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Abstract: A physical drain current model of polysilicon thin-film transistors based on the charge-sheet model,
the density of trap states and surface potential is proposed. The model uses non-iterative calculations, which are
single-piece and valid in all operation regions above flat-band voltage. The distribution of the trap states, including
both Gaussian deep-level states and exponential band-tail states, is also taken into account, and parameter extrac-
tion of trap state distribution is developed by the optoelectronic modulation spectroscopy measurement method.
Comparisons with the available experimental data are accomplished, and good agreements are obtained.
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1. Introduction

In recent years, the application of poly-silicon thin-film
transistors (poly-Si TFTs) has become more attractive, espe-
cially in active matrix liquid-crystal displays and organic light
emitting diodes, etc. Accurate models of poly-Si TFTs are
therefore needed for circuit design and simulation. Since the
electrical characteristics are particularly dependent on the den-
sity of states (DOS), it is especially important to describe DOS
accurately. The distribution of trap states in polysilicon film
can be expressed by Gaussian deep-level states, with a peak
around the midgap and exponential band-tail states near the
conduction and valence band edge. This is determined by ex-
perimental methods such as capacitance—voltage relation!],
activation energy as a function of the gate voltage!?], and op-
tical absorption!]. These results were also confirmed by our
previous experiment[*l, which was accomplished using opto-
electronic modulation spectroscopy (OEMS) measurements.
To obtain the complete model of poly-Si TFTs, it is therefore
necessary to take both the Gaussian deep-level and exponential
band-tail states into account.

In poly-Si TFTs, surface potential is an important para-
meter. Chen et al.!®] and Qureshi ez al.[®! solved the surface-
potential-based model accurately. However, the exponential
band-tail states were neglected and only the monoenergetic trap
states were considered. Tsuji et al.l”] and Ikeda et al.!®] pro-
posed the drain current model based on the surface potential.
But in their methods, only the exponential states were taken
into account and the Gaussian deep-level states were neglected.
In addition, their models use iteration methods to solve the sur-
face potential and drain current, which consumes lots of sim-
ulation time. In general, the above-mentioned methods cannot
provide the complete distribution of trap states within the band
gap of the polysilicon film.

In order to reduce the complexity of the calculation, it
is believed that the Gaussian distribution can be regarded as
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a monoenergetic trap model by using the first-step approxi-
mation®). As a result, a complete model of DOS should in-
clude both kinds of energy trap distribution, namely the mo-
noenergetic midgap trap and the exponential band-tail states.
In this work, the surface-potential-based drain current model,
including the complete distribution trap states, is proposed an-
alytically by a single-piece formula, which is solved by the
non-iteration method with efficient calculation. Furthermore,
the single-piece drain current model is capable of accurately
predicting experimental /—V characteristics in subthreshold,
weak and strong inversion regions.

2. Theoretical bases of surface potential

With the calculation of surface potential, we assume that
there is an n-type poly-Si TFT with an undoped or lightly doped
body, and that the device is partially depleted. In addition, the
assumption of effective medium is used here. This is suitable
for small-grain TFTs which have grain sizes smaller than ap-
proximately 0.2 um!% 111 The energy distribution Ny(E) of
the traps can be modeled by the sum of a Gaussian distribu-
tion with a maximum at the energy ET near the midgap and
an exponential-like band-tail near the conduction-band edge.
Herein, as in previous publications[®> 2], the Gaussian distri-
bution is assumed as a monoenergetic midgap trap, which is
considered a good approximation to the Gaussian deep-level
trap states. As a result, we have

E—E.

No(E) = N18(E = Er) + garexp——=, (1
1

where Nt is the Gaussian trap density, g.; is the n-type expo-
nential states density, E; is the inverse slope of the states, and
E. is the energy in the bottom of the conduction band.

When the gate voltage is applied, the surface potential
varies along the channel. Substituting Eq. (1) into the one-
dimensional Poisson’s equation, using the gradual channel ap-
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proximation and the Lambert W function, the solution of the
surface potential of the poly-Si TFTs can be expressed as!!3]

Vsub = {—Wolf Arer exp(vg — fA) +v6— fANEL/q), (2)
Ve — Vi

2gesing
i = Ve— Voo —20W |
Wm g fb ¢t C02X¢t €Xp ¢t

where Vg, and vy, are the surface potential in the sub-
threshold and strong inversion regions, respectively, Wy
is the notation of the principal-branch solution of the
Lambert W function, and V,, Vi, ¢ and Coy is the gate
voltage, flat-band voltage, thermal voltage and unit area
gate oxide capacitance, respectively. Also Argr = Niao

)
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with Ef, ¢, and n; the Fermi level energy, channel poténtial
and intrinsic carrier concentration, respectively.

