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Analytical drain current model for amorphous IGZO thin-film transistors in above-
threshold regime*
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Abstract: An analytical drain current model is presented for amorphous In—-Ga—Zn—oxide thin-film transistors
in the above-threshold regime, assuming an exponential trap states density within the bandgap. Using a charge
sheet approximation, the trapped and free charge expressions are calculated, then the surface potential based drain
current expression is developed. Moreover, threshold voltage based drain current expressions are presented using
the Taylor expansion to the surface potential based drain current expression. The calculated results of the surface
potential based and threshold voltage based drain current expressions are compared with experimental data and
good agreements are achieved.
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1. Introduction

Amorphous In-Ga—Zn—oxide (a-IGZO) thin-film transis-
tors (TFTs) have been actively researched due to their higher
effective mobility than amorphous silicon TFTs and better uni-
formity than polycrystalline silicon TFTs[!=3]. An analytical
drain current model is important to the applications of a-IGZO
TFTs, such as active-matrix liquid-crystal display and periph-
eral integrated circuit design.

The electrical characteristics of a-IGZO TFTs were mainly
dependent on the trap states density within the bandgap. Re-
cently, several techniques to extract the trap states density
have been reported(*-], and the exponential tail trap state den-
sity has been generally accepted. Even though several models
have been presented by numerical calculation[®=10], they were
not time efficient and not suitable to circuit simulation. Those
available analytical threshold voltage based drain current ex-
pressions of a-IGZO TFTs were given by applying the approx-
imate expressions of amorphous silicon TFTs to a-IGZO TFT
directlyl'1-12] A surface potential based drain current model
for a-IGZO TFTs was not available.

In this paper, a surface potential based drain current ex-
pression is developed in the above-threshold regime, assuming
an exponential tail trap states density. Charge sheet approxi-
mation is applied to derive the surface potential based drain
current expression. The surface potential is calculated analyt-
ically by the Lambert W equation. In addition, the threshold
voltage based drain current expressions are derived using the
Taylor expansion. Finally, the calculated results are compared
with the experimental data.
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2. Surface potential based drain current expres-
sion

N-type a-IGZO TFTs with undoped channels are assumed
in this paper. In the above-threshold regime, the tail trap states
density determines the drain current characteristics of a-IGZO
TFTs. The tail trap states density is given by[*->]

gra(E) = gapexp [(E — E;) /Eq], (D

where FEj is the intrinsic Fermi level, gap is the trap states den-
sity at E;, and E is the inverse slope of the trap states density
with logarithm scale.

The 1-D Poisson’s equation is given by

3y/0x* = (q/e1620) (n + Npp) (2

where ¢ is the electron charge, €igzo is the dielectric con-
stant of a-IGZO thin films, n = nxexp[(Y — Vi) /¢ is
the free charge density with nx = njexp [(Ery — E;) /kT],
Niy = Nxaexp [(y — Ven) /1] is the trapped charge density
with Nxa = gap sy oxp [(Ero — Ei) / E1], nj is the in-
trinsic electron density, Eq is the Fermi level in the neutral
a-1GZO thin films, which is near the midgap for amorphous
TFTs!3, ¢ = kT/q, ¢1 = E1/q, k is Boltzmann’s constant,
T is the temperature, V;, is the quasi-Fermi level, and  is the
electrical potential vertical to the channels.

From the relationship 2 (dv/dx) (82 1///8x2) =

d (dy/dx)? /dx, one obtains the electric field as

" 1/2
F (Y, V) = 3y/dx = [2/0 (9%y/0x?) dw} NE)!
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Substituting Eq. (2) to Eq. (3), and applying the approxi-
mations exp (¥/¢y) > 1 and exp (¥/¢1) > 1, one obtains

2gn; -V
F (Y Vi) = || 22205 (22 g exp L= Yo
£16z0 \ Mj o

N e\ 2
My exp u) L@
nj d1

Appling Gauss’s law at the oxide/semiconductor interface,
one obtains

Cox Vgs — Vi — ¥s) = eigzoF (Ys, Van) %)

where Cox = €ox/tox, Eox 18 the gate oxide dielectric constant,
tox 1S the thickness of gate oxide, Vgp is the flat band voltage,
and v is the surface potential.

