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Abstract in. Fig. 1. The use of highK serves the dual purpose of

scaling of the device as well as reducing of gate leakage. In-

To support the growing market demand for ever smaller tel has recently prototyped a processor caledrynusing
portable devices, there has been continuous scaling of de-such transistors of5nm technology [1]. A proper charac-
vice feature size and geometry. This has led to a completelyterization of the dielectric is necessary in order to give th
new dimension of power dissipation in CMOS devices, e.g.designer a complete idea of the efficacy of the material as
gate leakage (direct tunneling current) has emerged as thea gate dielectric and to evaluate its potential in replacing
major component of power dissipation due to the use of everSiO,. It further necessitates the development of an analyt-
lower thickness of SiQlayer. Replacement of Si@s gate ical method for on-the-fly calculation of electrical charac
dielectric with alternative highk dielectric materials, such teristics of logic level representations of circuits toilitate
as SiON, SiNy, Al,Os, etc. is considered as a method to optimization and automatic synthesis.
contain the gate leakage current, thus constructing a type

of non-classical nano-CMOS transistor. Intel has recently SOWT ﬁ&"e TD"““ S”““T Gate i TDrain
prototyped a processor called Penryn using such transsstor

of 45nm technology. This paper provides novel attempts to " nt w nt
evaluate the gate leakage current and propagation delay of P-Substrate P-Substrate

basic logic gates comprising of such non-classical nano-  (a) with Si0, gate dielectric ~ (b) with High— i gate dielectric
CMOS transistors. A comparative view is given for sev-
eral different high&” nano-CMOS based logic gates, using Figure 1. Nanoscale Planer CMOS Tansistors
SIiON, SiN4, and ALO3 as the gate material. The paper
also analyzes such gates for variable load conditions. The Few research exist for analysis and estimation of gate
results presented will guide a design engineer in selecing leakage in CMOS circuits. In [20], the authors presented
non-classical transistor for leakage-performance traffieo =~ mechanisms for estimation of leakage current. In [13], a
heuristic method is presented for simultaneous analysis of
I4ate. The authors in [S] have formulated “state-dependent”
gate leakage data. The authorsin [2] have developed several
methods of modeling, estimation and analysis of total leak-
age and its components, especially gate leakage. In [16],
The demand for ever smaller and powerful portable ap- gate leakage analysis is done for hightransistor based
pliances has ultimately led to silicon reaching its phyisica logic gates for constant loading conditions.
and manufacturing limits. This trend is unavoidable in or-  The rest of the paper is organized as follows: Section
der to provide the required current drive in the presence of2 highlights contributions of this paper. In Section 3 we
low supply voltages. At the same time, it has led to a drastic present the current state of the art of highdielectrics in
change in the leakage components of the device, both in itSCMOS technology. In Section 4, we present a complete
active and inactive states. Consequently, gate leakage hagansient study of a prototype 2-input NAND gate. We
emerged as the most prominent form of leakage in a nano-present the characterization of logic gates with respect to
CMOS device, particularly in thésnm and below regime.  design and process parameters in Section 5. The concept of
It has now become desirable to find suitable alternativesanalytical modeling of highx” devices is presented in Sec-
for SiO, as the gate dielectric [10, 15, 23]. This has led to tion 6. Finally, our findings and directions for future work
the construction of non-classical transistors demoresfrat are summarized in Section 7.

1 Introduction



2 Our Contributions BSIM4/5,two possible optionsan be considered: (i) vary-
ing the model parameter in the model card that denotes rel-
tive permittivity (EPSROX) and/or (i) finding the equiva-

This paper presents a novel characterization of nanoscal ; X . . ’
paporp ent oxide thickness (EOT) for a dielectric under considera

high-K' CMOS logic gates and provides a complete analy- , -
sis of the various design and process parameters needed t%on. Approach _(') may not be S“ff'c'e”t to r_nqdel th? behay-
enhance the design task. We introduce a new approach fol°' of non-classic nano-CMOS with non-&_@ele_ctncs as

the characterization of high- dielectric CMOS transistors It _does_ hot C(_)rrectly _account for t.r.'e barrier helght of non-
and corresponding logic gates. We give a complete view of SIC: dielectrics. Using meth.od (i1 thg EOT W'.” .b_e cal-
the design and process parameter variations of the devicegglated_so as to keep the ratio of relative permittivity over
when high# gate dielectric materials are used. The effect dielectric thickness constant, .

of variable load on gate oxide leakage and propagation de- Both of these approaches ignore several aspects of the

lay of logic gates is also studied. We present novel analyti- p%_skl:s b_e*!i”d fnon-SipdieIect_ricsH pz;\)rticularwf irllm;z;e
cal functions to provide on-the-fly calculations of the devi Si/dielectric interface. However, in the absence of p

characteristics which would provide a useful mechanism for device data, the methodology presented will provide mean-

the design engineer for design space and technology eXplolngful information of the various materials under consider
ration during the automatic synthesis of circuits.

ation to match EDA development with materials.

