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Abstract—Temperature-dependent field-effect measurements
were performed on radio-frequency sputtered amorphous
In-Ga-Zn-0 thin film transistors (TFTs). We studied the effect of
temperature on the TFT electrical properties. We observed that
the field-effect mobility (1) increases and the threshold voltage
(V) shifts negatively with temperature, while the current on—off
ratio and subthreshold slope (S) remain almost unchanged. We
also observed that the TFT drain current (Ip) is thermally
activated, and the relation between the prefactor (Ipo) and
activation energy (E,) obeys the Meyer—Neldel rule. The density
of localized gap states (DOS) was then calculated by using a
self-consistent method based on the experimentally obtained
E,. The result shows good agreement with the DOS distribution
calculated from SPICE simulations.

Index Terms—Activation energy, amorphous In-Ga-Zn-O
(a-InGaZnQ), density of localized gap states (DOS), Meyer—-Neldel
(MN) rule, thin film transistor (TFT).

I. INTRODUCTION

VER the past few years, amorphous In-Ga—Zn-O thin

film transistor (a-IGZO TFT) has emerged as an im-
portant candidate that could be used for future flat panel dis-
plays (FPDs) [1], [2]. Aside from visible light transparency
and the ability to be deposited uniformly over large area at
low temperatures, a-IGZO TFTs also demonstrate favorable
electrical properties, including decent field-effect mobility, high
current on—off ratio, and sharp subthreshold swing [3]. All
these device parameters are highly dependent on the density
of localized gap states (DOS) of a-IGZO. The knowledge of
these states is essential for fundamental understanding and
improving the material’s electrical properties. So far, such DOS
has not been disclosed for a-IGZO. In this paper, for the first
time [4], we report on DOS for radio-frequency (RF) sputtered
a-IGZO as determined from the temperature-dependent study
of the a-IGZO TFT electrical properties. Similar approach has
been used to determine the DOS of amorphous silicon [5], [6]
and has been proven that this method can provide meaningful
information of the DOS with high reliability.
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Fig. 1. a-IGZO TFT transfer characteristics (I p—V(g) measured at various

temperatures, ranging from 20 °C to 80 °C.

II. TEMPERATURE-DEPENDENT FIELD-EFFECT
MEASUREMENTS OF a-InGaZnO TFTs

Temperature-dependent field-effect measurements were per-
formed on inverted—staggered RF sputtered a-IGZO TFTs. The
TFTs were fabricated on glass substrates. The gate electrode Ti
(5 nm)/Au (40 nm)/Ti (5 nm) was deposited by electron beam
and patterned by liftoff. The gate insulator SiO5 (200 nm) and
a-InGaZnO thin film were both deposited by RF sputtering and
patterned by wet etch. After annealing in air at 300 °C for
20 min, the source/drain electrodes Ti (5 nm)/Au (100 nm)/
Ti (5 nm) were deposited by electron beam and patterned
by liftoff. A SiO; film as the back channel protection layer
(100 nm) was deposited by RF sputtering and patterned by
wet etch. Finally, the TFTs were annealed in air at 200 °C for
1 h [7], [8]. Measurements were done in dark, using a Hewlett-
Packard 4156 A semiconductor parameter analyzer. The device
temperature was regulated by a heated chuck and a Signatone
temperature controller with a precision of 0.1 K. Before each
measurement, the TFTs were placed on the heated chuck which
is set at the desired measurement temperature for 30 min to
allow for thermal equilibrium.

III. EXPERIMENTAL RESULTS

We measured the drain current (I ) versus the gate-to-source
voltage (Vgs) at different temperatures, ranging from 20 °C to
80 °C, as shown in Fig. 1 [drain-to-source voltage (Vps) =
0.1 V]. The TFT parameters as a function of temperature are
shown in Fig. 2. The field-effect mobility (1) and threshold
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Fig. 2. Temperature dependence of the (a) field-effect mobility, (b) threshold
voltage, and (c) subthreshold slope of a-InGaZnO TFTs.

voltage (V) were extracted by using the standard MOSFET
equation

Ip = o - (Vs = Vi) - Vos M
where W and L are the channel width and length, respectively,
and C,y is the gate insulator capacitance per unit area. To
accommodate for the nonlinearity of the [ p—Vgg curve, a fitting
range between 10% and 90% of the maximum measured [p is
chosen [9]. From Fig. 2(a), we can see that, as the temperature
rises from 20 °C to 80 °C, the field-effect mobility (1) is weakly
thermally activated and increases from 9 to 11 cm?/V - s with a
very low activation energy (E,_,) of 26 meV. Fig. 2(b) shows
that the threshold voltage (V) linearly decreases with tem-
perature (from 3 to 2 V) with a temperature coefficient (Kvy)
of —17 mV/°C. The temperature dependences of yp and Vp
are similar to what we commonly observed from hydrogenated
amorphous silicon (a-Si:H) TFTs [10], [11], which can be ex-
plained by the multiple trapping model described by LeComber
and Spear [12]: At higher temperatures, more electrons can es-
cape from the localized states and contribute to the free carriers,
which causes a higher mobility and smaller threshold voltage.
The field-effect mobility and threshold voltage of a-InGaZnO
TFTs are less sensitive to temperature compared to those of
a-Si:H TFTs (E,_,, ~ 60 meV; Kyr ~ =36 mV/°C) [10].

