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Abstract:- A new analytical solution to the surface potential in symmetric double-gate polysilicon TFTs(DG
poly-Si TFTs)is presented,which is single-piece and suitable for a wide range of gate voltages under different
conditions. Its high accuracy in predicting the surface potential is verified by a comparison with the numerical
results .Furthermore, a drain current model based on terms of surface potential is proposed. Drain current
calculations are successfully verified by comparisons with numerical and experimental data.
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l. INTRODUCTION

Poly-Si TFTs have been receiving a lot of attention due to their advantages for use in high-density
active-matrix displays. However, as rules of scaling are approaching the limit, single-gate poly-Si TFTs can’t
meet the needs of the future because of the short-channel effects.Recently, DG structures of poly-Si TFTs
which possess the potential advantages of excellent control of drain-induced-barrier-lowering (DIBL), short-
channel effects, larger on/off current ratio, and higher channel conductivity have appeared.

In recent years,several models about DG poly-Si TFTs are presented.A 2D potential distribution
model™which was was solved by the Greens function approach was proposed. However, it was very complex.
The threshold and | - V characteristics of DG poly-Si TFTs!?! were simulated by a 2D simulation tool:Atlas. Its
result can serve as a basis for the modeling. In our previous work™, we developed a drain model for symmetric
DG poly-Si TFTs.The drain model in the strong inversion region is adapted from DG MOSFETs.However, their
validity is uncertain because they have not been compared with the Pao-Sah model.

In this paper,we develop an accurate surface potential calculation and a drain current model of DG
poly-Si TFTs.At first,the surface potential calculation is derived analytically without smoothing function.After
that, drain current model of the subthreshold region and above-threshold region has been derived. Finally, the
surface potential calculation and drain current model are extensively verified by comparisons with numerical
and experimental results.

1. CALCULATION OF THE SURFACE POTENTIAL
The structure of DG poly-Si TFTs is shown in Fig.1,which is an n-channel undoped poly-Si film with a
tooythickness,where x==t,, /2 and x=0 correspond to the interfaces and the film center, respectively.
Herein, this device has two identical gates with the same voltage bias and the top and bottom gate oxides are of
equal materials and thicknesses(t,,). The basic assumption we made is that the energy distribution of the traps
can be modeled by a constant distribution of deep states and an exponential distribution of tail states.Neglecting
the hole concentration, the one-dimensional Poisson equation can be expressed as
o -V -V
o = e ) Ny Ny o)) &
si (o]
Note that No=n,exp(E; /4q) , Nuy = 9 [T sin(kT/ E))]expl(E, —E.)/E] ,and ¢, =E./d. Here, g

is theelectron charge, £; is the poly-silicon permittivity,V,, is the channel potential, (ét is thethermalvoltagekT/q,

n; is the intrinsic carrier concentration, E; is the Fermi-level energy, Ny, is the density of deep state ,g is the
density of acceptor-like tail state , E; is the inverse slope of the state, and E. is the conduction band energy.
Equation (1) must satisfy the following boundary conditions:

do
=220 @(0)=
dx L »(0) Dy 2

Where ¢, is the center potential.
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FIG. 1. Diagram of the structure of an undoped DG poly-Si TFT.

Integrating (1) once with the boundary conditions, one obtains
1/2
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Using the Gauss’ law at the interface, the relation of ¢, and ¢, with gate bias V becomes
gsi
Vgs _Vfo — Qs = C E( s’Vn) 4)

[0):4
In order to obtain the solutions of ¢, and ¢,, we split the potential @(X) into four components: the

center potential ¢, the potential ¢ (x) contributed by the acceptor-like tail state charge term referenced to
@, , the potential ¢,(x) contributed by the mobile charge term referenced to ¢, . The potential ¢;(X)
contributed by the deep state charge term referenced to ¢, . So we have

P(X) = @, + @, (X) + 9,(X) + 5(X) ©®)

The expression of ¢,(X),,(X) and @;(X) can be obtained by solving the equation

2 —
0 (‘:1 _9 N, EXp -V,
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with the following boundary conditions

gsi a¢| (X) — 0
X o (7
b (X)|X:0 =0

where i=1,2,3.The solutions are
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,(X) =—24, In{ cos Niaod exp[(o0 _V”]x

285i¢g 2¢g
@,(X) =-2¢ In< cos ﬂexp Po=Vo X (8)
’ t 2844, 24,

XZ
¢3(X) = 27 Ndeep
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Therefore, the surface potential can be written as

