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ABSTRACT Low-frequency noise (LFN) is investigated in a set of indium-zinc-oxide thin-film transistors
(IZO TFTs) with fixed channel width (W = 10 μm) and different channel lengths (L = 10, 20, 30, and
40 μm) from sub-threshold, linear to saturation regions. The drain current noise power spectral density
is measured as a function of effective gate voltage and drain current. The variation slopes of normalized
noise with effective gate voltage are in the range of −1.27 and −1.48, which are close to the prediction
of the mobility fluctuation mechanism. According to the �N − �μ model, the flat-band voltage noise
spectral density and Coulomb scattering coefficient are extracted. Subsequently, variations of noise with
the drain current in the above threshold region are analyzed by considering the band-gap distribution of
the tail states. Finally, the BSIM model is also used to model 1/f noise in the IZO TFTs. The noise
parameter NOIB is extracted which is inversely proportional to the effective gate voltage. Good agreements
are achieved between the simulated and measured results in the linear region.

INDEX TERMS Indium-zinc-oxide, thin film transistor, low frequency noise, BSIM.

I. INTRODUCTION
With high electrical performance and high optical trans-
parency, indium-zinc-oxide thin-film transistors (IZO TFTs)
have drawn great attention in ultra high definition dis-
plays [1]. For both display and image capture applications,
IZO TFTs act as switching components for addressing the
pixel circuit [2], [3]. Moreover, IZO TFT can also be inte-
grated as peripheral drive circuits on glass substrates with
low production costs [4].
The noise behavior of semiconductor devices is a key

parameter in the analog circuit applications [5] and it sets
the lower limit of the signal level which can be detected
and processed by subsequent circuits and systems [6]. The
noise performances are primarily dominated by thermal noise
and flicker noise (1/f noise) [6], [7]. Thermal noise is
mainly caused by the channel resistance while flicker noise
appears through both quality dependent and fundamental
noise processes [6]. Attributed to localized traps in the chan-
nel and border traps in the gate oxide, the noise levels in

IZO TFTs are higher than those observed in crystalline sili-
con (c-Si) MOSFETs [8]–[11]. Such a high noise level may
limit the use of IZO TFTs and should therefore be carefully
studied and minimized.
Generally, there are two major existing theories to explain

the origin of low frequency noise (LFN) [12]–[14]. The
carrier number fluctuation mechanism states that flicker
noise is attributed to the trapping and emission processes of
charges in the border traps near the gate insulator/channel
interface. On the other hand, the bulk mobility fluctu-
ation mechanism considers that flicker noise is a result
of the fluctuation in bulk mobility, which is induced
by fluctuations in phonon population through scattering.
Recently, flicker noise in IZO TFTs has been reported
and the dominant mechanism has been discussed by many
groups [8], [15]–[17].
In the design process of peripheral drive circuits, simu-

lation and analysis of noise behaviors are very important.
The LFN may up-convert to high frequencies which is a
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FIGURE 1. (a) Cross-section view and (b) plane view photograph of an IZO
TFT with an inverted staggered bottom gate structure.

dominant contributor to phase noise, thus adversely affecting
the operation of IZO TFTs in analog and RF applica-
tions [5]. In order to evaluate the noise performance of the
whole circuit, the designer uses one of the noise models
available in the simulators [6], [18]. For c-Si MOSFETs,
the industry-standard Berkeley short-channel IGFET com-
pact model (BSIM) has been widely used to describe the
1/f noise from sub-threshold to strong inversion [19]–[21].
By extracting three fitting parameters (NOIA, NOIB and
NOIC), the flicker noise can be simulated by this uni-
fied model in all operation regions. For amorphous silicon
TFTs, Rigaud et al. [22] presents some good noise simula-
tion results by using BSIM3 model. However, the suitability
of the BSIM noise model on IZO TFTs has not yet been
examined.
In this paper, the flicker noise of IZO TFTs is analyzed

and simulated in all operating regions. Firstly, noises are
measured from the sub-threshold region to the saturation
region with a frequency bandwidth from 1 Hz to 100k Hz.
The dominant mechanisms of flicker noise in each region are
subsequently discussed. In order to examine the suitability
of the BSIM noise model on the IZO TFTs, noise parameter
NOIB is extracted. Finally, the measured results of flicker
noise are compared to the simulated results in the linear
region.