The subthreshold slope (S) is extracted at the steepest point
of the log (Ip)-Vas plot by using the following:

~ (dlog(Ip)\ !
S_(dVGS ) . 2)

From Fig. 2(c), we can see that the subthreshold slope (5)
slightly increases with temperature from 0.4 to 0.6 V/dec. We
can also observe from Fig. 1 that the off current (Iorr) almost
remained the same (107*% ~ 107'* A) within the investigated
temperature range. This stable operation, even at elevated tem-
perature, makes a-InGaZnO TFTs favorable for future FPD
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Fig. 3. Temperature dependence of the drain current in (a) the subthreshold
regime (Vgs < 1 V) and (b) the above threshold regime (Vgs > 1 V). Scatter
dots represent the measured data; lines are used to extract Fg,.
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Figv4‘ (a) Activation energy (Eg) and (b) prefactor (Ipg) as a function
of Vas.

applications, which is very different from a-Si:H TFTs, where
the S and Iopp are very sensitive to temperature [13].

We observed that the drain current (Ip) is thermally acti-
vated and can be described by

Ip = Ipo - exp(—E./kT) 3)

where Ipy is the prefactor, E, is the activation energy, k is the
Boltzmann constant, and 7 is the temperature. I pg and F, can
be easily extracted by plotting log (Ip) versus 1/kT, as shown
in Fig. 3. Both I pg and E, are Vg dependent (shown in Fig. 4),
and their relation obeys the Meyer—Neldel (MN) rule [14]

Ipo = Ipoo - exp(A - Ey) @

where A is the MN parameter. The MN rule is generally
considered to be an intrinsic property of a material and is
reported to be applicable whenever the Fermi level position is
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Fig. 5. Prefactor (Ipg) versus activation energy (FEq ). Their relation can be
expressed as Ipg = Ipog exp(A - E,). A is observed to be ~22.5eV~1 in
the subthreshold regime and ~ 0 eV~ in the above threshold regime.
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varied, regardless of whether this shift is caused by introducing
extra defect states to the sample or, as in this case, by applying
an electric field [6]. For our a-IGZO TFTs, as shown in Fig. 5,
A is observed to be a constant (~22.5 eV~!) over a broad
range of activation energies between 0.15 and 0.5 eV, which
corresponds to the subthreshold regime (Vgg = —1 to 1 V).
On the other hand, in the above threshold regime (Vgg > 1 V)
where the activation energy is smaller than 0.1 eV, A decreases
to a value close to zero. At even lower activation energy values
(< 0.05 eV), which correspond to Vgs > 5 V, A becomes
negative.

IV. METHOD OF ANALYSIS

The drain current (Ip), as a function of Vg, can be derived
from (3) and (4)

Ip(Vas) = Ipoo - exp [(A = B) - Eua(Vas)] %)

where 8 = 1/kT. Fig. 6 shows the energy band diagram near
the semiconductor—insulator interface. The activation energy
E, is the energy difference between the Fermi level (Er) and
the edge of the conduction band (F¢), which equates to the
average energy that a trapped electron needs to gain in order
to escape from the localized state [15]. As we can see from
Fig. 6, E, is not only a function of Vg but also a function
of x (which is the distance measured from the insulator—
semiconductor interface). Therefore, the activation energy ex-
tracted from log(Ip) versus 1/kT (shown in Fig. 4) can be seen
as the “average effect” on Ip caused by F,(x) at a particular
Vs level. We can then rewrite (5) as

ds

I’;OO : / xp (A — B) - Ea(x)] da ©)

s
0

Ip(Vas) =

where d; is the thickness of the a-IGZO semiconductor layer.
As shown in Fig. 6, E, () can also be written as E,rg — y(),
where E,prp is the activation energy under flatband condition
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Fig. 6. Energy band diagram of an a-IGZO TFT near the semiconductor—
insulator interface.

and y(z) is the band bending (measured in electronvolts) caused
by Vs larger than the flatband voltage (V). The drain current
Ip can thus be expressed as a function of y(x)

ds

In(Vas) = 22 [exp[(- ) y@] de D
3 0

where
Ivg = Ipoo - exp [(A — ) - Earnl. (¥

To determine the charge density (n) and the amount of band
bending inside the semiconductor, Poisson equation needs to be
solved for the electric field, which is related to the applied gate
voltage. The Poisson equation is given by

d*y(x)
dax?

