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Abstract— In this work, we investigate the 1/f noise,
i.e., low-frequency noise (LFN), characteristics of scaled
atomic-layer-deposited indium–gallium–zinc oxide (IGZO)
thin-film transistors (TFTs) focusing on key factors such
as: 1) varying indium (In) concentrations; 2) post-thermal
annealing; and 3) channel length (Lch) scaling. Increas-
ing the In ratio from 2:1:1 to 7:1:1 enhances field-effect
mobility (µFE) from 11.2 to 36.6 cm2/V and reduces LFN
by up to 85%, demonstrating the role of In content in
improving both electrical performance and noise charac-
teristics. Post-annealing further mitigates LFN, achieving
reductions of up to 68%, depending on the IGZO compo-
sitions. As Lch scales down, the dominant LFN mechanism
shows a tendency to shift from mobility fluctuations (1µ)
in long-channel devices (Lch = 1 µm) to carrier num-
ber fluctuations (1n) in short-channel devices (Lch =

50 nm), as indicated by the distinct dependence of nor-
malized drain-current power spectral density (SID/I2D) on
gate overdrive voltage. This behavior, supported by LFN
measurements at elevated temperatures (∼125 ◦C) and
bias temperature instability (BTI) analyses, highlights the
increasing influence of near-interface traps in scaled
devices.

Index Terms— 1/f noise, atomic layer deposition
(ALD), bias temperature instability (BTI), indium–gallium–
zinc oxide (IGZO), low-frequency noise (LFN), thin-film
transistors (TFTs).

I. INTRODUCTION

THE relentless demand for higher performance and more
energy-efficient electronics has driven extensive research

into the miniaturization of semiconductor devices. As tra-
ditional planar architectures approach their physical and
operational limits, the industry has increasingly turned toward
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3-D structures and low-dimensional materials to sustain
Moore’s law and address scaling challenges [1], [2], [3].
Among these, amorphous oxide semiconductors, particularly
indium–gallium–zinc oxide (IGZO), have emerged as promis-
ing candidates, offering high mobility, minimal OFF-state
currents, and low operating voltages, which make them ideal
for low-power and scaled monolithic 3-D integration [4],
[5], [6], [7]. The precise thickness control and uniform film
deposition achievable through atomic layer deposition (ALD)
further enhances IGZO’s integration into advanced transistor
architectures, including gate-all-around and vertical devices,
establishing ALD-deposited IGZO as a key material for next-
generation electronics [8], [9], [10]. Despite these advantages,
the high trap density inherent to the atomic structure of
IGZO affects the interface and within the gate oxide, leading
to device instabilities such as threshold voltage (VT) shifts
under elevated temperature and bias stress conditions [11],
[12]. Therefore, further studies are crucial to address these
challenges and enhance the reliability of IGZO as a channel
material for scaled transistor applications.

Low-frequency noise (LFN) measurements have long
been utilized as a nondestructive method for investigating
near-channel gate oxide trap or channel surface trap properties
in conventional field-effect transistors [13], [14], [15]. While
numerous studies on the LFN characteristics of IGZO thin-film
transistors (TFTs) have been reported since the early 2010s,
most of the research has been limited to large devices with
several micrometer-scale channel dimensions [16], [17], [18].
These studies primarily report absolute values of LFN by
extracting Hooge’s parameter (αH ) under the mobility fluctu-
ation model (1µ), which attributes noise to carrier scattering
from channel defects [16], [17]. However, studies on LFN
characteristics in highly scaled IGZO TFTs remain limited,
and the impact of channel dimension scaling on LFN behavior
is not yet fully understood. This knowledge gap necessitates
a more detailed understanding of the mechanisms governing
LFN in scaled IGZO TFTs.

This study aims to explore the LFN characteristics of scaled
ALD IGZO TFTs, emphasizing the interplay between bulk and
interface-related traps. By systematically varying the In:Ga:Zn
composition and applying thermal annealing, we demonstrate
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Fig. 1. (a) Device structure of a bottom-gate IGZO TFT fabricated on a
Si/SiO2 substrate. (b) Cross-sectional TEM image of IGZO FETs stack
with a channel length of 60 nm.

