) solver [16] is used to calculate the BTBT current in the 
TFET, with the input of electrostatic potential generated by the 
TCAD tool Synopsys SDevice [19] using a calibrated density-
gradient model; the terminal charges are also calculated based 
on SDevice. A semi-empirical compact model (CM) of TFET 
[20] is then calibrated to the I-V and Q-V characteristics 
simulated by QM/TCAD (see Fig. 2), on top of which a three-
dimensional device parasitic RC model [21] is used to capture 
the characteristics of the full device (Fig. 1(b)). It turns out that 
while the impact of parasitic resistance is negligible, the device 
capacitance is increased by ~(1.5 – 2)x due to the parasitic 
capacitance (Fig. 2).  

B. Process Variation Assumptions 
Table I gives the 3σ values of device parameters in Fig. 1(a) 

under various global process variations (assuming a normal 
distribution), which are based on the learnings from our in-
house integration facilities and are representative of state-of-
the-art process control capabilities. In particular, the vertical 
dimensions tpo, Lch, Lg and Xg are defined in terms of film/layer 
thickness and subject to its nonuniformity across the wafer. 
Note that local statistical variations (Pelgrom mismatch [14], 
random dopant effects [10][14], line edge roughness [14][15], 
etc.) that exist on top of process variations are beyond the scope 

 
1 Inverter cell area: this vertical TFET = 10 tr. × 24 nm × 32 nm =  

0.0077 μm2, 3nm FinFET in [16] = 5.5 tr. × 21 nm × 42 nm × 2 = 0.0097 
μm2, where the factor 2 comes from the dummy gate in lateral FinFET. 

of this paper and left for follow-up studies. Furthermore, for a 
full picture of TFET nonidealities, possible parasitic 
conductions (trap assisted tunneling [22], band tails [23], etc.) 
that potentially degrade the desired steep slope are yet to be 
included based on well-calibrated parameter assumptions (e.g., 
trap density, density of band-tail states) with respect to 
experimental data. 

C. Device-Level Variability 
Since the semi-empirical compact model [20] does not 

support precise physical scalability, full Monte-Carlo circuit 
simulation is generally not available (except for Φg variation 2). 

2 Φg variation can be simulated by generating random Φg values in 
Monte-Carlo circuit simulations, but this is not used for drawing 
conclusions in order to keep the methodology consistent. 

 
Fig. 1.  (a) Top: schematic of the cross section of the vertical TFET; 
bottom: the band alignment of the bulk heterojunction. Xg, Lg, Ls, Lch, Ld, 
tpo, tbody, Ns, Npo, Nd, EOT and Eg,eff denote gate position (from top 
electrode), gate length, source extension length, channel length, drain 
extension length, dopant pocket thickness, body thickness, source 
doping, pocket doping, drain doping, equivalent oxide thickness and 
effective band gap (in bulk), respectively. (b) Top: the layered layout of 
a complementary-TFET inverter cell showing the 49 × 10 nm2 NSh 
channel and the cell ground rules: cell height (CH) = 10 metal tracks 
(10 tr.), contact gate pitch (CGP) = 32 nm, metal pitch (MP) = 24 nm; 
bottom: schematic of device parasitic capacitance and resistance 
model up to the first metal layer M1 (not drawn to scale). 

 
Fig. 2. IDS-VGS (left) and CGG-VGS (right, derived from QG-VGS) 
characteristics of the TFET in Fig. 1 (nominal) and of the 3nm MOSFET 
([18], nominal). The TFET is simulated by “QM/TCAD” (quantum-
mechanical solver/TCAD), “CM (intrinsic)” (compact model [20]) and 
“CM (device)” (compact model [20] with parasitic RC [21] per Fig. 1(b)). 
The MOSFET is simulated by a compact model with device parasitic 
RC [18]. All I-V and C-V curves are shifted to IOFF = 50 pA @VDS = 0.3 
V. The TFET shows an I60 = 0.45 μA (= 9.2 μA/μm) at VDS = 0.3 V. 
 