We also believe that along with the efforts in introducing
high-K gate dielectrics, future physical-aware low power
3 High-K Dielectrics in CMOS Technology synthesis methodologies should be developed in order to in-
corporate them into existing automatic design or synthesis

The CMOS fabrication process technology using high- flows. This leads us to perform extensive modeling, anal-

K dielectrics as well as their compact modeling are at early ¥SiS @nd characterization of a number of hihelielectric
stages. In this section, we provide a brief summary. CMOS logic gates to facilitate design space exploration.

3.1 Fabrication Technology for High-K 4 Analysis of Logic Gates

Several materials have been investigated for use in nano- ".1 our analyss we use the_ PTM [4] since it is well es-
CMOS technology, such as ZsOTiOs, BST, HfO,, Al,Os tablished and is able to predict the general trend of device
SION, and SiN, [1'0 15, 25]. Itis a (,:halle,nging’task init. attributes. Inthe absence of published data and device mod-

self to integrate these materials into the conventional GO els, the PTM provides the means for timely and effective

process [6]. Progress has been made in the developmen?nalySiS' Sin_ce the PTM is physics based the simulations
of various technologies for higké gate dielectric deposi- results are highly accurate and the calculated data are of

tion [8]. This includes the extension of chemical vapor de- comparable accuracy to TCAD simulations which are typi-

position (CVD), rapid thermal chemical vapor deposition cally time and computation Intensive. .
(RTCVD). rapid plasma-enhanced chemical vapor deposi- We performed a complete transistor level characteriza-
' ! L : . tion of several logic gates (NOT, NAND, NOR, AND and
tion (RPECVD), liquid source misted chemical vapor de-

» . . OR) with respect to gate leakage and delay using Spectre
position (LSCVD), physical vapor deposition (PVD) [18], .
jet vapor deposition (JVD) [14], oxidation of metallic films analog simulator 3], but present only the resuits for NAND

[12], and molecular beam epitaxy [11]. for brevity. A capacitive load of value of 10 times the total

. o gate capacitanag,, of the PMOS device has been used [7].
In this new scenario it is necessary to study the effect 99 = .
: ) ) : . .~ " In order to obtain a fair comparison of the performance of
of high-K dielectrics on other device parameters, including

. ; - the various dielectrics, this value was calculated for a,SiO
the effective gate dielectric thickness, the thresholtags, : : : . &
) ; ) . device and kept fixed throughout the simulations.
the gate capacitance, the carrier saturation velocity amd m
bility, the gate polysilicon depletion depth, gate leakagé

delay to provide guidelines for design engineers. 4.1 Average Current and Delay Analysis

. . Following standard approaches we define the delay as
3.2 Compact Modeling for High-K the time difference between t136% level of the input and
output waveforms [3]. For worst-case scenario, we chose
While the materials research is in progress, there is nothe maximum delay time regardless of whether this was due
research addressing automatic design and synthesis of syge a low-to-high or a high-to-low transition.
tems using highk MOS transistors. For compact model- The gate leakage of a logic gate can be calculated from
ing based study of higli€ non-classical transistors using all direct tunneling components for each PMOS and NMOS
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Figure 2. Gate leakage for a 2-input NAND logic gate for different input switching states (00, 01, 10,
11) when K, Ty4te, and Vpp are varied.

device in the logic gate. There are also several components While characterizing the gate leakage current we present
of the gate direct tunneling current within each devicehsuc its average value over various switching states of the de-
aslys, Iga, Iges, 1gca, andiy, [16, 21]. We calculate the  vice. This ensures that we eliminate the effect of stacking.
total gate tunneling current for each device by summing all However, a state dependent look-up-table based gate leak-

components as: age current approach can always be used to facilitate its
; . . , . , estimation in larger CMOS circuits.
Toateli] = Tosli) + Toali] + Tyes[i] + Tyealil + Tplil, (O ’

where the index identifies the device within a gate. A total
gate leakage for the logic gaté,{:.) is then calculated by
summing the gate currents over all the devices in the gate:

ical 45nm CMOS process with oxide thickness,, =

2 Lgate[]. (2) 1.4nm, threshold voltagé7;, = 0.22V for the NMOS and

During its various states of operation, a logic gate Vrn = —0.22V for the PMOS. The nominal power sup-
presents different dominant leakage paths, depending orply is Vpp = 0.7V. These decks are also scalable with
the combination of inputs. For a 2-input logic gate, for respect toly, and channel length. The effect of varying
each of the four possible states, the gate leakage currentgxide thicknessT®,.) was incorporated by varyinfOX £
Ioo, Io1, I0,andI;; are calculated from Eqn. 1 and 2. As- in the spice model deck directly. The effect of varying di-
suming that all states are to occur with equal probability, a €lectric material was modeled by calculating an equivalent
“average gate leakage (direct tunneling curreny, () is  oxide thicknessT;;,) according to the formula:

calculated as : K
® o= () <T@

4.2 Parameter Variation for Simulation

The BSIM 4.4 decks generated represent a hypothet-

Igate =

Toot+Toi+To+11a
Igate ( ; )
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Figure 3. Low-to-high and high-to-low propagation delay (7},4) for a 2-input NAND logic gate for dif-
ferent input switching states (00, 01, 10, 11) when K, Tyq.., and Vpp are varied.

values. It can be seen that with an increase in the valiié of
there is a steady decrease in the value of tunneling leakage,
I4qte. This trend continues up to a knee regionfof= 12,

Here, K q: is the relative permittivity andyq. is the
thickness of the gate dielectric material other than $iO
while Ksjo, is the dielectric constant of Si0=3.9). In
this section we perform a parametric study foy however after which all the components eventually become almost
all real values ofK’ may not translate to a specific physi- constant and there is not much of a decrease in the value of
cal dielectric in nano-CMOS technology. The length of the I, with an increase idk’. This indicates the presence of a
device is proportionately changed to minimize the impact saturation zone in the gate leakage ver&usharacteristics

of higher dielectric thickness on device performance and which implies that there isot much benefit in deploying

to maintain the per width gate capacitance constant as pegate dielectrics of very higtic (i. e. K > 12) for the gate
CMOS fabrication requirements [22, 24]. Thus, the scaling tunneling leakage reduction

ratio of channel length to the gate thickness is maintained The effect of a variation on the process parameter gate
constant. Moreover, the length and width of the transistorsthickness, 7., is shown in Fig. 2(b). As can be seen
are chosen to maintain(gd?) ratio of4 : 1 for NMOS and there is a uniform decrease among all the components of
8 : 1 for PMOS to ensure equal flow of current through the gate tunneling current with an increase in the gate thick
the devices. The variation &fpp is achieved by runninga  ness. However, this effect can be utilized in some design
parameter sweep in the simulator. styles as in dual-thickness approaches as an effectiveanean
of minimizing the impact of gate tunneling leakage [17].

Fig. 2(c) shows the variation 6fp p and its correspond-
ing effect onl,,:.. As can be seen an increase in the sup-
As can be observed from Fig. 2(a) all the components of theply voltage leads to a corresponding increase in the level of
gate tunneling leakage current show a uniform trend whenthe gate tunneling leakage. This trend supports the scaling
K is varied assuming fixedl,,.. andVpp at their nominal down of the supply voltage along with scaling of the device.

4.2.1 Effect of Variation on Gate Leakage



4.2.2 Effect of Variation on Propagation Delay 5 Logic Gates with Specific High-K CMOS

The variation off},; is shown in Fig. 3(a), from which we
can see that there is a sharp increase in the valiig,ofiith

an increase in the gate dielectric strength; this increase ¢
tinues until a value of arounfl” = 6 after which the slope

is much lower. The increase in propagation delay can be at-
tributed to the increase in capacitance per unit a@;g.tg)

of gate oxide with dielectric constant i.e.

In this section we characterize a NAND gate for the ef-
fect of T4t and Vpp for a complete picture of the gate
leakage and propagation delay for various highmateri-
als in their role as CMOS transistor gate dielectrics.

A number of dielectric materials are being investigated
as potential alternatives to silicon. Among them some of
the more prominent ones are SiON3ISi, Al>O3, ZrSiOy,

, Koot HfSiO, and HfQ, [10, 15, 25]. Figs. 4(a) and 4(b) show
- ( ate ) : () how these alternative dielectrics behave with respectrie va
ations in the design and process parameters.

