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ABSTRACT

Supply voltage scaling is most effective method for reducing the energy consumption in
digital circuits. Lot of work has been done in past to determine the fundamental limit of supply
voltage for CMOS logic circuits. It has been shown that minimum supply voltage for
MOSFET based ideal CMOS inverter is 36mV. Owing to their near ideal subthreshold
characteristic FINFET device are more suitable for ultra-low voltage application hence an
analysis has been done to find a similar fundamental limit for FinFETs. This fundamental
limit is purely theoretical. The significance of such limit is in predicting a practical limit for
circuit operation by considering variability and noise into consideration.

After establishing the minimum supply voltage for FINFET inverters, sizing issues for circuit
operating near this fundamental limit have been discussed. Thus it has been shown that, if
proper sizing is not done, the fundamental limit as established above is insufficient. For such
cases we need to look at problem from circuit point of view. A problem for pass transistor
followed by latch has been solved analytically using a modified expression for subthreshold
current of FINFET device. Finally, temperature variability have been considered. For this
purpose temperature dependence of subthreshold current equation has been established and

validated. Minimum supply voltage limit is found to increase with temperature.

All simulation level work have been carried out using a table-based Verilog-A model data for
which have been extracted using TCAD. In later part of report behavioral modelling for analog
blocks of high speed serial 10s has been discussed.
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CHAPTER 1

INTRODUCTION

There has been significant advances toward ultra-low voltage circuit design, aimed at
applications that rely solely on small batteries. Example of such application are wearable
computing, biomedical systems, handheld devices and sensor networks [1], [2]. Such
application demands energy saving while providing intelligence and better performance for
costly infrastructure support in places with difficult access, such as inside the human body.

Scaling of supply voltage is by far the best way to reduce the total energy consumption.

The fundamental limit for supply voltage in the CMOS digital circuit has been reported to be
36mV at 300K in [3], [6]. Analysis of same has been done in [5] using sub-threshold current
equation of bulk MOS. Since FIinFET device shows close to ideal sub-threshold slope it can
be an ideal candidate for low voltage operations. TCAD simulation results show that the
minimum supply voltage for FINFETS, based on the criteria given in [5], is less than what is
predicted for the bulk MOS device (less than 36mV). So an investigation is needed to explain

and comment on the validity of results obtained.

For the above purpose sub-threshold current equation has been modified to characterize the
behavior of the FINFET device in ultra-low voltage regime (< 100mV). A new equation for
predicting minimum supply voltage for FinFET inverter is then derived using this new sub-
threshold current equation (chapter 3), as has been done for bulk MOS in [5]. Adding to what
has already been done for bulk MOS, an issue with sizing of SRAM and clocked latches at
such low voltage has also been addressed. Finally issue of variability of min supply voltage
with temperature has been dealt with in chapter 4 along with suggestions of architectures at

such low supply voltages.

Another issue targeted was coming up with an alternative to long TCAD simulation for
circuits with higher transistor counts. The existing technique of table based Verilog-A
modelling was used for FInFET circuit simulation. The process of data extraction for the
model was automated using the Perl scripting language. Verilog-A model has been described
in chapter 2 along with methods of data extraction. Later part of chapter compares Sentarus
TCAD result with those of H-Spice.



The organization of this thesis is as follows:

Chapter 1: Introduction and thesis organization.

Chapter 2: Fundamental limit of supply voltage for FinFETs have been discussed
Chapter 3: This chapter explains a table based Verilog-A model for FinFETSs.

Chapter 4: Conclusion and Future work have been discussed in this chapter.



CHAPTER 2

Fundamental limit of supply voltage for FinFET circuits

2.1 Minimum supply voltage for MOSFET circuits

The fundamental limit of supply voltage for MOSFET circuit can be obtained by considering

already established limits on binary switching energy and heuristic given in [9].
2.1.1 The Fundamental Limit on Binary Switching Energy

A lot of work has been done in the past to establish the fundamental limit on signal energy
transfer during a binary switching transition. As reported in [6], the first statement of this limit
was given by Jhon von Neumann who computed thermo dynamical minimum of energy per

elementary act of information using:
kTlog.N

Where N=2 for a binary act [7]. But no justification was provided for this assertion in [7].
Later Landuer calculated energy dissipation involved in restoring particle to one state from
other in a hypothetical binary device, consisting of a particle in bistable potential well [8]. His
work shows that if lowering of potential barrier of one side is carried out very slowly, the

energy dissipation will be

kT (log.2)
Which is equal to 0.0179 eV at 300°K.
2.1.2 Minimum switching energy of a MOSFET

A convincing heuristic argument has been provided in [9] by A. W. Lo, for establishing
minimum switching energy needed for a MOSFET. As argued by Lo, in order to meet the
quintessential requirement of discrimination of binary signal the slope of static transfer curve
of a (CMOS) binary logic gate must be greater than one in absolute value at transition point,

where input voltage is equal to output voltage.



Using this requirement Swanson and Meindl derived minimum allowable supply voltage of
the circuit [10] as

Viq(min) = 2 (kq—T) [1 + i] log,. (2 + Cc—d) 1)

Coxt+Cq ox

Where Css is the fast surface state capacitance per unit area, Cox is the gate-oxide capacitance

per unit area, and Cq is the depletion region capacitance per unit area.