II. DEVICE STRUCTURE AND I-V CHARACTERISTICS
The devices used in this work are IZO TFTs with a back
channel etch (BCE) architecture. The cross-section and plane
photograph of these devices are shown in Fig. 1. A bilayer
SiO2 (50 nm)-SiNx (250 nm) film is used as the gate insula-
tor, and a 30-nm-thick IZO film is used as the active layer.
The channel width (W) is 10 μm and the channel lengths
(L) are varied from 10 μm to 40 μm.

The I-V characteristics are measured by use of an Agilent
B1500 and Cascade probe station (Summit 12000). The
flicker noises are measured by use of a Keysight E4727A
LFN analyzer, which includes a dynamic signal analyzer,
filters and amplifiers.
The typical transfer characteristics with log and lin-

ear scales are plotted in Fig. 2. The extracted electrical
parameters performed at Vds = 0.1 V are summarized in
Table 1.

FIGURE 2. Transfer characteristics in the indium-zinc-oxide TFTs. Left axis:
drain current with log scale. Right axis: drain current with linear scale.

TABLE 1. Extracted electrical parameters in indium-zinc-oxide TFTs.

III. MEASURED LOW FREQUENCY NOISE
A. ORIGIN OF LOW FREQUENCY NOISE
The typical low frequency noise characteristics in the IZO
TFTs with W/L=10μm/10μm are plotted in Fig. 3. As Fig. 3
shows, the drain current noise power spectral densities (SI)
follow a 1/f γ law, and γ are about 0.6∼0.7 when the
frequency is below 3 kHz. This phenomenon suggests the
flicker noise is the main noise source under low frequency
conditions, and it is induced by fluctuations of the interfacial
trapped charges [23], [24]. As reported [25], the deviation
from 1 of γ illustrates that the vertical distribution of oxide
trap density is nonuniform in the gate oxide. γ < 1 is
expected when the oxide trap density is higher close to the
SiO2/IZO interface than that in the interior of the gate oxide.
In addition, this phenomenon (γ < 1) is also related to the
characteristic temperature of the localized states which exist
in the channel.
Moreover, the measured drain current noises follow a 1/f 2

law when the frequency is above 3 kHz, which suggests
the generation-recombination (G-R) noise is the main noise
source in the frequency range of 3 kHz and 100 kHz. As
reported in [11] and [17], the G-R noise from the traps with
different time constants can be added, and thus the superpo-
sition of many Lorentzians may result in the total spectrum
with 1/f γ dependence over several decades of frequency.
The observed 1/f 2 noises in this work are consistent with
the above mechanism, which suggests the G-R induced fluc-
tuation of the carrier density may also be the origin of the
1/f γ noise.

B. DOMINANT MECHANISM OF FLICKER NOISE
There are two different mechanisms used for the analysis
of flicker noise: carrier number fluctuation (�N) theory and
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FIGURE 3. Drain current noise power spectral densities (SI ) for an IZO TFT
with W/L= 10μm/10μm, which are measured at different drain voltages
(Vds) from 1 V to 10 V and a constant effective gate voltage (Vgs − Vth)
of 3 V.

mobility fluctuation (�μ) theory. In the classic carrier num-
ber fluctuation theory, the fluctuations in the drain current
arise from the fluctuations of the interfacial charges due to
the trapping and emission processes of free carriers into bor-
der traps and localized states. Thus, the normalized current
noises (SI/I2d ) can be expressed by [8]

SI
I2d

= k∗

f γC2
oxWL

(
Vgs − Vth

)2 (1)

where Cox is the gate insulator capacitance per unit area,
and k∗ is a fitting parameter that is related to the tunneling
possibility between the channel and border traps.
In contrast to carrier number fluctuation theory, Hooge

claimed the 1/f noise may originate from noise in lattice
scattering, which in turn causes random mobility fluctua-
tion [8], [14]. According to Hooge’s empirical model, the
normalized current noise can be expressed by [8], [14]

