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Abstract—1In this paper, we develop an evaluation framework
to assess variability in nanoscale inversion-mode (IM) and junc-
tionless (JL) fin field-effect transistors (FinFETs) due to line edge
roughness (LER) and random dopant fluctuation (RDF) for both
six transistor (6T) static random access memory (SRAM) design
and large-scale digital circuits. From a device-level perspective,
JL FinFETs are severely impacted by process variations: up to
40% and 60% fluctuation in threshold voltage is observed from
LER RDF. Conversely, results show that variability-induced shifts
and broadening of timing and power in large-scale digital circuits
are not significant and can be accommodated in the design
budget. However, we find that LER has a large impact on static
noise margin analysis of 6T SRAMs. Required Viepin values for
SRAMs using JL devices reach up to 2x those implemented
in conventional IM technologies. The yield for JL SRAM is
completely compromised in the presence of realistic levels of
LER and RDF. Fortunately, the impact of variability is somewhat
reduced with scaling for JL designs; both LER and RDF induce
less variation for the 15-nm node compared with the 32-nm
node. The observed reduction in Vi¢pmin With technology scaling
suggests that digital circuits implemented with JL. FinFETs may
eventually offer the same level of operability as those based on
IM FinFETs, especially in the presence of circuit-level SRAM
robustness optimizations.

Index Terms— Circuit-level variability, fin field-effect tran-
sistor (FinFET), junctionless transistor (JL. FET), line edge
roughness (LER), random dopant fluctuation (RDF).

I. INTRODUCTION

S CMOS technology devices scale ever deeper into

the nanometer regime, new transistor designs are being
explored to solve the fundamental issues which impede scal-
ing. One innovation, already entering usage, is the inversion-
mode (IM) fin field-effect transistor (FinFET), which addresses
short channel effects (SCEs) and random dopant fluctuations
(RDFs) in conventional CMOS. However, all the IM devices
still require abrupt and reproducible source/drain junctions,
which increase process complexity and face manufacturing
limits in the nanometer scale. In response, the junctionless
(JL) FET [1], [2] is proposed as a substitute for IM devices; by

Manuscript received February 6, 2013; accepted May 9, 2013. Date of
current version June 17, 2013. The review of this paper was arranged by
Editor M. J. Kumar.

The authors are with the Department of Electrical Engineering, University
of California, Los Angeles, CA 90095 USA (e-mail: shaodiwang@ucla.edu;
gleungl @ucla.edu; pandrew@ucla.edu; chui@ee.ucla.edu; puneet@ee.
ucla.ed).

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TED.2013.2264937

uniformly doping the entire device and controlling the channel
potential purely electrostatically, the JL. FET removes these
complications of IM FET.

However, all these technologies still face the bane of process
variations, which become more important with shrinking fea-
ture size, rendering device, and circuit performance increas-
ingly unpredictable. It is well known that FinFET performance
suffers from variations due to line edge or line width roughness
(LER/LWR). The effect of LER on IM FinFET-based circuits
is analyzed [3] with the primary impact being an increase
in mean leakage power. However, JL FinFETs are inherently
more sensitive to variability, with device-level simulations
revealing threshold voltage standard deviations over six times
those of IM FinFETs [4], [5]. In contrast to the robustness of
IM devices [6], JL FinFETs are highly sensitive to RDF [4],
which also impacts their drive and leakage current, and drain-
induced barrier lowering (DIBL). Finally, because of reduction
of gate control over the body-centered channel, JL. FinFETs
show worse SCE compared with IM FinFETs [7]. Therefore,
it is crucial to evaluate JL variability at the circuit level to
decide if JL transistors are a viable alternative to IM CMOS.

In this paper, we present the first variability-aware circuit
studies of JL FinFETs in multiple technology nodes (32, 21,
and 15 nm) and compare the results with IM FinFET circuits,
introducing calibrated LER and RDF effects in our simula-
tions. Both large-scale digital circuits (e.g., microprocessors)
and six transistor (6T) static random access memory (SRAM)
cells are evaluated using an original evaluation framework.
Our results indicate that the bottleneck for JL. FinFET-based
circuits rests in SRAM designs needing much higher Vicmin
compared with IM FinFET-based circuits, whereas large-
scale microprocessors are robust against stochastic variation
regardless of the specific FET implementation.

