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Abstract

This report presents a poly-silicon thin film transistors model for circuit simulations. The drain
current model! includes the effects of hot carrier, drain induced barrier lowering (DIBL), channel
length modulation (CLM), and gate induced drain leakage (GIDL). The capacitance model is
linked to the drain current and its derivatives. This model has been implemented in SPICE.

Simulation and experimental results are compared.
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Chapter 1: Introduction

Poly-silicon Thin Film Transistors (TFTs) are widely used in active matrix liquid crystal
displays (LCDs) to drive the pixels and decode the image signals. A common substrate material
for TFTs is poly-silicon deposited on a glass substrate (fig 1.1). The typical operating bias in the
small size LCD environment is about 12V. The characteristics of the TFTs are severely affected
by imperfections at the poly-silicon surface. Moreover, the TFTs operate with a floating substrate.
As a result, the characteristics of a TFT cannot be modeled accurately by the common bulk
MOSFET model in SPICE.
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Fig 1.1: Cross sections of a bulk NMOSFET and a NTFT

This report presents a poly-TFT drain current model with an accompanying intrinsic
capacitance model. The formulation of the drain current model is similar to BSIM3 [2]. The
capacitance model is capacitance based and linked to the drain current. They have been
implemented in SPICE. Ring oscillator simulation results will be compared to experimental data.
The data used in this study are measured from a LCD wafer with p- substrate and top gate
structure. The gate oxide thickness is 76nm. The effective channel length ranges from 3.3pm to
5.3um.

Chapter 2 presents the drain current model. Chapter 3 discusses the intrinsic capacitance
model. Chapter 4 describes the model implementation in SPICE. Finally, chapter 5 compares the
simulation results and experimental data. Equations implemented in SPICE and parameters
extraction procedures are summarized in the appendixes.



Chapter 2: Drain Current Model

2.1 Overview

This chapter discusses the TFT drain current model. The model is separated into
subthreshold and strong inversion regions. The strong inversion region is further divided into the
linear and saturation regions. This physical model describes the hot carrier, drain induced barrier
lowering (DIBL), channel length modulation [1], thermal generation, and gate induced rain
leakage (GIDL) [4] effects. A parabolic smoothing function [1] is used to ensure continuity of the
first order derivative between different regions of operation. Four parameters, Vouanl: Vgiranhs
Vitranl» ad Vgyrany, are used to define the transition regions between different bias regions. The
transition regions are defined around V and V. VT is the threshold voltage. Vg, is the
saturation voltage. Figure 2.1a illustrate the boundary values.
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Figure 2.1a: Boundary values for transition region

Section 2.2 and 2.3 discuss the model in the strong inversion and subthreshold region. Section 2.4
describes the transition region between the strong inversion and subthreshold region. Section 2.5
compares the model with the measured data. Appendix A summaries the drain current equations
implemented in SPICE. The parameters and their meanings are summarized in chapter 4. The
following symbols are defined for model derivation (see figure 2.1a). T is temperature.
Vah = Vdsat * Vatranh Va = Vasat ~ Vatran
Veh = V1 + Vgtranh Va1 = V1 = Vgtrant
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2.2 Strong Inversion Region Model
2.2.1 Linear Region (Vgg > Vgp, 0 < Vg < Vgp)

Following Huang's [2] approach, the drain current in the linear region is:

W, V, V,
Ig =—L Cop (v -Vp- dS) ds
d Legr oxMeff{ Ygs T 2 s Vds
Eqalest
2v €
E ¢t = sat CO = —0X
¥ Meft * Tox

Poly-silicon TFTs have many interface traps at the Si-SiO, interface, especially at or near the
grain boundaries. As a result, the electrons (or holes in p-channel TFT) have to hop over the
barrier formed at the grain boundaries along the channel during electrical conduction (figure
2.2.1a). In(p), the logarithm of mobility, is inversely proportional to the barrier height (¢y,). Since
®p is modulated by the gate bias (V), mobility has the form of aexp(-B/(Vgs-VT)). 0, B, and V7
are function of temperature. o and 3 are p.o(kT/q)‘lll and -quoexp(U3T)/KTC,y [1]. This
expression describes the mobility well when Vg is much bigger than V. An additional ju4, the
minimum mobility at low Vg, is added to the model. Therefore, the effective mobility is modeled
as:

kT - ex T
Y uo(—) €xp a2 P(Ll3 ) +H4
q KTCox (Vgs - Vi)

Ho» i, M2, M3, and [ are fitting parameters. Vi is the threshold voltage, which is approximated
as a linear function of temperature [4].

Vi =Vro-bT
Figure 2.2.1b shows the temperature dependence of V1. V1 decreases when temperature
increases, which has the same trend as bulk MOSFET [4]. It indicates that the change in fermi
level with temperature is the dominant mechanism. Figure 2.2.1c plots the mobility of a p-channel
(PTFT) and a n-channel (NTFT) poly-TFT at V4,=0.1V at room temperature. When Vgs
increases, ¢, at the grain boundaries drops. Therefore, mobility increases as Vg increases. The



mobility of poly-TFTs is lower than that for bulk MOSFET. Therefore the current drive is also
smaller. Since the conduction is limited by excitation over the barrier, the mobility rises as
temperature increases. Figure 2.2.1d plots the mobility of a NTFT at different temperatures.
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Figure 2.2.1a: Band diagram of a poly-TFT channel and electron conduction of a n-channel device
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Figure 2.2.1b: Threshold voltage dependence on temperature
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Figure 2.2.1c: Mobility of a PTFT and an NTFT at room temperature
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Figure 2.2.1d: Mobility of a NTFT at different temperatures.
Lines are model and symbols are data



2.2.2 Saturation Region (V> Veh» Vas > Van)

Similar to BSIM3 [2] approach, the DIBL, hot carrier, and channel length modulation effect of
drain current in the saturation region are modeled. The drain model is expressed as:

Vi = V.
Ig= Idsat[l"'—dsv—dsa[)fhc
A

-1
v, =( 1,1 J
Vactm  VabpBL

(EsatLeff + Vgg = VT)(Vds ~ Vasat)
Egaf

VacLM =

EatLett + Vgs — VT
814 2Eqq Legr / (Vs - V1))

VADIBL =

fhe =1+ 51 (Vs = Vdsat)exP(—J
Vas ~ Vasat

Egat =2Vgar /Mgt
Igsar is the drain current at V3=V y¢, using the linear I3 equation. V 5\ models the channel
length modulation effect. ¢ is a fitting parameter. V 5pp; models the DIBL effect. The hot carrier
effect, which is caused by the high electric field at the drain, is modeled by f;. 8 is the DIBL
effect coefficient. s; and s, are fitting parameters for hot carrier effect.