Fig. 2. (a) Key fabrication steps of ALD IGZO TFTs, where the
fabrication temperature is kept below 300 ◦C and (b) illustration of the
ALD deposition sequence for IGZO channel having different In:Ga:Zn
compositions.

significant improvements in LFN performance, associated with
reduced trap densities. Additionally, the study addresses the
transition in dominant LFN mechanisms as channel dimen-
sions scale down, employing appropriate models to analyze
noise reduction mechanisms for each case. The findings pro-
vide insights for the design and optimization of IGZO TFTs
to ensure reliable operation in manufacturing technology.

II. DEVICE FABRICATION AND CHARACTERIZATION

The bottom-gate IGZO TFTs were fabricated on SiO2/Si
substrates with an additional ALD-grown 8-nm Al2O3 adhe-
sion layer ensuring a smooth surface and enhanced adhesion,
as shown in Fig. 1. A 40-nm Ni was deposited as the bottom
gate using physical vapor deposition via e-beam evaporation.
This is followed by the deposition of a 5-nm-thick Al2O3
gate dielectric using plasma-enhanced atomic layer deposition
(PE-ALD) at 200 ◦C. As depicted in Fig. 2, the 4.8-nm-
thick IGZO channel is deposited via ALD at 225 ◦C, using a
supercycle that alternates individual subprecursor steps for In,
Zn, and Ga, with (CH3)3 In (TMIn), (C2H5)2Zn (DEZ), and
Ga2(NMe2)6 precursors. Throughout this article, the In:Ga:Zn
ratio (e.g., 2:1:1, 5:1:1, and 7:1:1) denotes the subcycle ratios
of each precursor distributed within the supercycle. Subse-
quently, an e-beam lithography process was then applied for
the sharp liftoff of a 40-nm Ni layer to form source/drain
contacts, and inductively coupled plasma (ICP) etching was
employed to define the channel width (Wch); the fabricated
TFTs have a fixed Wch of 1 µm and a channel length (Lch)

ranging from 1 µm to 50 nm. Fig. 1(b) illustrates the cross-
sectional transmission electron microscopy (TEM) image of
the resulting IGZO TFT, with Lch of 60 nm. After fabrication,
the devices underwent an annealing process at 290 ◦C in an
oxygen environment for 60 s, which is known to alleviate
VT roll-off in scaled devices and ensure enhancement-mode
operation, to assess its effect on LFN performance [19].

Fig. 3. Transfer characteristics (ID–VGS) of IGZO TFTs with varying
channel lengths from 1 µm to 60 nm for each In:Ga:Zn ratio (a) 2:1:1,
(b) 5:1:1, and (c) 7:1:1, after oxygen annealing. The channel width (Wch)
and drain voltage (VDS) are fixed at 1 µm and 1 V, respectively.

Fig. 4. Output characteristics (ID–VDS) of IGZO FETs with VGS ranging
from 0 to 3.5 V in 0.5-V steps, measured for short-channel (Lch = 60 nm)
devices, for each In:Ga:Zn ratio (a) 2:1:1, (b) 5:1:1, and (c) 7:1:1.

The electrical measurements, including dc characteristics,
were carried out using a Keysight B1500 system. The
LFN characteristics were measured with a Keysight E4727A
Advanced LFN Analyzer (A-LFNA), capable of detecting
noise levels at a minimum frequency of 30 mHz, with Wafer-
Pro Express software.

III. RESULTS AND DISCUSSION

A. DC Characteristics
Before discussing the LFN characteristics, this section

examines how the In concentration in the IGZO film affects
the electrical performance of IGZO TFTs. Fig. 3 presents the
transfer characteristics (ID–VGS) of IGZO TFTs with varying
Lch from 1 µm to 60 nm for each In:Ga:Zn ratio (i.e., 2:1:1,
5:1:1, and 7:1:1) after a 60-s oxygen annealing. The channel
thickness (Tch) and Wch are fixed as 4.8 nm and 1 µm, respec-
tively. A higher In ratio in the IGZO channel correlates with
a rise in drain current and lower VT. For a fair comparison,
the drain current under the same VGS- VT and VD conditions is
indicated in the figures. Furthermore, the output characteristics
(ID–VDS) of short-channel devices (Lch = 60 nm) shown in
Fig. 4 clearly demonstrate the trend of increasing ON-state
current, attributed in part to the enhanced carrier density. The
reduction of strong Ga–O bonds in the channel facilitates
the formation of oxygen vacancies, acting as shallow donors,
consequently boosting carrier density and decreasing VT (see
Table I) [20].