Ps = §0(tp%|yj =@y —2¢;In COS|:thao eXp[—(poz;Vn ]:l
_ 2=V
2¢,In {co{km exp( 2 ﬂ} + Ky

©)

t
Nt N, qt> qt?
Where kNde - 80¢ . ’thaO - g;; = ’kNd - 8p0Iy Ndeep'
tgsi ggsi gSi

Due to the trapped charge,the surface potential and center potential is less than those in DG MOSEFTS at
the same V. (9) can’t reflect the impact of the reduced of the center potential. Numerical tests also show that

@, in (9) is less than numerical results when substituting numerical solution ¢, into (9).Herein,we qualify (9)
with two adjusting parameters k, and k, as follows to correct the reduced of the center potential.

t [ Ky (0o —V,)
=gl 2 | =g, —2%In<cod k,,, exp| "2
Ds (D( 5 j Do K nao EXP 24,

g

- 2ﬁ In cos{kNa exp(wﬂ + Ky
k 24,

t t

(10)

To solve k; and ky two groups of data must be get. One group is Vi ma, ?s_max and @o_max, another is
Vi _um, @s wmand @ um. @5 maxand @ mecare the surface potential and center potential when Vg =V -V,

reach it maximum while @ w» and ¢,_um are also the surface potential and center potential when Vs the

arbitrary point in the transition region .The first group of data is used to calculate k; in the strong inversion
region while another group of data is used to calculate kgin the transition region.Two groups of data are solved
numerically.

The roughly initial guess of kis given as follows by experience

Do max _Vn]
k, =1 | Lomee =20 (11)
’ £¢Omax1 _Vn ’

t . — .
where goomaxl—vn—z(otln{zi"'yB} is the center potentialin the crystalline MOSFETS when Vg reach a

di
v, -V v .
maximum .And B =arctan[exp(F)] with F:(%Jfﬂn[ﬁj, Ldi=,% .
d poly 0

Substituting Ky, @s_max and  %o_max into (10),we can get initial guess of k; which is denoted as k. Then we

continue to substitute Ky ,%s_wm and @o_um into (10) and substitute above result ky, with @s_maxand Po_max
into (10)again can we finally get k.

It should be noted that the combination of (3) and (10) permits an accurate calculation of ¢@,in terms of
Vgeand V,. However, directly using numerical calculation will results in long computation times and therefore,
further simplified calculations are needed. Herein, we try to model @, instead of numerical iteration.The
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following expressionsare given as follows!®!

¢0 =U - \[U ? _ng ¢Omax (12)

U =2y + @+ D] (13
Substituting Gy #o_wm and Vg e into (12) and (13),r is given by
r— 2u, _ng_turn_¢o_max

Do_rrax

Where ul = ((pg_turn +ng _turn¢0_max) /(2¢0_turn) .
In order to further improve the accuracy of ¢,,Midpoint Newton’s method is used by consisting of (4)

(14)

and (9) .We use (12) as the initial ¢, .Practical test shows that it requires 1 to 2 external iterations for ¢, to
reach a relative error 1%.. Since @, has been corrected, the final relation between ¢ and Yy is obtained by
substituting ¢, into (10).

1. DRAIN CURRENT MODEL
Accounting for both drift and diffusion current components,the drain current(l)is given as

W Psi
los = — et T[L) OQid¢s —4(Qu _Qio)} (15)
where L is the effective mobility,W and L are the channel width and length, respectively. ¢, and ¢, are the

surface potentials in source and drain ends, respectively. Qi=—2J:n09XP[(¢—Vn)/ ]/ E(4V,)d¢is the mobile

charge density, Qj,and Q; _are the mobile charge densities at the source and drain ends, respectively. The first
term on the right-hand side of (14)is the drift component, and the second is the diffusion component.
In the subthreshold region, Q; is approximated as follows

Qi = a(vgf _(05) (16)
Where a=Q,,/(Vy —@y,).
Substituting (16) into (15),we obtain
W|a
Isub = Heg T|:E ((/)50 - ¢5L)((030 @y — zvgf ) - ¢t (QiL - Qio)} (17)

Herein, Q;,and Q; arecalculate numerically.
In the above-threshold region, Qi is obtained by using Gauss’ law at the surface of poly-Si as

Qi = _2Cox (ng - ¢s) - Qdeep - Qt (18)