For an ideal MOSFET (i.e. one with subthreshold slope of 60 mV/decade at 300°K) Cys <<

Cox and Cd << Cox, SO
. KT KT
Viq(min) = 2(log82)7 = 1.387 = 0.036 eV at 300°K @)

Using this, minimum signal energy transfer during a binary switching transition can now be
evaluated [10]. Energy stored on gate capacitance Cq of a single MOSFET ina CMOS inverter
circuit is given by (assuming minimum possible gate charge of single electron Q = g and

minimum supply voltage given by equation 2).
E(min) = - QgVqq(min) = kT (log,2) (3)

Which is the expression for fundamental limit on energy transfer during binary switching. The
energy transfer of the circuit is triple of value obtained by 3, because inverter switching
involves simultaneous switching of two MOSFETSs (assuming PMOS width is kept twice to
compensate for electron hole mobility difference). Thus it can be easily said that 36mV is the

minimum supply voltage for circuits at 300°K.
2.1.3 Minimum Supply voltage for MOSFET based CMOS circuits

Above work has been further expanded in [10], [11] to find minimum supply voltage of more
complex circuits like NAND gate and SRAM cell. The basic heuristic for defining minimum
supply voltage remains the same i.e. static voltage transfer curve must exhibit slope greater

than one in absolute terms when input and output voltage levels are equal.

Work done in [11] shows that minimum supply voltage degrades for more complex logic
gates. The reason being difficulty in balancing relative strength of NMOS and PMOS in case

of stacked transistors.



Adding to this dependence on number of input switching simultaneously is important too,
worst case have to be considered while deciding minimum supply voltage. Usually

simultaneous switching of all inputs of a logic gate define minimum supply voltage for it.

For SRAM minimum supply voltage is defined to be the voltage below which two stable
points in butterfly diagram of SRAM becomes indistinguishable. Which is actually the Vpp
at which Vi4 and V. of an inverter become equal, which is limiting condition of heuristic
given in [9], i.e. obtaining absolute value of slope equal to one when input and output voltage

level are equal.

Figure 2.1 shows the butterfly plots of SRAM for three different supply voltages.

o i i

SIS T o S B i~

|
a 0.0z 0.04 0.08 0.08 0.4 012 014 016
Wi (V)

Figure 2.1 SRAM latch butterfly plot - n = 1.5 [5]

2.2 FINFET under 100mV current equation

For obtaining current equation in ultra-low voltage regime certain assumptions are needed as

described below:

e Inversion charge is negligible as compared to depletion charge in voltage range of
interest (i.e. less than 100mV).

e Fin potential rises by same amount as gate voltage (i.e. sub-threshold slope is closed
to ideal).

Simulation results confirm these assumptions. There are some important observation

regarding sub-threshold operation of FINFET device. These are described below:
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e Depletion region from drain and source side extend into fin. This is like punch through
in Bipolar Junction Transistors.

e Even without any gate potential fin is fully depleted due to work function difference
between gate metal and Si.

e There is volume inversion in device i.e. electron concentration is not maximum at

surface but at the centre of Fin (at lower gate voltages, below threshold voltage).

Taking above conditions into consideration sub-threshold current equation for FINFET can

now be derived.

Case 1: No drain bias, Vps = 0 and Vs # 0 (< 100mV)

Net current through device is zero in this case. Since equal number of carrier will be able to
cross barrier from both side net current through device will become zero. Barrier height will
be controlled by applied gate voltage, Ves and will depend on flat band voltage Ves (Vrs =
dms if trapped charges are assumed zero) and built-in potential of junction between

source/drain and channel.

Barrier as seen by electron in drain/source is given by:

_ Vs

Vo= Vbi = dus ==~ (4)
An important point here is
KT N,Np

Vyi # 7 log, (n—lz>
The reason for this assertion is channel length is way too short than the required depletion
region length i.e. depletion region charge required to balance the positive charge in fin
extension region, for alignment of Fermi levels, is insufficient. Due to this, some carriers
continue to flow into fin region to the point where fin become sufficiently negatively charged,

S0 as to balance the positive charge in fin extension region.

Current density due to carriers reaching the source side, Jsp, by crossing barrier Vo is directly
proportional to concentration of carriers having energy greater than Es p + qVo, where Es p is

the electron Fermi level in Drain.



Ec_Vds_980mv
Ec_Vds_60mV
Ec_Vds_30mV
Ec_Vds_OmV

Efn_Vds_90mV
Efn_Vds_60mV
Efn_Vds_30mV
Efn_Vds_0mV

Figure 2.2 Variation of Energy levels with Drain Voltage

Similarly current density due to carriers from Source to Drain, Jos, will be proportional to

concentration of carriers having energy greater than Es s + qVo , Ef s is the electron Fermi

level in Source.

E.+qV, — Ef)

) N, -

Which can be written as

E.— E V
Jsp,Jps = C = N exp (— C—f) * €xXp (‘ ﬂ)

Or,

A

Jsp,Jps = C *ny x exp (‘ ﬁ)

n, is electron concentration in Source/Drain region respectively i.e. Np.

Vo
Jsp,Jps = C *ny * exp (_ z(_T)

Jnet = Jsp — Jps =0

()

(6)



Case 2: A drain bias, Vps # 0 is applied and Vgs# 0 (< 100mV)

When a drain voltage, Vs, is applied barrier on drain side increases and can now be given by

1 Ves—BV
Vo' = Vi = s — 275 4 Vg 7)
While on source side,
17; Ves—BV
V" = Vy — dys — 2 nﬁ s (8)

Source to drain current density, Jsp, can now be given as:

Jsp = €y v exp (= L) w exp (—220205) 9)

KT

AxqVps

The component exp(—T

) in equation (9) account for change in current due to charge

imbalance created by applied drain voltage. After drain voltage is applied the symmetry in
potential well is disturbed. Slope of energy level is greater on one side, also zero field point
is shifted toward opposite (Source) terminal as clear from figure (2). Due to which there is net
change in charge, AQ, due to applied Vps. This charge drift into the drain terminal thus
reducing the current density Jsp further. This charge imbalance increase with Vps and hence
the factor added with Jsp in equation 8 is justified.