Substituting Eq. (4) to Eq. (5), one obtains a surface po-
tential equation, as follows,

1//5 - Vch
o

N v\ 2
M e ¥ h) G
n; 1

where y = /2q¢e16z0Mi/ Cox-

From the Pao—Sah model, the trapped charge is given
byl!4

n
Vos — Ve —¥s =¥ (%@ exp

Vs
0= —q /0 [Nia/F (9. V) dy. ™

One should note that the free charge density is much lower
than the trapped one in amorphous TFTs!!3]. Ignoring the first
term on the right side of Eq. (4), and substituting Eq. (4) to
Eq. (7), the trapped charge is approximated as

N _ 12
0= —Cory ( XA 5 exp Vs ch) 7 ®)
n (of}
and the free charge is approximated as
Or = —Cox (Vos — Ve — ¥5) — O )
Using the Taylor expansion to Eq. (6), one obtains
N — Vi 1/2
Vas = VeB —V¥s = (ﬁtﬁl exp l'//S—C)
n &1
nx Ys — Ven
| hexp =
x | = -2 P +1
2 Nxa Ys — Ven
¢1 exp
n (o}
(10)

Substituting Egs. (8) and (10) to Eq. (9), one obtains

_ Coxynxé exp [2¢1 —
24/niNxad1 2¢1 ¢y

Since the free charge density is much lower than the
trapped one, one can ignore the first term at the right side of
Eq. (6) for surface potential calculation, approximately. This
approximation is reasonable shown in the textbook, similar to

QOr= (Vs — Vch):| Y

the surface potential calculation steps for doped c-Si MOSFETs
in the subthreshold regimel'¥. One has

N _ 12
Vas = Vi — Vs = ¥ (iﬁm exp u) .12
ni $
Substituting Eq. (12) to Eq. (11), V¢, is eliminated, and one
obtains

O¢= _VCOX%- (Vs — Vs — 1ﬁs)zq}l/tﬁl_1 s (13)
_41
where £ = % (Y2Nxad1/ni) *.
The drain current expression in the above-threshold regime
is given by!!4l
YsL
Ins = —pp (W/L) O¢ds,

¥s0

(14)

where uy, is the electron-band mobility, W and L are the chan-
nel width and length of a-IGZO TFTs, and 5y and Y are the
surface potential at the source and drain end, respectively. The
surface potentials can be calculated analytically from Eq. (12)
using the Lambert W functionl!5.

Substituting Eq. (13) to Eq. (14), the drain current expres-
sion is obtained as

Ips = Wy (W/L) Vcox%—% [(VGS — Vg — 1/[50)2¢'/¢‘

—(Vgs — Vi — l/st)2¢1/¢‘] . (15)

3. Threshold voltage based drain current expres-
sions

Noting Egs. (12) and (15), the threshold voltage is defined

Nxa ¥sotH 1/2
as Vi ~ Ve +¥stHo When Yot = ¥ (,,—i¢1 exp T) ~
In the above threshold regime, Y59 ~ Y¥soth, ¥sL & VYsotH +
Vbs, Equation (15) is approximated as

w 0N 5
Ins = pp—yCox —[V — Viy)291/ ¢
DS =MbY 052¢1 (Vos — Vrn)

—(Vos = Viu — VDS)2¢'/¢‘] . (16)

One should note that, in Ref. [11], the drain current expres-
sion is the same as Eq. (16), and Equation (16) is not explicit
to effective mobility. Taylor expansion for Vpg at Vps = 0 is
applied to the second term at the right side of Eq. (16), and one
obtains

Vas —Vin — Vo) /% = (Vgs — Vi) *1/%

2 _
_ (Vas — Vi) 217971 Vg

é
12¢; (2 _
+ 5% (% -~ 1) (Vas — Vi) 2?92 20 (17)

Substituting Eq. (17) to Eq. (16), the drain current expres-
sion in the linear regime is developed as

w _
Ips = MAACoxf (Vas — Ven)* ™!