II. VARIABILITY AND DEVICE MODELING
A. Overview of Evaluation Framework

The framework of our circuit-level variability evaluation
is overviewed in Fig. 1. Transistor /-V characteristics and
variability data from device-level technology computer-aided
design (TCAD) simulations are used as the starting input for
subsequent compact modeling. To create a baseline model,
we fit a BSIM model based on the predictive technology
model (PTM) [8] to match the TCAD Ip—Vs and Ip—Vp data.
Using the method in [3] to capture the effect of LER/RDF in
our compact model, model samples were generated such that
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Fig. 1. Overview of the variability evaluation framework used in this paper.
The evaluation of (left) 6T SRAM cells and (right) microprocessor circuits
are divided into two vertical branches as illustrated.

their predicted behavior matches the original TCAD simulation
results. 6T SRAM cell Monte Carlo simulations are performed
by generating individual model samples for each of the six
transistors, after which the static noise margins extracted. For
logic circuit timing and power analysis, we first create and
characterize a baseline timing library from a baseline model
and template library. Then, through incremental characteriza-
tion based on model samples, library samples are generated
such that the resulting circuit behavior should correctly reflect
the performance impact from LER/RDF. Statistical timing and
power information is extracted from these library samples,
which are then fed as inputs to a computationally efficient
statistical timing and power analyses tool based on [9], [10] to
evaluate the overall impact of LER/RDF on large-scale digital
circuit delay and power consumption. The following sections
explain the individual stages of our framework in more detail.

B. LER and RDF Modeling

To introduce the effect of LER in our FETSs, we first generate
200 random LER patterns with root-mean-square roughness
amplitude o gr up to 0.6 nm and correlation length 4 = 15 nm
using the method of Fourier synthesis [11] with a Gaussian
autocorrelation function. These values represent typical LER
values which may be required by industry heading beyond
32-nm technology, based on the 2011 ITRS [12] forecast and
experimental data [11]. We fixed the correlation length 4 =
15 nm as previous studies [13], [14] have shown that the effect
of 1 diminishes as 4 > 15-20 nm, and some experimental
data has shown that current values of 1 are estimated between
20-30 nm [11] and generally reduces with technology, sug-
gesting A = 15 nm as a reasonable estimate for sub-32-nm
lithography.

The LER patterns are then used as templates to augment
the fin sidewalls in our double-gate FinFET structures as
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Fig. 2. Simulated 32-nm IM and junctionless FinFETs with LER and RDF.
Hgn = 10 nm and op gr = 1 nm are used in the above structures.

shown in Fig. 2, thus yielding random performance for indi-
vidual devices. Here, each FinFET technology was designed
according to the ITRS forecast for 32, 21, and 15-nm high-
performance logic nodes with specific details provided in
[5]. Only fin LER along the channel transport direction was
considered in this paper for reasons described in [3] and [5].
In addition, we assume all line edges to be uncorrelated within
individual devices as well as between devices hence the LWR
amplitude oLwr = 2124, gr; this represents the situation of
standard resist patterning. The effects of spacer patterning are
not explicitly dealt here with the understanding that the device-
and circuit-level LER impact will likely be minimal [3], even
for JL FinFETs.

The impact of RDF was captured using the same approach
in [4] which randomizes the placement and concentration of
ionized dopants based on a Poisson distribution. The locally
varying doping concentration is calculated from the long-range
part of the Coulomb potential with an appropriate screening
length [15]. Because of the high doping concentration and
small device volumes in our JL FinFETsS, the variability impact
of RDF is significant from a device-level perspective. This
contrasts with the situation for IM FinFETs where the channel
is typically undoped and RDF only exists in the source and
drain extensions Fig. 2. For JL FinFETSs, a nominal doping
level of Np =2 x 10'” cm™3 yields optimal performance in
terms of Iy for a given Iorr (< 100 nA/um) while satisfying
ITRS design specifications. We found that higher doping levels
(e.g., Np = 3 x 10" cm™3) result in slightly worse nominal
performance as well as heightened variability, while lower
doping levels (e.g., Np = 5 x 10'® cm™3) result in even
higher Ion penalties (20%—40%), but reduced variability. We
also find that any channel doping lower (higher) than roughly
1 x 10 ecm™3 results in accumulation-mode (depletion-
mode) behavior for the device geometries considered. With
this in mind, the performance versus variability tradeoff for
JL technologies may be a critical factor for the optimal design
of such devices, and further work will be needed to identify
the best strategy for JL FET design (beyond current ITRS
guidelines). Unfortunately, such an investigation is beyond the
scope of this paper and the remainder of our study will employ
FinFETs designs [5] which best match the nominal scaling
guideline published by the ITRS.



2188

10% 50%
LER: Inversion-Mode LER: Junctionless
8% 40%
6%l ™ 32nm {e- 32nm O-VT,sat 30%
e- 21nm te-21nm
49| -4 15nm Fa- 15nm| 20%
2% 10%
VL iin
%% 0.2 (54 0.6 0.0 0.2 of 0d”
Orer (nm Orer (Nnm
5% 100%
. ron-Mod RDF: i
ROF: s~ 32nm| =~ 32nm|
4% Le-21nm le21nm 180%
= a- 15nm
3% oo V1o 60%
Solid lines: oVr
2% oo ormm 40%
1% -e 20%
0 Dashed lines: oV;,, %
10 20 30 40 50 0 20 30 40 50
Hﬁn (nm) Hﬁn (nm)

Fig. 3. Threshold voltage variation of IM and junctionless FinFETs due to
LER (upper row) or RDF (bottom row). Only one source of variability (LER
or RDF) is active at a time. Note the scale for JL FinFETs is larger than that
for IM FinFETs.

