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ABSTRACT When a potential larger than the threshold voltage, is applied

. . . . between the gates of the DG device and source, current flows from
FIinFET devices promise to replace traditional MOSFETs because the drain to the source. The double gates, however, allows modu-

of superior ability in controlling leakage and minimizing short chan- 4(ing the channel from two sides instead of one. The two gates to-
nel effects while delivering a strong drive current. We investigate gether strongly influence the channel potential, combating the drain
in this paper gate sizing of finFET devices, and we provide a com- impact, and leading to the better ability to shut off the channel cur-
parison with 32nm bulk CMOS. Wider finFET devices are built rent. DIBL is thus reduced, and the swing is improved.

utilizing multiple parallel fins between the source and drain. In-  While several double-gate transistor variations have been inves-
dependent gating of the finFET’s double gates allows significant tigated, recent research efforts have focused on finFETs, illustrated
reduction in leakage current. We perform temperature-aware cir- in Figure 1(a). The finFET, originally dubbed as the folded-channel
cuit optimization by modeling delay using temperature-dependent MOSFET [10], consists of a narrow vertical fin that sticks up from
parameters, and by imposing constraints that limit the maximum the wafer surface (z-direction). Source and drain terminals are built

> . o at opposite ends of the fin. The gate, whose width is twice the fin
allowable number of parallel fins. We show that finFET circuits are heigF#t), drapes over the fin. The c%rrent flow in the channel is paral-

superior in performance and produce less static power when com-jg| tg the plane of the wafer, and thus the label quasi-planar despite

pared to 32nm circuits. what appears to be a non-planar fin. Other multi-gated planar and
Categories and Subject DescriptorsB.7.1 [Integrated Circuits]: ~ non-planar devices have been proposed, however, finFETs, are a
Types and Design Styles likely contender because of cost-effective manufacturing, the natu-

ral alignment of the double gate, and routability of the gate.

General Terms: Design Figure 1(a) illustrates key geometric parameters for a finFET.

Keywords: FinFET, thermal modeling, gate sizing The distance between the source and drain is referred to as the gate
length, Lgate. The fin heightHysin, is uniform for all fins on chip.
1. INTRODUCTION A larger height complicates processing and causes defects. The

The scaling of the MOSFET transistor has delivered astronomi- %xidt?“thkiﬁkness tt)v?/mietr% thte sidetgatfé ?ﬁd :_he_ ﬁ@](.is'l\'/t\}g oix-
cal increases in transistor density and performance, leading to moreld® thickness between the top gate and the fxswop. Wrin 1S
chip functionality at higher speeds. The main roadblock to contin- M€ fin thickness. Fin engineering (balancing height, fin thickness,
ued success is the leakage phenomenon. Increased leakage ster%('de thickness, and channel length) is essential in minimizing the
from decreased oxide thicknesses, higher substrate dopings, an :':\1,l\</age currentof, anr(]j_ maximizing the_onf_currentm._ dind
decreased channel lengths. A lowered threshold voltage to ob- VW€ investigate in this paper issues in finFET sizing and inde-
tain better performance at lowered operating voltages further ex- Pendent gate biasing of the front and back gates while considering
acerbates the leakage problem. Moreover, the continued-shrinkingtN€fmal constraints. FInFET sizing is challenging because wider
proximity of the source and drain reduces the effective control of J€Vices are created using multiple fins. Device-width quantization
the gate over the channel, accentuating DIBL, drain-induced-barrier:Egsorgt?;ta?enannbsé?eorfega[?;";'%EE;S;:QE E;Zetg ?r??r?ésf:sir(c)m{n?lnng
lowering. The ITRS predicts that static power dissipation per de- I ' h S
vice willgsurpass the gynamic power dissFi)pation by 2%07_ P dependent biasing of one of the finFET gates provides lower leak-
To reduce leakage while scaling performance, the 2003 ITRS age yet performance is affected. Independent biasing must thus

predicts using strained silicon channels, ultra-thin single-gate FETs, € .JUd'C'OEISW usec(ij. We use_dan NdLPt-t_Jlazed heuristic to %?"ég the
and metallic gates. The ITRS predicts ultimately moving towards EIZIII?%FI:/rIOOSeEin’ an Werr(i‘k’]'. ea et_al ?. compadrlso_n wi . nm
double-gate (and multi-gate) devices. From a circuit perspective, d:vice to haveezlr:gi%llov%g éf];?;gtsé :?S?ié%n}yvgiale;'?gcgﬁtr mZ?f
the double-gate devices operate in a manner similar to MOSFETS.ufactured finFETSLgate = 450m; Hp — 650m; Wrin = 10nmT
*This research was supported by NSF grant CCF-0429921, and afox = 1.6nm We use the UFDG SPICE models [8] to generate our
gift from the Altera Corp. finFET data and the 32nm Predictive Technology Modeling (PTM)
models [14, 17] to generate our 32nm bulk data.