SI
I2d

= αH

Ntotf γ
= αHq

f γCoxWL
(
Vgs − Vth

) (2)

where αH is Hooge’s empirical parameter which is tech-
nology and material dependent. Ntot is the total number of
free charge carriers in the channel. The Hooge’s empirical
model is not only derived for homogeneous semiconductor
devices, but also being widely used in the analysis of vari-
ous TFT technologies (a-Si:H TFTs, IGZO TFTs and organic
TFTs) [8].
To examine the dominant mechanism of flicker noise in

the IZO TFTs, the dependence of normalized drain cur-
rent noise on effective gate voltage (Vgs − Vth) is plotted
in Fig. 4, as measured at drain voltage Vds = 0.1 V and
frequency f = 10 Hz in the IZO TFTs. Fig. 4 illustrates that
the normalized noises have a power law dependence with
Vgs−Vth and the extracted power law coefficients are in the
range of −1.27 and −1.48. Therefore, they are close to the
prediction of the mobility fluctuation mechanism. Similar
trends have also been observed in the a-Si:H TFTs [13] and
IGZO TFTs [8], [9].

FIGURE 4. Normalized drain current noise (SI/I2d ) versus effective gate
voltage for IZO TFTs with different channel length (Vds = 0.1 V, f = 10 Hz).

As plotted in Fig. 4, a reduction of the channel length
leads to a modification of the law followed by SI/I2d against
Vgs −Vth from −1.27 to −1.48. These behaviors may relate
to the modification of the origin of flicker noise [13]. The
presence of bulk defects is more important in long chan-
nel amorphous thin film transistors, and it may push the
bulk effect noise to be the predominant origin of the whole
noise. As the decrement of channel length, the quality of
the oxide/channel interface is critical, and the carrier number
fluctuation induced by trapping/detrapping of free carriers in
the localized states and/or border traps becomes more impor-
tant [13]. Thus, IZO TFTs may varied from bulk dominated
devices to interface dominated devices with the decrement
of channel length. This finding may result in a shift of the
power law coefficient of SI/I2d against Vgs − Vth.

The effective mobility in IZO TFTs is strongly dependent
on the free carriers in the channel. Therefore, the fluctuation
of interfacial charges may lead to the variation of mobility.
As reported [26], [27], if the effective mobility is explicitly
dependent on the interfacial charges, an extra drain cur-
rent fluctuation may be induced and the related noises can
be modeled by the carrier number with correlated mobility
fluctuations (�N-�μ) model [26], [27]

SI
I2d

= (
1 ± αcμeff CoxId/gm

) (gm
Id

)2

· Svfb (3)

where gm is the device transconductance, and αc is a fitting
parameter which may be related to the coulomb scattering. A
high value of αc means more sensitivity of the mobility to the
insulator charge. For a pure �N model, αc ≈ 0. μeff is the
field effect mobility, and Svfb is the flat-band voltage noise
power spectral density which can be expressed by [17], [27]

Svfb = q2KTλNt
WLC2

oxf
γ

(4)

where λ is the tunneling attenuation coefficient (0.1 nm for
SiO2) and Nt is the trap density near the insulator/channel
interface (cm−2eV−1).
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FIGURE 5. Variation of the gate voltage noise spectral density with the
effective gate voltage in the IZO TFTs.

FIGURE 6. Variation of the root square gate voltage noise spectral density
with the effective gate voltage in the IZO TFT. The solid lines are the best
fits of the noise data.