C. Device-Level Variability

We previously quantified the variability impact of LER
and RDF for sub-32-nm IM and JL FinFET technologies in
[3]-[5] using 2-D and 3-D TCAD simulations for LER and
RDEF, respectively. In those simulations, quantum corrections
are modeled using the density gradient approxima-tion, high-
field transport with a calibrated hydrodynamic model [3], [16],
and carrier mobility with doping dependent, surface scattering,
and high-field terms. A small subset of our results is shown
in Fig. 3, comparing the threshold voltage variability of IM
and JL FinFETs due to LER and RDEFE. JL devices (with
Np =2 x 10! cm™3) exhibit significantly higher variability
com-pared with similarly designed IM devices. In fact, some
JL devices within a +30 spread may have a negative Vr
(peak 30 Vr sat > 100%) and be permanently on even at zero
gate voltage, constituting switching failure; this may occur
due to a surplus of dopants inside the channel from RDF
or an unusually wide fin from LER. This revelation is due
to the different methods by which LER and RDF affect the
intrinsic operation of IM versus depletion-mode FETs [5].
Similar conclusions are obtained for other performance metrics
including o Ion, 0 Iorr, 0SS, and ¢DIBL; data is available
in the listed references. With these device-level variability
figures, we determine the resulting circuit-level impact in
Sections IIT and IV.

As mentioned in the previous section, we found that JL-
FinFETs with lower (higher) doping resulted in less (more)
overall variability from LER and RDF. For 32-nm JL-FinFETs
with Np =5 x 108 (3 x 10') cm™3, LER-induced o Vr sat
drops (rises) to 12% (60%) at oL gr = 0.6 nm. Similar changes
in JL variability from LER are witnessed for other technology
nodes and performance figures as well, suggesting the viability
of JL technology will depend on the design strategy employed.
A full set of results for RDF-induced variability is not available
at this time, but preliminary findings suggest similar trends
when the baseline doping is changed.
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TABLE 1
ALLOWED TUNING RANGE OF FITTED COMPACT MODEL PARAMETERS

Param. Range | Param. Range Param. Range

nch 0.1-10x len  0.7-1.6x tox  0.7-1.6x

tsi 0.5-2x tbox 0.5-2x vthO(f)1 +0.25 V

vtho(b)! 4025 Vv esi!  0.8-1.4x eox!  0.8-1.4x

Lambda 0.5-2x NI 0.9-1.1x vil 4025V

vofft!  +0.1V w0 0.7-1.6x eta0 +0.1

dsub +0.1V rdsw  0.7-1.6x
IParameters in PTM model.
v, )
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Fig. 4. Matching of baseline FinFET (a) transfer and (b) output curves
between TCAD simulation and compact modeling.

D. Device and Variability Model Fitting

PTM FinFET models [8] are fitted to the TCAD-simulated
transfer and output characteristics. To match the currents
from the 2-D TCAD simulations (in units of A/um) to the
3-D device model, we linearly scale the currents to match
single fin transistor characteristics, where we assume Hj, to
be equal to the feature size in each technology node (e.g.,
Hgn = 32 nm for 32-nm FinFETs). Seventeen parameters
of the PTM model are chosen as fitting variables according
to the PTM and BSIM parameter extraction guide [8], [17],
with tuning ranges for each chosen parameter listed in Table 1.
Our error metric for the fitting procedure is the weighted least
square difference between the simulated and model Ip—Vgs
and Ip—Vps curves, with random starts and gradient descent
methods being applied. Good matching between the compact
models against TCAD simulations are obtained, as shown in
Fig. 4.

With the baseline compact model established, the base-
line cell library is characterized using Nangate Open Cell
Library [18] as the template, similar to [3]. Extraction of
device-level variability is based on principle component analy-
sis [3], [19], [20]. The model samples are generated [3] hence
the resulting device performance variation matches the data
from TCAD simulations. The statistical matching results are
shown in Fig. 5. Standard deviations of Ioy and V7 g are
calculated from 400 model samples. The maximum error is
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and (b) IM FinFETs show a good fit.

only 8.2% in o Ion for JL FinFETs, validating our JL. Fin-
FET circuit model. Unfortunately, when matching o V7 54 for
15-nm IM FinFETs, a maximum error of 25.8% is observed
for o gr = 0.6 nm; however, since variation has very limited
impact on IM FinFETs, we find that this relatively large
matching error does not change our conclusions. For both
IM and JL FinFETs, o Ioy increases with technology scaling
whereas o V7 sy increases (decreases) in IM (JL) FinFETs.
This unexpected trend for o Vr soc was also reported in [4]
and [6], and can be explained by noting that smaller nodes
with thinner bodies helps suppress the effects of LER/RDF
due to the closer gate-to-channel proximity in JL devices with
buried channels [1]. For IM devices with surface channels,
the gate-to-channel proximity is relatively insensitive to the
body thickness and, therefore, the effects of LER/RDF are not
suppressed at smaller technologies (they are only degraded
from SCE).