2.2.3 Transition Region in Strong Inversion Region (Vgs > Vgny Va1 < Vgs < Van)

To improve the convergence property of the model, the first order derivative is made
continuous by using a parabolic smoothing function from BSIM3 [2]. The basic concept is
illustrated by figure 2.2.3a. Iy is the current in the linear region at V; and the applied Vs Ign is
the current in the saturation region at Vg, and the applied Vg, L1 is the tangent to the linear
region at V3=Vy). L2 is the tangent to the saturation region at V4=V 4p,. The intersect of L1 and
L2 is (Vgp, Igp)- Once (Vgn, Ign), (Vap, Igp). and (Vgy, Iy)) are determined, the points between
V4n and Vg can be computed using the parabolic smoothing function with first order derivative
continuity. The expression for Vp, Igp, I, and the first order derivatives are shown below.
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t can be expressed as a function of Vs, Vgp, and Vg as:
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Figure 2.2.3a: Scheme to connect the saturation and linear region



2.3 Subthreshold Region Model (Vg < V1-Vgiran))

The diffusion current, thermal generation current, and GIDL current are modeled in the
subthreshold region. Since the interface traps density is high in TFT, the subthreshold swing
(~380mV/decade) of the diffusion current is higher than that in the normal MOSFET
(~100mV/decade). The subthreshold drain current is expressed as:

Ia = Lgigr + Igiqr + Ithermal

-V, Ves — V1 = Vorr
Laist = Wegrlgo| 1- ds g
diff = Weff do( exp(kT /q)JeXP( KT/

-B..

dl
V_glJ Vag = Vas = Vgs

Loia1 = Wefngidl(Vdg -v;) exl{ v
dg — Vi

-E
Lthermal = West Ithermalo exp( KT /Z )

Vot is the offset voltage for L. n is the subthreshold slope. 1, is a function of oxide thickness
and substrate doping [2]. It is treated as a fitting parameter in this model. Agidl» Bgiq1» and V; are
fitting parameters for GIDL current. Lgq is set to zero when (Vgg-Vj) is less than zero. This
equation is same as in [3], except that [3] fixes V; to 1.2V, where V; here is kept as a parameter
because of the abundance of interface traps between the conduction band and valance band. E, is
the activation energy for the thermal current generation. Iypermaio is a fitting parameter for

Ithermal-

2.4 Transition Region between Strong Inversion and Subthreshold Region (Vgi<Vgs<Vgp)

To improve the convergence property of the model, the first order derivative is made
continuous by using the same scheme as in section 2.2.3. A parabolic smoothing function in the
linear-linear scale is used. The basic concept is illustrated by figure 2.4a.
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Figure 2.4a: Scheme to connect the subthreshold and strong inversion region

I4; is the current in the subthreshold region at Vg and the applied V g. Iy, is the current in the
strong inversion region at Vgh and the applied V. L1 is the tangent to the subthreshold region at
Vgs=Vg). L2 is the tangent to the strong inversion region at Vgs=Vgh. The intersect of L1 and L2
is (Vgp, Idp). Once (Vgh, Lan) (Vgp, Idp), and (Vgl, I4)) are determined, the points between Vgh
-and Vg can be computed using the parabolic smoothing function with first order derivative
continuity. The expression for Vep: Ldps Ig, and the first order derivatives are shown below.
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t can be expressed as a function of Vg, Vg5, and Vg, as:
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2.5 Verification
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Figure 2.5a: Idvds of a 20/5.3 NTFT with Tox=76nm
1.2+ V. =14V
vvavVvvvvv
vv
1.04
Symbols: data
0.8 Lines: model
7~
<
E 0.6
A
-
ot
0.4-
0.2- O Q O
0.0-4/25.5.0-3-0. 0yt B3 D
0 2 4 6 8 10 12 14
Vds V)

Figure 2.5b: I3V, of a 20/3.3 NTFT with T,,=76nm. The model curve is generated using the same set of
parameters extracted from the 20/5.3 device. AL=1.7um (extracted by capacitance method)
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Figure 2.5d: 14V 4, of a 20/2.42 PTFT with Tqx=76nm. The model curve is generated using the same set of
parameters extracted from the 20/4.42 device. AL=2.58uum (extracted by capacitance method)
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Chapter 3: Intrinsic Capacitance Model
3.1 Overview

A capacitance-base model is developed to model Cgs and Cgy. The model is separated into
strong inversion and subthreshold regions. The strong inversion region model is developed from
charge equations and linked to the drain current model. The subthreshold region model is
empirical. The subthreshold region, strong inversion linear region, and strong inversion saturation
region are linked by a linear function to model the gradual change in capacitance when the TFT is
switched from one bias region to another. Four parameters are used to define the transition region
between different bias regions. They are: Vgiannes Varranics Vgtranhe: and Vgyeanic. The transition
regions are defined around V- and V. Vi is the threshold voltage. V4, is the saturation
voltage, which is [1/(Vgs-Vr) + 1/(EgyLeg)]-1. The boundaries are illustrated in figure 3.1a. Two
additional parameter, Ags and Acgy, are added to model Cgs and Cyq in the GIDL dominant
region.
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Vds - gs
le vds at th Vgl
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Figure 3.1a : Definition of the boundaries values

Section 3.2 and 3.3 describe the strong inversion and subthreshold model. Section 3.4 verifies the
model with measured data. The equations implemented in SPICE is summarized in appendix A.
The parameters and their meanings are summarized in chapter 4. The following symbols are
defined for the model derivation (see figure 3.1a).