_enly) o

ks~€0

where e is the absolute value of the electronic charge, k; is the
dielectric constant of the semiconductor (a-IGZO), and ¢ is
the permittivity of free space. The electric field (F) inside the
semiconductor

10
. (10)
can be solved by multiplying both sides of (9) by 2dy(z)/dx
and then integral over x. Together with the boundary conditions
y(ds) = dy(ds)/dx = 0, dy(z)/dx can be solved

dy iy [d [dy\’

dg ds
x

S

s

- (42)’

[ 2e d 2e Y
.e y .e
Y n(y)de = d
ks-eo dx niy)dz ks g0 /n(y) v
d, 0
dy(2) ) y(z) 1/2
y(z) e

0
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The negative sign is to make the field in the correct direction.
Another boundary condition is required to solve the relation
between the electric field and the applied gate bias

Cdy(0") f . Vos — Vi — y(0")

L B(0%) = —k
k‘ (0 ) ® d{L‘ dins

(12)
where k;,s and d;,s are the dielectric constant and thickness of
the gate insulator, respectively. To simplify the calculation, we
assume that y(0) is much smaller than Vg — Vip. Using (11)
and (12), the applied gate bias can be solved as

ks ) dins . dy(0+)

Vas — Vi =Vp = —
GS FB F Eins dz
Ys 1/2
ks . dins 2-¢
et 220 [ag)ay (13)
ins s o
where y; = y(0") and
Ys -1/2
dVF ks : dins € 12
0
(14

Using (11), we can now transform (7) into an integral over y

ds
Ip — Irp 1
e =ds-o/{exp[(ﬂ—A)-y(w)} 1} de

1 [exp[(B-A) yx)] -1
0/ - dy. (15)

=7 1/2
<kao f n(y) dy)
0

ds
The charge density can be solved by differentiating (15) with
respect to Vp and using (14)

1 dip 1 exp[(B—A)-y]—1 dys

Iy dVe dy [, w 12 dVp
(k; Of”(y) dy>

exp[(f—A) -y -1

(k%i(f:s) : ds : (k;50> ! n(ys>

kins * €0 . Irgp - {eXp [(/B — A) i y?] - 1}
e'dins 'ds dID/dVF ’

= n(ys) =
(16)

Now, we can obtain ys(Vr) by plugging (16) into (14) and
using (13)

dys _ kins ﬁ dID 1

dVe ks dins Irs dVe exp[(B—A)-ys] -1

a7

Integrating (17) immediately yields
exp[(B-A4) -ys(Vr)] = (6 = A) - ys(VF) — 1

Vi
o /8 —A ds kins -

dins . ks . VF.ID(VF)_/
0

= Ip (Vi) dVi| .
Irp

(18)
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Fig. 7. Calculated (a) band bending at the semiconductor—insulator interface
(ys) as a function of Vg (= Vs — Vrp) and (b) induced charge density (n)
as a function of ys.

Using (18), we can calculate the amount of band bending at the
semiconductor—insulator interface ys(Vr) from experimental
data Ip(Vr) measured at a single temperature (in this case,
20 °C). Then, the charge density n(y,) is obtained from (16).
An example of the calculated y,(Vr) and n(ys) is shown
in Fig. 7. The method to determine the appropriate flatband
voltage (Vrp) will be discussed in the next section. Finally, the
DOS function N (F) is calculated from

dn(ys)
dys

N(E) = (19)

ys=F

Here, we assume that most induced charge is localized and
0-K Fermi statistics is applicable for the occupancy of the
localized states. The biggest advantage of using 0-K Fermi
statistics is that V(F) can be easily calculated from n(y;) by
differentiation. The 0-K approximation of Fermi statistics is
valid when the characteristic energy of N(F) is much higher
than the measurement temperature (25 meV at 20 °C). This
requirement can be checked by observing the calculated DOS
profile. Although finer structures of the DOS can be obtained
when finite temperature statistics is used, assuming a 0-K Fermi
statistics is good enough for estimating the order of N (E).

V. RESULTS AND DISCUSSION
A. Calculated Density of States

We calculated the DOS separately in the subthreshold and
above threshold regimes of the a-IGZO TFT, as shown in
Fig. 8, since the two regimes exhibit different MN relations.
The calculated a-IGZO DOS from the subthreshold regime
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Fig. 8. Calculated DOS from both the subthreshold regime and above thresh-
old regime as a function of £ — FE¢; Ve = —1.5 V was used.