Net current density can now be given by

Jnet = Jsp — Jbs
Using (5), (7), (8) and (9)

144

qV. Y xqVps
Jnet = €T % exp (‘ W) (1-exp (~—7))

We can write,

Jnet = Jo * €Xp (M) (1 — €eXp (_ %)) )

n*KT KT

Where, Y = 1 + A. Current can now be written as

) @



Value of I, 7 and ¥ can be evaluated if we know value of current I, for two points, one of
which should be at higher drain voltage. For our device (i.e. 16nm FinFET described in

chapter 3) (at 300°K), lo =0.59nA,Y =2.9,n = 1.175, § = 0.04.

em=|d_Sentarus_90mV
e |d_Equation_90mV
e |d_Sentarus_Vg_60mV
Id_Equation_Vg_60mV
e|d_sentarus_vg_30mV
s |d_Equation_Vg_30mV
emm|d_Sentarus_Vg_OmV
e |d Equation Vg 0mV

0.00 0.05 0.10
Vds

Figure 2.3 Sub-threshold Current comparison: Equation vs. TCAD

2.3 Minimum supply voltage for FINFET inverter

Repeating the work done in [5] for a FinFET inverter, using equation 10, expression for
minimum supply voltage can be derived. Derivation of the same can be seen in Appendix-B

at the end of report.

The final expression obtained is
. 2V
Vpp(min) = v log.(1+nY) (12)

Using the values of n, Y, from previous section (for 16nm FinFET device) Vpp(min) is 26mV
at 300°K which is lower than that for ideal MOSFET.

At first this result seems wrong. The reason behind this is fundamental limit for energy transfer
in binary transition. According to equation 3, for Qq of single electron charge, minimum
possible supply voltage comes out to be 36mV. The catch here his single electron charge is
not possible for FinFETs. Since it’s a double gate device, it’s possible to reduce the minimum

9



supply voltage limit to 18mV (i.e. exactly half of 36mV). Thus result from expression 11 are

actually acceptable.

2.4 Temperature Dependence of Sub-threshold current equation

Beside thermal voltage V, = % , lo include several temperature dependent terms. We need to

visit all contributing factors to come up with temperature dependence of current.

e Since current conduction is due to diffusion of carrier, lo is directly proportional to
diffusion constant and hence proportional to product, pu * V, (mobility * thermal
voltage).

e Barrier height given by equation 4 is again dependent on temperature. Vi will not
change with temperature but amount of charge trapped in potential well will change
and hence Y will change.

e With increase in temperature charge trapped should reduce and so does the Y

e Vs contain ¢ms, which is temperature dependent because ¢s will vary with

temperature according to

s = () tog. (%2) and, 7+ exp (- 72)

e Also constants, § and Y are temperature dependent. Especially ¥ decreases with

increase in temperature.

Using dependencies explained above,

_ 0, () _Egfa1 1
lo=0.56 107" « (300) * exp( 2K (T 300)) (12)
K1 and K are fitting parameter, for our device K; = 2.5 and Kz = 0.49.
B = B(300°K) — 2.5 * 10~* * abs (T — 300), B(300°K) = 0.04

300
T

0.5
Y = Y(BOOOK)( ) Y(300°K) = 2.9

Y and S are empirically fitted for temperature dependence.

10



—— |d_Sentarus_90mV
== |d_Equation_90mV
e |d Sentarus_ Vg 60mV
== |d_Equation_Vg_60mV
e |d_sentarus_vg_30mV
| ===1d_Equation_Vg_30mV
1 = |d_Sentarus_Vg_O0mV
= |d Equation Vg OmV

0.00 0.05 0.10
Vds

Figure 2.4 Sub-threshold Current Comparison at 248K

e |d_Sentarus_90mV

e |d_Equation_90mV

= |d_Sentarus_Vg_60mV
e|d Equation_Vg 60mV
e |d_sentarus_vg_30mV
== |d_Equation_Vg_30mV
= |d_Sentarus_Vg_0mV
= |d Equation_Vg _0mV

0.00 0.05 0.10

Figure 2.5 Sub-threshold Current Comparison at 400K

Figure 4 and 5 shows the comparison of current value for TCAD and equation 10, using

equation 12 for lo.
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2.5 Minimum Supply voltage criteria: Revisited

The heuristic used by [9] is necessary but not sufficient condition to find out minimum supply
voltage for circuits such as clocked latches and SRAM. Sizing of pass transistor is an
important design consideration. Results shows that if sizing of pass transistor is not done
properly, data continues to be written even when SRAM cell is not selected. So we can face a
situation where write operation on some cell in a memory array cause data flipping on some

other cell.

Simulation results shows that pass transistor size should be kept smaller than pull down
transistor of feedback path in such circuits. If this sizing condition is satisfied, minimum
supply voltage can be given by equation 11. Minimum sizing satisfying the required criteria
is 123 (Pull up Transistor, Pass Transistor and Pull down Transistor). However if above sizing
criteria is not used, as done in [12], the minimum supply voltage will be higher than the value
obtained by 11. One such case in shown in figure 6 for 111 sizing. To obtain minimum supply
voltage for such case we need to look this problem from circuit point of view.