TABLE I 
PROCESS PARAMETERS: NOMINAL AND ±3σ CORNER VALUES 

Parameter Defining process step Nominal 
value ±3σ corner value 

tpo (nm) ALD a or CVD b 2.5 ±1 
EOT (nm) ALD a 0.6 ±0.2 c 

Lch (nm) CVD b 28 ±2 @ source ("ΔLch@s") d 
±2 @ drain ("ΔLch@d") d 

Lg (nm) Deposition + etch 16 ±2 @ source ("ΔLg@s") d 
±2 @ drain ("ΔLg@d") d 

Xg (nm) Deposition + etch 32 ±2 
tbody (nm) EUV Double Patterning 10 ±1 
Ns (cm-3) In-situ doping 1x1020 ±20 % 
Npo (cm-3) In-situ doping 1x1020 ±20 % 
Nd (cm-3) In-situ doping 5x1018 ±20 % 

Eg,eff (eV; bulk)  GaAsSb epitaxy (CVD b)  0.27 ±0.05 e 
Φg (eV) f Metal tuning in RMG g  (Φg_0) f ±0.07 
aALD: atomic layer deposition. 
bCVD: chemical vapor deposition. 
cFrom ±1 nm physical thickness variation of high-k dielectrics 

(dielectric constant ~20). 
dLch and Lg lengthening or shortening at either the source side or the 

drain side, hence the different cases of Lch and Lg variations. 
eFrom ±0.05 in GaAsySb1-y and/or InxGa1-xAs stoichiometry change 

and the resultant band structure change and local strain. 
fΦg: gate work function, the nominal value of which (“Φg_0”) is 

determined after specifying the nominal IOFF (or equivalently Vt) at a 
given VDD, hence not a fixed number. 

gRMG: replacement metal gate, during which Φg is determined by 
the thickness of work function metal layers ("metal tuning"). 
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To avoid inaccuracy in device characteristics extrapolation, 
separate QM/TCAD simulations are performed for the ±3σ 
corner cases 3. Hence for each parameter variation, two 
additional model cards are generated for the ±3σ corner devices 
after re-calibrating the model to QM/TCAD simulation results.  

Fig. 3 illustrates the device-level I-V and C-V variability 
associated with the following parameter variations: Δtpo, Δtbody, 
ΔΦg, ΔEg,eff, ΔLch@s and ΔΧg. For parameters not plotted in Fig. 
3, ΔLg@s quantitatively resembles ΔLch@s in C-V variability but 
shows only minor influence on I-V; while ΔEOT, ΔLch@d, 
ΔLg@d, ΔNs and ΔNd are found of negligible impact. ΔNpo is 
expected to alter I-V in a similar style to Δtpo, namely by 
changing the built-in field at the junction, but quantitatively it 
is estimated that the effect of ±1 nm Δtpo from tpo = 2.5 nm is 
comparable to ±75 % ΔNpo, as the potential drop across the 
exactly fully-depleted pocket [4] is more sensitive to tpo; 
consequently the effect of ±20 % ΔNpo can be represented as a 
reduced effect of ±1 nm Δtpo, and we hence choose to probe the 
overall pocket variability by studying ±1nm Δtpo without 
performing dedicated simulations on ΔNpo. 

Clearly, Fig. 3 indicates that I-V variability constitutes the 
main aspect of device-level variability and C-V variability is 
less prominent. In detail, we observe that:  
1) I-V variability (except for Δtpo) commonly appears as the 

shift of threshold voltage Vt symmetrically in the ±3σ 
corners, which alters IOFF without significantly modifying 
SS and shows diminishing impact at increased VGS; a 
maximum increase in IOFF is found in ΔΦg (~ 300x). For 
Δtpo, the Vt shift is lopsided to the –3σ corner; meanwhile 
the slope degrades in both +3σ and –3σ corners, leading to 
a notable –3σ corner ION degradation (~ 20x at VDD = 0.3 
V). This indicates the weakened junction band bending due 
to insufficient tpo at a given Npo and the resultant increase 
in the tunneling path length.  