X |:(VGS — Vrn) Vbs — %ﬁVDZs] ) (18)
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Fig. 1. Comparison of transfer characteristics with (a) linear scale and
(b) logarithm scale at different drain voltages, 0.1, 3.1, 6.1,9.1 V, and
(c) output characteristics at different gate voltages, 6, 8, 10, 12, 14,
16, 18, 20 V, between calculated results and experimental datal10],

where uaa ~ wpyé, a = %

mobility e = paa Vos — VTH)a_l. One should note that in
Ref. [12], B & 0 is assumed, and it is the approximate formula
of Eq. (18).

Using Vpssat = (Vgs — Vru) /B to Eq. (18), the drain cur-
rent expression in the saturation regime is developed as

— 1, B =~ «, and the effective

1 w
Ips = _H“AACOXI (Vas — Vm)* . (19)
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Fig. 2. Calculated free and trapped charge densities at the channel sur-
face of the source end.
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Fig. 3. Comparison of trap states density between parameters in this
paper and experimental data.

4. Results and discussions

The experimental data for verification come from
Ref. [10]. On a thermally grown SiO,/Si substrate, the sput-
tered deposition at RT and the patterning of the Mo gate were
followed by the plasma-enhanced chemical vapor deposition
(PECVD) of the gate dielectric (SiO,) at 300 °C. An a-IGZO
active layer (In : Ga: Zn = 2 : 2 : 1 at %) was then sputtered
by the radio frequency magnetron sputtering at RT in a mixed
atmosphere of Ar/O,1%].

As shown in Fig. 1, the calculated results from this model
are compared with the experimental datal'®l, and the para-
meters for calculation to Eq. (15) are listed as W = 50 um,
L =30 um, eigz0 = 11.5 89 18] g0 = 3.9 ¢, fox = 100 nm,
My = 200 cm?/(V-s), E,=32¢eV, Epg=Ej=0eV,Nc =5 X
1018 cm™301 7' =300K, Vig =—0.5V, gap = 930m3.¢V~!
and £; = 0.03 eV. The extracted parameters for calculation to
Egs. (18) and (19) are listed as Vg = 09 V, ¢ = 1.37, 8 =
111, gaa = 5.65 cm?/(V%-s).

From the caption of Eq. (2), ny = nxexp (Vs/¢;) and
Nias = Nxaexp (¥s/¢1) are the free and trapped charge den-
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Fig. 4. Calculated effective mobility of a-IGZO TFTs.

sities at the channel surface of source end, respectively. As
shown in Fig. 2, the previous assumption, that the free charge
density is much lower than the trapped one in amorphous TFTs,
is reasonable. In addition, the tail trap states density for calcula-
tion in this paper is compared with the experimental data shown
in Fig. 3. Moreover, the calculated effective mobility is shown
in Fig. 4, and the value of effective mobility is reasonable for
a-IGZO TFTs!®).

However, as shown in Fig. 1(b), this work cannot fit the
experimental data of subthreshold current because the deep trap
state density is not taken into account. In addition, the deep trap
states were seriously affected by the interface trap states!!7.
Even with this limitation, good agreements were obtained in
the above-threshold regime shown in Fig. 1.

5. Conclusion

Surface potential based and threshold voltage based drain
current expressions have been presented for a-IGZO TFTs in
the above-threshold regime, assuming an exponential tail trap
states density within the bandgap. The drain current expres-
sions are analytical and suitable for circuit simulation.
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