£34; s
in3 -Ur'—— ET 3 P out

\|
ik
z ]
¥om|
- gl

Figure 2.6 Waveforms for pass transistor (off state) followed by latch
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2.6 Minimum Supply voltage for SRAM

As shown in figure 2.7 maximum supply voltage should be such that voltage at node VX,

should be either above Vi (for Vin = logic 0 and Vx at Logic 1) or Below V). (for Vin = logic

1 and Vx at Logic 0). The reason for above assertion is, if voltage at node X rise above V.

starting from GND (or Below V4 starting from Vpp) loop gain of latch will become greater

than unity and hence output voltage will toggle.

Using equation 10 we can solve for voltage Vin required at input to pull node Vx up or down

to VL or Vin. Steps of analysis are as follows:

Expressions for Vi and VL are needed first. These can be obtained by equating

NMOS and PMOS current and solving for Vout along with condition, 2%t = —1, By

ln

using values of Vo, obtained we can figure out expressions for Viy and VL.

Once we have Viu, ViL, Vout at Vi and V), we can solve for Vin required for both
cases i.e. by keeping Vx at Vi4 and Vou at corresponding output one time while
keeping Vx at VL with Vot at corresponding output other time.

Now Vpp can be increased in steps. For Vx at Vi case, if Vin comes out to be more
than supply voltage for particular value of Vpp, we can consider that Vpp as limiting
value. Similarly if Vin goes below zero for any value of Vpp, that will be limit.

Maximum value of both case is the minimum supply voltage of operation for this

arrangement.
Vin Eh
LI—=— (i)w }J (i) Vour @ VIL
T (ii) VIH P (ii) Vout @ VIH
Vck=0

Figure 2.7 Condition for determining minimum supply voltage
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Expressions obtained in solving problem from above steps are given below:

o VouratVip =V, Vou =>

ve. [2raexn(-r ) esqre((2+4.exp(-r 520 - (14:2)" exp(-r %))
710g 2T vad (13)
.n).exp(—Y.W)
o Vour at Vi = Vi, Voip =>
vt 2+4.exp(—Y.VVthd)—sqrt((2+4.exp(—}’.vv;df))2—4.(1+Yin)2 exp(—Y.VV;d;i))
710g o vad (14)
.n).exp(—Y.W)

o Vg, Vi can be obtained by using corresponding V,,,.from above in,V;, =>

%(Vdd —n.Vt.log lﬁ. < pr(_vlf;zglt))l) (15)

1—exp(—Y. Vi

0045 : . | I
[—ry
— H
004 B

0035 —

003 =

VIH /
vIL

0025 -

002 =

Figure 2.8: VIH and VIL vs. VDD

Figure 8 shows the variation of V4 and VL with supply voltage. As expected Vix and VL

merge into one point after Vpp is scaled below a particular value given by equation 11.
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Vin required for Vy =V, =>

it 21 exp (22 e (2. (1 exp (. (12) -
exp (Vdc;;/lzoil) . (1 — exp (—y_ Vd?/:m))>}l )

1
5
Vin required for Vy = Viy =>

Vih + % [1 + {exp (;0;?) . <1 — exp (—Y. (‘;—T)) - % exp (%) . (1 —
exp (—Y. —Vddv_twh))>}l 17)

B is ratio of lon and lop. The ‘B’ in current equation was neglected i.e. taken zero for

these calculations

008 T T T T

T
Vin for Vx = VIH
—fin for Vx = VIL

— = ]

—\/ = \/DD
0.06 — A

Required Vin

002 -

004 | | | I I I 1 i I
28 il 2 34 * E3 0 2 " ]

Figure 2.9 Curves for Vin required for Vx = VIH or VIL

From figure 9, it can be seen that minimum supply voltage need to be 42mV to avoid flipping
of data in case of a zero write operation on some cell.

Results obtained from simulation were equal to what has been predicted by this analysis.
Simulation shows 38mV minimum supply for avoiding flipping when Vpp is applied at Vin
whereas 42mV in case 0 is applied to Vin. Hence minimum supply voltage of 42mV is needed
for single pass transistor.

This analysis is considering single pass transistor, but actually it will be driven by two sides,
so minimum supply voltage will be even higher. Simulation shows minimum supply voltage

of 72mV is required to avoid data flipping. So for making a conservative guess for minimum
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Vpp we can add the minimum Vpp needed in previous cases. So from our analysis it comes

out to be 80mV which is quite close to simulation results.

2.7 Effect of temperature on minimum Vpp

Variation of minimum supply voltage with temperature for three category of circuit studied

so far is summarized in table below:

Table 2.1 Variation of Vdd(min) for different circuits

Circuit T = 248K (-25°C) T = 300K T = 400K
(27°C) (127°C)

Inverter 20.9 mV 26.5 mV 37.8 mV

Pass transistor followed 33mV 42mV 57 mV

by latch

SRAM 63 mV 80mV 110 mV
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CHAPTER 3

Look-up Table based Verilog-A models

3.1 Need of Verilog — A models

TCAD simulators take great amount of time to complete the simulation depending on device
structure, meshing and various other factors. It can take days to complete a single 3D device
simulation. The reason for such great simulation time is TCAD models are based on first
principle, fundamental physics, and are too computationally complex. For analysis of circuits
having transistor count greater than four analysis using device simulators may take several
hours, hence is not feasible (in case of 2D simulations, in 3D even two device circuit

simulation might not be feasible).

One of the solution to above problem is using Verilog-A model of device in circuit simulators
such as Hspice. This helps in reducing simulation time greatly (a circuit with 100 transistors
takes a few minutes, depending on the analysis, in SPICE) without the losing much of

accuracy.