In addition to the rise in drain current, a more pronounced
VT roll-off is observed as the In concentration increases in
the channel. To understand this phenomenon, it is important
to recognize that VT roll-off primarily results from additional
carriers generated under the source and drain contacts, which
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TABLE I
SUMMARY OF ELECTRICAL PARAMETERS IN IGZO TFTs ACROSS

DIFFERENT COMPOSITIONS

in turn affect the channel carrier density as Lch scales down.
These carriers arise from the reaction between the channel
oxide and the metal contacts. In IGZO with a higher In
ratio, the relatively unstable nature of In–O bonds stimu-
lates the reaction, leading to a greater number of oxygen
vacancies beneath the contacts, thereby intensifying the VT
roll-off. Nevertheless, our previous studies have shown that
VT roll-off can be mitigated through post-thermal annealing,
suggesting that optimized annealing conditions (e.g., duration
and temperature) could further reduce the intensified VT roll-
off associated with higher In content in IGZO channel [19].

Table I summarizes the extracted electrical characteristics
of IGZO TFTs for both long (Lch = 1 µm) and short (Lch =

60 nm) channels, with more than six devices measured for each
case. As the In ratio increases from 2:1:1 to 7:1:1, the field-
effect mobility (µFE) improves from 9.7 to 36.6 cm2/V. This
improvement is consistent with previous studies showing that
modifying the chemical composition of IGZO enhances carrier
mobility [21], [22]. Specifically, increasing the In ratio reduces
the In–In distance in IGZO, altering the conduction band
minimum (CBM) dispersion governed by In s orbitals [5]. This
adjustment in CBM dispersion decreases the effective mass
of the charge carriers, leading to enhanced electron mobility
within the channel.

B. LFN Characteristics I: O2 Annealing
The LFN characteristics of IGZO TFTs are evaluated by

measuring the normalized drain-current power spectral density
(SID/I 2

D), which removes the influence of absolute current
values. This normalization allows for a more direct compar-
ison of the intrinsic noise behavior across devices. Fig. 5(a)
displays the frequency dependence (0.03 Hz–20 kHz) of SID/I

2

D
for IGZO TFTs with different In ratios, measured without
post-thermal annealing. For all ratios, the overdrive voltage
(VOV,LFN = VGS − VT) was fixed at 1 V within the linear
operating region of the device (VDS = 0.1 V). The LFN spectra
follow a 1/ f 0 behavior, where 0 is approximately 1 for each
composition (specifically, 1.089, 1.076, and 1.038 for 2:1:1,
5:1:1, and 7:1:1, respectively), though it slightly deviates to
∼1.2 at frequencies below 1 Hz. Increasing the In ratio in
the channel effectively lowers the overall LFN, yielding an
average improvement of up to 54% (from 2:1:1 to 5:1:1) and
up to 86% (from 2:1:1 to 7:1:1) throughout the measured

Fig. 5. (a) Summary of normalized drain-current power spectral density
(SID/I2D) as a function of frequency (0.03 Hz–20 kHz) for IGZO TFTs
with different In:Ga:Zn compositions without oxygen annealing at a fixed
overdrive voltage (VOV,LFN = VGS − VT) of 1 V. Comparison of SID/I2D
versus frequency (1 Hz–10 kHz) with and without oxygen annealing for
each In:Ga:Zn composition (b) 2:1:1, (c) 5:1:1, and (d) 7:1:1.

Fig. 6. (a) SID/I2D versus frequency (1 Hz–20 kHz) for IGZO TFTs
with different In:Ga:Zn compositions after oxygen annealing (a) 2:1:1,
(b) 5:1:1, and (c) 7:1:1. The drain voltage (VDS) is fixed at 0.1 V, while
VOV,LFN is varied from 0 to 1.2 V.

frequency range. To further investigate the impact of oxygen
annealing on the LFN characteristics of IGZO TFTs, SID/I 2

D for
devices with and without short oxygen annealing are compared
for different compositions, as shown in Fig. 5(b)−(d). The
results show that oxygen annealing improves LFN levels by
an average of 68% in 2:1:1, 50% in 5:1:1%, and 42% in 7:1:1.

