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Abstract: A new physical current-voltage model for polysilicon thin-film transistors (poly-Si TFTs) is presented.

Taking the V-shaped exponential distribution of trap states density into consideration,explicit calculation of sur-

face potential is derived using the Lambert W function, which greatly improves computational efficiency and is

critical in circuit simulation. Based on the exponential density of trap states and the calculated surface potential,

the drain current characteristics of the subthreshold and the strong inversion region are predicted. A complete and

unique drain current expression,including kink effect,is deduced. The model and the experimental data agree well

over a wide range of channel lengths and operational regions.
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1 Introduction

Polysilicon thin-film transistors ( poly-Si
TFTs) are becoming more attractive for active-
matrix liquid-crystal displays (AMLCD). As a re-
sult, physical poly-Si TFTs models suitable for cir-
cuit simulation are needed by the electronics in-
dustry.

Some existing models for poly-Si TFTs are ei-
ther too complicated” or incomplete™! . Several
models"* ™ for circuit simulators have been built
on bulk MOSFETs or SOI models with slight mod-
ifications. However, these models are far from
satisfactory, as they cannot cope with effects
caused by the high density of localized states in
the polysilicon bandgap.

Many publications state that the electrical
properties of poly-Si TFTs are controlled by de-
fects within the grain boundaries. Werner and
Peisl"®) used conductivity and admittance spectros-
copy measurements to obtain a continuous density
of states (DOS) at grain boundaries dominated by
V-shaped exponential band tails. A similar result
was obtained by Fortunato and Migliorato'” with
a U-shaped DOS distribution. To account for the
localized states contribution, a number of mod-
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rely on simplified assumptions,such as the
use of a single effective trap energy level, thereby
making the models inaccurate, especially in the
subthreshold region. Although a few authors™®'"
considered the exponential DOS distribution,
when deriving current-voltage characteristics they
needed numerical approaches to calculate surface
potential. Iterative numerical calculation of sur-
face potential slows down simulations, which is in-
appropriate when simulating circuits.

Few authors have analytically solved surface
potential and used it to describe the DC character-
istics when considering a V-shaped DOS distribu-
tion in poly-Si TFTs. It is achieved in this paper.

2 Strong inversion characteristics

In our model.,we assume traps to be uniform-
ly distributed over the entire volume of the film.
This simplified assumption is available for small
grains TFTs"**! . In addition, we also assume
there is an n-type poly-Si TFT with a gate length
L and a gate width W.

Since the polysilicon used for TFTs is cither
undoped or lightly doped''", in the direction of
the substrate, the Poisson’s equation is*

(©2007 Chinese Institute of Electronics
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Since a single exponential DOS distribution in
the upper half of the gap (also called a V-shaped
DOS distribution)™® is assumed. the density of lo-
calized ionized acceptor-like traps is given by

nkT X (Epo‘*‘q‘I’*CISbn*Ec)
n < kT ) E,
E,

Nia = 8

(€D
where g is the states density, E; is the inverse
slope of states,and Ec is the energy at the bottom
of the conduction band.

For positive values of ¥, using the relation

Iv 2 prs PERY , , )
(ax X:O) =2 , axzd\If and Gauss’s law V,
Esi d’q’ . L. .
. = « ¥ ’ ] ]
Vo = W Cox dx | .oy the implicit relation be

tween gate voltage V, and surface potential ¥, is
obtained by
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Equation (4) cannot be solved in closed
form. In general, a distinction can be made be-

tween two different operation regions, namely the
subthreshold region and the strong inversion re-
gion. In the subthreshold region,the Fermi level is
close to the midgap, and the localized trapped
charge has a much larger concentration than the
free electron charge. Therefore, the trapped
charge contribution is the most relevant in the
subthreshold region. Analogous consideration ap-
plies to the strong inversion region, where the
Fermi level moves towards the conduction band
and the concentration of free charge is much lar-
ger than that of the trapped states. Accordingly,

Gate voltage/V
Fig.1 Surface potential as a function of gate voltage

obtained from implicit relation Eq. (4) with different
ga The results of the subthreshold and strong inver-
sion asymptotic approximations, Equations (5) and
(6) ,are also shown.

two asymptotic equations, Equations (5) and (6),
can be derived from Eq. (4) . In the subthreshold re-
gion, the dominant term on the right hand side
(RHS) of Eq. (1) is the density of ionized traps Nya
and the n term is negligible. Therefore,we have