Var = Vasat — Varanic Vih = Vasat + Vdranhe
Va1 = V1 = Vgiranic Veh = V1 + Varrannc

14



Vgsl = Vgs -Vt Vgstd = Vgsl = Vs Vgsldsat = Voot ~ Vasat

dly dl4
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3.2 Strong Inversion Region Model
3.2.1 Cgq in the Linear Region (0 < V4 < Vg, Ves > Vgn)
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Figure 3.2.1a: Cross section of a NTFT in linear region

Figure 3.2.1a shows the cross section of a NTFT In the linear region (V gg<V 4, and
Vgs>V1). The inversion charge density gradually drops from Cox(Vgs-V1-Vy) at the source (y,)
to Cox(Vgs-V1-Vy) at the drain (yq). The charge at the gate s :

Yd
Qg == Weff IQn(Y)dy + Qpuik
¥s
Qbuik is the depletion charge in the substrate. Qy(y), the inversion charge, is:

Qn(¥) = Cox[ Vgs = V1 = V(y)]

Qg can also be re-written as :

1
dv/dy

Vy
Qg =T Weff IQn(V) dV +Qpyix
VS

Huang [2] shows that :
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av _ Iq
dy  WegrlerQn(V) =14/ Egy

Therefore, Qg is :

Vy
I
Qg =—Wesr JQn(V)[Weffuefon(V)‘ Ed }/ I4dV + Qpuix
Y

sat

s

aQ
Cgq is defined as ﬁ. Since Qpyjx is not a strong function of Vg, Cgq is :

Vy 2
Wegr Heff W,
Cag = $Wiherr [Q}(VIAV - —2LQL (V) 42t
Id \'A Id ES&[

\Z
2 _12(y3 3
IQn(V)dV = _gcox(vgsl - Vgstd)

VS

2Vea
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3.2.2 Cyq in the Saturation Region (Vs > Vgp, Vg > Vean)

2
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Y,
layer dsat

vdsat
Figure 3.2.2a: Cross section of a NTFT in saturation region
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Figure 3.2.2a shows the cross section of a NTFT in the saturation region (V 4>V 4, and
Vgs>V1). The inversion charge density drops from Cox(Vgs-VT1-Vy) at the source (y,) to
Cox(Vgs~VT-Vysa) at ygsar, Where V(ygsa)=Vgsar- Then the charge density stays constant at
Cox(Ves-VT-Visa) from ygeq to the drain (yg4). which is known as the velocity saturation region
[4]. The gate charge is :

Qg = Qiin + Qsar + Qbuik

Ydsar
le_- eff J.Qn()')dy Qsa[ = Weff J‘Qn(}')dy
Ys Ydsat

Qiin is the charge from y; to yga;. Qgq is the charge in the velocity saturation region. Assuming
that the gradual channel approximation still holds from yg to ygea.» Qji Can be expressed as a
function of voltage bias in the same way as section 3.2.1.

Visat
I
Qiin = —Wesr J Qn (V)I:Weffuefon(V) - Ed—]/ [4dV
sat
VS

9Qy; gas 2 (v3 _vy3
avm 3 eff Hetr =5 C,, (vgst_vgstdsat)

Qg is approximated as :

Qsar = —Wesr Cox(Vgs -Vr—- Vdsat)AL

0Qgar _ oAL
—a—\f = -WeffCox(Vgs -Vr- Vdsat)ﬁ

Ko [5] shows that :

AL=em((Va—Vdsat)/e+Em)

Esat

2
Vi -V,
Em=[( d edsat) +Esm2]
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Therefore, aﬂis :
aVy

oAL 1 1+ Va = Vasa
oVy  (Vy=Vye)/f+Eq fEm

, Qg . , . :
Cgq is defined as ﬁ. Since Qpylk is not a strong function of Vy, Cgq is :

od = aa(%/lin + aaQ\ial
d d

3.2.3 Cgs in the Linear Region (0 < V45 < Vg, Vgs > Vgh)

d d )
9,9, 9% 4 SinceC

From charge conservation, one can conclude that
an vy, IV

d Qg
8_3:- and Cgg is 3?—,:5-, Cgs can be expressed as :
9Q

Using the same approach as in section 3.2.1 and performing the integration, Qg becomes :

2 w2
lcoxweﬁueﬁ 3 3 1 W.C 2 )
=——ox eff "I [y3 _y3 | Teffrox(y2 _vyZ ),
Qg 3 Iy ( gstd gst) 2 Egy ( gstd gst) Qbuik
d
Therefore, _gg_ is:
an

0Qg _1CE Wi [(dner pen 3 3 2 2
v, 3 Ig |\av, 1y o™ (Vs = Vas )+ e (VG - Vi)

1 0(1/Egy) (. 2 2
T Weff Cox [—m(vgstd B Vgst)+ Egy (Vgstd - Vgst)
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To compute Cgg, the above equation and the Cyq4 €quation from section 3.2.1 will be substituted

: dQ
into Cgg = —E)_V—z—- Ceq-

3.24 Cgs in the Saturation Region (V45> Vgp, Vgs > Vgh)

Following the same approach in section 3.2.3 and 3.2.2 (figure 3.2.2a), Qg is expressed as:
Qg = Qouik +Qtin + Qsat

2 ~2
_l_l»’-effweffcox (V3 -vy3 )_lweffcox (VZ _y?2 )
3 I gstdsat gst/ 9 Eqa gstdsat gst
Qsar =~ Wesr CoxvgstdsatAL
Qg is the charge in the velocity saturation region. Q)i is the charge from yj 10 g, (figure 3.2).
Qpulk is the depletion charge. Since Qpuy is a weak function of Vg, dQg/dVy is :

Qiin =

9Qg _ 9Quin , 9Qsar
IANETAMETA

2 w2
9Quin _ 1 CoxWerr || OMerr _ Mesr 3 _y3 2 _ 9Vgsar 2
EAA T3 1 | EAA iy Em (vgs‘dsa' vg“)+3ueff Vegsdsar| | Vg T

1 3(1/Egar) (2 2}, 2 9Vsat
_5 eff COX _a\,_g_(vgs(dsa[ - vgs() + E; Vgstdsat 1- avg - Vgst

