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Abstract
The Tunneling-Dielectric TFT (TDTFT), that has thin dielectric films at both ends of the channel
fabrication area, was fabricated with 1.7 nm SiNX film by LPCVD method. The conduction mechanism of
the drain currents was examined in the temperatures from 293 to 623 K experimentally and theoretically.
The Id-Vg characteristics were reproduced by the direct tunneling (DT) via SiN X film with an assumption
of the electron effective mass of 0.25 corresponding to the one-band model. The DT from the tail of the
Fermi-Dirac distribution of Al electrode to n+ doping area of poly-Si influences greatly on the drain
currents.
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I. INTRODUCTION
Recently, thin-film transistor (TFT) is used for
pixel of organic electro luminescence display
(OEL) [1] as well as liquid crystal display (LCD)
[2]. However, the drain current at the off-state
voltage is large for the conventional TFT. It is
important to decrease the off-state current of the
TFTs to realize a high speed, a high brightness
and a low power consumption for the
performance of the display [3, 4]. We proposed
the tunneling dielectric TFT (TDTFT) that has
very thin dielectric film at both ends of channel
for the improvement of channel leakage current [5,
6]. The TDTFT is the device similar to the
tunneling MOS transistor (TMOST) [7] which
was presented for the fine MOSFET. The
important point of the configuration of the
TMOST is that it has the very thin dielectric film
between the source/drain and the channel, and the
performance of the TMOST is dominated by the
tunnel emission from the source to the channel.
The TDTFT controls the number of the electrons
in the channel by the direct tunneling (DT)
through the thin dielectric film as well as the
TMOST. The off-state current of the TDTFT
decreased to approximately 1/10 in comparison
with a conventional TFT by using a very thin
silicon nitride film (SiNX) as tunneling dielectric
film [8]. Furthermore, we reported that the
dominant conduction mechanism of TDTFT at
low temperatures ranging from 20 K to 150 K is
the DT through the thin dielectric film [9].

By the way, the tunnel FET (TFET) which
utilizes the band-to-band tunneling (BTBT)
mechanism has been researched and developed
intensively [10-14]. The improvements of the
on-state current and off-state current of the TFET
are the crucial issues, and therefore the
examinations related to the materials such as SiGe
or Ge and the device structure such as a
double-gate architecture has been pursuit. The
operation principle of the TFET is the tunnel
emission from the source to the channel via
energy band-gap.
The novelty of the present research is as
follows. We presented the TDTFT to increase the
dynamic range of the drain currents between the
on-state and off-state for the gate. Therefore, the
examination of the operation principle of the
TDTFT is very crucial. In this paper, we examine
the conduction mechanism of the TDTFT, that has
SiNX film as tunneling dielectric film, at high
temperatures ranging from 293 K to 623 K
theoretically and experimentally.

II. EXPERIMENT
II.1. Experimental method
Fig. 1 shows the cross section view of the
bottom-gate TDTFT. The thickness of SiNx was
1.7 nm. It was fabricated between the Aluminum
(Al) layer and n+ doping layer that serves as the
source and drain electrodes. The 2-inch n+ Si
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(100) wafer was doped by antimony (Sb) and has
a resistivity of 0.007 to 0.02 Ohm-cm. The wafer
was utilized as
layer
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The tunnel current is given by the eq.(1) [15, 16]
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Planck’s constant, the effective mass of electron,
the energy component of the incident electron in
the X direction, the energy component of the
incident electron normal to the X direction, the
Fermi-energy of Al and that of poly-Si, the
Fermi-Dirac distribution function (FD function)
of Al and that of poly-Si, and the average energy
height of the tunnel barrier, respectively. In the
present experiment, the electrons are emitted from
Al electrode to poly-Si via SiNx film by the DT.
Fig.2 shows the Fermi-energy surface of k-space
by which the electron distribution contributing to
the DT is shown, Ef, eV, kB, kx, k and T are the
Fermi-energy of the Al at the emission side, the
applied voltage, Boltzman constant, the wave
number of the incident electron in the X direction
and that normal to the X direction and the
absolute temperature.
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Fig. 1: Cross section view of bottom-gate
TDTFT.
the gate electrode, and processed, as follows. The
field oxide and the gate oxide with thicknesses of
280 nm and 66.4 nm were formed in turn by the
local oxidation of silicon (LOCOS) method at
1000 ℃ for 3 h and by the dry oxidation at 850 ℃
for 50 min, respectively. The poly-Si which serves
as the channel was deposited by low-pressure
CVD (LPCVD) at 635 ℃. The source and drain
regions were formed by the ion implantation (i. i.)
of arsenic (As) at 10 KeV with a concentration of
1×1015 cm-2. After the i. i., the wafer was annealed
at 850 ℃ for 10 min in oxygen atmosphere for the
activation of the As. Then, the oxide film was
removed by HF aqueous solution. The tunneling
SiNX dielectric film was deposited by LPCVD at
750 ℃ for 3 min. The SiO2 passivation layer was
deposited
by
atmospheric-pressure
CVD
(APCVD). Then, the contact hole was formed by
the wet etching. Al layer was formed by the
sputtering method. Thickness of Al layers of the
front and back sides are 800 and 400 nm,
respectively. Hydrogen annealing at 400 ℃ for 30
min was performed. The conventional TFT was
fabricated by the same processes as the TDTFT.
But, the tunneling dielectric film was not
deposited on the conventional TFT. The film
thickness was measured using a spectroscopic
ellipsometer (J. A. Woollam, Japan Co., Inc.), and
the uniformity of SiNX film was measured using a
transmission electron microscopy (TEM).
The Id-Vg characteristics were measured at
temperatures from 293 K to 623 K. This
temperature range is denoted as high-temperature
condition. The channel length L and the channel
width W of conventional TFT and TDTFT are 10
m and 50 m, respectively.
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Fig. 2: The Fermi energy surface for
k-space.
The outer solid line denoted by Ef is the
Fermi-surface of the Al at the emission side and
the inner solid line denoted by (Ef -eV) is the
Fermi-surface of the poly-Si at the incident side.
The Fermi-energy surface is spread by kBT, and
therefore the electron distribution which
contributes to the DT is shown by the dark areas
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denoted by area 1 and area 2. By considering the
temperature, the total DT currents are divided to
the component Jnt1 which corresponds to the area
1 larger than the Fermi-energy of Al and the
component Jnt2 which corresponds to the area 2
smaller than the Fermi-energy of Al. The total DT
currents are obtained by eq.(2).
J nt J nt1 J nt 2 .