III. VARIABILITY IMPACT ON 6T SRAM MEMORY
A. Baseline Nominal Static Noise Margin

As CMOS technology continues to scale down, SRAM
design becomes progressively more complicated. To guarantee
proper operation, the cell design must meet noise margin
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Fig. 6. Nominal SNM as a function of working V.. for high density design
JL FinFET 6T SRAM cells. Note that for successive technology nodes, SNM
and Ve min decrease when the other is held fixed.

requirements that are budgeted for all fluctuation sources,
including supply, process, and temperature variations. Increas-
ing variability therefore, strongly degrades performance. For
instance, static noise margin (SNM), one of the important
metrics for SRAM cell stability, decreases with successive
technology generations [21]. Fig. 6 shows how nominal SNM
changes with supply V. from 32 to 15 nm for JL FinFET 6T
SRAM. With increasing V.., the SNM diverges for different
technologies with differences of up to 20 mV at V.. = 0.9 V.

In addition to these generic challenges, FinFETs face an
additional disadvantage because of their digitized fin struc-
tures. Traditionally, device widths are sized to achieve high
stability; for example, symmetric (SYM) designs might con-
tinuously scale PMOS widths to be larger size than NMOS
to equalize the drive current. Realizing this with FinFETs
requires parallelizing fins at the cost of cell area, for instance
matching three PMOS with two NMOS fins; instead, typical
designs now use one fin for each gate to maximize density
[22], [23]. In the following discussion, all SRAM results
are generated based on this high density (HD) layout unless
otherwise specified.

B. Minimum Working V¢c (Veemin)

As cell density increases, power consumption becomes a
crucial consideration requiring reduction of V.. to conserve
both dynamic and leakage power. The minimum working
supply voltage Veemin 1S thus an important metric for judging
the viability of a cell design. In general, for a fixed SNM,
Veemin increases with scaling. Fig. 6 shows for instance how
enforcing SNM of 0.2 V causes Vicmin to increase from
0.516 V at the 32-nm node to 0.540 V at 15 nm. In addition
to SNM, static/dynamic read and write noise margins also
affect Vicmin; however, considering all such metrics would
raise many more design issues outside the scope of this paper.
Therefore, we will only consider the effect of SNM on Vemin.

We use Monte Carlo simulations to search for Vecmin
underspecified yield and SNM constraints. HSPICE is used
for dc simulations of 6T SRAM cells where each individual
device is independent and uses a randomly selected device
model, as explained in Section II-D. The SNM is measured as
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the length of the largest square in the butterfly curve, as shown
in the inset Dof Fig. 6. A simulated cell with SNM below
the given constraint counts as a failed cell. A given supply
voltage is said to work for SRAM cells if the number of suc-
cessful simulations with this V.. reaches the yield requirement
(e.g., 99.9% yield requires 9990 successful simulated cells out
of 10,000 randomly generated cells). To find the Vi cmin, we use
a binary search (40x faster than exhaustive search). To further
improve the runtime of yield analysis, we use the statistical
blockade method [24] which uses rejection sampling, speeding
up the total process by over 10x.

In Fig. 7, Vieemin is reported for JL and IM SRAM cells
with different technology nodes and LER amplitudes. The
improved Vcmin for IM-based SRAM compared with JL-based
SRAM is explained by the fact that IM devices are more
robust against LER-induced variability [5]. This shows that JL
transistors in current technology nodes would not be a good
option for memory design. Interestingly for JL technologies,
at low LER amplitudes the 32-nm devices perform best,
whereas at high LER amplitudes the trend is reversed and
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TABLE 1T
NOMINAL SNM AND SNM Loss FROM VARIABILITY FOR JL FINFET
TECHNOLOGIES

32 nm 21 nm 15 nm

HD! SYM? HD SYM HD SYM
Nominal
SNMS [V] 0264 0268 026 0262 0251 0252
SNM w/
variation® 0.128 0.154  0.144 0.166 0.14  0.176
[V]
%lgi\iM 51.50% 42.50% 44.60% 36.60% 44.20% 30.20%

1 High density 6T SRAM design

2 Symmetric N/P design

3 SNM at Vee =073 V

4 SNM with 99% yield constraint; LER variation
(oLgr = 0.6 nm) at V. =0.73 V

the newest generation (15 nm) devices have the lowest Veemin.
This trend is more obvious in Fig. 8, where the more stringent
requirement of 99.9% yield exacerbates the effect of variations
on SNM.