We begin with a discussion of issues of sizing finFETs vs 32nm
devices. We then present the problem formulation and the solution.
We conclude with experimental results.
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post-silicon tuning to reducér variability under process variation,
reducing leakage current and thus energy, and tripling the accepted
die count in the highest frequency bin [16]. ABB was shown to be
most effective when combined with adaptive supply voltage con-
trol.

FinFETSs can provide some operating bias similar to that achieved
via ABB. The front and back gates of a finFET can be made electri-
cally independent (no top oxide is deposited). By applying differ-
ent potentials to the gates, both the threshold voltage of the device
and the leakage current can be changed. Fried and his colleagues
describe such a device [6]. The independent biasing of a multi-fin
Wt device slows the device and results in added net area to allow for

i routing the two gate signals.

(a) FinFET device. (b) Multi-fin device [3].
2.4 Temperature Dependence
Figure 1: FinFET device geometries. While finFETs provide excellent electrostatic characteristics, they
suffer from significant self-heating. The small and confined dimen-

. ) . sions of the fin reduce the thermal conductivity (which increases
by draping the gate across multiple fins between the source andthe thermal resistance) of the device due to reduced phonon mean
drain region, as shown in Figure 1(b) [3]. These fins are tightly laid free path [11]. Heat transport out of the device is hindered, and
out to minimize area and gate resistance. Fin sizing is then a dis-the device temperature rises. FinFET thermal problems are further

crete optimization problem, with amfin device delivering about  exacerbated with the construction of wider finFETs. In this work
times the current delivered by a single-fin device, and introducing we assume a specific operating temperature. To ensure that none
ntimes the load due to a single-fin device. of the multi-fin inFETs operate at a higher temperature, we place

For traditional MOSFETS, the issue of discrete vs. continuous g thermal sizing constraint. Our sizing algorithm thus is thermally-
transistor sizing has been thoroughly investigated. While library aware, and it must find appropriate finFET sizes that are equal to
gate sizes are discrete, continuous optimization techniques are pregr |ess than the maximum number of paralle! fins. For the finFETs,

sumably faster and they are often applied. The solution is then it js the temperature of the source that impacts the current genera-
converted to discrete sizes. Provided a rich set of library, the per- tijon [12].

formance impact of using this method is within 2%-7% or less [7,9]

of discrete sizing. Furthermore, optimal gate sizes found using con-

tinuous techniques can be constructed by combining gates from a3. GATE SIZING PROBLEM

standard library with high accuracy [9]. As we will see in Sec- Our goal is to contrast 32nm and finFET technologies in circuit
tion 3, we propose an approximating heuristic to solve the finFET design, and to compare area, delay, and power tradeoffs. Given
sizing problem while using a non-linear programming formulation a finFET circuit, we investigate how to best select the gate width
and solver to find optimal sizes for the devices in the 32nm circuits. (number of parallel fins within a finFET device), biasing, and fin
width under delay and thermal constraints. Our objective is power
minimization as finFETs promise reduced power consumption. Our
problem formulation will assume a known operating temperature.
lon andlf are therefore functions of the user-specified operating
temperature. In a processor, for example, the instruction issue unit
is the hottest functional unit and it typically maintains a steady
state operating temperature. Our sized biased circuit is to oper-
ate correctly at a specific temperature while minimizing power. We
first provide a formulation of our temperature-dependent delay con-
straints, and then describe the power optimization objective. We
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Vo=l 3.1 Thermally-Dependent Delay Modeling

Figure 2: FINFET and 32nm |-V characteristics. ) ) . .
g n and senm -V charactenstics Delay constraints are imposed by setting the delay at each regis-

ter input and at each primary output (PO) node to be lessThan
2.2 1. andi the clock period. The delay at the output of glte,, is obtained
) on off by addingdy, the delay of gaté, to the maximum delay at gakes

