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Abstract

The improved sub-threshold drain–source current models of a-Si:H thin-film transistors (TFTs) is demonstrated in this paper. The
current–voltage (I–V) characteristics of a-Si:H TFTs are revealed in both forward and reverse sub-threshold region. The I–V character-
istics exhibit a strong dependence on the gate–source voltage (VGS) and the drain–source voltage (VDS). The effects of weak electron dis-
tribution and a lateral component of the electric field on the a-Si:H TFT characteristics, which are induced by VDS at both front and back
interface, are considered in current model. This strong dependence of the sub-threshold current on VDS is attributed to the channel
length, drain–gate overlap vicinity, and process condition. Simulated results based on the model exhibit a good agreement with measured
experimental data. The proposed model and the modeling process will be very useful for practical TFTs simulation.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrogenated amorphous silicon thin-film transistors
(a-Si:H TFTs) have been widely used for large area active
matrix imaging systems [1] and liquid-crystal displays
(AMLCD) [2]. Currently, the performances of the devices
are often limited because of the sub-threshold leakage cur-
rent of a-Si:H TFTs, which generally determines the on/off
ratio of devices.

In several papers the weak accumulation of electrons
changes through VDS in the reverse sub-threshold region
[6,8,10], the drain–source current varies exponentially with
the gate–source voltage [5,6,8] in the forward sub-threshold
region. However, with the development of a-Si:H TFTs, it
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is necessary that the sub-threshold current models should
be elaborately studied. It is crucial to active matrix design-
ers to evaluate and predict the performance of a-Si:H TFTs
array.

In this paper, the analysis on the simulated results of the
sub-threshold current model for a-Si:H TFTs has been
done to confirm that the profile of electrons and a lateral
component of electric field owing to VDS are the main fac-
tors in determining the forward and reverse sub-threshold
current, which are identical with the densities of the inter-
face states and the deep localized states [7,9,11].
2. Experiment

The inverted-stagger structure of a-Si:H TFTs of the
back channel stopped types is shown in Fig. 1. MoW film
was deposited by sputtering on the substrate of glass.
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Fig. 1. Cross-section of the a-Si: H TFT structure showing its different
layer.

Fig. 2. Transfer characteristic curve of the forward and reverse sub-
threshold regions simulated by improved model (11) and (12). The lines
show the measured data; and the hollow makers and dotted lines show the
simulated data.
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The layers of insulator SiNx, a-Si:H and stop SiNx were
sequentially deposited by plasma enhanced chemical vapor
deposition (PECVD). An n+ a-Si was also deposited by
PECVD. Ultimately, the Mo/AL/Mo were sputtered as
drain and source electrodes. The drain–gate overlap length
(DL) was 1 lm and the ratio of device width (W) and length
(L) was W/L = 26 lm/11 lm. The characteristics were
measured by using the Aglient 4155C at the room
temperature.
Fig. 3. Input–output characteristic curve of forward sub-threshold region
simulated by improved model (11). The solid markers and lines show the
measured data; and the hollow makers and dotted lines show the
simulated data. From top to bottom, VGS = 0 V, 2 V, respectively. Inset:
the output characteristic curve of forward sub-threshold region simulated
by Eq. (1).
3. Results and discussion

Fig. 2 depicts the transfer characteristics of the a-Si:H
TFTs. Here, the sub-threshold region is identified from
the off voltage (VTR) to the threshold voltage (VTH), which
consists of the forward sub-threshold region from 0 V to
VTH and the reverse sub-threshold region from VTR to
0 V. The two regions are characterized by conduction at
the front interface and at the back interface [8], respectively.

In the forward and reverse sub-threshold region, the
properties of TFTs varied exponentially with VDS in this
paper and differ from those in Refs. [8,6]. Both of the
input–output characteristics curve of ‘‘VGS = 0 V’’ and
‘‘VGS = 2 V’’ also confirm the uniform exponential correla-
tion with VDS, as shown in Fig. 3 (solid lines). Due to the
device geometry and process conditions, it is necessary to
take into account the profile of electrons at the front inter-
face and the back interface and a lateral component
induced by VDS. Based on some references in this section,
the improved models are developed for the forward and
reverse sub-threshold current, respectively.
3.1. Sub-threshold current models of some references

Kuo6 has developed models for the conduction of the
front interface in the forward sub-threshold region as the
following:

I subf
DS ¼

W
L
� I sub0 � exp

V 0GS � V TS

Sf

� �
� exp

V 0GD � V TS

Sf

� �� �
ð1Þ

Here, I subf
DS is the drain–source current of the forward sub-

threshold region, Isub0 is the current magnitude, and Sf is
the forward sub-threshold slope. Sf and Isub0 can be ex-
tracted from the measured data. VTS is the border of the
forward sub-threshold region. V 0GS and V 0GD are the primed
voltages affected by the contact resistances.