To understand the origin of the LFN in a-IGZO TFTs,
it is essential to examine the SID/I 2

D values as a function
of the VOV since two widely used models to explain LFN
exhibit distinct dependencies on VOV. Thus, we measured the
SID/I 2

D values at varying VOV (ranging from 0 to 1.2 V) across
three different compositions, as illustrated in Fig. 6. Previous
studies have demonstrated that contact noise tends to dominate
at high VOV, where LFN becomes nearly independent of or
increases with VOV, often exhibiting a saturation-like behavior
in SID/I 2

D versus VOV plots [23], [24], [25]. Since our scope
of study focuses on channel noise, our LFN measurements
were conducted in a relatively low VOV range (<3 V), where
channel noise is expected to be the dominant mechanism.

The SID/I 2
D values at a fixed frequency ( f = 1 Hz) were

extracted for each VOV and plotted in Fig. 7 to allow a
quantitative comparison of their dependence on VOV. A clear
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Fig. 7. SID/I2D as a function of VOV,LFN for IGZO TFTs with different
In:Ga:Zn compositions (a) 2:1:1, (b) 5:1:1, and (c) 7:1:1. Data are
sampled at 1 Hz across different channel lengths from 1 µm to 50 nm.
A transition in the slope of SID/I2D versus VOV,LFN from −1 to −2 is
observed as Lch scales down within each composition.

linear dependence of SID/I 2
D on VOV across all measured

conditions further suggests that the influence of contact noise
is negligible in our analyzed regime. For all compositions with
Lch of 1 µm, the VOV dependence approaches a slope of −1,
which aligns with the 1µ model. This behavior is observed
consistently in Fig. 8(a) for both annealed and unannealed
samples, indicating that mobility fluctuations in the bulk
channel serve as the dominant source of LFN in 1-µm IGZO
TFTs, irrespective of the annealing process. According to the
model, LFN arises from variations in carrier mobility, which,
in crystalline, silicon-based devices, are mainly driven by
lattice and impurity scattering. In amorphous IGZO, however,
traps play a more significant role in carrier transport, especially
at low carrier densities when VGS is low [26], [27]. Shallow
traps introduce localized states within the bandgap that hinder
carrier conduction. It has been reported that thermal annealing
reduces these localized traps in IGZO [22], [28], [29]. This
reduction likely mitigates trap-related scattering in the channel,
explaining the improved LFN across different compositions
after annealing, as shown in Fig. 5(b)−(d).

C. LFN Characteristics II: Lch

In the previous section, we discussed the effect of oxygen
annealing on LFN, focusing on identifying the dominant mech-
anism in long-channel IGZO TFTs by examining SID/I 2

D versus
VOV dependence. In Fig. 7, however, the VOV dependence
shifts from a slope of −1 to −2 as Lch scales down from 1 µm
to 50 nm, indicating a transition from mobility fluctuations to
carrier number fluctuations as the prevailing LFN mechanism
across all IGZO TFT compositions. This shift suggests that
as the device dimensions shrink, LFN becomes increasingly
dominated by carrier trap and detrap effects at the gate dielec-
tric defects near the channel—the primary sources of LFN
in the number of carrier fluctuation (1n) model. It is worth
noting that the majority of previously reported IGZO TFTs
follow the 1µ model to explain LFN behavior [15], [16], [30],
[31]. These devices often have relatively large dimensions,
ranging from tens to hundreds of micrometers, or utilize high-
quality ALD-grown gate dielectrics, which reduce the impact
of interface traps and lead to LFN characteristics dominated
by mobility fluctuations. However, our findings indicate that
even in IGZO TFTs utilizing both ALD-grown channel and
gate dielectric—known for their superior interface quality—
the influence of interface traps on LFN becomes increasingly

dominant as Lch scales below 100 nm. Consequently, in scaled
devices, effective suppression of LFN necessitates a stronger
emphasis on enhancing the gate dielectric and the interface
quality.

Given this transition in the dominant LFN mechanism as
Lch scaling, it becomes crucial to analyze the results using the
appropriate models for each case. In this section, we compare
the effects of compositional differences on LFN characteristics
by separately analyzing: 1) long-channel and 2) short-channel
devices, each described by a distinct LFN model.