The effect of variation of propagation delay with respect
to the process parameter gate thickness shown in Fig. 3(b}.1 Variation of Process Parameters
indicates that there is an increase in the propagation delay
of the gate as the gate thickness increases. This happens
due to the increase in gate capacitanCg,f(.) with oxide
thicknessT,,,. for a particular dielectric, say SiOwith K
or e, = 3.9 as evident from the following discussion. The
gate capacitancel,.) is given by [24]:

C

gate Tgate

We studied the effect of process variation on the gate tun-
neling current and propagation delay for various dielestri
The combined effect of a change in the gate thickness (pro-
cess parameter) with different dielectrics can be seergn Fi
4(a). Among the dielectrics considered, Hffaas the high-
est dielectric constant while Sithas the lowest. It can be
Cgate = €ox (ﬁ) W = e (%) (Tfr) L. (6) clearly seen that in all cases, the gate tunneling current fo
' ' SiO,, having the leasfs, is the highest across all thick-

Thus, as per the suggestion in [22, 24], with increasg in nesses. As the value &f increases the gate tunneling cur-

when we maintair(TL) and () constant by increasing rent reaches a constant level for all values of thickness. In
, o® ! . other words, the tunneling current can be obviated to a great
L, Cy4qte increases, and hence the propagation delay. This

; . ) s extent with the use of higli dielectrics.
resultis consistent with the results presented in [22]. Fig. 4(b) shows the behavior of different dielectrics for

It can be seen _from Fig. 3_(0) tha_t the prop_agation delay 5 change in the process paramédfgy,. with respect to the
shows a decreasing trend with an increase in the value of, onagation delay. In this case the dielectric with thetleas
the supply voltage whei ... and Tyq.. are kept fixed.  yque of i, i.e. Si0, has the least propagation delay across
Thisis due to the increase in the drive currentresultin@fro 5| thicknesses. However. as the thickness increases the
the increase in supply voltage. However, a better insight ,rqpagation delay increases too. In the case of dielectrics

of the situation can be obtained from the following. For a \yith a medium value of< the propagation delay stays con-
technology parameter, propagation delay is given by [19],  gtant over the range of gate thickness considered.

— aCi0adVDD L
Tpa= Tz, (whereVyy, = Vi, 4 0.5Vpsar), 7 5.2 Variation of Design Parameters

= aCloud (m) , (dividing by Vpp).
The effect of variation of design parameters on a number
Since,—1 < l‘//DLZ < 1, using McLaurin series we get: of gate dielectrics was studied. _As can be seen fr_om Fig.
4(c), the gate tunneling current increases with an increase
X . N2 in the value of the supply voltage for all dielectrics. In the
aCload (1 + “//LT)Z + (“//DL;) + ) case of SiQ, the gate tunneling current is maximum among
v (8) all the other dielectrics across the range of supply vokage
Cload (1 + VZZ) from 0.5V to 1.0V. On the other hand, for Hf) having the
highest value of<, the gate tunneling current is the small-
This clearly suggest that for fixed load and threshold volt- est throughout the range of supply voltages. For any given
age, asVpp increasesy,  decreases. However, as scal- supply voltage, it can be seen that the gate tunneling curren
ing continues, the trend is to scale down the supply alongis lower for dielectrics with highekK.
with other device features and that is also compatible with  The plot in Fig. 4(d) shows the behavior of propaga-
the objective of decreasing the gate leakage current in thetion delay for various dielectrics when the design paramete
nanometer regime. supply voltage is changed. When the supply voltage is kept

Tpa

Q
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Figure 4. Evaluation of selected gate dielectrics (SiOz, SiON, SigNy, AlxOs3, ZrSiOy4, HfSiO4, and HfO,
are listed from top to bottom in the legend) for effect of variation of T,,:. and Vpp.

fixed at0.5V, the propagation delay is larger for gate di- this modeling can be used in back-end tools of design and
electrics with higher values oK. As the supply voltage  automatic synthesis frameworks for on-the-fly calculation

increases it can be seen from the same figure that there is a We present a set of functions in Table 1 which show the

corresponding decrease in the propagation delay. best-fit for the effect of variation of various design and-pro
. . . cess parameters on the gate tunneling leakage and propa-

5.3 Anaylysis with Variable Load gation delay for a 2-input NAND logic gate. Derivations
for other gates are done in a similar manner, but we do not

We also performed the analysis of above gates in variablepresent the results for brevity. For the 2-input NAND gate,
load conditions. The results are presented in Fig. 5(a) andthe gate tunneling current decreases exponentially with an
5(b) for the gate leakage and propagation delay of a NAND jncrease in the dielectric constant. The propagation delay
gate. Itis observed that the gate leakage of the logic gatesjaries in a more complex fashion as can be seen from the
is almost independent of load variations. On the other handtable: it is represented as a combination of two functions

the propagation delay increases as the load increases. Thigver the range of dielectric strength considered.