A model for the conduction of the back interface in the
reverse sub-threshold region can be written as the follow-
ing: [8,6]

I subr
DS ¼

W
L
� I rsub0 � exp

V 0GS � V TR

Sr þ rrrjV DSj

� �
ð2Þ

Here I subr
DS is the drain–source current in the reverse sub-

threshold region, Irsub0 is the current magnitude, Sr is the
reverse sub-threshold slope, rrr is the fitting parameter af-
fected by VDS, VTR is the threshold voltage of the reverse
sub-threshold region.
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3.2. Improved sub-threshold current models

Based on the above models, improved forward and
reverse sub-threshold current models are presented in this
paper. The two aspects are considered at the front and
back interface respectively.

The inset of Fig. 4 shows that the simulated data by Eq.
(1) are almost identical in the different drain–source voltage
(VDS). Hence, the effects of VDS on the band bending wsf at
the front interface are neglected.

But the effects of VDS on the current are very large in the
measured data, as shown in Figs. 4 and 3 (solid lines).
Therefore, it is important that the effect of VDS on the for-
ward sub-threshold current be considered from the two
aspects.

This is the first factor. On account of the two-dimen-
sional (2-D) nature of the boundary conditions at the
drain–gate overlap vicinity, the electric field is no longer
normal to the interface. It has a lateral component, and
is a function of VDS. Therefore, the electric field of Ref.
[6] can be rewritten as the following:

eðE0 þ cV DSÞ ¼ qtsindi expðwsf=V ndÞ ð3Þ

Here, E0 is the electric field at front interface, e is the a-Si:H
permittivity, tsi is the a-Si:H layer thickness, ndi the intrinsic
electron density in the deep states, Vnd is the exponential
slope of deep state electrons, q is the elementary charge, c
is the fitting parameter. Depending on the gate bias volt-
age, the term eE0 denotes the charge in the a-Si:H semicon-
ductor layer per unit area, which includes free carriers and
charge trapped in the localized deep or tail states over the
thickness of the a-Si:H layer6. Furthermore, ec VDS is the
changed charge due to a lateral component of VDS in this
paper. The total channel charge should be induced under
the two electric field of E0 and a lateral component of
Fig. 4. Forward sub-threshold region data simulated by improved model
(11). The solid markers and solid lines show the measured data; and the
hollow makers and dotted lines show the simulated data. From top to
bottom, VDS = 5 V, 10 V, 15 V, 20 V, respectively. Inset: the curve of
forward sub-threshold region simulated by Eq. (1).
VDS together. The lateral component is induced by the
two-dimensional nature of the boundary conditions at
the drain overlap vicinity [6,8]. The Eq. (3) may be rewrit-
ten as

eE0 ¼ qtsindi expðwsf=V ndÞ � ecV DS ð4Þ

Substituting eE0 from (4) into the deduction of Kuo [6], will
yield the following:

V GS � V ch þ
ec
Ci

V DS � V TS ¼ xnwsf ð5Þ

Here, Vch is the channel voltage, Ci is the insulator capac-
itance, xn is the fitting parameter. Based on Ref. [8], the
current may be reduced to the following:

IDS ¼ W
dV ch

dx
qlnnfi expðwsf=vtÞtsi ð6Þ

Here, mt is the thermal voltage, nfi is the intrinsic electron
density, ln is the mobility. Substituting for the surface band
bending wsf from Eqs. (5) into (6), and integrating from
source to drain yield the following:

I subf
DS ¼

W
L
� I sub0 � exp

V 0GS � V TS þ ec
Ci

V DS

Sf

 !"

� exp
V 0GD � V TS þ ec

Ci
V DS

Sf

 !#
ð7Þ

Because the effect of the source or drain contact resistance
of 22.9 KX [6] on the sub-threshold current may be negligi-
ble, the Eq. (7) may be rewritten as

I subf
DS ¼

W
L
� I sub0 � exp

V GS � V TS

Sf

þ ec
CiSf

V DS

� �

� 1� exp � V DS

Sf

� �� �
ð8Þ

The Sf of a-Si:H TFTs is below 1 V/dec [6], and VDS is

above 5 V, this implies that the factor 1� exp � V DS

Sf

� �h i
in Eq. (8) is approaching 1. And VTS = 0, hence, Eq. (8)
may be rewritten as