Figure 2 illustrates the on and off currents for a minimally sized inputs while considering all gatgsin the fanin ofk. That is

n-type 32nm device vs. an n-type finFBWg, = 10nm). FiInFETs
provide moreon current than the 32nm devices, resulting in faster di, = dk + max (dj,) 1)
switching times. Bulk CMOS has several leakage mechanisms: jeF1(k)

subthreshold leakage, gate leakage, reverse-biased junction, band- . . o .

to-band tunneling (BTBT), and gate-induced drain leakage [13]. In Logical effort provides a simplified means of modeling gate delays.
a finFET, there are two leakage mechanisms: the subthreshold cur-The technology-independent delay of each gate has two compo-
rent and gate leakage [2]. Figure 2 also shéyysandlqg for dif- nents: effort (or stage) delay, and parasitic delay. The effort delay
ferent fin thicknesses: bothy, andl g increase as the fin thickness 1S computed ag x h. The logical effortg describes the relative
increases. The increaseli is due to a reduction in fin and para- ~ ability of a gate topology to deliver current compared to an inverter
sitic source/drain resistances, while decreased gate control over thé¥hich has a logical effort of 1. The electrical effont,is the ratio

channel causes an increasegg . of the gate’s output to input capacitan%ﬁ. The parasitic delay,
.. p, indicates the delay due to self loading, and it can be expressed
2.3 Gate vs. Body Biasing asa x pinv, Wherea is multiplicative factor dependent on the gate

For bulk CMOS, energy reduction is achieved via adaptive body type, andpiyy is the delay associated with an inverter’s self load-
biasing (ABB) and multiple-threshold MOSFETs. ABB research ing. A technology parameter multiplier, allows the technology-
showed that adjusting the body voltage is an effective method for independent delay to become a technology dependent one.



The input capacitance of a gate is expressed in terr@g afn;, once awakened. Leakage power for a gate in this case is a function
where 3x Cq is gate capacitance of a minimum size inverter, as- of a specific leakage stase The standby leakage power is thus:
suming a 2:1 p:n ratio of our gates; specifies the multiplicative
sizing factor over a minimum size inverter. We thus place integer Reak-standby= i * S * lieak* VDD (4)
restrictions om;. The ratio of the output to input capacitance of a .
gate, @4, is proportional to the ratio ofij to nj, wheren; repre- 3-_? lProbIemeormuIatéon e  vnamic and

. ' . L otal power can be expressed as a weighted sum of dynamic an
sents the effective number of fins that gaie driving". The delay standby leakage power for all gates in the circuit. The user can

equation for a gatedriving gate is thus: set the relative weights to favor one optimization over the other.

1. (q. Our problem is then: Given a minimum size circuit, an operating
di=T1 (_g h+p), where temperature, weighting factors, we find for each gat®Vin, , and
g=logical ef fort of gate biag to minimize the power dissipation. More formally, our prob-

Cout Nj-Cy nj lem becomes:
" Cn mCy n 2) Minimize: P

p=a-piny, Wherea depends on gate type Subjectta dpo < Tk VPO
nie€{1,2,3,...,ni.,.} d, =d¢ + max (dj,)

jeFI (k) (5)
The latter constraint limits the maximum multiplicative sizing fac- 1< < Nmax i € Z*
tor to ensure that the device source temperatures will not rise above - .
a user-specified temperature. 1 <Wrin, <Wrin,,sWrin, € R
In our problem formulation, we wish to express gate delay as a bias € {1,0}

function oftemperature (T), fin widthandbiasing in addition to
its drive and loadrf; andn;). We first fix the temperature at which 3.4 Solution
we wish the circuit to run. Thus, in the delay equation above, both *~* . . . .
T and piny become a function of the temperature. Even when con-  Our problem formulation contains both continuous variabié(
sidering a temperature range, the maximum temperature should beand the delay variables), and integer variabfgsdndbias). Itis
considered as it yields the worst delay. Race conditions, however, Non-linear because the electrical effort contains the ratio of out-
must be verified using the worst case short delays at the lowestPUt to input capacitance, o to n;. The problem is thus MINLP,
temperatures. a Mixed-Integer Non-Linear Programming problem. A MINLP
To achieve accurate delay estimates, the logical effort delay modefo!ver will thus find arexactand globally optimal solution. The
must be calibrated for a process as discussed by Sutherland e al. [15Un time of MINLP, however, may prove prohibitive for larger cir-
Model calibration involves finding and piq for different tempera- ~ Cuits. One alternative is to utilize a faster NLP (Non-Linear Pro-
tures, fin thickness, and biasing values. We allow only one biasing 9ra@mming) solver, and then convert the continuous solutions into
value equal to one third the power supply to avoid significant de- integer ones using rounding. Boyd recommends a gradual con-
grading oflon. We used a 5-stage finFET ring oscillator and SPICE Version of the variables for mixed-integer geometric programming
to computet and piny for various temperatures, fin thickness, and problems [4]. We utilize a three-step approach that uses NLP. First,