2) C-V variability is less pronounced compared to I-V, with a 
maximum of 15 % due to ΔLch@s or ΔLg@s (not shown). 
Disproportionate variabilities in I-V and C-V with a given 
parameter (e.g., Δtbody impacts noticeably on I-V but 
marginally on C-V; ΔXg as the opposite case) result from 

 
3 Except for ±3σ corners of Φg, which are equivalently done by 

offsetting the IDS-VGS and CGG-VGS characteristics by ±70 meV per the 
assumption in Table I. 

different contributions of parasitics in device I-V and C-V 
characteristics (Fig. 2): device I-V variability is channel 
dominated, while device C-V variability is a net result of 
terminal charge variation and parasitic capacitance 
alteration due to device dimension variation which do not 
scale in proportion.    

III. CIRCUIT-LEVEL POWER-PERFORMANCE VARIABILITY 

A. Nominal Circuit-Level Power-Performance 
The power-performance of the TFET is simulated in Cadence 

Spectre [24] on a 15-stage ring oscillator (RO) circuit made of 
fan-out-3 inverter gates (INV-FO3), with an interconnect wire 
load of 50x CGP  (wire resistance ~ 700 Ω,  capacitance ~ 0.4 
fF, interconnect RC delay τintc ~ 0.3 ps). This benchmark is 
chosen as representative of a critical path in applications like 
system-on-chip (SoC) [25] which requires good energy 
efficiency; PP metrics of TFET in this test case is thus deemed 
highly relevant for both nominal and variability situations. 

The nominal PP of TFET is studied similar to [14] (Fig. 4). 
First, Vt is swept as a free variable by tuning the nominal Φg 
value, “Φg_0”, to target a nominal off-current “IOFF_0” between 
1 pA and 10 nA at a given VDD between 0.1 V and 0.5 V. Next, 
the total energy consumption E is calculated in accordance with 
the logic activity factor (AF; 10 % and 0.1 % chosen here), i.e.,  

 𝐸𝐸 = 𝐴𝐴𝐴𝐴 ∙ 𝐸𝐸𝑑𝑑𝑑𝑑𝑑𝑑 + 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = (𝐴𝐴𝐴𝐴 ∙ 𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑 + 𝑃𝑃𝑙𝑙𝑙𝑙𝑠𝑠𝑙𝑙) ∙ 𝜏𝜏 (1) 

where Edyn, Estat, Pdyn, Pleak and τ stand for “dynamic energy”, 
“static energy”, “dynamic power”, “leakage power” and 
“delay”, respectively (all normalized to a single RO stage). 

Finally, the energy-delay landscape is obtained by applying 
Pareto optimization [14] to all swept solutions which gives the 
minimum energy at a given delay (“Pareto-landscape”); 
meanwhile a parallel exercise is done on a 3nm-MOSFET-
based [18] INV-FO3 (τintc = 0.4 ps) (Fig. 4).  

Consistent with [8][25], TFET is found to have remarkable 
iso-performance energy saving than MOSFET at low speed and 
low AF (up to ~ 10x at τ = 1 ns) where leakage energy 

 
Fig. 3. Simulated IDS-VGS (VDS = 0.3 V) and CGG-VGS (VDS = 0.05 V) 
curves corresponding to the ±3σ corners of selected process variations 
{Δtpo, Δtbody, ΔΦg, ΔEg,eff, ΔLch@s, ΔXg}. The nominal IOFF = 50 pA @ VDD 
= 0.3 V, which corresponds to Φg_0 = 4.461 eV; this applies to both IDS-
VGS and CGG-VGS curves. 
 

 
Fig. 4.  The Pareto-optimized energy-delay landscapes (solid envelope 
curves) for the TFET in Fig. 1 and the 3nm MOSFET [18] at AF = 10 % 
(left) and 0.1 % (right); all solutions on the Pareto landscapes fulfill the 
constraint noise margin (NM) > 0 to guarantee correct logic operation; 
wire load (W.L.) is 50*CGP (CGP = 32 nm for TFET, 42 nm for 
MOSFET [18]). The scattered dots denote solutions to (VDD, IOFF_0) 
sweep: VDD ∈ [0.10, 0.50] V, IOFF_0 ∈[10-12, 10-8 ] A. The VDD and IOFF_0 
values at τ = 100 ps and 1 ns are shown for both MOSFET and TFET.  
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dominates – thanks to its steep slope that enables ultra-low IOFF. 
Accordingly, for PP variability study the hotspot of TFET, 
namely, τ ~ (0.1 – 1) ns at low AF situation (0.1 %) will be the 
focus given its relevance for projected applications.  