The applied voltage to the tunneling dielectric
film is calculated by eq. (5):
(5)
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Fig. 3: Band diagram of TDTFT at a high
temperature without (a) and with (b) application
of bias voltage.
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where, Rtun, ITD, ............................................(2)
ICo, Vd and Vtun are the
resistance of tunneling dielectric film, drain
current of TDTFT, drain current of conventional
TFT, drain voltage and applied voltage to the
tunneling dielectric film, respectively. When the
drain voltage is 2.5 V, the applied voltage to the
tunneling dielectric film at 293 K and 353 K are
8.0×10-2 V and 9.8×10-2 V, respectively. The total
drain current of TDTFT was calculated by the
multiplication of Jnt and tunneling probability of
the tunneling dielectric film at the drain side.

(2)
By assuming the total electron energy as
Ef+kBT in the area 1, the interval of EX and Et are
Ef~Ef+kBT and 0~Ef+kBT-EX, respectively. Here,
the upper limit is replaced by ∞ for simplification
of the integral calculation. In addition, assuming
the total electron energy as Ef in the area 2, the
interval of EX and Et are Ef-eV+kBT~Ef and
0~Ef-EX, respectively [17, 18].
Here, the actual band diagram is shown to
calculate the Jnt1 and Jnt2. Figs. 3 (a) and (b) show
the actual band diagrams of the TDTFT before
and after application of the gate voltage in the
high temperatures. For the Al layer and n+ doping
layer, the relationships between the electron
density and the electron energy are shown. Jnt1
and Jnt2 are given by integrating eq. (1) as follows.
In eq. (1), Jnt1 has f m exp[ ( Et E x E fm1 )]
and f S

1 Vd
2 I TD

with, Rtun

(4)

n
12

E fm 2 )

The energy barrier between the doping layer and
poly-Si is formed as shown in Fig.. 3 (a), because