—4 = _Woer Ciou | 1= A AL — W Cox V., —
an eff “ox an eff “ox Ygstdsat an

aVdsat - V2 1 a(ll Esat)

1
= Vasat| 52 1.
oV, vgst L E)Vg
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_ l aVdsal + aEm
dAL ")Esat ‘ avg an +( vd - Vdsal +E )a(l / Esat)
- /’—. m|= S

avg - (Vd - Vdsat) /+Enp Eqat an

dEy 1 [_ Vgsa Va = Vasar , aEsal}

= 7 sat 3,
an En an 14 8Vg

To compute Cyg, the above equations and the Cgy equations from section 3.2.2 will be substituted

av,

3.2.5 Connection Scheme between Linear and Saturation Region (Vgo>Vop,, Vai<Vas<Van)

Cg d
Vasat
Vdsat+ M tranlc //vdsat+ vdt.ranhc
Transition Region
[

N

gdl
I
ngh Sat Model
| A
Ya Y

Figure 3.2.5a: Strong inversion transition region model scheme

To reduce the discontinuity between the linear and saturation region, a linear function is
used to connect the two regions. A straight line is drawn between Cgq(Cys) at Vgp to Cgg(Cg) at
V1. Figure 3.2.5a below illustrates this idea. The linear function used is

Cgd =acgd Vs +begd acgd = Catn~ Cpa begd = Codh —acgd Vdn
Van = Vai = g
C sh—C sl
Cgs = acgs Vs + begs Acgs = £ £ begs = Cgsh —2cgs Van
gs = dcg g &= Vg - Vg gs = Cgsh ~2cg

20



Cgsn and Cggp, are computed using the equations in the saturation region at the applied Vs and

Vin. Cgs1 and Cyg) are computed using the equations in the linear region at the applied Vs and
le.

3.3 Subthreshold Region Model
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Figure 3.3.1a : Cy and Cgq vs V,
3.3.1 ng Model (Vgs < vgh)

Figure 3.3.1a shows the Cyq and Cy data in a V; sweep. Following the behavior of a bulk
MOSFET, Cg4 gradually decreases to 0 when the TFT is switched from the strong inversion to
the weak inversion region. Figure 3.3.1b shows the scheme of the empirical model from the

strong inversion to weak inversion region. A linear function, Cgq = dh (Vgs - Vgl), is used to
gtran
modeled this region. The boundaries of the region are Vg, and V). Vgyrap is VatranhetVgtranic

(figure 3.3.1b). Cgan is computed using the equations in the strong inversion region at the applied
Vds and Vgh
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. Model in the ? inversion region
. subthreshold regiop
\\
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Figure 3.3.1b : Modeling scheme for Cgq weak inversion region

However, the RC coupling between the drain and substrate makes Cgyq increases in the GIDL [3]
dominant region (figure 3.3.1a). This does not happen in bulk MOSFET because of the presense
of the bulk contact. The coupling efficiency depends of the junction leakage. Acgg describes this

coupling efficiency. Therefore, Cgq at Vgg<Vy) is modeled as :

-1
ng = 1 + L
Wet Letr Cox Acngd

The maximum Cyg possible is WegrLeCox. The above formulation will limit Cyg t0 WegrLegCox.
3.3.2 Cgs Model (Vgs < Vgh)

Cgs, similar to Cggq (figure 3.3.1a), also gradually drops to 0 from strong inversion to weak
inversion region. The same scheme from section 3.3.1 is applied to model the gradual change in
Cgs When Vg is between Vg and Vg, ie. Vai<Vgs<Von: Vairan is Vgtranhe+V giranic (figure
3.3.2a). Cyqp is computed using the equations in the strong inversion region at the applied V45 and
\"/

gh

C
Cgs = V:::n (Vgs - Vgl)

The RC coupling effect is higher in Cgg (figure 3.3.1a). Acgg describes this coupling efficiency.
Cgs at Vgg<Vy is modeled as :

-1
Cos = ! + L
WestLetr Cox AcgsId
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The maximum Cgg possible is WegrLegC,,. The above formulation will limit Cos 10 WegtLerCox-

\Y
CgS égn:an_é
N Model in the v | \Y
‘ subthreshold region g ‘ IghModel in the strong
/ nversion region

Figure 3.3.2a: Modeling scheme for subthreshold Ces
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3.4 Verification

The parasitic capacitance from the measuring equipment and the drain-source overlapped
capacitance are subtracted from the data in the following graphs. Figure 3.4a and b plot the Ces
and Cgq vs Vg of a n-channel TFT. Figure 3.4c and d plot the Cgs and Cgq vs Vi of a p-channel
TFT. Figure 3.4¢ and f plot the Cyg and Cyqg vs Vg of a n-channel TFT.
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Figure 3.4a : Cgq vs Vg for NTFT with Weg/Leg=20/5.38 and T,=76nm
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Figure 3.4c : Cgq Vs Vg for PTFT with Weg/Lgr=20/4.42 and To,=76nm
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Chapter 4: Spice Implementation

4.1 Overview

The special features of SPICE implementation of the model and the model parameters
names are discussed in this chapter. Section 4.2 lists the model parameters, their meanings and
their default values. Section 4.3 describes special features in the implementation of the model.

4.2 Model Parameters

Table 4.2 lists all the parameters used in this model. Symbol is the symbol used in the
equations summarized in appendix A. Spice Name is the spice model parameter name.
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Table 4.2: Table of SPICE parameters