Neglecting the diffusion current component,we substitute (17) into (14) and integrating, the drain current
can be obtained as

W PsL
Istr = T Hegt T I¢ . [_2Cox (ng - ¢s) - Qdeep - Qt]d (23 (19)
Note that we treatQqe, and Q, in (19)as constants to expediently compute the integral. Qgeepis Written as
Qdeep = _queeptsi (20)
And Qq,is approximated as follows according to the mean value theorem for integrals
Ps1
-[p Qtd (Ds ~ Qtl(\/a)((DsL - ¢SO) (21)

Where Q :fZI:aN.aOEXP[(wVa)/ ¢, |/ E(¢.V,)dois calculated numerically. @,, and @, are the center potential
and surface potential when V,=V,.Herein, V, can be determined as follows according to our numerical analysis

y V, /2 V, <V,
*V, /2 V, >V,

gs =
Now substituting (20) and (21) into (19),we can analytically integrate and get I as

(22)
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_ Qdeep + Qtl

C ) (23)

w
Iab = Hest Tcox (¢SO - ¢SL)(¢SO +oy — 2ng

ox

The effective mobility is given by!

) exp(—vbJ
n ¢ (24)

= U +
SRR PV VNIV
With
Vy = [V V)7 + (Vg =, 2 * — (v V) (25)

Where £, is the low gate bias mobility, &, and &, are mobility degradation parameters, and «,Vq,,V;, 14,

are fitting parameters.

When the channel length is reduced, saturation voltage is smaller than pinch off voltage because of carrier
velocity saturation. The difference in saturation voltage can be taken into account by the effective drain voltage
Vise- Th[e0]smooth transition from ohmic to saturation region can be modeled by the following smoothing
functiont®

Vi =V H{L+V /(anf )P¥P (26)

where parameter p controls the transition from Vto saturation voltage, and here, @ is an adjustable parameter
which has a channel length L dependence and reduces with deceasing L.
The total drain current is given as

I, x|
Ids — sub ab (27)
1/m 1/mym
@ng+1/1,"m
Here, parameter m determines how sharply 14 changes fromthe subthreshold to the above-threshold region.

V. RESULTS AND DISCUSSIONS
TABLE I. Parameters used for simulation in Fig. 2.

Symbol (units) Value
tooly (M) 50
tox(NmM) 100
Cox (Flcm?) 3.51x10®
Ei(eV) 0.06
Nieep (€M) 2x10%
Vi (V) 0
Er (eV) 0
V, (V) 0

The results obtained from the proposed model are validated by comparing them with the numerical results
in Figs. 2 and 3 from subthreshold to the strong inversion region.The parameters used in the simulation are
listed in Tables | and I1.The numerical calculations were performed by solving the Poisson equation directly.We

can observe from Fig. 2(a) that, ¢,and ¢,vary linearly with the gate voltage in the subthreshold region and
saturated gradually in the strong inversion region. As g increases, ¢, rises much less sharply in the
subthreshold region and ¢, is reduced in all operational region attributed to the higher density of trap states.

Fig. 2(b) shows the absolute error of the surface potential approximation. It can be seen that the maximum
absolute error is only in the millivolt range. As the increase of V,the errors decrease.In the strong inversion
region,the absolute error is less than 10 which demonstrates the accuracy of the proposed approximation .The
results of (9) as a function of V for different V, are shown in Fig. 3.The total trap charge in the subthreshold
region is larger than that in Fig.2.As one can see from Fig. 3, a good match is achieved between the proposed

solutions and numerical results.Fig.4 shows the comparisons between ¢, predict in our model and that predict
in “finite-difference’ method.Comparing with numerical results,we can see that ¢, inour model is more accurate
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than “finite-difference’ method because our model take the impact of the reduced of the center potential into
account,which will lead to more accurate surface potential.

The drain current model (27),based on the surface potential,can describe the I-V characteristics when
the gate voltage is larger than flat band voltage. In order to support our model,we compare our model with
experimental datal*"*?! and Pao-Sah model on different TFTs.The parameters of TFTs are listed in the
simulation are given in Table I1I.

TABLE II. Parameters used for simulation in Fig. 3.

