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ABSTRACT In this paper, the flicker noise properties of bottom-gate ESL structured amorphous InGaZnO
(a-IGZO) thin-film transistors (TFTs) from two different technologies have been studied and modeled.
Model development is carried out by adapting the Unified Model parameter Extraction Method (UMEM),
developed for parameter extraction and compact modeling of TFT devices, and the unified 1/f noise model.
Furthermore, comparative study of device figures of merits is performed to point out the device performance
enhancements that the different fabrication technologies have brought about. It is found out that both
devices have low deep state density, whereas the second device demonstrated higher performance in terms
of carrier mobility and subthreshold slope. Both the DC and noise models are validated by matching
them against experimental data obtained in different regimes of device operation.

INDEX TERMS a-IGZO, flicker noise, model, TFT.

I. INTRODUCTION
Amorphous InGaZnO thin-film transistors (a-IGZO TFTs)
have drawn tremendous attention due to their higher carrier
mobility, better bias stability, and large area uniformity of
electrical properties. Such remarkable performance traits find
a-IGZO TFTs a place in the design of flexible and transparent
electronic circuits for a wide range of applications targeting
technologies in consumer electronics, business, transporta-
tion, and military areas [1]. In particular, they outperform
hydrogenated amorphous Silicon (a-Si:H) and become bet-
ter substitutes to design driving and switching circuits for
flat-panel flexible displays, and large area integrated circuit
technologies [2]–[4].
As a-IGZO TFTs continue to appear in varieties of struc-

tures, electrical characterization of the devices is currently
an active area of research to help better understanding of
the device physics. Study of low-frequency noise behavior
is an ideal tool in that regard for reasons such as to identify
charge transport mechanism within the active layer, evalua-
tion of interfacial trap states, etc. Furthermore, physics-based

modeling of these devices plays vital roles in the design
of highly efficient TFT based circuits for the mentioned
applications.
Flicker noise characterization of a-IGZO TFTs with dif-

ferent sizes of the active layer have been reported during
the last years [5]–[7]. The majority of the studies concern
devices with a-IGZO thin film as thick as 50 μm or more. In
contrast to that, compact modeling of 1/f noise in a-IGZO
TFT devices with ESL layer and a very thin IGZO film
was recently published by our group [8]. We targeted, in the
work, investigation of the flicker noise mechanism as well as
the effect of temperature on I-V, and noise properties of the
scrutinized devices. We showed that the physical origin of
noise in the devices is carrier number fluctuation due to the
exchange of carriers between the dielectric-oxide traps and
the channel. A slight correlated mobility variation was also
observed at higher drain current region due to the modula-
tion of carrier scattering by the variation of oxide interfacial
charge. Based on this finding, a Unified Model parame-
ter Extraction Method (UMEM) based 1/f noise model for
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a-IGZO TFT device was proposed by adapting the unified
1/f noise theory [8].
Using a similar approach, here, we have modeled the

DC, and 1/f noise behavior of ESL-IGZO devices fabricated
using different technologies. Performance-wise comparative
study of the devices is presented as well. Section II of the
paper briefly describes the UMEM based TFT I-V charac-
teristics modeling followed by a succinct introduction of the
well-known MOSFET flicker noise theories in Section III.
Discussion of modeling, as well as device performance com-
parison results, are presented in Section IV, and a conclusion
is drawn in Section V.

II. MODEL DESCRIPTION
UMEM based modeling of the I-V characteristics of a-
IGZO TFT devices is based on assuming a two exponential
density of states (DOS), i.e., the tail and deep state den-
sity. This splits the device operating regime into Above
threshold (Fermi level is in the tail states), the subthreshold
(Fermi level is in the deep states), and deep subthreshold
(wherein diffusion transport is dominant). Separate I-V mod-
els developed for each regime are then bound together to
form a simple I-V expression valid for all.
According to this approach, the above threshold current

is given by [9]