Vo Vot =Yg e B (7)1
5
In the strong inversion region, the dominant
term on the RHS of Eq. (1) is the free charge
density n and the Ny, term is negligible. There-
fore, we obtain

2 si ‘\‘P‘S
Vi =Vo ¥ = Y oot [ ) 1]

OX
(6)
Numerical simulation results show this as-

ymptotic approximation is accurately available for
various traps states density. As shown in Fig.1,in
the subthreshold region,since an exponential DOS
strongly affects its characteristics and most of the
induced charge is trapped in deep states, surface
potential can be approximately determined by
Eq. (5).On the other hand, in strong inversion,
when all the additional induced charge is free
charge,the free charge dominates Poisson’s equa-
tion,Eq. (1) . Similar to MOSFET devices, surface
potential can be approximated by Eq. (6).

We restrict our analysis to the strong inversion
region. In this case, the exponential term in Eq. (6)
becomes dominant, thereby reducing Eq. (6) to

V, -V W, = VMexp<qfs> 7
Cox 24,
Equation (7) can be rearranged as
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Equation (8) can be accurately solved using A Per (W) — ¢,
the Lambert W function'"*’, where W, (x) is the  ,/2ge . n, Ewn/q
solution of the transcendental equation W, (x) X Cox exp( 2¢, ) ’

exp[ Wy (x)] = x. The Lambert W function has
previously been used in many semiconductor de-
vice physics solutions and is also available in some
circuit simulation tools.

The accurate and explicit expression for sur-
face potential in the strong inversion region as a
function of gate voltage is achieved by

[Gean, - V.
v, = Vg -V~ 23{)1Wo[ s 7e exp( Vg2¢ tb)}
Cox /28 t
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Following the analogous derivation of

Eq. (4) ,the electric field E in the vertical direc-
tion becomes
)+

E(W)—d—qf / n¢xexp m/q) p(tp%ﬁ‘
(10)
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where we have ignored the “—1” term because.in
strong inversion, the exponential term of electro-
static potential is much larger than one,and Nqyagp
Ew — E

" 8 sin(:lj{YT/El sexp B ):

Applying the effective temperature ap-
proach™ ,an effective electric field E. is defined

N'['AOO

as
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$
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exp(EF;/q) + NTAOO%J ,and
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Eq. (10).
The induced free charge in the channel is giv-

en by

on (W, $,)

Q¥ = qJO aw/dx Y
_ ¥ n(‘l’,ﬁi’n) — J‘q/’ n(We‘}Sn)
= qu Eqp ¥~a) pogydv dw

where n(¥,4,) is determined by Eq. (2).
Integrating Eq. (12) and using the relation-
ship in Eq. (7) yields

Hence,the free charge is now represented by
Eq. (13) ,which depends on the surface potential.
Under the assumption of gradual channel approxi-
mation, the poly-Si TFT drain current, which ac-
counts for both the drift and diffusion compo-
nents and is valid in both the linear and saturation
regions,can be expressed as

w Yo
Linvo= 7 prent [J O (P)A¥, - (Qi (W) — Qi (W) }
L Yo

14)

where ¥, and ¥, can be calculated using Eq. (9)

by replacing ¢, with the applied source voltage V,

and the drain voltage V,,respectively. The effec-

tive mobility model can be represented as
o GXp( - V[,/S{’(

L+ 60, (V)Y +0,(Vy)*

V,,Z[(Vgs—Vi)“ + (VQ _K,'Vds) :|2 - (Vgs -

Mett = /ls (15

Vi)
(16)
where 4, is the high field mobility, x4, is the low
field mobility, 6, and 6, are the mobility degrada-
tion parameters caused by phonon scattering and
surface roughness scattering, respectively, Vo and
V, are the fitting potential barrier height parame-
ters,and « accounts for the potential barrier low-
ering effect induced by the drain. The above mob-
ility parameters are extracted from the fitting be-
tween the model and data.

Substituting Eq. (13) into Eq. (14) and in-
tegrating,we find the drain current in the strong
inversion region to be

I:%Vﬂ [g(W)—g(W) (0, (W)~ O, (W ) ]

an
- ¢b,
(by)*

[(Vg_

g, = X

2¢,
¢m<w )

3t (W) — 29, - WO R J(18)
3 Subthreshold characteristics

In the subthreshold region, for moderate
band-bending, most of the induced charge in poly-
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Si TFTs resides in the localized states. The influ-
ence of trap states on the surface potential and
drain current becomes dominant. As a conse-
quence, surface potential in the subthreshold re-
gion is very well approximated by Eq. (5).