1) Long Channel: Assuming that LFN characteristics in
long-channel IGZO TFTs are dominated by mobility fluc-
tuations, the observed reduction is quantified by extracting
Hooge’s parameter (αH ), an empirical dimensionless constant,
from Fig. 6. This parameter is derived by rearranging the noise
spectral density equation as described in the 1µ model using
the linear region expression

αH =

(
SID

I 2
D.

)(
f CoxW L

q

)
VOV (1)

where Cox represents the gate insulator capacitance per unit
area and W and L denote the channel width and length of
the TFTs, respectively. In Fig. 8(b)−(d), αH is plotted against
VOV for each IGZO composition, showing a constant behavior
across VOV. The average αH values are presented in each
figure, revealing a clear decreasing trend as the enhanced
In ratio, dropping from 4.89 × 10−3 for the 2:1:1 IGZO to
6.89 × 10−4 for the 7:1:1 IGZO after annealing. Given that
LFN characteristics in long-channel are governed by mobility
fluctuations in the bulk channel, the observed LFN reduction
with increasing In concentration may result from a suppression
of localized shallow trap states near the CBM, which play an
important role in trap-limited conduction by hindering carrier
transport in the low gate voltage regime [32], [33]. Compared
to previously reported IGZO TFTs, which exhibit αH values
in the range of 10−3 < αH < 10−2, our devices demonstrate
relatively lower LFN, even with ultrathin Tch (<5 nm) and
small channel dimensions (Wch/Lch = 1/1 µm). This reduction
can be attributed to the precise control afforded by ALD in
depositing both the channel and gate dielectric layers, resulting
in a more uniform film with fewer interface traps. Considering
these observations, an increased In ratio in IGZO, combined
with optimized thermal annealing, helps achieve a noticeable
enhancement in LFN performance.

To investigate the impact of temperature-dependent LFN
characteristics, SID/I 2

D versus VOV for long-channel IGZO
TFTs is measured at three temperatures (i.e., 25 ◦C–125 ◦C)
across different ratios, as shown in Fig. 9. A consistent slope
of −1 observed at all temperatures and ratios indicating that
mobility fluctuations remain as the primary source. As the
temperature rises from 25 ◦C to 125 ◦C, the noise level
increases—by an average of 82% up to 85 ◦C and by
approximately 65% further at 125 ◦C. At elevated tempera-
tures, phonon scattering becomes more prominent, introducing
additional mobility fluctuations as carriers experience more
frequent scattering within the channel, contributing to larger
LFN.
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Fig. 8. (a) SID/I2D versus VOV,LFN for IGZO TFTs with a long channel
length (Lch = 1 µm), comparing the LFN level with and without oxygen
annealing. The slope remains near −1 in both cases. (b) Extracted
Hooge’s parameters (αH) versus VOV,LFN for each In:Ga:Zn ratio
(b) 2:1:1, (c) 5:1:1, and (d) 7:1:1, with and without oxygen annealing.

Fig. 9. Comparison of SID/I2D versus VOV,LFN for long-channel IGZO
TFTs (LFN sampled at 1 Hz) measured at three temperatures (25 ◦C
to 125 ◦C) for each composition (a) 2:1:1, (b) 5:1:1, and (c) 7:1:1. The
slope of −1 is maintained across all compositions and temperatures.

2) Short Channel: In Fig. 10, SID/I 2
D versus VOV for short-

channel IGZO TFTs is measured at 25 ◦C and 85 ◦C. Unlike
the long-channel devices where SID/I 2

D consistently increases
with temperature, the LFN levels in short-channel devices
remain largely unaffected by changes in temperature. This
distinct behavior, in alignment with the contrasting SID/I 2

D ver-
sus VOV slopes observed in Fig. 7, supports that the dominant
LFN mechanism in short-channel devices may differ from that
in long-channel devices, shifting from mobility fluctuations
to carrier number fluctuations. In this model, noise arises
from carrier trapping and detrapping at traps within the gate
dielectric near the channel interface rather than from mobility
variations in the bulk channel. These interface traps, often
referred to as border traps, generally exhibit limited thermal
activation within the examined temperature range, which leads
to their lower sensitivity to the increased temperature and a
minimal impact on LFN in short-channel devices.