3.2 Basic idea for making a Verilog-A model

To understand how to create a Verilog-A model for a device we need to know how SPICE
solve circuit level problems. SPICE constructs nodal equations for the circuit needed to be
solved. This is done using net list. The equations are then rearranged in matrix form and solved
using various matrix operations. It then solves for nodal voltages, satisfying KCL, by equation
of the form given below:

[GI*[V]I=1I

The current matrix in above equation is usually known. For nonlinear elements, it forms
equation which is transcendental i.e. it can only be solved numerically. For example, for a

single diode circuit described below, we can write:
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Which can be solved using the Newton - Raphson method. So for any model we must provide

o

simulator value of terminal current as a function of terminal voltage. This can be done in one

of following ways:

e By writing closed form empirical, device physics based, relation of terminal current in
terms of terminal voltage i.e. a Compact Model
e By providing value of current directly for steps of possible voltage range, i.e. a table-

based approach.

Compact Modeling is done using physics based constitutive equations. Bug fixing and
improvement is a slow process in compact models. The advantage of table based models is
that they are relatively simple and do not require device physics understanding for
implementation. Beside this table-based models can be created in relatively less time,

providing a faster alternative for circuit simulations with a high transistor count.
There are several disadvantages of the table based model, some of major disadvantages are:

e Table based models are can be derived for a particular set of conditions (for example for
particular temperature), any change in condition would require extraction of data all over
again.

e These are usually non-customizable, any change in device specification needs extraction
of data all over again.

e Table based approach requires large run-time memory.

In the following sections a Verilog-A model for FINFETS is described.
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3.3 A Look-up Table-based Verilog-A model for FiInFET

In this section a Verilog-A model for FinFET device will be explained. This section is further

divided as:

Device and Simulation Description
Extraction of I-V characteristics
Extraction of C-V characteristics
Table function in Verilog-A

Perl script for automation of task

o a0k~ wbd -

Verilog-A model: Equations and Conventions.

3.3.1 Device and Simulation Description

Verilog-A model was extracted for a 16nm FinFETs whose parameters are explained in table

below:
Table 3.1 Device Parameters

Parameter Value Parameter Value

Gate Length Lc 16nm Extension Length Lext 16-20nm

Fin Width Wrin > 8nm S/D pad length Lsp 40nm

Fin Height Hiin 25nm Channel Doping (N/P)|  1x10%%/1x10%°cm-

3(As/B)
Oxide thickness tox 1.1nm Pad Doping (N/P) 1x10%° cm3(As/B)

For device simulations Sentaurus Technology TCAD is used. The technology parameters are
in accordance with ITRS and drive current matches’ roadmap targeted values. To match the

device threshold with ITRS predicted value work function of Gate was tuned.

Appropriate physical models were used to account the scattering effects (ionized impurity
scattering, carrier-carrier scattering) and mobility dependence on perpendicular and lateral
field. Density-gradient transport model is used to include the carrier quantization effect.

Figure 3.1 below shows the Device structure for NFET:
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Figure 3.1: 16nm N-Type FinFET

Doping in Drain and Source extension regions is assumed to be Gaussian, while Constant for
Drain/Source pad. Pad doping rolls off from the spacer, edge to Source/Drain extension region
with gradient o . 2D simulations are used for device parameter extraction without losing

accuracy as referred in reference [13].

3.3.2 Extraction of 1-V Characteristics

For our model we need to find drain current of FInFET as a function of terminal voltages for

complete range of possible voltages. So we can basically say we need:
I=F(Ves, Vbs)

Where Vs range from some negative value to +VDD for every discrete value of Vps in range
[ - Vob : Vop ] for NFET (for PFET Vs will be swept from some positive value to -Vpp).
Number of points in the range can be decided based on required accuracy level. For example
we need to simulate for low voltage range o say 300mv, a step size of 10mv will give us only

30 points in range while 3mv step size will give us 100 points and hence better accuracy.

The negative value range of Vgs is not —~Vpp because of two reasons. Firstly, not all
simulations will converge in TCAD simulation and other reasons for that is, it is a
hypothetical case. (Ves will not go below say 100mv in negative range) in real circuit
operations.

To be on the safe side, it was swept from -0.4V to 1.1V (0.4V to -1.1V for PFET) in our

model.
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The final form of tables for I-V characteristics is as shown below:

# Vdrain =-1.10

#Vds Vgs Id

-1.10 -0.40 -2.09870390000787E-05
-1.10 -0.39 -2.14580753204421E-05
-1.10 -0.38 -2.19291977448188E-05

-1.10 1.09 -7.67179917073861E-05
-1.10 1.10 -7.69859427380126E-05

# Vdrain =-1.09

-1.09 -0.40 -2.05126687330198E-05
-1.09 -0.39 -2.09835212155468E-05
-1.09 -0.38 -2.14545095975271E-05
-1.09 -0.37 -2.19255843642856E-05

The ‘#° act as comment in table. While creating this table few things must be taken care off
like significant digits in the value of a field should not change, for example, if the step size is

10mv then 1V should be written as 1.00V in the table. Also, values must be evenly spaced.

3.3.3 Extraction of C-V characteristics

Similar to I-V we need terminal capacitances of device as a function of terminal voltage. So
we need Ccp, Cgs, Cps, as a function of Ves and Vps for the same range as in I-V
characteristics. So we need a different table for each capacitance. The value of Cps was very
small compared to Cgs and Cep, (smaller by an order of 10°) therefore its contribution was
neglected. The Cgs used over here is actually Csc according to Sentarus TCAD conventions.