B. Variability-Inclusive Delay and Energy  
For any arbitrary (VDD, IOFF_0) pair from the sweep, the 

deviated delay and energy due to variation in parameter Y can 
be estimated by substituting the ±3σ-corner model cards for the 
nominal card in RO simulations, where all instances in the RO 
assume identically “fast” or “slow” TFETs considering the 
global, inter-chip range of process-induced variations that 
remain invariant across a single chip. This gives a delay-
/energy-triplet (τ0, τ+3σ, τ-3σ) and (E0, E+3σ, E-3σ) (see Fig. 5).  

Next, we construct the variability-inclusive metrics (τvar, Evar) 
at a given (VDD, IOFF_0) with respect to ΔY as follows:  
1) Performance-wise, τvar takes the maximum of (τ0, τ+3σ, τ-3σ) 

as the gate-level delay target must be met even in the worst 
case (Fig. 5(a)).  

2) Energy-wise, consider the global distribution of RO 
characteristics due to different Y values from chip to chip, 
we report an approximated statistical mean energy Evar 
where parameter variation ΔY obeys a normal distribution 
ΔY ~ N(0, σ2) with a probability density function f;  here 
binning is used to approximate the integral (Fig. 5(b)). 

It is worth mentioning that despite the intention of using Evar 
to approximate a “statistically averaged energy”, and while E0 
< Evar < max(E0, E+3σ, E-3σ), the logarithm-style interpolation 
from (E0, E+3σ, E-3σ) in Fig. 5 might have overestimated the 
energy consumption, especially if the simulated energy triplet 
(E0, E+3σ, E-3σ) happens to be biased towards the high-energy 
end as in Fig. 5. Nevertheless, the (τvar, Evar) pairs are only 
indicative of the variability-inclusive metrics of an INV gate in 
an application-representative (e.g., wireload, FO) benchmark, 
while the critical path delay and switching energy in digital 
blocks depend also on other design details, e.g., logic depth [9].  

C. Variability of Energy-Delay Landscape 
Below we assess PP variability of the nominal Pareto-

landscape (AF = 0.1 %) of the TFET in two aspects (Fig. 6):  
1) Worst-case speed loss. This is done by comparing τvar and 

τ0 at a certain (VDD
(P), IOFF_0

(P)) on “nominal Pareto” and 
calculate the speed loss due to variability, which is 
visualized as the shift to “corrupted Pareto” in Fig. 7.  

Table II shows that the speed loss τvar
(P)/τ0

(P) due to various 
parameter variations, with the four most significant sensitivity 
being Δtpo >> ΔΦg >> Δtbody ≥ ΔEg,eff (Fig. 7). In particular, the 
~ 103x speed loss due to Δtpo poses potential timing violations 
in synchronous circuits that can lead to circuit functional 
failures [26], which challenges the current process control 
budget and demands more stringent, sub-nm tolerance during 
ALD or CVD pocket growth for higher yield. In contrast, other 
vertically defined dimensions such as Lch@s show lesser 
sensitivity (< 2x) and are not of major concern. Meanwhile, 
Table II indicates that speed loss is dominated by effective 
resistance (REFF) increase that characterizes drive current loss; 
this originates from the notable device I-V variability at ultra-
low VDD (< 200 mV) and low-to-medium IOFF_0 ~ (100 – 101) pA 
(Fig. 3). In comparison, the impact of node effective 
capacitance (CEFF) is marginal as it varies little (< ±10 % in -3σ 

 

Fig. 6.  Illustration of the workflow to include variability in the energy-
delay landscape. “Nominal Pareto”: the nominal Pareto-landscape of 
the TFET in Fig. 4 (AF = 0.1 %); “nominal {(VDD