(deep states) appears to be low (< 10'® eV~!.cm™3) with
a characteristic energy of about 120 meV. This agrees with
the density of deep state profile extracted from a-IGZO TFT
SPICE simulations [16], as shown in Fig. 8, where the RPI
a-Si:H TFT model was used, and the DOS variation was as-
sumed to be exponential with energy [17]. The DOS calculated
from the above threshold regime (tail states) is larger and has
a steeper slope with a characteristic energy of about 30 meV.
The validation of the DOS calculated from the above threshold
regime can be questioned for the following two reasons, which
also apply to a-Si:H TFTs: 1) The free carriers can no longer be
ignored in (19) and 2) the characteristic energy is very close
to the measurement temperature; therefore, using 0-K Fermi
statistics might lead to certain amount of error. Recognizing
these limitations, we argue that the investigation of the effect
of the MN parameter on the DOS profile still provides insight
into the fundamental understanding of the material’s electrical
property.

B. Determination of the Flatband Voltage

The calculation procedure described in this paper requires
the knowledge of the flatband voltage (Vgp). Using improper
values of Vg would lead to incorrect DOS. To determine the
correct values of Vgp, we theoretically calculate the activation
energy F, as a function of Vgg. From (3), we can obtain

1 dIp(Vas)

E,(Vas) = — 20
(Vas) I (Vas) 3 (20)
where dIp(Vas)/dS can be calculated from (15)
dIp(Vas) _ Ip(Vas) dlvs | Irs (Fs-c0)'”
ag Irp s ds e
Ys
_/y-exp[(ﬂ—A)-y} &y, @D

Y
Oy 2- [ nly)dy
0

1181

0.6 ‘ ' ' o Measured |1
05¢ _ 4 |—— Caculated|]

S 04 A=225eV o
5 0.2 A=0eV"' |
o 0'1 [V, = 0.4V e ]
0.0 [ W/L=180um/30um e
Ty

— 107} A=225¢eV" ]
< 103} ,
9104 A=0eV' |
10} By ]
13-6 Vg =-1.5V o “Ul*’:‘ — Qzﬁl

-1 0 1 2 3 4 5
VGS (Volt)

Fig. 9. Calculated and measured (a) activation energy (E,) and (b) prefactor
(Ipo)- By using different MN parameters (A) in the subthreshold and above
threshold regimes, we were able to match the calculated E, and Ipg with the
experimental data.

Here, we assume that the dependence of both n and y on 3 can
be neglected in the scope of this analysis, meaning that, at any
temperature (in the investigated range), most induced charge is
localized and that the shift of the Fermi level with temperature
is negligibly small [6]. By plugging (21) into (20), we obtain

Follos) = e = ID(xg:) d (ksé%)l/g
'/y.exp[iﬁ_A).y] dy (22)
where
Farw = _é ' dézB' (23)

The activation energy can thus be calculated from experimental
data Ip(Vgs) measured at a single temperature (in this case,
20 °C), using any desired Vrp. A proper Vpp value can be
obtained by matching the calculated E, with the F, extracted
from the temperature-dependent field-effect measurements. In
order to check the consistency, the prefactor Ipg is calculated
as a function of F, from

Ipo(Vas) = Ip(Vas) -exp [B - Eq(Vas)] (24)

using the measured Ip(Vgs) data and calculated F, (Vgs) val-
ues. The best fit of the theoretical calculations to the measured
data is shown in Figs. 9 and 10 with Vg = —1.5 V, E,pp =
0.6V, and A = 22.5 and 0 eV~! in the subthreshold and above
threshold regimes, respectively.

VI. CONCLUSION

We investigated the effect of temperature on RF sputtered
a-IGZO TFTs. The field-effect mobility is weakly thermally
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106

activated (activation energy of ~26 meV). The threshold volt-
age linearly decreases with temperature with a temperature
coefficient of —17 mV/°C. The current on—off ratio and sub-
threshold slope almost remained the same within the investi-
gated temperature range. The density of states of RF sputtered
a-IGZO was calculated by a straightforward method based
on temperature-dependent field-effect measurements. The MN
rule was also taken into account during the calculation. The
appropriate flatband voltage and MN parameter were obtained
by matching the calculated activation energy with the mea-
sured data. The calculated DOS from the subthreshold regime
is low (< 10'® eV~ .cm™3) with a characteristic energy of
~120 meV and shows good agreement with the density of deep
states extracted from SPICE simulations. We believe that this
method provides a simple and fast interpretation of the field-
effect measurements and gives us a good image of the DOS
profile. More accurate results can be obtained by considering
the free charge in (19) and calculating the DOS by deconvolu-
tion of the localized charge with the Fermi—Dirac distribution
function.
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