For capacitance extraction small signal AC simulation has to be performed on the device.
Sentarus Devices computes Y-matrix for given device which describe change in current ‘8i’
if terminal voltages face a small perturbation of ‘6v’. S0 Y12 represents change in current ‘oi’

on terminal 1 for ‘dv’ change in voltage at terminal 2.
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From imaginary part of the Y-matrix capacitance values are extracted. AC small signal

simulation can be performed in mixed-mode only.

Table format for capacitances is same as required for I-V. The only important thing is we need

a different table for each capacitance.

3.3.4 Table Function in Verilog-A

‘$table_model()’ function in Verilog-A enables module in approximating system behavior
by interpolating between user supplied data points. Sample data points can be provided either
by an array or by file. Data file must be in text format with each sample separated by new line.
Number in sequence can take real and integer value only. Also sequences should be separated

by spaces or tab.
Syntax:

$table_model ( table_inputs, table_data_source, table_control );
table_inputs are independent numerical expressions used as table input
table_data_source indicates the name of the file (table data file) or the name of an array.

table_control_is a string with two parts. The first part is integer which indicates the degrees
of the spline interpolation (1-Linear spline, 2-Quadratic spline, 3-Cubic spline). The second
part can have one or two characters (C-Clamp extrapolation, L-Linear extrapolation, E-Error
condition). It is used to indicate extrapolation mode outside the data range i.e at the beginning
and end of the data.

Example : "2CE,1EL" indicates ‘2nd dimension quadratic interpolation, clamp on
extrapolation to left, error on extrapolation to right, 1st dimension linear interpolation, error

on extrapolation to left, linear extrapolation on right”
3.3.5 Perl script for automation of data extraction

Process of data extraction for table based model is time consuming and really difficult to carry
out accurately manually. The problem was tackled by automating the process using PERL

scripting. Script.
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3.3.6 Verilog-A Model: Equations and Conventions

Current equations becomes quite simple for table based models since there is no physics
involved. Another factor contributing to simplicity of equation in our model is range over
which data is extracted. Since we have values of current from —Vpp to Vpp for practical range
of Vs we need not to worry about Drain/Source terminal exchange and thus we need not to

write different equations in case of terminal exchange.
Drain current equation for the model can simply be written as:

I(d) <+ Nsin * (Io + Cep * ddt(V(d,)));

Where for particular terminal voltages

Nsin is number of fins in device,
Ip is Drain current from extracted 1-V characteristics or ‘DC’ current value,

Cap is extracted capacitance between Gate and Drain terminal (For Source terminal Cgs
should replace it),

V(d,qg) is voltage between Gate and Drain terminals of module

Complete Verilog-A model can be found in appendix at the end of report. Current equation
has two parts to it, first part (Ip) simply represent dc value of current based on terminal
voltages while second part capture contribution of Cep in total current for change in Vgp using

derivative function ‘ddt’.

Special care need to be taken while choosing signs as these must follow SPICE current
conventions to avoid convergence issues and weird terminal voltages. Current going out of a

terminal is negative while current into a terminal is positive.

Nsin in the model just multiply the current values by number of fins and do not take into
account any other effect. So although it can be varied for circuit purpose but results might not
be very accurate. A study needs to be done to compare difference between model results and

actual Sentarus results.
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3.4 Comparison between SPICE and TCAD results

For comparison between SPICE and TCAD we performed dc and transient simulations. First
we compared VTC for an inverter. Results shows less than 2mV error in threshold voltage of
inverter. Figure below shows inverter VTC as predicted by TCAD and SPICE.

Vout_SPICE
Vout TCAD

0.0 0.5 1.0

Vin

Figure 3.2: Inverter VTC: TCAD vs. SPICE

Apart from DC simulation transient results were also compared. The fact that output
waveform matches to a great extent in case of transient response justifies our assumption of
neglecting Cps.

For further comparison, results of a three stage buffer chain were compared between SPICE
and TCAD. Simulation setup of same is described in figure 3.2, load has been kept so as to
avoid any drag effect at Vout2. Output waveforms for the same are shown in figure 3.3.

Voutl Vout2 Voutd —— CL:E‘E‘DEF

Figure 3.3: Three stage buffer with 124 loading
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Figure 3.4: Output Comparison: 3 Stage inverter

Further simulations were carried out to see if such table based model is reliable for studying
various device based effect. For this purpose, Sentarus TCAD and SPICE results were
compared for three inverter chain to study drag phenomena as mentioned in [14]. Results for

the same are described in following section.

Table 3.1: Delay Comparisons

Voltage Node HSPICE TCAD

Voutl 4.6787p 4.907p
Vout2 9.7057p 10.093p
Vout3 15.233p 15.458p

Table 3.2: Transition time comparison

Voltage Node HSPICE TCAD

Voutl 4.6728p 4.6486p
Vout2 5.6676p 5.539p
Vout3 5.1389p 4.782p
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3.4.1 A comparative study between SPICE and TCAD results for a five inverter chain

It has been reported in [14], that a region of drag is observed in transition of input node voltage
of an inverter in a FINFET buffer chain if loading on this inverter is less than what it provide

to previous stages.

Simulation setup:

D020 20— >0—Do—"

Voutl Vout2 Vout3 Voutd —— ; =72aF

Figure 3.5: Simulation setup for 5 inverter buffer chain

A chain of 5 inverter was setup with loading as shown in figure. As explained in [14] such
loading should cause a different kind of voltage transition i.e a period of slow transition should

be observed at input nodes of inverters with 3 Fins (this effect has been called Drag).