This trend can be understood by remembering that Vicpiy,
is dictated by both variability and the nominal SNM. We have
already seen that nominal SNM degrades under size scaling
and dominates the trends in Figs. 7 and 8 at small o gRr, but JL
devices also become less sensitive to variability as technology
scales [5], allowing the operating conditions to relax. Our
largest considered opgr of 0.6 nm is in line with the ITRS-
projected opgr requirements of 1, 0.8, and 0.5 nm for the
32, 21, and 15-nm nodes, respectively. Therefore our results
hold out hope that for realistic variability levels, JL SRAM
technologies will become more competitive if scaling trends
continue.

C. SNM Versus Technology

We also explored SYM SRAM designs using three PMOS
with two NMOS fins, which can optimize nominal SNM and
mitigate the effects of variability due to statistical averaging
over the multiple fins. To characterize the impact of variability
on the design, we define SNM loss as the percentage difference
between the nominal SNM and the variability-affected SNM.
Table II compares SNM loss for JL HD and SYM cells. We
find as expected that under scaling and/or use of SYM designs,
SNM loss is significantly reduced. On the other hand, the SYM
design sacrifices read noise margin and cell area.

To better understand the impact of process variability on
JL FinFETs, we also attempted to incorporate both RDF and
LER effects in our simulations, assuming the fluctuations to
be uncorrelated. This assumption of statistical independence
may not be strictly justified, but forms a best-case scenario
for real-world situations. Even under this relaxed assumption,
we find that no realistic Vi ¢pin can be realized for 99% yield
and 100-mV SNM, reinforcing our conclusion that process
variations will be a serious roadblock for JL FinFETs in
memory applications.
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Fig. 9. (a) Nominal clock period and clock period increase (mean shift and

variation) and (b) nominal leakage power and leakage power increase (mean
shift and variation) due to LER variation (o gr = 0.6 nm) for IM and JL
FinFET-based MIPS processors at typical clock speeds.

IV. LER IMPACT ON LOGIC CIRCUIT VARIABILITY

Although variability in JL FinFETs has a large impact at
the device and cell level, large-scale circuits can mitigate and
av-erage out uncorrelated fluctuations. Analyses using closed-
form analytical equations have shown how the number of gates
and paths can decrease the overall circuit timing and power
variations for conventional CMOS technologies [25]-[27]. We
extend our methodology to analyze the usage of JL devices at
the microprocessor level.

A. Overview

A typical way to analyze the statistical timing and power
of circuit benchmarks uses a large number of library samples
based on the Monte Carlo method [3]. However, this method
is time-consuming and results in roundoff errors when syn-
thesizing tool outputs, losing statistical information. To fix
these errors, more simulations are needed, with the quantity
dependent on the size of the variability impact. In this paper,
we use block-based statistical timing and leakage analysis
[9], [10] to complete this step, drastically improving com-
putational efficiency; in some cases, simulations that would
previously require weeks of computation can be reduced to
several tens of seconds.

B. Circuit Statistical Timing and Power Analysis

To build the input to the statistical timer, the timing and
leakage standard deviation for cells need to be extracted from
library samples (we use 200 library samples in this step).
We observe that timing variation is highly sensitive to input
slew and output load capacitance. Hence, to find accurate
timing variation information, a cubic model of delay standard
deviation as a function of load capacitance and input slew is
fitted to statistical timing information extracted from library
samples. This model is found to be accurate enough for
the following analyses. Leakage variation is modeled as a
lognormal distribution with the standard deviation and mean
extracted from the library samples.

The input to the statistical timer includes extracted timing
models, extracted leakage lognormal standard deviations, a
synthesized and routed circuit benchmark, the baseline library,
timing constraints, and SPEF file containing parasitic informa-
tion. For our benchmarking we select two processors, MIPS
[28] and CortexMO [29]. To cover all working applications,
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TABLE III
CIRCUIT BENCHMARKS
Tech. node  Freq. for CortexMO [GHz]  Freq. for MIPS [GHz]
Fast  Typ Slow Fast  Typ Slow
32 nm 0.92 0.79 0.7 1.02  0.79 0.75
21 nm 1.47 1.3 1.12 1.61 144 1.09
15 nm 229 223 1.85 329 3.07 2.04
%[ Clock Period Mean Clock Period Variation
g % = 320m 15 2m {02%
& 5% -e-21nm 1 | -A=15nm -~
© o[l -a-15nm ¥ VULFIinFETs 3
2. JL FinFETs lo 1%§
;32%—
1%} IM FinFETs
00 0.2 0.4 0.6 0.0 02 04 08"
’ o'LER ’ ’ ’ ’ ULER ’ ’

Fig. 10. (a) Increase in clock period mean and (b) variation of critical clock
period as a function of technology node and LER amplitude for JL and IM
FinFET circuit benchmark (Cortex MO).

we synthesize them in three operating clock frequencies for
fast, typical, and slow speeds as shown in Table III.

