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Abstract

An off-state current in oxide semiconductors (OS)
FETSs using c-axis aligned crystalline Indium-Gallium-
Zinc Oxide (CAAC-1GZO) as an active layer is lower
than the dectection limit (~ 0.1 pA) of usual electric
current measuring instruments. We developed the
calculation method in which the value of subthreshold
leakage under the detection limit can be expected from
the transfer characteristics in the OS FETSs. By applying
the method, it was found that the subthreshold swing
converges to the ideal value in the deep-subthreshold
region under the detection limit. This enables to know
the required amount of the threshold voltage shift to
obtain the desired off-state current, depending on low
power applications.

1. Introduction

C-axis aligned crystalline Indium-Gallium-Zinc Oxide
(CAAC-IGZO0) is an oxide semiconductor (OS) which has
a c-axis aligned crystal structure. The use of this material as
an active layer of a thin film transistor enabled fabrication
of displays with high definition and low power consump-
tion [1]. The OS FET has an extremely low off-state current
of the 1 yA order (y: yocto = 107*) [2], and its applications
have been proposed in the field of low-power-consumption
LSls [3-6]. If the cutoff current Iy, (drain current Iy at
gate voltage Vg = 0 V) of the OS FET is reduced to the 1 yA
order, non-volatile memories can be realized. To that end,
the subthreshold leakage is needed to be sufficiently re-
duced by shifting the threshold voltage Vy, in a positive
direction. However, the subthreshold leakage can be lower
than the detection limit (~ 0.1 pA) of usual electric current
measuring instruments, and is hard to be estimated in
general.

We developed the calculation method in which the sub-
threshold leakage of I; < 0.1 pA can be expected from the
transfer characteristics (I3 > 0.1 pA) of an OS FET. By ap-
plying the method, it was found that the subthreshold swing
(SS) converges to the ideal value in the deep-subthreshold
region of I < 0.1 pA, though the SS degrades in the region
of 14 > 0.1 pA due to the shallow electron trap levels. The
value of I, (< 0.1 pA) was shown to be of the same order
obtained from the memory retention. The method enables
to easily know the required amount of the Vy, shift to obtain
the desired I, depending on low power applications.

2. Experiment
Figure 1(a) shows that the cross-sectional STEM image of a
fabricated OS FET. The FET has a double-gate top-contact
structure in which gate electrodes overlap source and drain
electrodes. The active layer is CAAC-IGZO film with rela-
tive permittivity ¢ ~ 15. As shown in the cross-sectional
TEM image of Fig. 1(b), this film has a characteristic lay-
ered structure in a direction perpendicular to the substrate

[1], like the single crystalline InGaZnQ, (Fig. 3(c)). The 20
nm active layer was deposited by DC sputtering using a
polycrystalline target with an atomic ratio of In:Ga:Zn =
1:1:1 in an Ar/O, atmosphere at a substrate temperature of
300 °C. The layers above and below the active layer are
wide band-gap materials (& ~ 15) with thicknesses of 5 nm
and 40 nm, respectively. Top and bottom gate insulator
films are oxides (& ~ 4.1) with thicknesses of 20 nm and 60
nm, respectively. The channel width (W) and length (L) of
the FET are 0.8 um and 0.85 pm, respectively. Transfer
characteristics were measured at room temperature by use
of a semiconductor parameter analyzer.
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Fig. 1(a) The cross-sectional STEM image of a fabricated OS
FET. (b) Cross-sectional TEM image of CAAC-IGZO film. (c)
Schematic diagram of InGaznO, crystal structure.
3. Method

We developed the calculation method in which the inter-
face trap-level density N is extracted by the comparison
between a measured transfer curve and an ideal transfer
curve obtained from device simulation. As shown in Fig. 2,
when drain current varies from ly; to lg,, the gate voltages
in measured and ideal transfer curves are assumed to vary
by AV, and AViq, respectively, and the surface potential ¢,
of the active layer is assumed to vary by Ags in common. In
this case, the number (per area and per unit energy) of
trapped electrons in the interface levels, Ny, can be esti-
mated by the expression,

% iy (A\’ex_ﬂ\/mjzctg[%_a\’m} 1)
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where Cy is top-gate capacitance, and q is elementary

charge.
The Ny is related to Nj; by the equation,

Ny :%J‘iNn(E)f(E)dE, @)