I subf
DS ¼

W
L
� I sub0 � exp

V GS

Sf

þ rnV DS

� �
ð9Þ

Here

rn ¼
ec

CiSf

ð10Þ

The second factor is again considered. Due to the weak
accumulation of electrons at the front interface, the drain
voltage VDS can also change the profile of electrons. This
can be modeled by using a fitting parameter r and can be
included in the sub-threshold slope. Therefore, a relatively
accurate model for the conduction at the front interface
can be written as

I subf
DS ¼

W
L
� I sub0 � exp

V GS

Sf þ rV DS

þ rnV DS

� �
ð11Þ



Table 1
The list of process parameters and extracted parameters in modeling

Parameter Unit

Forward sub-threshold current magnitude Isub0 2.30 · 10�12 A
Forward sub-threshold slope Sf 0.4871 V/dec
Forward sub-threshold fitting parameter r 0.0559 –
Forward sub-threshold fitting parameter rn 0.296 V�1

Reverse sub-threshold current magnitude Irsub0 5.27 · 10�17 A
Reverse sub-threshold fitting parameter Sr 1.6594 V/dec
Reverse sub-threshold slope rr 0.0229 –
Reverse sub-threshold fitting parameter rm 0.492 V�1
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Here, r is the fitting parameter, which embodies the effect
of the weak electronic profile on the slope of the forward
sub-threshold region by VDS.

Fig. 4 illustrates the simulated data by Eq. (11) and the
measured data in the forward sub-threshold region. The
agreements between measured and simulated data by
the improved models in Fig. 4 are better than those by the
referenced models in the inset of Fig. 4. The models are sim-
ilar to the models addressed by Khakzar et al. [4], Leroux
[3], Servati [8], and Kuo [6]. In this article, the model in
the forward sub-threshold region also shows the depen-
dence on the interface quality and the material quality of
a-Si:H in Refs. [8,6]. Moreover, the weak accumulation of
electrons at the front interface and a lateral component of
the electric field at the drain–gate overlap vicinity through
VDS are taken into account in the models. These can be
modeled by using the fitting parameter r and rn respectively.

The agreements between the data simulated by Eq. (11)
and measured data are better on the input–output charac-
teristics curve in Fig. 3 than those by Eq. (1) in the inset of
Fig. 3. Therefore the analyses on the input–output charac-
teristics confirm that Eq. (11) is a more model.

Using the same method in forward sub-threshold model,
the reverse sub-threshold equation may be found as the fol-
lowing equation when a lateral component of the electric
field is considered at the back interface.

I subr
DS ¼

W
L
� I rsub0 � exp

V GS � V TR

Sr þ rrV DS

þ rrnV DS

� �
ð12Þ

Here rr is the fitting parameter, which embodies the effect
of the weak electronic profile on the slope of the reverse
sub-threshold region, and rrn is a lateral component of
the electric field at the drain–gate overlap vicinity in virtue
of VDS at the back interface.

After the two factors are considered at the back inter-
face, the agreement between the simulated data by Eq.
Fig. 5. Reverse sub-threshold region data simulated by improved model
(12). The solid markers and solid lines show the measured data; and the
hollow makers and dotted lines show the simulated data. From top to
bottom, VDS = 5 V, 10 V, 15 V, 20 V, respectively. Inset: the curve of
reverse sub-threshold region simulated by Eq. (2).
(12) and the measured data is better as plotted in Fig. 5.
However, the inset illustrates the simulated data by Eq.
(2). The simulated data decrease as the drain–source volt-
age VDS increases, while the measured data increase with
VDS. The results simulated by Eq. (2) converge into a point
at VGS = VTR.

Fig. 2 shows the I–V characteristics simulated by Eqs.
(11) and (12) in the forward and reverse sub-threshold
regions, respectively. The modeling and experimental
results show a good agreement. The model also embodies
some physical features of the device under the process
condition.

Table 1 shows the extracted parameters in modeling and
process.

4. Conclusions

The model in sub-threshold region of the I–V curve for
a-Si: H TFTs are developed in this paper. The densities of
interface states at the front and back interface are similar
to the values of the reference, but when the factors by virtue
of VDS are considered, the accuracy of simulation is
improved. They can be observed from the model by fitting
parameter of the weak accumulation of electrons and a lat-
eral component of the electric field, viz. r, rn at the front
interface, and rn, rrn at the back interface, respectively.
The results of using these models show a good agreement
between measured and simulated data, which are superior
to those used in other models. Current models can be used
to evaluate and predict the electrical characteristics of TFTs,
and would be helpful to the design of a-Si:H TFTs array.
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