Moreover, the gate voltage noise spectral density in the
above threshold region is given by [26], [27]

Svg = SI
g2
m

= Svfb
[
1 ± αcμeff Cox

(
Vgs − Vth

)]2 (5)

The variations of Svg as a function of Vgs−Vth are plotted
in Fig. 5. Under high gate voltages, Svg are varying superlin-
early with gate voltage. In contrast, under low gate voltages
or in the below threshold region, a steep decrease of Svg with
gate voltage is observed, caused by the exponential varia-
tion of free carriers with the gate voltage [26]. Moreover, the
variation slope of Svg with the gate voltage may be depen-
dent on the channel length and channel width under low
gate voltages. Thus, the variation rate may increase as the
channel length is reduced [26]. Similar behaviors are also
observed in MOSFETs [26] and a-Si:H TFTs [22].
To extract the scattering parameter αc and flat-band volt-

age noise spectral density Svfb for IZO TFTs, the variations
of S1/2

vg with Vgs − Vth are shown in Fig. 6. The parameters
Svfb deduced from the noise data are around 3.15 × 10−9

V2/Hz (L = 10 μm), 1.52 × 10−9 V2/Hz (L = 20 μm),
1.15 × 10−9 V2/Hz (L = 30 μm), and 1.03 × 10−9 V2/Hz
(L = 40 μm), respectively. Moreover, the values of αc are in

FIGURE 7. Normalized noise versus drain current in the ohmic region. The
continuous lines are fit to (1) Svfb = 3.15 × 10−9 V2/Hz (L = 10 μm) (2)
Svfb = 1.52 × 10−9 V2/Hz (L = 20 μm) (3) Svfb = 1.15 × 10−9 V2/Hz
(L = 30 μm), and (4) Svfb = 1.03 × 10−9 V2/Hz (L = 40 μm).

the range of 1.93×104 and 2.18×104 Vs/C which decrease
with the decrement of channel length. As discussed in the
above section, the flicker noise in the short channel devices
may be more affected by carrier number fluctuation, and thus
results in the decrement of extracted αc. Furthermore, as a
comparison, the reported αc is in the order of 104 Vs/C for
c-Si MOSFETs [26], 8.7 × 105 Vs/C for IGZO TFTs [27],
1.5 × 104 Vs/C for Poly-Si TFTs [22] and 8.4 × 107 Vs/C
for a-Si:H TFTs [28].
The normalized drain current noise versus drain current is

shown in Fig. 7. By considering Eq. (3) associated with
the interface charge fluctuations in the channel as in c-
Si MOSFETs, the measured noises in the linear region
are in good agreement with the fitting results by use of
the above extracted parameters. However, under low drain
current intensities, discrepancies occur between measured
results and fitting results. This phenomenon is also observed
in the poly-Si TFTs [23], [31]. Similar to large grain poly-Si
TFTs, the excess of the measured noise from the theoretical
results predicted by Eq. (3) in the IZO TFTs may due to car-
rier capture/release processes in localized states [23], [31].
In order to model these excess noises, another component
should be added in Eq. (3) by considering the existence and
contribution of localized states.
Furthermore, the S/D contact resistance may play an

important role both in I-V [29] and noise characteristics [30]
of short channel IZO TFTs. Thus, the flicker noise under
high current intensities may be affected by the contact resis-
tance, and it should be modeled by considering both the
channel and contact resistance.

C. DENSITY OF LOCALIZED STATES
To extract the density of localized states (DOS) in the band-
gap, the surface potential of IZO TFTs should be firstly
calculated. As reported in [32], Lee et al. proposed a method
for the calculation of surface potential (ϕs) from the sub-
threshold current. The surface potential can be calculated
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FIGURE 8. Calculated density of localized states in the band-gap from LFN
characteristics. The insert figure is the surface potential calculated from
the sub-threshold current for the IZO TFT.

through nonlinear mapping of Vgs from the experimental
sub-threshold current as

ϕs
(
Vgs
) = 1

�Vgs

∫
VT ln

(
ID2

ID1

)
dVg (6)

where VT is the thermal voltage, �Vgs is the measurement
voltage step, and ID2 and ID1 are the measured current under
two adjacent voltages. By using this method, the surface
potential can be calculated, which is plotted in the insert
figure of Fig. 8.
By considering traps within an energy band KT around

the Fermi level, the corresponding density of localized states
can be deduced by [33], [34]

NT ≈ 4λ

WLt2oxKTf

I2d
SI

(7)

Based on Eq. (6) and (7), the relation between DOS and
subgap energy level can be extracted from the experimental
I-V and noise characteristics, as plotted in Fig. 8.
The calculated NT(E) is consistent with the well-known

distribution of DOS as a superposition of two exponential
localized states which can be described by