is observed for all dielectrics as evident from Fig. 5. L .
Across the range of variation dfy.:. the tunneling

) . ) shows a trend of exponential decrease with increase in the
6 Logic Level Analytical Modeling value of gate thickness. In the case of propagation delay,
the fitting corresponds to a Langmuir function and shows an
We perform curve-fitting of the data for each attribute excellent fit over the range in consideration with correlati
viz. K, Tyqte, andVpp for their effect on gate tunneling  factor of 0.99913. This shows that the modeling functions
current (4q:c) and propagation delay’fs). The results of  are sufficiently reliable to be used for design.
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Table 1. Curve Fitting for effect of Process and Design Variation in 2-input NAND gate

[ Parameters | Attributes

[ Fitting Functions

Function Parameters

[ Corr. Coefficients |

Tgateq = —4.6 %107
Tyate VS K Tyate = A eap (Z) + Tyare, A = 0.00966, o = 0.36115 0.99655
A =4.12% 10 "1 Ay =5.14% 10 ©
As + — A];(A}KO ,25<K <6
K Tpa Vs K Tpa = ”p( a ) Ko = 4.02176, o = 0.47847 0.99725
Az * exp (7[—;{) + Tpay, 6 < K <30
A3 =6.94% 107, 3= —10.63
Tpay = 3.75 %107 1°
Tyate Vs Tgate | Tgate = A eap (=5) + Tyare, Tyateo = 3.13% 10710
Tgate A =0.09475, o = 1.03 % 1071 0.99564
* * T—a
Tpa Vs Tgate Tpa = miml,a A =5.10110"°, B = 1.501107° 0.99913
gate
a = —7.49133
Tyate VSVop | Tgare = Ax eap (Y22) + Tpare,, Tyateg = —2.47 % 10798 0.99996
Vbp A=4.76%10"2, a = 0.20795
Tpay = 1.92% 10~ ™
Tpa Vs Tgate Tpy = A * exp (#) + Tpay A=421%10"% 3 = 0.16781 0.99903

The functions in Table 1 indicate an almost perfect fit of exponential decrease and the nature remains the same for
the metrics and an identical exponential fitting factor. &#ym  all logic gates. All the functions yield a perfect fit and have
be pointed out that the fitting factors for a given metric are a correlation factor of the order of 0.999 in all cases.
different for theT,, andVp p fits. The reason for this is that The fitting equations in all cases show a perfect fit and
we look at two separate curve fitting procedures: one keep-provide a very useful means of analysis and characterizatio
ing Vpp constant and the other keepii, constant. We  of the various design and process parameters of the logic
believe that this is more flexible than performing a simul- gates. This can be extended to other gates or compound
taneousl,,, Vpp fit as we can isolate the effects of each gates and thus can result in a faster design process with the
factor separately. The advantages of our approach over exanalytical functions replacing the look-up tables at thekba
perimentally derived relations (however, no publishecidat end of design and automatic synthesis software.
are available as of now) is the predictiveness for proceds an
design space exploration for a design engineer. 7 Conclusions and Euture Works

In the case of the variation 6fpp, both I 4. andT,q
behave in a similar fashion for all gates. While the gateleak ~ We presented a comprehensive analysis of the transient
age shows a uniform exponential increase with an increasebehavior of a CMOS NAND gate, for a realistibnm
in the value of the supply, the propagation delay shows anBSIM4 model. We used this information for the characteri-



zation of two crucial procesg((yqtc, Tyate) @and one design

(Vpp) parameter of the tunneling effect and propagation

delay of the gates having various highgate dielectrics. It

[10]

was observed that the NAND gate had minimal gate leak- [11]
age and propagation delay among all the logic gates under

consideration for the same experimental conditions.

We performed a further analysis of the inter-dependence

[12]

of these parameters and used the data to derive curve-fitting

parameters. The resulting fitting equations provide an ex-

cellent approach towards modeling the various process and[13]
design parameters of advanced nanoscale CMOS devices

with high-K gate dielectrics. We propose that the data from
the characterization and modeling equations providesan ex
cellent means for the design of novel and complex low-

leakage CMOS devices involving highi- dielectrics and

provides valuable information to estimate the effect oégat

[14]

[15]

leakage and propagation delay which can then be used to

characterize entire cells and libraries.

Our ongoing research is on full swing in this field. As

[16]

a first phase, we experimented based on compact models

(BSIM4) and SPICE simulations. However, we are in the
process of adopting two different approaches to thoroughly

validate the data. Initially, a first principle physics basg-

proach will be used, followed by TCAD based simulations.
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