Comparison of SPICE and TCAD results for 5 inverter chain:

We can see drag effect clearly in the output waveforms for loadings reported in reference.
The drag effect begins to appear at Vout of 0.3999 V in spice and at 0.372 V in sentarus, i.e.
it’s observed early in SPICE.

Although at time = 19.995 ps value of both simulators was very close. Vout was 0.37016 V
in sentarus and 0.3999 V in SPICE.

This is also visible in curves plotted above. Onset of drag is almost at same time for all curves.
Voltage magnitude differs after onset only.

Simulation time for Sentarus TCAD was 3 hours while spice simulations were completed in

few seconds.
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Figure 3.6: Output Waveform Comparision between SPICE and TCAD

For confirmation purpose a simulation for 13631 type of loading was done. As expected drag
wasn’t observed at Voutl while we can clearly see drag effect at Vout2. These results confirms
that such type of table based models capture various device level effects i.e. they can be used

for such purposes without much loss of accuracy.

) 1)
vipuz)

i)

)

T
10p 150p.

Figure 3.7: Output waveforms for Buffer with 13631 sizing

27



CHAPTER 4

CONCLUSION AND FUTURE WORK

4.1 CONCLUSION

Previous work on fundamental limits for supply voltage for MOSFETS is not sufficient to
capture such limits for FinFET circuits. Owing to double gate structure, a potential well is
formed in the channel at very low drain voltages. Adding to it, the channel length is smaller
than depletion region required for balancing Fermi level of drain and channel. These cause
trapped charge in the channel. To include contribution of this trapped charge sub-threshold
current equation for FinFET is different from that for MOSFET.

In this work a foundation has been laid for further research into fundamental limit of FinFET
circuits. A current equation for sub-threshold conduction has been derived semi-empirically
and it’s comparison with TCAD results prove its accuracy in predicting various trends and for
solving circuit level problems analytically. Using this modified equation for sub-threshold
current fundamental limit for minimum supply voltage has been derived for FInFET inverter.
The fundamental supply voltage limit for FinFETs has been found lower than that for

MOSFET, making FinFETs an ideal candidate for ultra-low voltage applications.

Adding to this, problem of sizing pass transistors in clocked circuit at such low voltage has
been addressed. It has been shown that pass transistor size should be kept greater than pull
down device of inverter otherwise minimum supply voltage will be higher than that predicted
by fundamental limit equation. Same sizing requirements are valid for SRAM. Sizing becomes
critical at such low voltage of operation. For example if SRAM circuit is not sized properly,

as explained in this work, we may end up writing data in some cells unintentionally.

A methodology for predicting minimum Vpp has been formulated. Finally variability of
minimum supply voltage with temperature, has been addressed for different circuit. Results
shows this fundamental limit is higher at higher temperature.

Another issue of simulating circuits with large transistor count is solved using existing
technique of table based Verilog-A model. Device simulators like TCAD are not suitable for

simulating large circuits. A faster approach is using a Verilog-A model for device in circuit
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simulators like H-SPICE. A table-based Verilog-A model for such purpose has been created
along with automation of the process involved in extraction of required data for the same. This

has been done using Perl scripting language.

4.2 FUTURE SCOPE

This work is theoretical at the moment. Performance at supply voltage close to fundamental
limit will be very poor. So it need to be extended further to consider other variability issues,
like Fin width and channel doping. Taking variability and noise into consideration, a practical
limit for supply voltage can be determined. Next an analysis can be done between supply
voltage and performance, this will help in selecting optimum supply voltage for a given
application. Next, an analysis for performance improvement using architecture level changes

can be done and better architecture for basic circuit can be suggested.
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APPENDIX — A: Table based Verilog — A Model for FinFET

Verilog-A Model for NFET is given below. This model is independent of device type (i.e.
NFET or PFET it remains same). Only thing that need to be taken care of is sign conventions

for different current components which ultimately depend on data extraction.

“include "disciplines.vams"

“include "constants.vams"

module N_FINFET (d,g,s,b); //Module definition for NFET

inout d,g,s,b;  // drain, gate, source, dummy bulk are in-out port of module
electrical d,qg,s,b;

//Parameters
parameter real Nfin = 1 from (0:inf); // Parameter to change Number of Fins
parameter real dVth = 0 from (-inf:inf);

parameter real dVVthO = 0 from (-inf:inf);

Il Variables used in code

real VVgs,Vds;

real 1d;

real Cgs,Cqd,;

real Id_tmp,Cgs_tmp,Cgd_tmp;
real Hfin, tsin;

// Table control parameter for $table_model() function

parameter string ecsld ="1L,1L";

parameter string ecsC = "1C,1C";

/I Linear extrapolation of data outside range for Ip and Clamp for Capacitance

/I First Degree interpolation for intermediate values
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analog begin : finfet_module // Beginning of FinFET module

tsin = 8e-3; //in um, not used in code for anything

Hfin=1;

I/ Height is already considered by Area factor in TCAD simulation hence kept unity.
Vds = V(d,s);

Vgs = V(g,s)-dVth-dVtho;

/I Assigning values to temporary current and voltage variable from table
ld_tmp = $table_model(Vds,Vgs,"ldVg-NFET-Lg-11pt7nm.tbl",ecsld);
Cgs_tmp = -$table_model(Vds,Vgs,"CGS-NFET-Lg-11pt7nm.tbl",ecsC);
Cgd_tmp = -$table_model(Vds,Vgs,"CGD-NFET-Lg-11pt7nm.tbl",ecsC);
Id=Id_tmp;

Cgs=Cgd_tmp;

Cgd=Cgs_tmp;

I(d)<+Nfin*Hfin*(1d+Cgd*ddt(\V(d,qg)));