In the transition region of the two operation regions, both
the free charge and trap states contribute to the characteristics,
so the following function is used to link the different regions(!3!

1 1
% fn 1/ eXp(ml/finv) + 1/ exp(mwsub) 7

where m is a parameter to ensure which operation regions Vg
should approximate to. It should be noted that Equation (4)
is capable of calculating the surface potential, including both
kinds of trap states, accurately and explicitly, which also serves
as an important tool for the drain current model.

Ys =

“4)

3. Drain current model

According to recent publications(?- 4], the drain current
calculation considering the complete distribution of DOS
makes the drain current model complicated, which is the main
obstacle in the drain current solution. Obtaining an explicit and
accurate drain current expression is therefore the main target of
this paper.

Following the charge-sheet approximation, the drain cur-
rent including both drift and diffusion components from sub-
threshold to strong inversion regions can be rewritten as

YsL

w
Ids = T Meff

L ¥s0

Qi(Ys)dys — o[ Qi (VL) — Qi(lﬁso)]} ,

)

where ¥ and ¥y are the surface potential obtained by Eq. (4),

but with the different ¢, concerning the source voltage and

drain voltage, respectively. W is the gate width, Q; is the

charge per unit area, and L. is the unified field effect mobility.

Using the charge-sheet modell'*] and following the charge
neutrality condition, Q; can be expressed as

Oi(¥s) =

where Nta and Npg are the density of the trap states for expo-
nential and monoenergetic traps, respectively, and g, is the

—Cox (Ve = Vi — ¥s) + ¢ Npstiiim + ¢ Ntatsiim, (6)

depleted thickness of the poly-Si thin film. Herein, since the
polysilicon film is thin, the bulk charge density can be con-
sidered to be constant in the whole operation region. Although
this assumption is less physical, it makes the integral in Eq. (5)
simple and the explicit solution of drain current workable, the
validity of which is also shown by Ref. [5].

The density of the accept-like exponential band-tail states
at the surface can be expressed as!!®]

- E;—E
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Besides, the density of the monoenergetic deep states at
the surface, is expressed as!’]

1+ Knexp(—qys/kT)’

Substituting Eq. (6) into Eq. (5) and integrating, the ana-
lytical expression of drain current can be obtained as

Nps @®)

w
Iys = —fﬂeff{[g(llst) —g(Ws0)] — & Qi(¥sL) — Qi(¥s0)]},
)

where

g(s)
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When the proposed model is applied to the short channel
devices, short channel effects such as the DIBL effect, the kink
effect and mobility must have been taken into account. The
precise modeling of the above effects is beyond the scope of
this paper, and the reader can be referred to Refs. [10, 15] for an
extensive treatment of this subject. Nevertheless, for the sake
of completeness, the influence of the above-mentioned effects
on drain current will be briefly discussed as follows.

: "l;he effective mobility affected by gate voltage is given
by 15

Hett = Us + (10)