Symbol Spice Name | Meaning Unit Default
T temp operating temperature K 300
b vtob temperature dependence of VTO (V1=V1q-bT) V/K 0.01
V1o vio or vt0 | threshold voltage at T=0K \ 4.5
Uo u0 or uo mobility parameter in pre-exponential term cm?/Vs 50.5
Ky ul mobility parameter for temperature dependence 0.134
Wy u2 mobility parameter in exponential term pFV2/cm? | 1750
U3 u3 mobility parameter for temperature dependence T-! 0.00308
Wy ud mobility parameter for low gate bias fitting cm?/Vs 2
Vear vmax maximum drift velocity m/s 103
¢ 2 channel length modulation parameter m 10-10
) phita DIBL effect parameter \% 0.05
S sl hot carrier pre-exponential parameter V-1 1.2
Sy s2 hot carrier exponential parameter \% 30
n subslope diffusion current subthreshold slope 6.5
N~ voff offset voltage of diffusion current \ 0
Lin ido diffusion current pre-exponential factor per unit width A/m 0.000625
| Acidl gidla GIDL effect pre-exponential parameter per unit width A/V/m 0.00187
_Bzid] gidlb GIDL effect exponential parameter \Y 90
Vi gidlv GIDL effect offset voltage \% 1.12
| Lihermalg | thermali thermal current pre-exponential parameter / unit width A/m 62.5n
E, ea activation energy for Liporma eV 0.5
| Lier Id lateral diffusion for channel length m 0
Wi w lateral diffusion for channel width m 0
Tox tox gate oxide thickness m 85
cmod cmod capacitance model selection flag 1
Aloq acgs subthreshold Cgs modeling parameter F/A 10-8
Aod acgd subthreshold Cgd modeling parameter F/A 10-8
Voiran vgtranl transition parameter for I in V.. domain \% 1.5
Voiranh vgtranh transition parameter for I; in V,. domain \% 0.5
Vdicanh vdtranh transition parameter for I; in V3 domain \% 0.1
Viiran vdtranl transition parameter for I; in V3 domain \Y 0.1
Voiranhe | vgtranhc transition parameter for cap model in the V. domain \% 1
Voieanle vgtranlc transition parameter for cap model in the V. domain \% 1.5
| Vitranhe | vdtranhe transition parameter for cap model in the V3 domain \% 0.5
Viiranle vdtranlc transition parameter for cap model in the V4 domain \% 0.5
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Section 4.3: Implementation of Model

4.3.1: Cgq and Cyg Model Implementation

Cgq and Cyg are proportional to 1/ Ig in the strong inversion region. When V 4 is small, I

is very small. This may cause Cyq to become unreasonably big and inaccurate. Therefore Cgq and
Cggq are set to 0.5C,, when V43<0.1V to prevent this situation.

Two capacitance models are implemented. They are (1) the one described in chapter 3,
and (2) a simplified version of chapter 3 for speed consideration. The flag cmod is used to
specified which model to use. When cmod is 1, (1) will be used. When cmod is 2, (2) will be used.
(1) and (2) are identical in the subthreshold region and strong inversion linear region. The
difference is in the saturation region. Cgq and Cyq of (2) in the saturation region are set to 0 and
2/3CoxLestWegr (see fig 4.3.1a).

Cas’Cad Cs'Cad
/ I\

gs ox

0.5C

0.5C
ox

oxf

cmod =2

>V,
Vdsat vdsat )
Figure 4.3.1.a: Difference between the two capacitance model (cmod=1 and 2)
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Chapter 5: Simulation Results
5.1 Overview

This chapter compares the results of a 33-stage ring oscillator simulation with measured
data. The drawn size of all p-channel TFT is 16um/7um. The drawn size of all n-channel TFT is
9um/7um. The oxide thickness is 76nm. Section 5.2 compares and discusses the simulation results
and measured data. The data will be presented in both tables and graphs.
5.2 Simulation Results and Measured Data

Table 5.2a tabulates the simulation results and measured data. Figure 5.2a and 5.2b plots
the results in the table. A positive error means the simulation overestimate the data. A negative

error means the simulation underestimate the data.

Table 5.2a: Simulations Results and Measured data

Vcece | Freq from Freq from % Error Power from Power from % Error
(V) | Simulation Measured data Simulation Measured

(MHz) (MHz) (mW) Data (mW)
6 0.62 0.277 124 0.075 0.033 127
7 0.83 0.504 65 0.145 0.084 73
8 1.13 0.788 43 0.255 0.171 49
9 1.48 1.11 33 0.42 0.318 32
10 | 1.8 1.52 18 0.65 0.548 19
11 |2.15 1.92 12 0.935 0.854 9.5
12 [2.36 242 -2 1.38 1.31 5
13 [ 2.78 2.99 -7 1.82 1.92 -5
14 132 3.66 -12 2.45 2.82 -13
15 [3.5 4.33 -19 3.15 4.02 -21
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Figure 5.2b: Compare simulated and measured power of a 33-stage ring oscillator.
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The simulation results in the higher V. region is more accurate then those in the lower
Vi region. In the lower V. region, the simulations overestimate the frequency and power,
because the capacitance model underestimates the capacitance data by a large margin. Therefore
the percentage error is big. In the higher V . region, the simulations underestimate the frequency
and power, because the drain current model underestimates the drain current data by a small

margin. Therefore the percentage error is small.
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Appendix A: Equations Implemented in SPICE

This appendix summaries all equations implemented in spice3el. Section 1 lists the drain
current model equations. Section 2 lists the capacitance model equations. gy, is 9l / 0Vigs. gys is
3y /dVy,.

Section 1: Drain Current Equations
First of all, we need to define the boundaries of different regions (Figure 2.1a) and some common

symbols.
V1 =V, -bT Vgst = Vgs — V1 Cox =€ox / Tox
1 oY 2
v
Vidsat = + Vass = Vs = Vdsat Egy =—4
> [Vgst EsarLetr } ° : Heff
Leﬁ' =L—2Ldiﬁ' Weﬁ- =W—2Wdiﬁ
-k
kT —qu exp(p3T)
=po| —] ex +
Heff uo[ q ) P[ KTCox Vgs: 2}
Var = Vasar — Varanl Van = Vasat + Vdwranh
Va1 = V1 = Vgirani Veh = V1 + Vgirann

1.1 Strong Inversion Linear Region: Vs> Ven and 0<V4<Vy

W, V, V,
L= eff C (V _ ds) ds
d _Leff oxMeff| Vgst 5 n vV ds_

(Vgst - Vds / 2)Vds

&ds = Vet _MetrCox (Vgst"vds)‘
Lett 14— Vo5 EgqLegt| 1+—d
E..L sat~eff
sat eff EgatLess
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q

!