I(s)<+Nfin*Hfin*(-1d+Cgs*ddt(\V(s,9)));
I(g)<+Nfin*Hfin*(+Cgd*ddt(\V(g,d))+Cgs*ddt(\V(g,s)));

/IVerilog-A uses <+ to indicate a contribution to the voltage or current of a branch

end

endmodule
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APPENDIX-B: Minimum Supply Voltage for an FInNFET Inverter

Static transfer function of inverter is given by:

Ipy = Ipp _|

:’IDD
Vi O————¢ :'—Q Vour

Figure B.1: CMOS Inverter

Using equation (10), for drain current of FinFET device

we can write,

I ex (ﬁ) [1 — ex (_ YVout)] _ ex (VDD - Vin) 1 —expl — Y(Vpp — Vin)
oN €XP v, p v, op €Xp —th p —Vc

The term B, in equation 10 has been neglected for making calculation easier. This assumption

is justified later. By rearranging the terms in above expression we get:

(1- e (- 524))

1— exp (_ Y(VDDV_ Vout))
t

Vpp — 2V, I
22— e("—N (B.1)

l

IoP

At minimum supply voltage, gain of FINFET inverter must be at least unity, at inversion

point i.e. at Vin = Vout. Differentiating equation B.1 with respect to Vin we get:

g e ) i)

o o oo T

(B.2)

av,
Where, A = =24
aVin
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Assuming I,y = I,p, i.e. sSymmetric voltage transfer curve for inverter, we can take

%4
Vin = Vour = % (B-B)

Now using B.3 in B.2 along with condition for minimum voltage, i.e. A = —1, we have,

o _r[ponl-2g0) el 20 e
T )

Solving B.4 for Vpp,
Vpp(min) =%log, (1 + 1Y) (B.5)

At 300°K, Vpp(min) = 26mV, while minimum supply voltage comes out to be 28-29 mV

from TCAD simulation which justifies our initial assumptions too.
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APPENDIX C: Equations for Analysis of Pass Transistor followed
by Latch

For equation 13 and 14 in chapter 2 we can use equation B.2 from appendix B, i.e.

2 :A(_ Y) <exp< Y‘;otut>_exp( Y‘%D)+exp<—y<VDDV;tVowr)>_exp(_m>)

Vi
YV Y(V -V
nve Vi 1 exp( Otut) exp( (DDt out)) exp( YVL;D)

Using A = —1, we will get a quadratic in exp (M)

Vi
(1) (- 722) (o (52)) =G+ e (-2 (F5)
my exp 7 exp 7 or oy exp 7 exp 7
2
+(1+n—y) =0 (C.1)
By solving equation C.1, values of V,;; and V,;;, can be given as:
Vout at Vi = Vi, Vou =>
vt 2+4.exp(—Y‘.VV;dtd)+sqrt((2+4.exp(—Y.VV;dtd))2—4.(1+Yi)2 exp(—Y.VV;d;i))
—log vad . (C2)
Y 2(2+Y.n).exp(—Y.W)
And,
Vout at Vi = Vi, Voin =>
vt 2+4.exp(—Y.VV;df)—sqrt((2+4.exp(—}’.vv;dtd))2—4.(1+yi)2 exp(—Y.VV;dtd))
—log vad . (C3)
Y 2(2+Y.n).exp(—Y.W)

As given in chapter 2. We can differentiate between V,; and V,;, from the solutions of C.1
because at Vi, Vout will be higher than Vout when input is V.

Next, equation 15 can be obtained from equation B.2 as,

Vpp — 2Vip — log, (Io_zv) + log, (1 T eXp (_ %))

nVe lop 1—exp (_ Y(VDDV_ Vout))
t
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Rearranging terms and solving for V;,,,

Vin = %(Vdd —~7.Vt.log [ﬁ( l‘exp(‘;Z§€ZL))]) (C.4)

1—exp(—Y. Ve

Where § = (1"” )

Iop

i_j

:
]

ﬁ
g

o Ml e B

L= (i)vu (i) Vout @ VIL
T (ii) VIH (i) Vout @ VIH
Vck=0

Figure C.1: Pass Transistor followed by Latch

For equation 16 and 17 we need to solve for Vin for two cases given in figure C.1.

Case (i):

o (~12) (1 exp (~ 25222 ) 1y (2525) (1 e (- 22222
twenp (5) (1= o0 (- 732)) )
Solving C.5 for V;,,

= vit =1 () o (52) (1 o0 (1 () -

£exp (M), (1 - exp (-2 )| c9)
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Case (ii):

I,y exp (— %) (1 — exp (— Y(V%t_vm))) + I,y exp (:OI;:) (1 — exp (_ YZ;H)) =

I,p exp (VDDn;Voih) (1 — exp (_ Y(VDD—VIH))) (C.7)

t Ve

The term, exp (— %) makes the expression difficult to solve, in practical circuits gate of pass
t

transistor will se a voltage VoL rather than ground and V;,, itself will be close to ground at

minimum permissible supply voltage. With these observation we assume Vgs for pass

transistor to be zero. Now equation C.7 can be written as

Ly (1 — exp (— Y(V%:Vm))) + I,y exp (t"’x) (1 — exp (— %)) =

I,p exp (VDDn;roih) (1 — exp (_ Y(VDD—VIH))) (C.8)

Vi

Solving equation C.8 for V;,,,

Vin => Vih + % [1 + {exp (‘:’0—;?) : (1 — exp (—y_ (Vv_l:‘)) _ %.exp (Vd(j].—VVtoih) . (1 _

exp (—Y. W)))}l (C.9)

40