1 + 91 (Vg)1/3 + 92(Vg)2
with

/
W = [(ng — V1)2 + (VQ — KVds)z:Il 2 — (ng — Vl) , (1D

where us and uy, are the channel mobility in the subthreshold
and inversion regions, 67 and 6, are the mobility degradation
parameters, Vo and V; are the fitting potential barrier height
parameters, while Vg, = V; — Vpy, k is a parameter concern-
ing the channel length L when the drain-induced grain barrier
lowering (DIGBL) effect is taken into account!!],
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For considering the DIBL effect, the gate voltage V, must
be replaced by V;, + oV in the calculation of the surface po- 10T
tential and mobility in Egs. (9) and (10). 107}
In addition, for taking the kink effect into account, the mul- ~ .
tiplication factor M is needed for the expression of the drain g 10%
current model. Therefore, it yields[15] E 105 F
M = AV~ (e )] i R
= ds — L — o)JeXp 0—— 77—, 2
) ) ) Vas — (YsL — ¥s0) 2 100t
j=W
=]
where A and B are the process-dependent fitting parameters. In = q0mf
short, when taking the short channel effects into consideration, Jon b
the drain current model can be regarded as . . . . . , .
0.4 0.6 0.8 1.0 12
Lo = — Y a1 + M) e
&= L Hetr Fig. 1. Distribution of the trap states.
x{[g(¥s1) — g(Ws0)] — @[ Qi(Wsr) — Qi(¥s0)]}-
13)
WB ABP,
It is clear that the drain current model of Eq. (13), based on In= MT(W) VasNt f (hv) 1+'3—0n (16)
surface potential, is inherently single-piece without smoothing J0mTon
function, and gives an accurate and continuous description of ~ where B(¥) = {2ge&g[¢ + ¢ In(1 + Kin) — ¢ In(1 +

current in all operation regions above flat-band voltage. Fur-
thermore, due to the use of the explicit formulation of surface
potential, the analytical expression of Eq. (13) without numeri-
cal calculations improves the simulation time, which is impor-
tant for circuit simulators.

4. Trap state distribution

As shown in Section 3, drain current characteristics are
particularly dependent on the distribution of the trap states.
Therefore, a new parameter extraction of trap state distribution
obtained by the OEMS response current is developed. Under
the conditions of the OEMS measurement, the first-order solu-
tion of electronic density in trap states 7, is achieved byl

D ABon

=—Nrf(h
ny T/ v)l ¥ iOmTon

, (14)
where f(hv) is the average trap occupation probability, T, is
the light response time which describes a time delay between
the response and the changing of the channel current, wy, is the
angle frequency of incident light, @ is the photon flux density
and AP characterizes the optical emission rate variation with

energy. Similarly, the response for band-tail states is expressed
[16]
as

DPAPToy

An(Wn) = —N1a f (W) AWy ——
1 J’_.]a)mton

. (15

where AW, is the optical measurement range.

The OEMS current response spectrum of the poly-Si TFTs
can be seen in Ref. [4]. The transistor is a weak n-type. In
the OEMS measurement, the devices not only work in deple-
tion mode but also in the subthreshold region in order to ob-
tain the information of the trap states. Thus, to the monoen-

. . . 2
ergetic deep-level states, following the Gaussian law % =
—%m, using Ohm’s law and gradual chan-
nel approximation, the response current of the monoenergetic

deep-level states, can be expressed as

K)]/N:}'/2, and the surface potential ¥ is more approxi-
mate to the subthreshold one calculated by Eq. (2), Vg is the
drain—source bias, which is assumed to be sufficiently small for
the channel to be regarded as parallel. To the band-tail states,
following the similar law as the deep-level states, using the
Poisson equation (leg = _slsiNTD’ the response current for is
derived as

I = /’LW[C(WSL) - C(WSO)] qNTDf(Wm)AI’Vm dsA,BTon

L 2q E; 1+ ja)m‘lfon '
— Ntpo—
si q
(17)
where Nip = kT Evtqy—qom—Er  _

8V §in(xk T/ Ey) ©XP £

Nrtpo exp % and g,; is the p-type exponential trap state
density, C(y) = (ZEL)2(1 + Zlyexp 7Y + 2ty —
(%)2 In(Vy — Vi — V), as known by Eqs. (16) and (17), and
the response current is proportional to the density of the trap
distribution and the optical emission rate which characterize
the relations between the OEMS measurement results and the
distribution of the trap states. When Vg, = 4 'V, the distribution
of the trap states, which is derived by the comparison between
Egs. (16) and (17), can be seen in Fig. 1, and has a number
of deep-level trap states and exponential band-tail trap states
within the band gap. ¥ can be calculated by Eq. (4), and other
parameters can be seen in the first validation in Table 1. The
distribution is applied to the drain current model to make
comparisons with the experimental data in order to verify its
practicality.

5. Results and discussion

From Section 2, the surface potential can be extracted ac-
curately by Eq. (4). It should be emphasized that the trap state
density affects the /—V characteristics significantly. In Fig. 2,
it is clear that the threshold voltage becomes higher with in-
creasing trap density because the TFTs require a higher gate
voltage to induce more free charge to fill up the trap in order to
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Table 1. Simulation parameters.