W ] uefdezs(Vgsz - Vgs/2) o(1/Eg,) |

9
= efl ¢ Vg = Vg 1 2) Vg Zefl Vi -
€m Lo ox . Vae ( gst ~ Vds ) ds avgs +Heff Vds Lo + Vas avgs
EsatLeﬂ' Esat
d(1/Eg,) __ 1 opes OMefr _ (Mer —1a)auy exp(usT)
9Vgs 2Vsar 9V 9V kTCongzs[
1.2 Strong Inversion Saturation Region: Vgs>Vgp and V>V,
V,
Iq= Idsat(1 + _Vdss )fkink
A
-1
VA =( I + 1 )
Vacim  VapBL
(EsatLeff + Vgst)vdss EgatLett + Vgot
Vacum = E ¢ VaDIBL =
sat ol 1+ 2Ega Legt
gst

fkink =1+ Slvdss exp(_—sz-)
Viss

W, V, V,
Ljgn = 2 Cop L (v - dsat)&
dsat L oxHeff | Vst 2 1+ vV isat

eff
Esat Leff

V, s -s 1 Vi 9V,
= Lgeqsy| 1+ =958 || 14+ =2 )ex( 2)+1 ———ds A g
8ds = ldsat 1( A )( Viss P Vese dsat Va VK Ve kink

oV VZEsate
- 2
Vs (EsatLeff + Vgst)vdss
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g AL Va gs
WVasar _y2 [ 1 Opes
ans dsat Vgst 2V Legr ans
al-‘l-eff = (ueff — 4 )Qllz exp(l"’?’T) a(I/Esa[) - 1 a}leff
Vs KTCox Vay, Vs 2vgy Vg

afﬂ = —[ 1+ —SZ—)SI exp(s_z)m
Vg Viss v

olgsy _ Wer 1 _ Mefr “-effvdzsa (vga — Visar /2) (1/Eg)
Vg Ly Cox ” Vo (Vgst Vasat 2)Vasa av; *+HReft Vasar ~ L[ Vo av:'
EgarLeg of a
9Va =_V2(a(1/VACHM) N 3(1/ VopmL)
Vg Al 9V IV
1+ Leff aEsat
o1/ Vacum) _ Egat! 1 Vg Vs
9Vgs (EsatLeff + Vgst)vdss Vass 9Vgs  EgaLefr + Voo

OEgy A Olesy
OVgs  pl. Vg

20 5eff aaEvsa[ - Esal;-'eff e 1+ 2Esa[Leff Leff aEsat +1
a(l / VADIBL) - gst gs vgst _ Vgst aVgs
9V EgatLet + Vgst

(EsatLeff + Vgst)2
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1.3 Subthreshold Region: V4 < Vel

2vey [kTJ o 1 1
Meff = Hol — Vds = +
Heff ¢ °\ q a Vewranh  Esatlesr

Ia = ILgifr + Ithermal + Lgial

-V, Vgs = V1 — Vogr
Litr = Wegr Lgo| 1- g | exp| —&
diff = Weff d°( exP(kT/q)) XP[ (kT/q)n

Eqa =

—Bgial
Loia = Wefngidl(Vdg - Vi)exP[ v & y ]
dg — Vi

E
Lihermal = West Lthermalo exp( KT ? q )

If (Vgg-V;) > 0, then

- Vo — V1=V, B.. -B..
8ds = Wett Lao exp “Vas exp q( g_T 0&) +Agiq| 1+ gid! exp gid!
kT/q kT/q kTn Vag — Vi Vg — Vi

_ Voo - V=V, B, ~B,;
g = Werrlgo 1-exp| —vas exp| &5 1 _off ~Agig| 1+ L lexp| &<
(kT/q)n kT/q (kT/q)n Vag — Vi Vg~ Vi

else

- Voo = Vr =V,
g4s = Wesr [do exp Vds exp q( gs T Oﬁ)
kT/q kT/q kTn

- Vos = V1=V,
gm= WettIgo 1-exp Va5 exp| & T~ Toff
(kT/q)n kT/q (kT/q)n
1.4 Transition between Linear and Saturation Region: Vs>V and Vg <Vg<Vgp

Vs = Var(1-1)% +2Vgpt(1-1) + Vgt ?

Ig =T (1-t)? +2L4t(1- 1) + Igyt?
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Ig=1 [4h =1
a=lly_ v, an=laly_ v,
&dsl = gdslvgs‘vd’ 8dsh = gds'vgs‘vdh

Eml ‘gm|vgs‘vd] &mh —gml\/gs.vdh

_ (Va —Vdp)"'\/(vdp - ch)2 (Vg —2Vgp + Van)(Var = Vas)
B th—2Vdp+Vd1

Vo = Lan ~Lat —(8ashVah = 8as1 Var)
P ~8dsh * dsl

Igp = gdsl(Vdp - le) +Ig

t(Ign - Idp)+(1- t)(Idp ~1g)

~ t(Van - Vgp) +(1- ) Vap - Va)

8ds

Is—Ia Van—Va (
Ian—Iar Vas—Va
1.5 Transition between Strong Inversion and Subthreshold Region: Vei<Ves<Vegn

gmh-gml)

€m=8mt+

2
Vgs = Vai(1-1)° +2Vgpt(1-t) + Vgyt?

In(Ig) = In(1g)(1- €)® +21n(Ig (1~ t) + In(Ign )12

Iy = Ileg,Vas Ign = Id|vsh Vi
8ast = 8aslv,v,, 8ash = 8asly, v,
gmi = gmlvgpvds g€mh = 8m|vgh,vds

2
(Vgl - Vgp) "'\/(Vgp - gl) '(Vgl —=2Vgp + Vgh)(vgl - Vgs)

t=

Vgh - 2Vgp + Vgl

v. = lan—la ~(8mnVan ~8m Var)
2 ~Emh +Eml
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Idp =gml(vgp - Vgl)+ Il

t(Ig, - Idp) +(l-t)(ldp ~1g)
t(Vgn = Vgp) +(1-1)(Vip - Vi)

Em =

Ig~ly Vg~ Yg'l(gdsh —84s1)