NT(E) = NT1 · exp

(
E − Ec
KTT1

)
+ NT2 · exp

(
E − Ec
KTT2

)
(8)

where NT1 and NT2 are about 4 × 1019 and 8 ×
1017 cm−3eV−1, respectively. TT1 and TT2 are the char-
acteristic temperatures of localized states which are about
160 K and 310 K, respectively.
Note here that extracted characteristic temperatures of

localized states are close to the well-known characteristic
temperatures of tail states [11], which are lower than that
of deep states. To extract the density of deep states, the
extraction method of ϕs should be improved and more LFN
results should also be measured in the sub-threshold region.

IV. ANALYSIS OF FLICKER NOISE
A. NOISE IN THE ABOVE THRESHOLD REGION
Figure 9 shows drain current noise power spectral density
versus drain current in the linear region at Vds = 0.1 V.

FIGURE 9. Variations of measured SI (symbols) and corresponding
simulation curves (solid lines) with drain current Id in the linear region
(Vds = 0.1V).

As shown in the Fig. 9, the noise SI follows the power law
dependence with Id. The power law coefficients are extracted
to be 0.47 to 0.59, which are lower than those observed in
the c-Si MOSFETs (slope=1) [20]–[22]. These phenomena
may induce by the existence of tail states in the channel [16].
As reported in [35] and [36], by considering tail states,

the effective mobility is approximately given by

μeff = μ0 · Qfree
Qtot

∝ (
Vgs − Vth − Vch

)α (9)

where, Qfree and Qtot is the density of the free carrier and
the total induced charge in the channel, respectively. Vch is
the channel voltage and α = 2Tt/T − 2, while Tt is the
characteristic temperature of the tail states.
When Vds is small, Id in the linear region can be

approximated by

Id = KI
[(
Vgs − Vth

)2+α − (
Vgs − Vth − Vds

)2+α
]

≈ (2 + α)KI
(
Vgs − Vth

)1+α
Vds (10)

where, KI is a modeling parameter that is related to the
device structure and tail states.
Thus, gm in the linear region can be calculated by

gm = 2 + α

1 + α
KI
(
Vgs − Vth

)α
Vds (11)

Substituting Eq. (10) and Eq. (11) into the first term of
Eq. (3), the first term of Eq. (3) can be rewritten as [16]

SI =
(

2 + α

1 + α

)2

K2
I

(
Vgs − Vth

)2α
V2
dsSvfb

= [(2 + α)KIVds]2/(1+α)

(1 + α)2
SvfbI

2α/(1+α)
d

= C2
ox (W/L)2

(1 + α)2
V2
dsSvfbμ

2
eff (12)

Based on Eq. (12), noise varied as I2α/(1+α)
d in the linear

region. Combining with the power law coefficients (slopes)
extracted from Fig. 9, α is calculated to be 0.31 to 0.42
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FIGURE 10. Variation of measured noise and simulation curves in the
linear and saturation region.

in this paper. Thus, the related Tt = (α + 2)T/2 is 345 K
to 363 K in the IZO TFTs. These values are close to the
extracted characteristic temperature of the tail states in the
above section.
In the saturation region, Vdsat = Vgs−Vth, therefore noise

can be expressed by [16]

SI =
(

2 + α

1 + α

)2

K2
I

(
Vgs − Vth

)2α+2
Svfb

= [(2 + α)KIVds]2/(2+α)

(1 + α)2
SvfbI

(2α+2)/(2+α)
d (13)

Based on Eq. (13), noise varied as I(2α+2)/(2+α)
d in the

saturation region and the slope is lower than that in the c-Si
MOSFETs which is equal to 1.5 [20]–[22]. As shown in
Fig. 10, noise varies as I1.14

d and then the calculated α is
nearly 0.31 which is consistent with the calculated values
from the noise in the linear region.
In order to evaluate the quality of the channel material, αH

can be extracted from the measured noise data in the linear
region. By rearranging Eq. (2), αH can be calculated by

αH =
(
SI
I2d

)
f γWLCox

q

(
Vgs − Vth

)
(14)