Iab =
K

Vγa
aa

(VGS − VT)1+γaVDSe
(
1 + λ(|VDS| − VDsat)

)

1 + R.
K

Vγa
aa

(VGS − VT)1+γa

(1)

where K = W
L μ0Ci, W and L are the gate width and channel

length respectively, VT is the threshold voltage, Ci is the gate
oxide capacitance density, Vaa and γa are extracted param-
eters that define the variation of the effective mobility with
the applied gate voltage VGS. VDS is the drain voltage, R is
the series resistance, and λ is the channel length modulation
parameter.
The VDsat and VDSe terms in (1) represent the saturation

voltage and the transition from the linear to the saturation
region and are defined respectively by [9]

VDsat = αs(VGS − VT) (2)

VDSe = VDS

[

1 +
(

VDS
α(VGS − VT)

)m
]−1

m

(3)

where αs and m are the saturation parameter and a parame-
ter that determines the knee region in output characteristics
respectively.
The parameters VT, Vaa, and γa are extracted from the

linear I-V transfer characteristics experimental data while
αs, and λ and m are obtained from the saturation transfer
and output I-V measurement data respectively as per the
procedures discussed in [9].
In the subthreshold regime (Fermi level is in the deep

states) of operation of a-IGZO TFT devices (VGS < VT),

the mobile charge carriers are less in number, and the drain
current takes the form [9]

Ibt(VGS,VDS1) = K

[
(VGS − VFB)γb

Vγb
bb

]

VDSe1 (4)

where VFB is the flatband voltage, γb and Vbb are empirical
model parameters that define the mobility variation in the
subthreshold regime and are extracted from the linear transfer
I-V data in the same way as the above threshold model
parameters. VDSe1 is the transition function defined using
(3) by replacing VT with VFB.

For a transistor operating in the deep subthreshold (well
below VT) regime, carrier diffusion transport mechanism
dominates and the drain current is an exponential function
of the gate voltage with the form [9]

IS = Ibt(V1,VDS1)e
2.3

(
VGS−(VFB+V1)

S

)

(5)

where S is the subthreshold slope, VFB + V1 is a voltage
value slightly above the flat-band voltage for better sewing
of Ibt and IS.

In order to develop a single continuous drain current
model, the expressions in (1), (6), and (8), are sewed together
using a weighted tanh function in the order of increasing
drain current magnitude. First, the total subthreshold regime
drain current is evaluated from sewing the expressions in (4)
and (5) as [9]

Isub = |IS|
2

(
1 − tanh

[(
VGS − (VFB + V1)Q1

])

+ |Ibt|
2

(
1 + tanh

[(
VGS − (VFB + V1)

)
Q1

])
(6)

where Q1 is the weight of the tanh function, (VFB+V1) is the
point slightly above the flatband voltage selected for continu-
ous transition of the drain current from deep-subthreshold to
subthreshold regimes. Similarly, the total subthreshold cur-
rent Isub is sewed with the above threshold current Iab, and
the off-current is added to give the total drain current IDS
which reads [9]

IDS =|Io| + |Isub|
2

(
1 − tanh

[(
VGS − (VT + V0)Q2

])

+ |Iab|
2

(
1 + tanh

[(
VGS − (VT + V0)

)
Q2

])
(7)

where VT+V0 is a point above the threshold voltage adjusted
to give sufficient continuity of the total drain current during
the transition from subthreshold to above threshold regime
of operation.