8ds = 8as1 +
Idh - IdI Vgst ~ Vgl
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Section 2: Capacitance Model Equations
First of all, we need to define the boundaries of different regions (Figure 3.1a) and some common

symbols.
1 A
V1 =V, —=bT Vdsar = [ v + E.L ) Cox =€ox / Tox
gst sateff
Vgst = Vgs - Vr Vgstd = Vgst — Vs Vgstdat = Vgst = Vasat
Var = Vasat ~ Varranic Van = Vasar + Vdranhe
Va1 = V1 = Vguranic Vegh = V1 + Vgirannc

2.1 Cggq in Strong Inversion Linear Region: Vg>V,p, and 0<V <V

v, 2
W legr W,
Coa =28 W2 g J Qa(V)av - —2QR (Vi) + =< Qn( V)
12 V. d sat
v .
2 - 3 3
J.Qn(v)dv = Ecox(vgs( - Vgs[d)
VS

2.2 Cyq in the Strong Inversion Saturation Region: Vy>V,p, and V4>Vgy,
If cmod=1, then

_ 9Qin , 9Quat
Ced=3v, *ovy

0Qin _ 12 ~2 8ds (/3 3
Wy 3 e kel T(21—(Vgst - Vgstdsa‘)

9Qat J0AL
a—VS: = —=Wetr Cox Vgstdsat g\z

Vg  (Vas=Visar)/€+Eq En
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v v 2 172
=[] Yds — Ydsat 2
Em—[( ¢ ) +Esat:’

else if cmod=2, then

2.3 Cggq in the Subthreshold Region: Ves<Ven

If V>V, then

(vgs - Vgl) Veatran = Vgiranic + Vgranhe

else,

-1
ng = 1 + L
Wet Lett Cox Acngd
Cgdn is the Cgq computed at Vgs=Vgn and the applied V. If V3>V yoa, then the equations in
section 2.2 are used. Otherwise, the equations in section 2.1 are applied.
2.4 Cgq in the Strong Inversion Transition Region: Vgs>Van and Vg <Vy4<Vy;,

Cgd =acgq Vs +begg Acgd = —— beed =Cgdn —acgq Van
g g g 8=y Vg g g g

Cgal is the Cgq computed at V3=V g and the applied Vs using equations in section 2.1. Cygp is
the Cgq computed at V3=V, and the applied Vg using equations in section 2.2.

2.5 Cgs in the Strong Inversion Linear Region: Ves>Vghegs and 0<V4<Vy

= g
Cgs ——'aTg—ng

9Q, lchwzﬁ Olefr  Mefr 3 3 2 2
v, T3, Vg g m (Vgstd"Vgst)+3“eff(vg5td-vgm)

1 a(1/ Ega) 2 2 2
——Weg Coy | ————\V -V +—1V, -V
) eff ~ox l: ans ( gstd gst ) Esat ( gstd gst )
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Cgq is the Cog computed at the applied Vg and Vs

2.6 Cgs in the Strong Inversion Saturation Region: V>V, and Vgo>Vgy
If cmod=1, then

an Egg_ - anin + aQsat

Cog =2~
g g
3V, vV, aVy v,

c? w2
9Quin _ 1 CoxWerr | [ OMesr _ Mesr 3 _y3 2 9Vgsar 2
Vg T OVgs g Sm (vgswsa' Vgs‘)+3“eﬁ Vestasar| 1=y~ 0V ~Vest

1 o(1/Egy) (.2 2 2 OVear
‘Eweff Cox[ _a-_vg-s (Vgstdsat Vgst) E_sa: vgstdsat 1- an: ‘Vgst

aQsa( ans aAL
—S8 = W, Cox | 1-—352 JAL ~ W C,y V —
ans eff “~ox ans eff “ox Ygstdsat ans

AL = “n((vds — Vasat) / £+ Em)
Esat
1 ansat aE
dAL _ (Epy f ans ans +(Vds — Vdsat +E )8(1/ Esat)
- m
OVgs (Vs — Vasar)/€+Em Ega ¢ Vs

9Ep _ 1 |_9Vasat Vas—Vasar . 9Esar
dV,, E oV, ¢2 S OV
gs m| gs

else if cmod=2, then

2
Cgs = Ecox Lesr Wesr

2.7 Cgs in the Subthreshold Region: Vg<Vg,
If Vo>V, then
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C
__—gsh —
Cgs = v (V -V, l) Vguran = Vguranhe + Vgtranic
gtran

else,

-1
Cos = 1 + 1
Wegt Legt Cox AcgsId
Cgsh is the Cgg computed at Vo=V, and the applied V. If V4>V 4, then the equations in
section 2.6 are used. Otherwise, the equations in section 2.5 are applied.

2.8 Cg in the Strong Inversion Transition Region: V>V, and Vg 1<V4<Vgy,

Coc=a Vi +b a —_—gSh gsl b =C —a V
S cgs vds cgs cgs cgs sh cgs Ydh

Cgs) is the Cgg computed at V3=V and the applied Vs using equations in section 2.5. Cygp is
the Cyq computed at V=V qy, and the applied Vg using equations in section 2.6.
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Appendix B: Parameter Extraction

This section discusses the parameter extraction procedures used in this project. A
spreadsheet program, EXCEL 4.0, is used to visually fit the model with the measured data for
both the drain current and capacitance model parameters locally. Temperatures are in unit of
Kelvin. Section | discusses the drain current parameters extraction. Section 2 discusses the
capacitance parameter extraction.

Section 1: Drain Current Model Extraction

To extract the drain current parameters with temperature dependence, the following
measurements are needed at different temperatures (e.g. 300K, 325K, 350K, and 375K) are
needed. If temperature dependence is ignored, only one set of data is necessary.

1) CgVgs data with both drain and source grounded (e.g. Vgs =-3V 10 12V)

2) I3V g5 data with several Vg bias bigger than V (e.g. V4s =0V to 12V and Vg =3V, 6V, 9V,
and 12V)

3) [4Vgs data with different V5 bias (e.g. Vgg = -5V to 12V and Vg5 = 0.1V and 5V)

The gate oxide thickness and process lateral diffusion length must be extracted first. Section 1.1
to 1.5 describes the extraction of the parameters in different regions. Section 1.6 discusses the
order of extraction.

1.1: Threshold Voltage (V1o and b)
We use the equation Q, =C, (Vgs - VT) to define V. First of all, Cg-Vgs data are
measured with both the drain and source grounded. Then the parasitic capacitance is subtracted
Ves
from Cg. Qy is computed by integrating the Cg-Vgs curve using the relation Qn(Vgs) = IngV.