(P), IOFF_0
(P))}”: the (VDD, 

IOFF_0) combinations that give “nominal Pareto”, where IOFF_0
(P) contains 

the information of its corresponding Φg_0; “corrupted Pareto”: the 
ensemble of (τvar, Evar) taken at each nominal (VDD

(P), IOFF_0
(P)); 

“variability-inclusive Pareto”: the envelope obtained from Pareto-
optimization of {(τvar, Evar)} across the entire {(VDD, IOFF_0)} sweep, which 
are operated at their respective {(VDD

*, IOFF_0
*)}. 

 
Fig. 5.  Illustration of the simulated delay triplet (τ0, τ+3σ, τ-3σ) (left panel) 
and energy triplet (E0, E+3σ, E-3σ) (right panel) due to ΔΦg at VDD = 0.3 
V, IOFF_0 = 50 pA (accordingly Φg_0 = 4.461 eV), ±3σ = ±70 meV; the 
probability density function f of the Gaussian distribution of ΔΦg is 
plotted on top. The histograms under f represent normalized local 
population inside the bins centered at ±3σ, ±2.5σ, ..., ±0.5σ, 0. Energy 
pertaining to bins centered at ±2.5σ, ±2.0σ, ..., ±0.5σ are interpolated 
from simulated energy (E0, E+3σ, E-3σ) in a logarithmic manner. The 
variability-inclusive delay τvar and energy Evar are calculated per the 
formulae in the insets. 
 

TABLE II 
SUMMARY OF POWER-PERFORMANCE VARIABILITY OF PROCESS 

PARAMETERS 
Variation 

source 
Speed loss 
τvar

(P)/τ0
(P) 

@τ0
(P)

 = 

Max. REFF 

increase 
@τ0

(P)
 = 

Energy penalty 
Evar

*/E0
(P) 

@τT = 

Operating point 
VDD

* (mV) a  
@τT = 

 0.1ns 1ns 0.1ns 1ns 0.1ns 1 ns 0.1ns 1ns 
(nominal) (1x) (1x) (1x) (1x) (1x) (1x) (188) (125) 

Δtpo 410x 6300x 430x 5400x 13.3x 5.2x 500 275 
ΔΦg 9.1x 110x 9.5x 110x 2.7x 3.2x 300 212 

ΔEg,eff 2.2x 5.3x 2.3x 5.5x 1.7x 1.6x 225 150 
Δtbody 2.7x 5.5x 2.7x 5.7x 1.6x 1.5x 225 150 
ΔLch@s 1.4x 1.9x 1.4x 2.0x 1.2x 1.2x 200 138 
ΔLch@d 1.1x 1.3x 1.1x 1.3x 1.0x 1.1x 188 125 
ΔLg@s 1.0x 1.1x 1.0x 1.0x 1.0x 1.0x 188 125 
ΔLg@d 1.3x 1.7x 1.2x 1.6x 1.1x 1.2x 200 138 
ΔXg 1.2x 1.5x 1.2x 1.5x 1.1x 1.1x 188 125 

ΔEOT 1.2x 1.6x 1.2x 1.6x 1.1x 1.2x 188 138 
ΔNs 1.1x 1.1x 1.1x 1.1x 1.0x 1.0x 188 125 
ΔNd 1.0x 1.0x 1.0x 1.0x 1.0x 1.0x 188 125 

aSince VDD is swept in finite steps of 12.5 mV and rounded to integers 
of mV, VDD change smaller than 13 mV is not detected. 
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corner) due to the dominant non-varying wire load capacitance 
(~ 0.4 fF) over the FO3 gate input capacitance (~ 3×0.05 fF).   
2) Iso-speed energy penalty. Here a “variability-inclusive 

Pareto” (Fig. 7) is constructed by Pareto-optimizing all 
(τvar, Evar) pairs obtained in the (VDD, IOFF_0) sweep for a 
given parameter (Fig. 6), and we compare the energy 
increase with respect to the “nominal Pareto” at a certain 
target delay τT (Table II). 