Symbol TFTs in Fig. 3[4] TFTs in Fig. 4[10] TFTs in Fig. 5[10]
E1 (eV) 0.06 0.06 0.06
gei(gv1) (em™3eV™l)  2x 108 2% 1018 2% 1018
Nt (cm™3) 5x 1013 2 x 1016 2 x 1016
Et (eV) 0.01 0 0
s (cm?/(V-s)) 0.15 10 10
wo (cm?2/(V-s)) 8 90 100
61 (V7173 12 x 1073 4x103 1 x10~2
6y (V72) 7.5% 1073 2% 1074 3% 1073
K 0 0.035 0.035
o 0.01 0.01 0.06
AVThH 0.75 0.022 0.1
B (V) 9 4 6
Vi (V) 0 0 0
Vo (V) 0.95 0.4 0.4
Vi (V) 1 0.5 0.5
Ifilm (Mm) 0.1 0.1 0.1
0.7 30
V,=10,8.6.4V
0or 0000002222 BT — Model
= 05t 5 5o° o Experimental data
z /o
= o .
g 04F /'/0 <§
4 /o =
g 031 —— With N, = 5 x 105 em”
— [ o]
s L/ o With N,=5x 10" cm™
xn 02 /o . T7 o
! — With N, =5x 10" cm
0.1 »/'/0
+ O
0 1 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20
Gate voltage (V)

Fig. 2. Surface potential as a function of gate voltage.

reach the inversion region, which is consistent with the drain
current observations.

The drain current model, Eq. (13), which is based on the
surface potential, can describe the /—V characteristics when
the gate voltage is larger than the flat band voltage. In order to
support the effectiveness of the drain current model, we com-
pare our model with the available experimental data on differ-
ent TFTs. The parameters of these TFTs used in the simulation
are given in Table 1.

The first validation is achieved by comparing our model
with experimental data from the Philips company, and using
the trap states density obtained by the comparison between
Egs. (16) and (17). The structure and fabrication process are
shown in Ref. [4]. In Fig. 3, it is clear that the comparisons of
the output characteristics have a good fit to the experimental
data. Furthermore, the model can also describe the character-
istics accurately, including the kink effect under the large Vgs.

The second validation of the proposed model is in-
vestigated by comparisons with the experimental data from
Ref. [10]. The density of trap states is different from the first
validation because of the different fabrications. From the com-

Ve V)

Fig. 3. Comparison of output characteristics between the model and
experimental data (W/L is 150 um/6 pm).

parisons we can see that for the TFTs with different channel
lengths, the behaviors of the devices are still well predicted by
our model, including the DIBL and kink effects for the short
channel devices. Specifically, the DIBL effect is often signif-
icant in the subthreshold region in the transfer characteristics.
As aresult, it is evident that due to the DIBL effect being sig-
nificant to short channel devices, the increasing drain current
with Vg, in Fig. 5(a) is more obvious than that in Fig. 4(a). Sim-
ilarly, the increasing drain current of Fig. 5(b) with Vs is more
evident than that in Fig. 4(b) because the impact ionization in
high electric fields impacts strongly in short channel devices.

6. Conclusions

In this work, a physical-based drain model drain current for
poly-Si TFTs, valid in a wide range of channel length and oper-
ational regions, is proposed. First, the proposed model accounts
for monoenergetic deep-level states around the midgap and an
exponential distribution of DOS near the conduction or va-
lence band edge. Second, the drain current model is analytical
and single-piece, and valid in all operation regions above flat-
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Fig. 4. Comparison of the drain current model and the experimental data with 50 um/50 um devices. (a) Transfer characteristics. (b) Output

characteristics.
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Fig. 5. Comparison of the drain current model and the experimental data with 50 um/6 pum devices. (a) Transfer characteristics. (b) Output

characteristics.

band voltage. Third, the calculations of the proposed model
use non-iterative methods, which are suitable for circuit simu-
lators. Fourth, the distribution of the trap states within the band
gap is derived, and finally, such distribution is applied to the
model and comparisons with the available experimental data
are made. The results show that the drain current model of poly-
Si TFTs is satisfactory for the various kinds of devices.
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