—0Q

A straight line will be fitted to Q,, and the x-intercept is V- (figure bl).
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Figure bl: VT extraction procedure

If the temperature dependence is ignored, Vg is V1 and b is 0. To extract the temperature

dependence, b, VT's at several temperature are measured. Then a linear fit is used to determine
V1o and b, where V= Vg —bT.

1.2: Mobility (1o, Iy, 12, 13, and pg)

At a particular temperature, [e¢ is modeled with an expression in the form of

Aexp(—B/(Vgs - VT)) + U4, where A and B are function of temperature, oxide thickness, and

mobility parameters. An estimate of A, B, and 14 are obtained by fitting the io¢ at low drain bias
(e.g. 0.1V) using the 1§V data. When A increases and B decreases, Mg increases. |14 determines
Hefr at Vs close to V. [Legr increases when 14 increases. Since the objective is to fit the drain
current in the strong inversion linear region, the estimated A and B are further optimized by fitting
the 14V data in the strong inversion linear region (figure b2) with Vo>V, Using the IV curves
at different temperatures, different sets of A and B are found. Then we can compute g, |11, 45,

M3, and 4.
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egion to be fitted

N\
7 Vds

Figure b2: strong inversion linear region

1.3: Saturation Velocity (vg,¢)

Vsat affects the magnitude of the drain current when Vg is near V4, and the location of
Vdsar- When v, increases, Vg, and 1 increase. vy, is extracted by visually fitting the drain
current near Vg, and the location of Vg, (figure b3).
'q region to be fitted

; o

> Vye
Figure b3: extracting vy,
1.4: DIBL, Channel Length Modulation, and Hot Carrier Effects (¢, 6, s;, and s,)
¢ and 0 affects V5. When ¢ and 6 increase, V5 drops and I increases. s and s, affect the
hot carrier tail at high V4. When s; increases and s, decreases, the hot carrier effect will be more

pronounced (figure b4). s; is set to 1.2 for NTFT and 2.2 for PTFT in this study. Only s, is varied
to fit the data. However, the user can vary both s; and s, as they see fit.

46



region affected by s1 and s2

region affected by ¢
and ©

N
7 Vds

Figure b4: effect of 54, 55, ¢, and 6
1.5: Subthreshold Region (n, Vot’f’ ldo’ Agldl’ Bgidl’ Vi’ Ea, and Ithermalo)

Igo 0, and V¢ affect the region where the diffusion current dominates. When n and I,
increase and V¢ decreases, the diffusion current increases. Huang [1] shows that L, is a function
of substrate doping. Iy, is treated as a model parameter in this model. Agidl» Bgial» and V; affects
the region where the GIDL effect dominates (Vg is big). When Agiq increases, B gid1 decreases,
and V; decreases, the GIDL current increases. Iiermaio and E, set the minimum leakage current.
The thermal generation current is not a function of bias. When E, decreases and Liyermaio
increases, the thermal generation current increases. To extract Iiermaio and E,, Lpermar at
different temperature are extracted first. Then Iipermaio and E, are extracted from the Lpermal
found. If temperature dependence are not extracted, then Iypermaio iS Linermar and E, is 0. Figure

b5 illustrates the regions thlat( lth;e above parameters affect.
n
d

N\

diffusion
current

thermal current
> Vgs

Figure b5: different regions of the subthreshold region
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1.6: Order of Extraction

I) Extract threshold voltage parameter (Vg and b).

2) Extract mobility parameters in the linear region of 15V 4 (1o, 1. Wy, U3, and g).

3) Adjust vgy to fit the Vg, location and Iy near Vygy,.

4) Adjust ¢, 0, 51, and s; to fit the saturation region of the I3V curves.

5) Extract n and V 4 for diffusion current.

6) Extract Agig), Bgiq1. Vi, and Iiperma) together for GIDL and thermal generation current.
7) Repeat the extraction of Iipern,) for different temperature to extract Ipermaig and E,.
8) Adjust Vgyrant. Varranhs Vatrant a0d Vyranh to improve continuity.

Section 2: Capacitance Model Extraction

For Cgg and Cgy, only Acgg, Acgg, and the transition region parameters need to be
extracted. The following measurements are needed.
1) Cgs and Cyq in a V4 sweep with different Vs bias (e.g. Vg =0V 10 12V and Vo = 3V, 6V,
9V, and 12V)
2) Cgs and Cyq in a Vg sweep with different V bias (e.g. Vgs=-5V 10 12V and V4 =3V, 6V,
9V, and 12V)
The gate oxide thickness and process lateral diffusion length must be known. The parasitic
capacitance and the overlap capacitance should be subtracted from the data. Drain current model
parameters can also be slightly altered to fit the capcaitance data more accurately.

2.1 Aggsand Agq
Acgs and Ay affects Cyg and Cyg in the GIDL dominant region (Vgg>0, e.g. high V4 in
accumulation region). When Acgg and Acgg increase, Cyg and Cgq increase. Acgs and Acgq are

extracted by fitting the model with the data in the GIDL. The GIDL dominant region in 3.3.1a of
chapter 3 is from between -10V and -2V. The figure is re-drawn below.
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Figure 3.3.1a: Cgg and Cgq vs V,

2.2 Transition Region Parameters (Vg¢ranics YVdtranhe Vatranies Vgtranhe)

To extract those transition region parameters, we can just examine the data and get a
reasonable estimate. V gyranic and Vgiranpc are the transition width from saturation to linear region
on the Vg5 domain in Cgg-Vyg and Cyy-Vgg data. A default value of 0.5V for both Vgyrapic and
Viranhe Works well for the data used in this project.

When the gate bias decreases below Vr, Cgs and Cggq gradually drop to 0. Vetranic is the
voltage below V that Cy and Cgqg drop to 0. The Cgq and Cgg model assume a linear drop from

(VT + Vgu'anhc) to 0 at (VT - Vgt.ranlc)- Therefore, Vgieannc is the voltage above V that the
model begin the linear drop (see figure 3.3.2a of chapter 3).
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