Fig. 7 shows that “variability-inclusive Pareto” always lies at 
the left-lower envelope of “corrupted Pareto” and rejects non-
minimum-energy solutions at a given delay, indicating that the 
former gives the attainable most energy-efficient solutions in 
the presence of variability. In terms of iso-speed penalties, Fig. 
7 and Table II show that trend in energy and VDD penalty across 
various parameter variations are in line with their respective 
sensitivities in speed loss, with the most significant four being 
Δtpo >> ΔΦg > ΔEg,eff  ≥ Δtbody. Most evidently, the energy 
penalty due to Δtpo (up to 13x) poses a marked challenge in 
achieving the desired energy benefit of TFET, since (0.1 – 1) ns 
FO3 delay maps to (10 – 100) MHz processor clock frequency 
(assume a scaling factor of 100 [8]) that is typical of targeted 
low-power applications like Internet-of-Things [27]; 
additionally, the (275 – 500) mV VDD

* needs to be reduced in 
order to be comparable to typical CMOS-based low-power 
designs which operate at (200 – 400) mV [27].    

IV. VARIABILITY-RESILIENT DEVICE OPTIONS 
The striking sensitivity of circuit performance to Δtpo seen in 

section III demands explicit variability-awareness in device 
optimization. Nominal-oriented device design tends to prefer a 
small tpo (and accordingly a high Npo) that maximizes gate 
control of junction band bending to reduce SS in the off-state 
and minimizes tunneling distance to enhance BTBT current in 
the on-state [4], which leads to the design of the TFET in Fig. 
1(a) (below referred to as “StG1”). However, as the ±1 nm Δtpo 
(±40 % of tpo) can degrade device drive current and circuit speed 
by (102 – 103)x, an optimal pocket design (tpo, Npo) needs to be 
re-centered at a trade-off point between BTBT enhancement 
(small tpo) and tpo-sensitivity reduction (large tpo). Here we 

propose an alternative design “StG2” at tpo = 7 nm, with a 
lowered Npo = 2x1019

 cm-3 for best gate control of the junction 
and minimal SS.  

 In addition, TFETs with broken-gap (BG) band alignment 
have a negative Eg,eff and intrinsically shorter tunneling path at 
the junction [4], which enable a lower reliance on the dopant 
pocket for BTBT boosting and hence reduced tpo sensitivity. 
Here we adopt the GaSb/InAs BG TFETs (Eg,eff = -0.14 eV in 
bulk) similar to [25], including a nominal-oriented design 
“BG1” (Npo = 1020 cm-3, tpo = 2 nm) parallel to StG1 and pocket-
redesigned “BG2” (Npo = 5×1019 cm-3, tpo = 3 nm) parallel to 
StG2; both BG1 and BG2 have tbody = 8 nm.  

The device-level I-V variability in Fig. 8(a) shows that 
compared to StG1, StG2 has a lower nominal I60, but notably 
less worst-case ION loss which allows consistently higher drive 
current in the –3σ corner than StG1. At circuit level, despite its 
less favorable “nominal Pareto”, StG2 enables up to 2.8x better 
energy efficiency (Fig. 8(b)), (200 – 350)x less speed loss and 
a relaxed VDD (< 400 mV) (Table III) than StG1. The re-
centered pocket design hence substantially suppresses the PP 
sensitivity to tpo and mitigates variability, although the exact 
numeric values of StG2 might be over-optimistic as an 
increasing impact of ΔNpo is foreseen at reduced Npo, which can 
partially offset the gain from Δtpo-desensitization. Nevertheless, 
the parameter re-centering methodology in principle can also be 
generalized to other less sensitive parameter variations.  