Around flat-band voltage, where off-state
current is primarily determined by channel resist-
ance,surface potential is smaller than or equal to
a few E,/q.Here,we restrict our analysis to gate
bias above the flat-band voltage where the surface
band bending is larger than a few E,/q and the
current-voltage characteristics are dominated by
drift-diffusion. Therefore, neglecting the “ — 17
term,Equation (5) becomes

_ _ _ 2q€siNTAoE1/C] v,
Vo=V - W = Cox eXp<2E1/q>
19

Applying the derivation of
Eq. (9),surface potential in the subthreshold re-
gion is solved analytically using the Lambert W
function:

analogous

Vﬂ,—ZQX
q

v, =V, -
Wo[ / qei Nuao exp( Ve = Vﬂ’” (20)
Coxv/2E\/q 2k /q
Assuming that the contribution of the free
carriers is negligible with respect to trapped ones,
the electric field in the subthreshold region is
evaluated by solving the Poisson’s equation as

dv __ J2q Ev (¥
dx N exp(ZEl/q> 21)

For simplification, Equation (19) can be re-
expressed as
o B[ Vem Vs
q b,

qusk/ E, nkT
= — — X
where b, Cox 8a q sin(xkT/E,) °

As a result, from Eqgs. (12), (21) and (22),

the free charge in the channel can be written as
2By /q

"I’s _ ¢n lI/‘s}_’_ EC B EFO

q
(22)

_ Vg - Vfb - 11'.5 ¢l
0 = gy ) (23)
where 5= A X 2¢‘_E1
2q v & % gankT 2E, — q$.
es q sin(xkT/E))
Ec
exp(q¢ ).

Again using Ohm’s law and gradual channel
approximation,the drain current of a poly-Si TFT

biased at the subthreshold region is expressed as
Vs v,
L = Lﬂﬂeffj‘o * Qid¢n = Lﬂ/lefqu: %dws
@A)
where ¥ and ¥, can be calculated using Eq. (20)
by replacing ¢, with the applied V, and V,, re-
spectively.
Differentiating Eq. (19) with respect to W,
and using Eq. (22) ,we obtain
d¢, _ 2E1/q
dw, Ve = Vi — &,
Substituting Eqs. (23) and (25) into Eq.
(24) ,the drain current for the subthreshold region
can be derived as

1+ (25

T = — — 22 W[ ecg 5 rew )T (26)

- 2E|/q

Jro = 2E¢‘/q(vg - Vi — ‘I’s)_;[ " 4
1
2E, /q
2 L P - Vi — W) (2T

q " ZE./q- 9‘((‘/3

So far we have obtained the drain current in
the subthreshold and strong inversion region,
which depends on the surface potential at the
source end and drain end. The surface potential
calculated in this paper needs no iterative proce-
dures, and Eq. (9) for strong inversion and
Eq. (20) for the subthreshold region are good ap-
proximations.

4 Kink effect

When the poly-Si TFTs are biased at high
drain voltage, anomalous increasing drain current
in saturation and a steeper subthreshold slope
have been observed. These phenomena can be ex-
plained by the kink effect, which is much more
pronounced in poly-Si TFTs. Impact ionization oc-
curs in the high electric field region at the drain
end of the channel. Similar to the floating body
effect in SOI devices, the holes generated by im-
pact ionization are injected into the floating body
and reduce the potential barrier between the
source and body,forcing additional electrons to be
injected from the source. The extra injected eclec-
trons enter the high electric field region, where
they are further amplified by impact ionization
and collected by the drain. This floating body
effect can be represented by a parasitic bipolar
transistor (PBT) in parallel with the device.
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In the subthreshold, the kink effect is reflec-
ted as a decreasing subthreshold swing for high
drain voltage. This effect is modeled by impact
ionization,and is not necessarily related to the ac-
tivation of the PBT,because the PBT current gain
B is very small in the subthreshold''. Using the
derivation in Ref.[15] leads to the following sub-
threshold current expression, including impact
ionization:

Lf/d" )]Isubo (28)
where Ay and By, are the process-dependent fit-
ting parameters.