C. Circuit Simulation Results

Fig. 9 shows our results for MIPS designs. The clock period
increase due to device variability is calculated as the sum of
mean shift and delay uncertainty (3 ocjock), covering around
99.9% of the possible clock period cases. All uncertainty in
our timing results is below 1.20% of nominal delay. The mean
clock period shift contributes the most; the highest mean shift
is 7.04%. Thus, a delay margin of up to 8.2% may be needed
to guarantee sufficient yield in the presence of LER. JL-based
processors show a greater improvement in nominal speed with
scaling compared with IM-based circuits.

The leakage power is assumed to follow a lognormal
distribution. The uncertainty is calculated based on [10] at
99.9% vyield point of leakage cases. Leakage increase is the
sum of the mean shift and leakage uncertainty. As shown
in Fig. 9(b), leakage power is severely impacted by LER.
Our results show the increase mainly comes from a mean
shift, in which the highest observed shift value is 43.02% of
the nominal leakage. Leakage uncertainty has a considerable
impact, inducing up to 15.57% increase. However, we expect
that the leakage uncertainty will be negligible in industrial-
scale designs (random leakage variation averages over number
of devices in the design). High leakage variations are also
predicted by device level simulations, where o Iore is over
10x nominal leakage for individual JL FinFETs [5].

Figs. 10 and 11 show the JL-based high speed Cortex-MO
results for clock period mean and leakage mean compared
with IM-based processors [3]. JL devices are more severely
affected by variability in terms of both mean shift and standard
deviation, with circuit clock period mean shift over 10x that
of IM FinFETs. Table IV shows the average results from all six
circuit benchmarks. For example, at o gr = 0.6 nm (near the
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TABLE IV
AVERAGE MEAN SHIFT AND STANDARD DEVIATION OF TIMING AND
LEAKAGE FOR SIX BENCHMARK CIRCUITS

Node Timing Leakage
OLER [nm]
Hdelay Odelay HMleakage  Oleakage
32 nm 0.2 1.01%  0.12% 1.4% 0.2%
0.4 2.56% 0.17% 12.6% 0.6%
0.6 444%  0.22% 26.2% 1.0%
21 nm 0.2 1.26%  0.13% 1.7% 0.2%
0.4 2.30%  0.20% 9.6% 0.5%
0.6 3.62% 0.27% 25.3% 0.9%
15 nm 0.2 0.70%  0.17% 0.6% 0.1%
0.4 1.32%  0.25% 6.8% 0.4%
0.6 1.60%  0.28% 36.8% 1.1%
; . Leak T P v — i 1 1.4%
eakage Power Variation
0% Leakage Power Mean g 2%
& &
S30%| 5 21m =g JL FinFETs 0% 3
g —A-15nm JL FinFETs _A15nm 0.8% 3
£ '3
ngo 0.6% §°
< 0.4% 5
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Fig. 11. (a) Increase in leakage power mean and (b) variation of leakage

power as a function of technology node and LER amplitude for JL and IM
FinFET circuit benchmarks (Cortex MO).

ITRS predicted LER requirement of 0.5 nm), a 36.8% leakage
mean increase is observed at the 15-nm node. However, these
impacts are not severe at the logic circuit level.

We have simulated the combined effects of RDF and
LER variability, but the huge variations encountered (e.g.,
normalized o Vr sor = 70%) can lead to statistically sig-
nificant failure rates in SPICE convergence. Therefore these
results are not presented. However, as previously observed
[25]-[27], the mean increase of timing variations for circuits is
linearly related to the variation of a single logic gate. We can
estimate the combined variability to have 3x impact on timing
compared with our results considering only LER. For leakage
power, a model-based analysis [10] using our library extraction
results shows the effects of combined variability will have 2 x
impact on leakage mean compared with the standalone LER
variations.