As shown in Fig. 11, the extracted αH decrease with the
increase of effective gate voltage, which indicates the noise
in the IZO TFTs may also be affected by the carrier number
fluctuation mechanism. Note here that the inaccuracy of the
extracted Vth may result in the increment of αH under low
effective gate voltages.
The values of average αH are deduced to be about

2.86×10−3, 3.39×10−3, 4.06×10−3, and 6.7×10−3 respec-
tively. With the decrement of channel length, the flicker
noise of IZO TFTs may be more affected by the quality
of the IZO/SiO2 interface than the bulk layer. In the above
threshold region, most of the localized states near IZO/SiO2
interface are filled with carriers while the bulk defects may
be empty. Thus, the fluctuations induced by the localized
states near IZO/SiO2 interface may less than that induced

FIGURE 11. Extracted Hooge’s parameters (αH ) versus Vgs − Vth in the
linear region for an IZO TFT with four channel lengths. (Vds = 0.1V).

by the bulk defect. It may leads to the decrement of αH with
the decrement of channel length.

αH is frequently used as a device/material quality indica-
tor, and it is usually lower in the higher quality electronic
materials. As a comparison, αH is about 5.32 × 10−3 in the
mature a-Si:H TFTs and 1.35×10−3 in the IGZO TFTs [8],
[22], [37]. Thus, our present result obtained for IZO TFTs
shows good noise performance, which are in the same order
to those reported mature TFTs [8], [22], [37].

B. NOISE IN THE SUB-THRESHOLD REGION
As shown in Fig. 7, the measured results in the sub-threshold
clearly show that noise deviates from the theoretical results
predicted by Eq. (3). These phenomena may induce by the
existence of localized states (deep states) in the channel. In
this region, extracted mobilities are not only related to lattice
scattering, but also strongly dependent on the concentration
of free carriers in the channel. Therefore, similar to Eq. (9),
extracted effective mobility in the sub-threshold region also
has a power dependence with Vgs − Vth and the power law
coefficient is a function of the characteristic temperature of
deep states (Td) in the channel [35], [36].
As reported [38], a simple empirical model can be used

in the description of noise in the sub-threshold region for
c-Si MOSFETs

SI
I2d

= αH

Ntotf γ
·
(

μeff

μ0

)2

(15)

where μ0 is the mobility which only affected by lattice scat-
tering. The extracted SI/I2d versus measured μeff is plotted
in Fig. 12. The slopes (M) are nearly −3 which is larger
than the predicted result (slope= −2) by Eq. (15). Though
the trend may be similar to the theoretical results predicted
by Eq. (15), which are related to mobility fluctuation mech-
anism, the possible reason and the physical meaning of the
parameter M are still unknown. However, they may relate to
the distribution of deep states and we would like to discuss
this in our future works.
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FIGURE 12. Extracted SI/I2d versus the effective mobility in the
sub-threshold region.

V. BSIM MODEL AND EXTRACTION RESULTS
In order to optimize the low frequency noise in analog appli-
cations, circuit designers may simulate noise performance by
use of circuit simulators that take into account of the BSIM
model. In this section, noise parameters used in the BSIM
model are extracted for IZO TFTs.
The BSIM model provides two flicker models, the simple

flicker model and the unified flicker model. In the unified
model, Hung et al. [19] combine both carrier and related
interface mobility fluctuation mechanisms. Thus, the flicker
noise can be modeled by the use of three noise fitting
parameters: NOIA, NOIB and NOIC.
In the sub-threshold region, by considering carrier number

fluctuation theory, the noise is written as

SI,sub(f ) = NOIA

N∗2

KTI2d
Weff Leff f EF(1/λ)

(16)

where NOIA = qNt while Nt can be deduced by using
Eq. (4) which are around 6.75 × 1017 cm2eV−1 to
9.15 × 1017 cm2eV−1 in this work, EF (flicker frequency
exponent) characterizes the power dependence of the mea-
sured noise on frequency, and N∗ can be calculated by

N∗ = KT (Cox + Cd + Cit) /q2 (17)