tSiN is the thickness of SiNX film. and qVapp are
shown by (kBT)-1 and Efm1-Efm2, respectively.
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the channel is not formed before the gate voltage
application. At the drain voltage application, the
electron is emitted from Al layer to the n + doping
layer by DT via SiNX film, and the electron is
reflected by energy barrier. However, at the gate
voltage application, the electron is emitted from
Al layer to the channel by DT via SiNX film as
shown in Fig. 3 (b), because the energy barrier
disappears by the gate voltage application.
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III. RESULTS AND DISCUSSION
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Figures.4 (a) and (b) show the Id-Vg
characteristics of the TDTFT and conventional
TFT. The slope of the subthreshold region of the
TDTFT is smaller than that of the conventional
TFT. This phenomenon is due to the tunnel
resistivity of the SiNX film formed at the
source/drain area of the TDTFT. Although the
leakage currents of the TDTFT and the
conventional TFT are almost the same, the
off-state voltage of the TDTFT is a little larger
than that of the conventional TFT. This is thought
to be due to the difference of the Fermi-level for
poly-Si served as the active layer between the
TDTFT and conventional TFT. As the Fermi-level
of the TDTFT is lower than that of the
conventional TFT, the leakage current at the Vg=0
V of the TDTFT increases. Therefore, the leakage
current of the TDTFT is smaller than that of the
conventional TFT by using the poly-Si with an
identified Fermi level [8]. Here, the origin of the
carriers in the subthreshold region generated by
increasing the temperatures is discussed. The
carriers are excited from the defect level equal to
0.15eV [9] from the band edge for T=293~453K
and excited from the valence band for the
temperatures larger than 623K in the intrinsic
semiconductor region. The conduction of the
excited carriers in the channel is dominated by the
tunnel emission via SiNx film at the source/drain
side as discussed later. It is finally confirmed that
the TDTFT shows the characteristic peculiar to
the tunnel effect of the SiNX film and it improves
the conventional TFT. Next, we analyzed the
conduction of the TDTFT in the high temperature
using eq. (2).
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Fig. 4: The Id-Vg characteristics of the TDTFT (a)
and conventional TFT (b).
Fig. 5 shows the relationship between calculated
and measured drain currents of the TDTFT. The
inset is an enlarged view around the threshold
voltage in Fig. 4 for the temperatures of 293 K
and 353 K. The threshold voltage for each
temperature was decided by the interpolation of
Id-Vg curve. The drain current was identified at
the threshold voltage for each temperature. The
conditions for the DT current simulation are as
follows. The thickness of SiNX film and effective
mass are tSiN = 1.3 nm and m*/m0 = 0.25,
respectively. When the temperature increases
from 293 K to 353 K, the conduction band edge
of Si is decreased by 0.02 eV, because of a band
gap decrease with temperature [19]. The band gap
of SiNX film is 4.4 eV [20]. At 293 K, the
calculated value of DT current is 7.4×10-7 A that
is nearly equal to the measured value of 7.5×10 -7
A. And, at 353 K, it is 1.1×10-6 A that is nearly
equal to the measured value of 1.2×10-6 A.
Furthermore, the limit of temperature that
dominates the DT exists between 350 K and 400
K from the calculated result. In addition, the J nt1 at
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293 K and 353 K are 1.3×10-7 A and 2.1×10-7 A,
respectively, and Jnt2 at 293 and 353 K are
6.1×10-7 A and 8.5×10-7 A, respectively. These
data strongly indicate that the dominant
conduction mechanism of the TDTFT is the DT.
The tail area of the FD function larger than the Al
Fermi energy influences greatly on the DT.
Although the thickness of SiNX film was assumed
to be 1.3 nm, it is thought that the thickness is
within the measurement error of spectroscopic
ellipsometer. The effective mass was calculated
by the extrapolation of the calculated effective
mass as a function of the oxide thickness [21]. As
a result, the effective mass of SiNX film was given
to be 0.25 in the present experiment. In the case
of thick film of a few nm, the effective mass of
0.42 is used in the two-band model [22,23]. But,
in the case of thin film, the effective mass
decreases to 0.33±0.08 corresponding to one-band
model [24]. In the present calculation, the
effective mass at one-band model was used,
because of the thickness for SiNX film being
small.
The drain current is uncontrollable in the gate
voltage application for the higher temperature
greater than or equal to 453 K considering Fig. 4
and Fig. 5. The reason of this phenomenon is as
follows. The change of the electron carrier
concentration in the channel by the gate voltage
application is small, because many electron
carriers are already generated for non-gate
application in the high temperatures. Thus, it is
concluded that the conduction mechanism is the
DT from 293 K to 353 K and the tail area of the
FD function larger than the Fermi energy of Al
greatly influences the conduction mechanism of
the TDTFT. The DT from 293 K to 353 K for the
TDTFT is different from that in the low
temperatures from 20 K to 150 K [9].
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IV. SUMMARY
We fabricated TDTFT that has a 1.7 nm-thick
SiNX films at the interface between the Al layer
and n+ doping layer. We measured the Id-Vg
characteristic from 293 to 623 K and discussed
the conduction mechanism in the high
temperatures. The simulation of the DT via SiNX
film was pursuit by dividing the electron
distribution which contributes to the DT to the
two areas. The DT from the both areas larger than
the Fermi-energy affected by the temperature and
smaller than the Fermi-energy non-affected by the
temperature was considered.
As the result, when the thickness of SiNX film
and effective mass are 1.3 nm and 0.25,
respectively, the relationship between the drain
current and temperature reproduced the
experimental results very closely. These results
strongly indicate that the dominant conduction
mechanism of the TDTFT in the higher
temperatures is the DT. In addition, the tail area
larger than the Fermi energy of Al greatly
influences on the DT. The reason why the electron
effective mass of 0.25 is used for the present
simulation is that the effective mass decreases
corresponding to the one-band model for the thin
dielectric film.
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