V. CONCLUSION

Device-level TCAD simulation showed that JL. FinFETs
were more susceptible to process variability (LER and RDF)
than IM FinFETs. Fluctuation in threshold voltage reached up
to 40% and 60% due to LER and RDF, respectively. The large-
scale digital circuit benchmarks showed LER induces <10%
mean shift in timing and below 1% standard deviation over
the nominal clock period. Leakage power mean shift up to
43% with standard deviation <2% (i.e., following lognormal
distribution) was observed. The results suggested that large-
scale digital circuits will not be affected much by LER-induced
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variability and that manageable timing and power margins may
resolve the issue. However, for memory cells which had fewer
transistors, the large degree of device fluctuation resulted in
a stronger circuit-level impact. Under the LER target reported
by the 2011 ITRS, JL FinFET SRAMs required twice the
Veemin compared with IM FinFET SRAMs. After considering
LER and RDF combined variability, JL FinFETs totally fail
to produce yields higher than 99%. Fortunately, technology
scaling alleviates the effect of LER and RDF variability, with
JL FinFET SRAMs at the 15-nm node achieving better noise
margin and Vi, compared with the 32-nm node. On the
other hand, IM FinFET SRAMSs became more vulnerable
going from 32 to 15 nm. This suggested that JL FET technol-
ogy may eventually become a viable solution in future digital
logic generations, especially if circuit-level memory robustness
enhancement solutions were considered.

REFERENCES

[1] C.-W. Lee, A. Afzalian, N. Akhavan, R. Yan, I. Ferain, and J.-P. Colinge,
“Junctionless multigate field-effect transistor,” Appl. Phys. Lett., vol. 94,
no. 5, pp. 053511-1-053511-2, Feb. 2009.

[2] C.-W. Lee, I. Ferain, A. Afzalian, R. Yan, N. Akhavan, P. Razavi,
and J.-P. Colinge, “Performance estimation of junctionless multigate
transistors,” Solid-State Electron., vol. 54, no. 2, pp. 97-103, Feb. 2010.

[3] G. Leung, L. Lai, P. Gupta, and C. O. Chui, “Device and cir-
cuit level variability caused by line edge roughness for sub-32nm
finfet technologies,” IEEE Trans. Electron Devices, vol. 59, no. 8,
pp- 2057-2063, Aug. 2012.

[4] G. Leung and C. O. Chui, “Variability impact of random dopant
fluctuation on nanoscale junctionless FinFETs,” IEEE Electron Device
Lett., vol. 33, no. 6, pp. 767-769, Jun. 2012.

[5] G. Leung and C. O. Chui, “Variability of inversion-mode and junction-
less FinFETs due to line edge roughness,” IEEE Electron Device Lett.,
vol. 32, no. 11, pp. 1489-1491, Nov. 2011.

[6] K. Patel, T.-J. King Liu, and C. J. Spanos, “Gate line edge roughness
model for estimation of FinFET performance variability,” /IEEE Trans.
Electron Devices, vol. 56, no. 12, pp. 3055-3063, Dec. 2009.

[7]1 R. Rios, A. Cappellani, M. Armstrong, A. Budrevich, H. Gomez, R. Pai,
and N. Rahhal-orabi, “Comparison of junctionless and conventional
trigate transistors with Lg Down to 26 nm,” IEEE Electron Device Lett.,
vol. 32, no. 8, pp. 1170-1172, Sep. 2011.

[8] (2006).  Predictive Model
http://ptm.asu.edu

[9] C. Visweswariah, K. Ravindran, K. Kalafala, S. G. Walker, S. Narayan,
D. K. Beece, J. Piaget, N. Venkateswaran, and J. G. Hemmett,
“First-order incremental block-based statistical timing analysis,” IEEE
Trans. Comput. Aided Design Integr. Circuits Syst., vol. 25, no. 10,
pp. 2170-2180, Oct. 2006.

H. Chang and S. S. Sapatnekar, “Full-chip analysis of leakage power
under process variations, including spatial correlations,” in Proc. 42nd
Annu. Design Autom. Conf., Jun. 2005, pp. 1-6.

A. Asenov, S. Kaya, and A. R. Brown, “Intrinsic parameter fluctuations
in decananometer MOSFETs introduced by gate line edge rough-
ness,” IEEE Trans. Electron Devices, vol. 50, no. 5, pp. 1254-1260,
May 2003.

J. Moyne, “International technology roadmap for semiconductors,” in
Proc. Appl. Mater. Adv. Services, Oct. 2011, pp. 1-28.

E. Baravelli, A. Dixit, R. Rooyackers, M. Jurczak, N. Speciale, and
K. De Meyer, “Impact of line-edge roughness on FinFET match-
ing performance,” IEEE Trans. Electron Devices, vol. 54, no. 9,
pp. 2466-2474, Sep. 2007.

K. Patel, T.-J. King, and C. J. Spanos, “Gate line edge roughness model
for estimation of FinFET performance variability,” IEEE Trans. Electron
Devices, vol. 56, no. 12, pp. 3055-3063, Dec. 2009.

N. Sano, K. Matsuzawa, M. Mukai, and N. Nakayama, “On discrete ran-
dom dopant modeling in drift-diffusion simulations: Physical meaning
of ’atomistic’ dopants,” Microelectron. Rel., vol. 42, no. 2, pp. 189-199,
Feb. 2002.