In strong inversion, the modeled multiplica-
tion factor M tends to a similar expression as that
used in Ref.[15],but the surface potential expres-
sion is adopted to release M from smoothing func-
tions, which makes M negligible in the triode re-
gion. Therefore, it yields

Isub = |:1 + Aisub Vdsexp(_

- B,
M:Ai[Vds_(‘I’skink_‘I’so)]eXp[ Ve (Wi — V. )}
ds skin s0

29
where A; and B; are the process-dependent fitting
parameters,and Wy, is determined using Eq. (9),
replacing ¢, with Vi, . Here V., is empirical.,and
it strongly depends on V, with Vi = axink Vs
where ayin 1S an empirical parameter.

In saturation, the high electric field in the
pinch-off region leads to a conducting PBT. As a
consequence, the PBT effect greatly affects kink
in saturation"'* . Therefore,
M+ 1
1-pM
where PBT current gain 8 is dependent on V.
[17]

Iinv = Iinv() (30)

Since when V,, increases,f decreases' ', we em-
pirically model g with f=pf, — k1 V4 »where k; is a
fitting parameter and V,. is an effective gate
voltage with Vg = Vo [1+ (Vi / V)™ 17,
Here m, and V,, are the adjustable parameters.

5 Generalized model

By combining the currents that account for
cach distribution, a smooth drain current model
valid in a wide range of operation is obtained by

1 1/m
L = Lo [ pcpym s ice ) GD
where parameter m determines how sharply I
changes from subthreshold to strong inversion,

and I, is the off-current in the vicinity of flat-

v RBE
band voltage'®’ .
= Weaw Loy (KT ) exp (= En) Ve
Lo = Wi kT”'<2m*n> e"p( KT )L/Lg
(32)

where tqn 1S the thickness of the film, m ™ is the
effective mass of the carrier, Eg is the grain
boundary barrier height.and L, is the grain size.

As the channel length decreases, the satura-
tion voltage is smaller than the pinch-off voltage
because of carrier velocity saturation. Therefore,
drain voltage when calculating ¥, in strong in-
version should be replaced by an effective drain
voltage V.. Ve tends to V, in the linear region

can be written as

and to saturation voltage Vg, in saturation,which
1%
Vie = Vo[ 1+ (37

[3]
my q-1/m
Vdsat ) }

where parameter m, controls the transition from

(33)

Vi to Vius With Vg = aw Vs Where ag, 1S an ad-
justable parameter.

As the channel length is decreased, the mobil-
"9 and the kink
effect significantly increases. Accordingly, related
parameters,such as Vi, s A s Ais k1 and ek s

ity of poly-Si TFTs increases

should scale with channel length. They have a
similar form of dependency of L, which can be
described as

P = P, + aexp(= L/L,) (34)
where P represents the channel length dependent
parameters,such as Vi,pos Ajw s Ais k1 and e -

6 Results and discussion

Based on the explicit approximation for sur-
face potential, drain current of poly-Si TFTs can
be calculated from Eq. (31). To verify the pro-
posed model,we compared it with available exper-
imental data from different TFTs. The parameters
of these TFTs used in simulation are listed in
Table 1.

The first validation is achieved by comparing
our model to experimental data with different
channel lengths from Ref. [3]. In Figs.2(a) and
(b),we can see that the drain current of the de-
vice is perfectly predicted by the new model. As
shown in Figs. 3(a) and (b),for short channel de-
vices,the kink effect becomes significant. Figure 3
(a) shows that the subthreshold behavior of the
devices exhibits stronger dependence on drain
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Table 1 Parameters for simulation