III. MOSFET FLICKER NOISE THEORIES
The several decades-long studies of the physical origin
of flicker noise in semiconductors devices led to the two
major theories that explain how 1/f noise is generated in
FETs. These are the carrier number fluctuation theory (�N),
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which related to the McWhorter charge trapping and de-
trapping model [10], and the mobility fluctuation(�μ) theory
developed based on Hooge’s hypothesis [11].
The former states that 1/f noise stems from the random

change in carrier number within the channel of transistors
due to the random capture/release of charge by the gate-oxide
slow traps from/to the channel. Such process results in the
fluctuation of channel/oxide interface charge (δQit) which is
transferred to the flatband voltage via δVfb = δQit/WLCox.
Furthermore, the interfacial charge fluctuation modulates the
carrier scattering rate causing a correlated variation of the
carrier mobility δμeff . The resulting fluctuation in the drain
current (δIds) due to these effects reads [12]–[14]

δIds = −gmδVfb − αIdsμeff δQit (8)

where gm is the transconductance. Evaluation of the normal-
ized current noise power spectral density (PSD) from (8)
gives [13]–[15]

SId
(
f
)

I2DS
=

[
1 ± αcμeff Ci

IDS
gm

]2[ gm
IDS

]2

Svfb (9)

where the SVfb represents the bias independent flatband
voltage noise spectral density which takes the form [14]–[17]

Svfb = q2kTλsNst
WLC2

i f
(10)

where λs is the tunneling attenuation distance (� 0.1nm),
and Nst is volume insulator trap density.

The mobility fluctuation theory, on the other hand, con-
cerns that the 1/f noise generated in FET devices with the
random change in carriers’ effective mobility due to phonon
number fluctuations. The normalized power spectral density
of the drain current noise is defined as [11], [13]–[15], [18]

SId
(
f
)

I2DS
= qαh
WLQif

(11)

where q is the elementary charge, αh is the Hooge param-
eter, and Qi is the channel charge. Eqn (11) holds true for
devices operating in the linear regime, whereas an expres-
sion that is valid for non-linear device operation is presented
in as [14], [18]

SId
(
f
)

I2DS
= qαh

〈
μeff

〉
Vd

fL2IDS
(12)

where 〈μeff 〉 is the average carrier mobility. One can see
that the expression in (11) is a reduced version of (12) in
the linear regime of operation.
From the model definitions in (9) and (12), it is apparent

that the origin of flicker noise in a given device can be
identified through investigation of how the SId(f )

I2DS
varies with

respect to the drain current. A SId(f )
I2DS

that is found to be

proportional to the squared gm
IDS

over a wide range of IDS
reflects that carrier number fluctuation is the principal origin
of flicker noise, whereas an inverse relationship between

FIGURE 1. Model-experimental data comparison for the output I-V
characteristics of 15 × 100µm2 device (First generation device).

FIGURE 2. Model-experimental data comparison for the transfer I-V
characteristics of 15 × 100µm2 device (First generation device).

the normalized noise PSD and drain current confirms the
mobility fluctuation as the prevailing noise mechanism in
any device under study.

IV. RESULTS AND DISCUSSION
The I-V and low-frequency noise characteristics of two
bottom-gate ESL a-IGZO devices fabricated using differ-
ent technologies have been investigated and modeled. The
devices have a 200 nm thick dielectric layer, a 100 nm thick
ESL, and a 12 nm thick IGZO layer.
It is apparent from the I-V characteristics in Fig. 1 and

Fig. 2 that the first generation device exhibits a positive
shift in the threshold voltage (Vth) when entering to satu-
ration regime. That is presumably due to a high density of
traps existing in the amorphous channel material. On the
other hand, the device from the second technology, i.e., the
20 μm device (see Fig. 3 and Fig. 4), demonstrated better
performance over the first, the 15 μm (see Fig. 1 and Fig. 2)
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FIGURE 3. Model-experimental data comparison for the output I-V
characteristics of 20 × 100µm2 device (Latest generation device).