Technology [Online].  Available:

[10]

[11]

[12]

[13]

[14]

[15]



WANG et al.: EVALUATION OF DIGITAL CIRCUIT-LEVEL VARIABILITY

[16]

[17]
(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]
[29]

O. M. Nayfeh and D. A. Antoniadis, “Calibrated hydrodynamic simu-
lation of deeply-scaled well-tempered nanowire field effect transistors,”
in Proc. SISPAD, 2007, pp. 305-308.

(2012).  BSIM4  Manual  [Online].  Available:  http://www-
device.eecs.berkeley.edu/bsim/

NanGate FreePDK45 Generic Open Cell Library [Online]. Available:
http://www.si2.org/openeda.si2.org/projects/nangatelib

J. A. Power, A. Mathewson, and W. A. Lane, “MOSFET statistical
parameter extraction using multivariate statistics,” in Proc. ICMTS, 1991,
pp. 209-214.

K. Takeuchi and M. Hane, “Statistical compact model parameter extrac-
tion by direct fitting to variations,” IEEE Trans. Electron Devices,
vol. 55, no. 6, pp. 1487-1493, Jun. 2008.

B. H. Calhoun, X. L. Yu Cao, K. Mai, L. T. Pileggi, R. A. Rutenbar,
and K. L. Shepard, “Digital circuit design challenges and opportunities
in the era of nanoscale CMOS,” IEEE Special Issue Integr. Electron.,
vol. 96, no. 1, pp. 343-365, Feb. 2008.

E. Karl, Y. Wang, Y. Ng, Z. Guo, F. Hamzaoglu, U. Bhattacharya,
K. Zhang, K. Mistry, and M. Bohr, “A 4.6GHz 162Mb SRAM design
in 22nm Tri-Gate CMOS technology with integrated active VMIN-
enhancing assist circuitry,” in Proc. ISSCC, 2012, pp. 230-232.

B. S. Haran, A. Kumar, L. Adam, and J. Chang, “22 nm technology
compatible fully functional 0.1 ,um2 6T-SRAM cell,” in Proc. IEEE
IEDM, Dec. 2008, pp. 1-4.

A. Singhee and R. A. Rutenbar, “Statistical blockade: Very fast statistical
simulation and modeling of rare circuit events and its application to
memory design,” IEEE Trans. Comput. Aided Design Integr. Circuits
Syst., vol. 28, no. 8, pp. 1176-1189, Aug. 2009.

K. A. Bowman, S. G. Duvall, and J. D. Meindl, “Impact of die-
to-die and within-die parameter fluctuations on the maximum clock
frequency distribution for gigascale integration,” IEEE J. Solid-State
Circuits, vol. 37, no. 2, pp. 183-190, Feb. 2002.

K. A. Bowman, S. B. Samaan, and N. Z. Hakim, “Maximum clock
frequency distribution model with practical VLSI design consider-
ations,” in Proc. Integr. Circuit Design Technol., Int. Conf., 2004,
pp. 183-191.

S. M. Burns, M. Ketkar, N. Menezes, K. A. Bowman, J. W. Tschanz,
and V. De, “Comparative analysis of conventional and statistical design
techniques,” in Proc. ACM/IEEE Design Autom. Conf., Jun. 2007,
pp. 238-243.

MIPS [Online]. Available: http://opencores.org

CortexMO [Online]. Available: http://www.arm.com/products/processors/
cortex-m/cortex-m0.php

Shaodi Wang is currently pursuing the Ph.D. degree
with the Department of Electrical Engineering, Uni-
versity of California, Los Angeles, CA, USA.

His current research interests include modeling
for manufacturing and novel devices evaluation in
circuit-level.

2193

Greg Leung is currently pursuing the Ph.D. degree
with the University of California, Los Angeles, Los
Angeles, CA, USA.

His current research interests include nanoscale
CMOS devices, variability modeling, and nanotech-
nology.

Andrew Pan (S’12) is currently pursuing the Ph.D.
degree with the Department of Electrical Engineer-
ing, University of California, Los Angeles, CA,
USA.

His current research interests include electronic
device modeling, transport phenomena, and solid
state physics.

Chi On Chui (S’00-M’04-SM’08) received the
Ph.D. degree in electrical engineering from Stanford
University, Stanford, CA, USA, in 2004.

He has been an Electrical Engineering Faculty
Member with the University of California, Los
Angeles, CA, USA, since 2007.

Puneet Gupta received the B.Tech degree in elec-
trical engineering from the Indian Institute of Tech-
nology, Delhi in 2000, and the Ph.D. degree from
the University of California, San Diego, CA, USA,
in 2007.

He is currently a Faculty Member with the
Department of Electrical Engineering, University of
California, Los Angeles, CA, USA.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