Symbol/unit TFTs in Figs.2 and 3% TFTs in Fig. 420]
W/um 50 20
tfilm / M 0.1 0.1
L,/um 0.2 0.12
Cox/(F/cm?) 3.51x10°8 5X10°8
ga/(ecm™3 « V1) 2X 1018 6% 101
Ei/eV 0.161 0.1
Ero/eV 0.11 0.01
Vin/V -1.15 0.5
Eg/eV 0.11 0.01
s/ (em? /(V + 8)) 10 3
o/ Cem? /(V + 8) 300 + exp(— L) 18 +103.5X exp( — L/6)
6,/V~13 103 5X10°4
02/V "2 6x1071 5X107°
Vo/V 0.65 0.84
Vi/V 1-exp(—L/2.6) 9-13.3Xexp(—L/4.2)
K 0 0
Ajsar/ V71 14.12 X exp( — L/17.42) 0.272 X exp(— L/4.55)
Bisw/V 20 1
Ai/V! 0.026 X exp( — L/21.16) 0.073 X exp(— L/10)
Bi/V 0.4 1
akink 0.85—exp(—L/2) 0.85-0.6Xexp(— L/7.2)
Bo 8.5 4.05
ki/V1! 0.93 X exp(— L/27.34) 0.22Xexp(— L/18)
m 1 1
my & my 4 4
Vea/V 25 22
@sat 0.7 0.45
3 -2
4 WIL=50pm/50um 2 3l Wi=s0umieum @]
-5 2 4
-6 Sk

lg(,/A)
N
T

Model
-8 + o< Experimental datal®!
o V=01V
-9 4 V=51V
-10 . V=101V
-11 1 1
0 2 6 8 10
VvV
0.45
= , _17b
0.40 kWL Mso%gm/soum ,#,mk.)
0.35F * Experimental data [ *
030
< L
E 0.25
= 0.20F
0.15F
0.10
0.05

s s g s 8 s s 4 a2 s s g s

0 5 10 15 20
V.V
Fig.2 Comparison of drain currents simulated from
the proposed model with experimental data™!  (a) I

versus Vi, with W/L =50um/50pum; (b) Iy versus Vi

with W/L =50um/50,.m

lg(1,/A)
4

* o< Experimental datal’!
o V,=0.1V

T V=50V
o V=101V

-11 1 1 1

0 2 4 6 8 10
VIV

0.9
0.8
0.7}
0.6}

< 0.5+

204

WIL=50pm/6pum
— Model

+ Experimental dat:

s o o b o o o 4

0 2 4 6 8 10
VIV

ds’
Fig.3 Comparison of drain currents simulated from
the proposed model with experimental data™!  (a) I
versus Vy with W/L =50pm/6pm; (b) Iy versus Vi
with W/L = 50‘um/6‘u.m
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VIV
150
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* Experimental data/”! 25 ° Experimental data®™
W La0mm10 W/L=20pm/20pm
100} e 20 o
<
2 Sis
= 3
50 10
5
0 0
0 5 10 15 20 0 5 10 15 20
ViV ViV
16 Model T b 12 Model v
- * Experimental data'’, eee®® = *  Experimental data! .
WIL=20pm/30pm oo 2* 10| wiL=20pm/40pm
12 - .-. ..0
8
<
E ER
=z 5
4
4
2
0 1 1 (C) 0 1 1
0 5 10 15 20 0 5 10 15 20
Vo/V VIV

Fig.4 Comparison of drain currents simulated from the proposed model with experimental data

201 (a) [4 versus

Vi3 (D) Iy versus Vg with W/L =20pm/5pm;(¢) Iy versus Vg with W/ L =20pm/10pm; (d) Iy versus Vg with
W/L =20um/20pum; (e) I4 versus Vg with W/L =20um/30pum; (f) Iy versus Vg with W/L =20pm/40pm

voltage. Meanwhile, characteristics in
Fig. 3(b) show that the current keeps rising after
saturation due to the kink effect. Encouraging

agreement is achieved for both long and short

output

channel devices.

The second validation of the derived model is
employed by a comparison to the experimental
data from Ref.[20]. The devices were fabricated
through the same process but with different chan-
nel lengths. Figure 4 indicates that, over a wide
range of gate and drain voltages,the model is very
close to the experimental data for both long and
short channels. The kink effect is more pro-
nounced in short-channel devices, and, at higher
drain voltage,premature breakdown will occur.

7 Conclusions

In this paper,a new physical-based DC model
for poly-Si TFTs valid in a wide range of channel
lengths and operational regions has been presen-
ted. Our model has distinctive features. First, the
proposed model accounts for a V-shaped exponen-
tial distribution of DOS. Second,the analytical ap-
proximation for the surface potential is derived,
and the explicit calculation leads to a noticeable
decrease in simulation time. Third, a complete
drain current expression is deduced and can be
easily implemented into circuit simulators.
Fourth, the model accounts for the kink effect,

which is important in subthreshold and satura-
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tion. Fifth, the same model parameters but chan-
nel length L are used to model experimental data
with different lengths, and good agreement is a-

chieved.
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