Symbol (units) Value
tpory (NM) 50
tox(NM) 60
Cox (Flcm?) 3.51x10®
ga (cmeVv?) 2x10'®
E; (eV) 0.1
-3 16
Ndeep (Cm ) 1x10
Vi (V) 0
E; (eV) 0
06 b T 4 T ¥ T v T
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Fig. 2. (@)@, and ¢, with Vy fordifferent g,(b) Absolute errors of ¢, with V, fordifferent g.,.
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Fig. 3. ¢, with V, for different channel potentials V.

The first validation is shown in Fig. 5(&) and (b). The proposed model reproduces the measured
results™! in a wide range of operation regions.From the Fig.5(a) and (b),It’s clear that the behaviors of the short
channel devices are well predicted by our model.In addition, good agreement between our model and
thePao-Sah model is achieved.

The second validation of the derived model is employed by a comparison with experimental data*? in
Fig. 6(a) and (b).The density of trap states is different from the first validation because of the different
fabrication.As we can see, the new model is fairly good in predicting the drain current of the devices and also
confirms the accuracy of our model.Moreover,our model and the Pao-Sah model are close.Fig 6( b) shows that
the current  keep flat after saturation due to the good control of short channel effects of the TFTs.

The third validation is demonstrated in Fig. 7.We can see that the calculated results are in good

agreement with thePao-Sah model and measured ones™ in the sub and above-threshold regions with both
logarithmic and linear scales.

1 T T T
04 4 R T W S
Y 4
2,
“
V.
e
=
£ £ Numencal result of ¢,
.g : -
8— = The proposed solution of ¢,
L 024 , . .
':'; = =~ Fuste-difference solution of ¢,
.
w
00+ T T T T T T T T v
0 2 4 6 8 10

Gate-to-source voltage (V)

Fig. 4. Comparisons of ¢, between our model and finite-difference” method at V,=0V.
Parameters used in simulations are still listed in Table II.
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Drain Current (A)

TABLE 111 .Parameters for simulation

Symbol (units) TFTsinFig.5 TFTsinFig.6  TFTsinFig.7
W(1m) 1 10 1
L(um) 1 10 10
tooy (NM) 100 50 50
tox(NM) 100 200 90
Cox (Flcm?) 3.51x10°® 3.51x10°® 3.51x10°®
0ot (cmeVv?) 2x10" 2x10'® 3x10%®
E:(eV) 0.05 0.08 0.1
Nigeep(cm™) 2x10'° 2x10'° 1x10%°
Vi (V) -3 0 -2
Ef(eV) 0 0 0
#s (cm?Vis) 0 5x10™* 30
Hy (CmPVis™) 310 50 1100
0, 1x10°3 1x10°3 1.3x102
0, 1.5x10° 2.8x10° 1.1x1072
Vo (V) 0.1 1.2 0.2
K 0.01 0.01 0.02
Vi(V) 0 13 2.6
a 0.16 0.22 -
p 15 1.6 -
m 0.06 0.05 0.05
10° 5 - -+ T r T - T r 6.0x10™
(a) WWHH_
107
. 1 /Z{C(é ~a ACh ATH A D A -5.0x10°
10° 4 ; A
10° - - 4.0x10°
107 4
- 3.x10°
10°
Lo ) Experimental result for F2=0 1V ~20c10°
107 1 *  Experimental result for Fa=3V
Our Model - 1 x10°
107 4 A Pzp-Szh Model
107 4 0.0

Gate-to-source voltage(V)
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Fig. 5. Comp’arison between modeled and experimental resultsi“for a shortchannel device(W/L is 1xm/1zm)
with (a) transfer characteristics and (b) output characteristics.
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Fig. 6. Comparison between modeled and experimental results®™?(W/L is 10zm/10.m) with (a) transfer
characteristics and (b) output characteristics.
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Fig. 7. Comparison between modeled and experimental results™*!! (W/L is 1zm/10zm)with transfer
characteristics

V. CONCLUSION

In this paper, a surface-potential-based drain current model for symmetric undoped or lightly doped
DG poly-Si TFTs,valid in a wide range of operational regions is presented.First,the proposed model accounts for
monoenergetic deepstate around the midgap and an exponential distribution of DOS near the conduction band
edge.Second, an accurate calculation of surface potential and potential at the center of poly-Si layer is done, and
the accuracy of the calculation has been verified by the thorough comparisons with numerical iterative results
under different conditions. Third, the drain current model,based on the calculated surface potential,is valid in all
operation regions above the flatband voltage. The results show that the drain current model of DG poly-Si TFTs
is satisfactory for various kinds of devices.
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