biases. the NLP solver is run and we roumg into integer solutions. With
fixed n;, values, the NLP solver is run again and we round and fix
3.2 Power Objective bias values. Finally, we run the NLP solver and find values for

the continuous variablesVsin . In our experiments (not reported

We investigate how finFET sizing impacts active vs. standby . = . ;
power. Leakage and short circuit current in the following discus- 1 thiS Paper), we have found that this technique leads to low error
: and improved run time over MINLP.

sion are assumed to be a function of the gate size, load, temperatures
biasing state, and fin thickness.

Active power refers to when the circuit performing a computa- 4. EXPERIMENTAL RESULTS

tion, and it is the sum of: We focus in this section on a baseline experiment to compare
2 the performance of finFETs against 32nm devices. Bechuss
Payn= o - Cout-Viop - f 3) higher for the finFETs, a finFET inverter is about three times faster
Pse=0-N;lsc-tse-Vop - than a 32nm one. Thus, a 32nm circuit is unable to achieve the same

performance as a finFET circuit, even with aggressive sizing. For

Dynamic powerPqyyy, is due to charging and discharging the cir- ~ our experiment, we thus set the delay constraint for both the finFET
cuit’s capacitanceGoyt. It is a function of the switching frequency, and 32nm circuits to be 40% of the initial clock period obtained
f, the power supply valu&/pp, and a switching facton, that re- using static timing analysis for a minimum-size circuit.
flects the portion of the load being switched each clock cycle. The  The finFET optimization problem was solved using our NLP-
short circuit powerPsc, is due to both nfinFET and pfinFET be- based heuristic while the 32nm optimization problem was solved
ing on simultaneously and having a direct path between the power using NLP. We utilized the CONOPT package from the General
supply and ground. It is a function of the short circuit current, the Algebraic Modeling System (GAMS) [5] to solve each problem
supply voltagen;, f, anda. Our power model does not reflect  using our NLP-based heuristics. All our experiments were run on
glitching, which potentially could increase power consumption. Pentium 4 machine running at 2.4GHz with 1GB of memory. We

Power dissipation during a standby state is dependent on specificused the MCNC benchmarks, which were mapped to 2-input nands,
standby vectors that are applied to the circuit. By assigning a low 2-input nors, and inverters. While some of the examples are small
leakage state to the output nodes of registers, significant leakagethey are representative of a single combinational stage. Each such
current can be saved during standby mode. Forcing the output tostage can be optimized in parallel with others in a larger circuit. We
a high or low state requires additional logic to control the state of used a SAT solver to generate the minimum leakage state vectors
the register while enabling the register to resume normal operation[1]. In our results, we placed a 15-fin maximum finFET device
width to limit the device temperature to 8D.
1To simplify the presentation, we do not include the wire delay. ~ Table 1 summarizes the results of gate sizing of several finFET
However, in our experiment§out = nj - Cg + Cuire, WhereCuyjire circuits to minimize active power. The first and second columns list
values were randomly generated. the circuit's name and number of gates respectively. The following