FIGURE 4. Model-experimental data comparison for the transfer I-V
characteristics of 20 × 100µm2 device (Latest generation device).

with increased effective mobility, a higher drain current, and
improved subthreshold slope as reported in Table 1.
Both generations of the investigated ESL a-IGZO devices

exhibit low deep state density. In such a case, the sub-
threshold current defined by (5) can be neglected in the
I-V modeling if the flatband voltage (VFB) is found to be
close enough to the threshold voltage of the device. From the
VFB and Vth parameters listed in Table 1, one can see that
the difference between the values is smaller in the 20 μm
device than in the 15 μm device. As a result, the subthresh-
old current model given by (5) is omitted in the DC model
of the 20 μm device. That keeps the I-V model simple.
The excellent model-experimental data agreement achieved
in the output and transfer characteristics of the devices, in all
regimes of operation, validates the UMEM based modeling.
Study of the trend of the 1/f noise experimental data PSD

against drain current reveals the normalized PSD follows
the squared transconductance drain current ratio over a wide

TABLE 1. Empirical and extracted model parameter values.

span of drain current (see the insets in Fig. 5 and Fig. 6).
Thus, carrier number fluctuation is found to be the principal
flicker noise mechanism in both generations of devices. An
additional noise coming from correlated mobility fluctuation
is observed in the device from the previous technology (the
15μm) at higher drain current regions.
Based on the analysis result, the unified flicker noise

model is developed. The relation between normalized current
noise PSD and drain current is illustrated in Fig. 5 and Fig. 6
along with the corresponding transconductance-current ratio
squared for the 15 μm and 20 μm devices respectively. A
similar trend is observed between the two functions over
three to four decades of IDS. The model correlates well with
the experimental data in both cases. Such a result supports
the conclusion that the measured 1/f noise originates mainly
from the carrier number fluctuation within the channel. It
is also confirmed that the model sufficiently reproduces the
experimental data wherever the additional effect of corre-
lated mobility fluctuation is present or not. That shows the
model captures the device physics.
Furthermore, noise simulations in the frequency domain

are carried out for both devices in the subthreshold, lin-
ear, and saturation operation regimes, and the results are
presented in Fig. 7 and Fig. 8. A clear 1/f δ frequency
behavior is observed in the noise spectrum in the considered
regions of operation with a power factor of δ close to unity,
in general. However, in the case of the 20 μm device, there
is a noticeable deviation of the noise PSD from the expected
behavior in the low-frequency region. That may be ascribed
to the presence of fewer defects as we go deep inside the
oxide. The good agreement achieved between the measured
and modeled normalized current noise PSD over a range of
frequencies and bias points validates the proposed model.
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FIGURE 5. Plot of model-experimental data comparison for Sid
I2ds

(left) and

[ gm
Ids

]2 (right) with respect to drain current for the 15 × 100µm2 device.
Vds = 1 V.

FIGURE 6. Plot of model-experimental data comparison for Sid
I2ds

(left) and

[ gm
Ids

]2 (right) with respect to drain current for the 20 × 100µm2 device.
Vds = 1 V.

In the end, we found it relevant to remark that in contrast
to previously reported works on 1/f noise analysis in a-IGZO
TFTs [5]–[7] (which use modeling or parameter extrac-
tion methods developed for crystalline MOS devices), our
study is fully based on modeling and parameter extraction
methods developed specifically for IGZO TFTs. Moreover,
performance-wise comparison of the devices from the two
technologies unveiled that the second group of devices
has improved I-V and noise performance and stability
(concerning the unwanted threshold voltage variation).

V. CONCLUSION
A physics-based low-frequency noise model for bottom gate
ESL a-IGZO TFT devices is presented in this paper. The
normalized 1/f noise PSD with respect to drain current and

FIGURE 7. Measured and modeled normalized 1/f noise power spectral
density of 15 × 100µm2 device over a range of frequencies in
subthreshold, linear, and saturation region.

FIGURE 8. Measured and modeled normalized 1/f noise power spectral
density of 20 × 100µm2 device over a range of frequencies in
subthreshold, linear, and saturation region.

frequency is investigated in a log-log scale. The results show
that the PSD varies similarly to the squared transconductance
to drain current ratio over a wide-spanning of the drain
current. Thus, the random change in carrier number within
the channel appeared to be the source of the measured 1/f
noise. The excellent model and experimental data agreement
in the I-V and 1/f noise characteristics proved the accuracy
and solid physics foundation of the proposed model.
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