N

where f(E) is the Fermi distribution function. The Ny, ob-
tained from Eq. (1) is fitted by Eq. (2), and then the N;l&
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can be determined. By setting the N;; in device simulation,
the transfer characteristics including I; < 0.1 pA can be
obtained.
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Fig. 2 Schematic diagrams of measured transfer characteristics
(with electron trap levels) and ideal transfer characteristics (with-
out electron trap levels).
4. Results and Discussion

Figure 3(a) shows the measurement result of the top-gate
sweep transfer characteristics of thirteen OS FETs with W/L
= 0.8 um/0.85 pm, under the voltage condition of Vg = Vy
=0V, and V4 =0.1/1.8 V. It can be observed that I, < 0.1
pA is satisfied in all the curves of Fig. 3(a). Figure 3(b) is
the extracted Ny,p, by using Eq. (1), from the transfer curve
at V4 = 0.1V expressed by the cross marks (x) in Fig. 3(a).
The vertical line of Fig. 3(b) is the Fermi energy E; from
the conduction band minimum E. of the CAAC-1GZO. The
Nuap SeemMs to have a local maximum just below the E..
From this perspective, when a tail distribution,

Ny =Ny exp{ EV; Ec } ) 3

ta

was assumed as the N in Eq. (2), the Ny,, was well fitted
by the dashed line as shown in Fig. 3(b), where fitting pa-
rameters were obtained as the peak value Ny, = 1.67 x 10*
cm/eV, and the characteristic width Wi, = 0.105 eV.

The device simulation in which the tail trap levels were
set led the transfer curves as shown in Fig. 4. For compari-
son, the measured points were also plotted. They were well
reproduced by the simulated curves. In addition, the sub-
threshold leakage with Iy < 0.1 pA could be estimated.
Though the SS at Iy = 1 pA is 126 mV/dec, the SS at I4 <<
0.1 pA converges to 82 mV/dec, which is equal to the ide-
al value of the OS FET calculated by the expression,

-1 -1
SS,y = kBT[l_,_ M
q -

J =82 mV/dec, 4
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where C, is the active-layer capacitance, and Ciy and Cp,q
are top-gate and bottom-gate capacitances, respectively, in
series between the oxide and the wide band-gap material.
The extrapolated value of Iy, by using the SSat 13 =1 pA
is estimated to be 1.1 x 107*® A. This value is overestimated
more than one digit, comparing to I = 6.7 x 10 A ob-
tained from Fig. 4(b)

The averaged value of I, obtained from the transfer
curves of Fig. 3(a) for the thirteen FETs was 2.0 x 10" A.
On the other hand, the memory in which an OS FET with
the same process was connected to a retention node was
fabricated. From the memory retention, the Iy, was esti-
mated to be of the 1 x 107*® A order, which was converted
from initial slope of the time dependence in voltage drop of
the retention node. Therefore, the Iy = 2.0 x 107 A ob-
tained from Fig. 4(b) is consistent with the value from the

memory retention. For example, in order to reduce the sub-
threshold leakage down to 1 yA, Vy, needs to be shifted by
SSig % [ log(lew) — log(1 x 1072%)] = 0.52 V in a positive
direction.
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Fig. 3(a) The measurement result of the top-gate sweep transfer
characteristics of thirteen OS FETs with W/L = 0.8 wm/0.85 pm,
under the voltage condition of Vg = Vg = 0V, and V4 = 0.1/1.8
V.W/L = 0.8 um/0.85 pum. (b) The number (per area and per unit
energy) of trapped electrons in the interface levels, Ny, (o marks)
and the fitting curve (dashed line). The Ny, was extracted from
the transfer curve at V4 = 0.1V expressed by the cross marks (x) in
(@). The vertical line is the Fermi energy E; from the conduction
band minimum E. of the CAAC-IGZO.
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Fig. 4 Comparison between the measured points and the device
simulation in which the extracted tail trap levels were set. The
vertical axes are (a) linear scale and (b) log scale. While the SS at
lg=1pAis 126 mV/dec, the SS at Iy << 1 pAis 82 mV/dec, equal
to the ideal value of Eq. (4).
Conclusion

We developed the calculation method to expect the sub-
threshold leakage of Iy < 0.1 pA, by extracting interface
trap-level density from the measured transfer characteristics
of OS FETSs. It was shown that the trap-level density is ex-
ponentially reduced, as the energy gets away from the E..
This means that the SS to converge to the ideal value in
deep-subthreshold region. The method enables to easily
know the required amount of the Vy, shift to obtain the de-
sired I, depending on low power applications, and to pro-
vide benchmark for OS FET process or circuit design.
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