In Fig. 8 and Table III BG1 exhibits much less pronounced 
drive current reduction, speed loss and energy penalty than 
StG1 even at an identical Npo and a reduced tpo, which confirms 

 
Fig. 7.  The “nominal Pareto”, “corrupted Pareto” and “variability-
inclusive Pareto” pertaining to parameters giving the most visible 
variability: {Δtpo, Δtbody, ΔΦg, ΔEg,eff}. Orange arrows indicate the speed 
loss τvar

(P)/τ0
(P) at τ0

(P) = 0.1 ns and 1 ns at their respective (VDD, IOFF_0) 
point: 0.1 ns @ (VDD = 188 mV, IOFF_0 = 56 pA), 1 ns @ (VDD = 125 mV, 
IOFF_0 = 5.6 pA). Magenta arrows indicate the energy penalty Evar

*/E0
(P) 

that is needed to reach target delay τT = 0.1 ns and 1 ns. 

 

 
Fig. 8. (a) Comparison of IDS-VGS variability (aligned to IOFF_0 = 50 pA at 
VDD = 0.3 V): staggered-gap TFETs “StG1” and “StG2” (left), broken-
gap TFETs “BG1” and “BG2” (right) ; nominal curves in solid, +3σ in 
dashed and –3σ in dotted. Nominal I60 are: 9.2 μA/μm (StG1), 3.5 
μA/μm (StG2), 13.0 μA/μm (BG1) and 12.7 μA/μm (BG2), respectively. 
(b) Comparison of the respective “nominal Pareto” (solid) and 
“variability-inclusive Pareto” (dashed) of StG1/StG2/BG1/BG2, and the 
energy saving relative to StG1 after variation (at τT = 0.1 ns and 1 ns). 

 

TABLE III 
PP VARIABILITY BENCHMARKING: NOMINAL-ORIENTED DEVICE DESIGN VS 

VARIABILITY-RESILIENT DEVICE OPTIONS 
Device option Speed loss a 

τvar
(P)/τ0

(P) @τ0
(P)

 = 
Energy penalty b 
Evar

*/E0
(P) @τT = 

Operating point         
VDD

* (mV) @τT = 
0.1 ns 1 ns 0.1 ns 1 ns 0.1 ns 1 ns 

StG1 410x 6300x 13.3x 5.2x 500 275 
StG2 2.0x 18x 2.5x 2.9x 375 212 
BG1 37x 150x 3.5x 3.8x 300 200 
BG2 12x 41x 3.0x 2.5x 288 200 

a,bWith respect to the nominal corners of StG1/StG2/BG1/BG2. 
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that BG TFET is inherently less sensitive to the perturbation of 
Δtpo as expected. Further pocket-engineered BG2 presents more 
favorable energy benefit and more relaxed VDD than StG2 
without having to suffer from the potentially higher impact of 
ΔΝpo at overly reduced Npo. Overall, the preliminary results in 
BG TFETs confirm that enhanced intrinsic performance allows 
better harnessing of the performance-boosting dopant pocket 
without developing excessive sensitivity to it; from this 
perspective BG TFET indeed seems a promising variability-
resilient device option, although issues such as phonon-
thermalization-induced IOFF have yet to be solved [4].  

V. CONCLUSION 
 We studied the power-performance variability of a sub-5nm-

node GaAsSb/InGaAs vertical TFET in logic circuits across 
comprehensive process variations based on state-of-the-art 
processing assumptions. Worst-case speed loss and iso-speed 
energy penalty are derived from QM/TCAD/Spectre-based 3σ-
corner analyses for sub-500mV VDD, which suggests the 
demand for most critical process control budget in dopant 
pocket thickness (tpo) and to a lesser extent, in gate work 
function (Φg), effective band gap (Eg,eff) and body thickness 
(tbody). Variability-resilient device options are explored with 
respect to the most detrimental tpo variability, where re-centered 
pocket parameters offer down to 350x less speed loss and 5x 
less energy penalty than nominal-oriented device design; 
meanwhile, broken-gap TFETs show inherently low sensitivity 
to tpo variability and better post-variability power-performance 
when combined with proper pocket design. Still, for (0.1 – 1)ns 
gate delay, ~ 18x worst-case speed degradation and ~ 3x iso-
speed energy penalty is possible due to tpo variation, but an 
unambiguous conclusion on the seriousness of such variability 
can be only made after a parallel exercise has been done on the 
iso-node MOSFET, which is yet to be studied.  
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