Name # Gates [ Arealun?] Potal[MW] %oPayn/Peotal Y0Psc/Potal PstandbfnW] % Biased | % Wrin_nominal | %ni =1
alu2 487 313.56 7.28 46.4 53.6 0.15 5.1 71.7 825
C1908 817 576.49 16.28 449 55.1 0.43 0.9 61.6 755
s9234.1 | 1,547 980.17 31.71 51.2 4838 0.45 25 75.4 87.3
dsip 3,509 1,928.86 51.39 52.1 47.9 0.17 6.4 92.6 96.9
s15850.1| 4,560 2,331.44 43.16 57.0 43.0 0.72 9.1 825 96.2
mm30a | 1,974 1,054.15 7.71 49.3 50.7 0.35 11.6 79.6 90.2
C432 303 207.96 5.11 44.4 55.6 0.11 8.6 58.7 78.2
5298 153 101.78 6.89 52.7 473 0.03 0.0 80.4 83.7
481 5,284 3,097.95 115.25 258 54.2 0.59 0.1 93.2 92.1
C3540 1,609 980.97 19.13 449 55.1 0.72 2.1 62.2 87.8
51196 626 389.60 16.13 46.7 53.3 0.28 1.4 68.4 85.9
[ Avg. [ 1,897.18] 108754 | 29.09 | 4867 | 51.33 | 036 | 435 | 7512 | 86.94 |
Table 1: FinFET active power optimization.
Ckt Norm. [ Norm. | Norm. [ %Pgyn | %Psc Norm. % Whin 5 CONCLUS|ON
DE|ay Area P!ota\ Ps!andby . . . . . -
P 266 | 5144 | 0251 | 495 | 505 | 311.4%56 758 This paper pr(_)Vldes the_fl_rst detailed comparison of finFET and
C1908 750 | 8880 | 0443 | 435 | 565 | 476.622 30.7 32nm bulk circuits. In addition, the paper shows how to use ther-
s9234.1 | 453 | 3.870 | 0.210 | 57.2 | 42.8 | 205.723 | 545 mal information to guide circuit optimization problems. We inves-
dsip 419 [ 2003 | 0147 | 657 | 343 | 259.779 | 917 tigated how finFET sizing, independent-gate biasing, and fin width
s15850.1| 4.16 | 2425 | 0.173 | 676 | 324 | 143.812 | 858 can be used to achieve performance at minimum dynamic power.
g;“a?éoa 2-22 256é91184 8-2;: 2‘7)-2 gg-g 1%?5? gi-g Our results show that finFETs outperform 32nm bulk devices and
<208 733 2686 To1or 626 T 375 138022 582 encourage further research into more efn(_:lent heuristic finFET siz-
a8 47 2401 T 0154 T 572 | 428 | 169044 | 783 ing techniques and further detailed experiments.
C3540 463 | 3.992 | 0.221 | 505 | 495 | 234.704 | 49.7
51196 451 | 4.066 | 0224 | 526 | 47.4 | 241516 | 474 6. ACKNOWLEDGMENTS
[ Avg. [ 448 | 62 | 03 | 54.03] 4597 343.06 | 586 |

Table 2: 32nm active power optimization.

7.
(1]
(2]
columns report area ian?, total active poweqtq, in milliwatts,
and then the contributions of switching powBgy, and short cir- 3]

cuit power,Psc, as a percentage &otq. Standby powerPstandby

is reported in nanowatts. The last three columns respectively de-
scribe the percentage of gates that were biased, that had minimum [4]
fin thickness, and that were of minimum size.

Table 1 shows the following: (a) dynamic power is split evenly [5]
between short circuit current and dynamic switching, (b) dynamic
power is inmW while static power is imW, (c) on average, 4% of
the gates are biased, (d) on average, 75% of the devices have the7
minimum fin width, and (e) the majority of gates are of minimum
size.

Table 2 shows the results of optimizing the same circuits to min-  [8]
imize active power using 32nm devices. The first column lists the
circuit's name. The second, third and fourth columns list delay, [9]
area and total power, all normalized to the finFET circuits in Ta-
ble 1. The next two columns report the contributions of switching 10

power and short circuit power respectively. The last two columns
show the normalized standby power and the percentage of devices
that had a minimum width after optimization.

The 32nm device circuits exhibit an average-@f.5x increase in
delay when compared to the finFET circuits, due to a ldyerThe 12
delay differences must be taken into account when comparing to- 112
tal power as total power is mainly composed of dynamic and short [13]
circuit power. The finFET circuits operate at higher clock speeds,
resulting in larger total power. If the same delay constraints be-
tween the two circuits was used, the finFET circuits would exhibit [14]
lower total active power. However, since the 32nm device circuits [15]
are several times slower than the finFET circuits, the resusiired
finFET circuits would be minimum sized. Standby power increases 16!
by two to three orders of magnitude over the finFETs. This in-
crease in standby power can be attributed to the large difference in
loff between the finFET devices and 32nm devices, as was shown[17]
in Figure 2.

[11]
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