As discussed in the above sections, noise in the sub-
threshold region may not only be affected by the carrier
capture/release processes in traps located near the chan-
nel/insulator interface, but also affected by carrier cap-
ture/release processes in deep states in the channel. Thus,
Eq. (16) is no longer suitable for the simulation in the IZO
TFTs and it should be improved/modified by considering the
existence of deep states.
In the above threshold region, the current noise is given by

SI,inv(f ) = KTqμeff Id
CoxL2

eff f
EF

⎛

⎜
⎝

NOIA · log
(
N0+N∗
NL+N∗

)

+NOIB · (N0 − NL)
+NOIC · (N2

0 − N2
L)/2

⎞

⎟
⎠

+ �LclmKTI2d
qWeff L2

eff f
EF

NOIA+ NOIB · NL + NOIC · N2
L

(NL + N∗)2

(18)

FIGURE 13. Typical evolutions of SI/μ
2
eff

in the ohmic region, versus the
effective gate voltage.

FIGURE 14. Extracted noise fitting parameter (NOIB) versus Vgs − Vth in
the above threshold region.

where �Lclm is a coefficient which is related to the channel
length modulation effect. N0 and NL are the charge densities
at the source and drain, which can be expressed by

qN0 = Cox
(
Vgs − Vth

)
(19)

qNL = Cox
(
Vgs − Vth − min

(
Vds,Vds,sat

))
(20)

For a small drain bias (Vds � Vds,sat and Vds � Vgs), by
assuming �Lclm = 0 and NOIC = 0, Eq. (18) can be further
approximated by

SI,inv(f ) = KTμeff Id
CoxL2

eff f
EF
VdsCox · NOIB

= KTμ2
eff Weff CoxV2

ds

L3
eff f

EF

(
Vgs − Vth

) · NOIB (21)

Combining Eq. (2) and Eq. (21), NOIB = qαH/KT .
According to Eq. (12), SI/μ2

eff is independent of Vgs − Vth
which is consistent with Mc Whorter’s theory [20]. The val-
ues of SI/μ2

eff at low drain biases versus Vgs−Vth are plotted
in Fig. 13. The extracted results agree well with the predicted
results by Eq. (12).
If SI/μ2

eff is independent of Vgs − Vth, the dependence of
parameters NOIB on (Vgs − Vth)−1 is in accordance with
Eq. (21). The NOIB parameters have been extracted, as
shown in Fig. 14. The extracted results clearly show the
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FIGURE 15. Comparison between measured noise (dots) and BSIM
simulated results (lines) in the linear region.

slope is about −1 which is consistent with the predicted
results. Therefore, NOIB can be further expressed by

NOIB = NOIB0
(
Vgs − Vth

)−1 (22)

In this work, the extracted NOIB0 are constants which are
about 0.069, 0.067, 0.076 and 0.09 for the IZO TFTs, respec-
tively. Similar to αH , the dependence of NOIB on channel
length may also be induced by the variation of the dominant
location of 1/f noise in IZO TFTs.
By use of Eq. (21) and Eq. (22), the simulated flicker

noises in the linear region are plotted in Fig. 15. The sim-
ulated results agree well with the measured results in the
linear region for the IZO TFTs.

VI. CONCLUSION
Low-frequency noises in the whole operation region of long
channel IZO TFTs are investigated. The flicker noise is the
main noise source when the frequency is below 3 kHz, while
the generation-recombination noise is the dominant noise
source in the frequency range from 3 kHz and 100 kHz. The
measured results indicate that flicker noises are dominated by
the mobility fluctuation mechanism and this can be explained
by use of �N-�μ fluctuation model. Moreover, the scaling-
down of IZO TFTs may modify the dominant location of
flicker noise. Thus, IZO TFTs may be varied from bulk
dominated devices to interface dominated devices with the
decrement of channel length, which results in the variation
of extracted parameters αH , αc and NOIB. In addition, the
density of localized states in the band-gap is extracted. The
measured normalized noises are strongly dependent on the
characteristic temperature of localized states in the channel.
Finally, the suitability of the BSIM noise model on the IZO
TFTs is examined. Good agreement is achieved between
measured results and simulated results in the linear region.
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