To verify that the carrier number fluctuations serve as the
dominant LFN mechanism, we analyze the relationship defined
by the 1n model

SID

I 2
D

∼=

(
gm

ID

)2

×Svfb (2)

Fig. 10. Comparison of SID/I2D versus VOV,LFN(sampled at 1 Hz)
for short-channel IGZO TFTs measured at two different temperatures
(25 ◦C and 85 ◦C) for each composition (a) 2:1:1, (b) 5:1:1, and
(c) 7:1:1. The slope of −2 is maintained across all compositions and
temperatures.

where gm is the transconductance and Svfb represents the flat-
band voltage noise power spectral density associated with
fluctuations in interface charge states [34]. This spectral den-
sity distribution can be further expressed as

Svfb =
q2kT λNt

W LC2
ox f

(3)

where f is the frequency, λ is the tunnel attenuation distance
(≈0.1 nm), kT is the thermal energy, and Nt is the volumetric
oxide trap density (eV−1cm−3) [35]. Fig. 11(a)−(c) displays
the dependence of (gm /ID)2 (in black) and SID/I 2

D (in red)
on ID for IGZO TFTs with varying In compositions. The
observed linear correlation confirms the presence of carrier
number fluctuations as a key source of LFN. To further
examine the influence of interfacial oxide trap density within
the gate oxide on LFN across different In ratios, we extract
Svfb through a linear fit of the data, as shown in Fig. 11(d),
based on the relationship in (2). Subsequently, the gate oxide
trap density Nt is determined based on the measured LFN
levels. The spatial distribution of these border trap densities
in the gate oxide layer can be evaluated by calculating trap
depth distribution (xt ) with the formula xt = λ ln (1/2π f τ0),
where τ0 is the Shockley–Read–Hall recombination time, has
a typical value of around 10−10 s [36]. Fig. 12(a) presents the
extracted Nt as a function of trap depth for different IGZO
compositions, using data from 1 Hz to 10 kHz. Notably, there
was a corresponding decrease in near-channel gate oxide trap
density as the In ratio increased. This trend may be linked
to the chemical interaction between the IGZO channel and
the gate oxide interface. With higher In concentrations in
IGZO, the proportion of relatively weak In–O bonds increases
relative to strong Ga–O bonds. These weaker In–O bonds
are likely to release oxygen atoms, which can subsequently
migrate toward the interface during the fabrication process and
potentially reduce the formation of oxygen vacancies—one of
the primary sources of border traps at the gate dielectric near
the interface [37], [38]. Consequently, this reduction in oxygen
vacancies near the interface may lead to a lower density of
oxide traps in the gate dielectric.

The observed reduction in trap density is consistent with
BTI measurements in Fig. 12(b), which show significantly
suppressed 1VT degradation in 7:1:1 IGZO compared to 2:1:1
IGZO under positive bias stress (PBS) (VOV = 4 V at T =

85 ◦C). This aligns with the understanding that 1VT under
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Fig. 11. (gm/ID)2 versus ID (black) and SID/I2D versus ID (red) for
IGZO TFTs with different In:Ga:Zn composition (a) 2:1:1, (b) 5:1:1, and
(c) 7:1:1. (d) Relationship between (gm/ID)2 and SID/I2D, where Svfb is
extracted by linear fitting of the slope.

Fig. 12. (a) Extracted gate oxide trap density (Nt) versus trap depth for
IGZO TFTs with different In:Ga:Zn composition, using data from 1 Hz
to 10 kHz. (b) VT shift (∆VT) under PBS at the gate (VOV,BTI = VGS –
VT = 4 V and T = 85 ◦C) for 2:1:1 and 7:1:1 IGZO TFTs. Comparison of
SID/I2D versus frequency (5 Hz–5 kHz) before and after gate bias stress
of 1000 s for (c) 2:1:1 and (d) 7:1:1 IGZO TFTs.

PBS is primarily attributed to electron trapping at the gate
oxide and interface, leading to a positive shift in threshold
voltage [39]. Additionally, Fig. 12(c)−(d) compares the LFN
characteristics, SID/I 2

D versus frequency from 5 Hz to 5 kHz,
for 2:1:1 and 7:1:1 IGZO TFTs before and after 1000 s
of PBS. While both compositions maintain a 1/f slope, the
2:1:1 IGZO shows a noticeable increase in noise after stress,
whereas the 7:1:1 IGZO exhibits relatively stable noise levels.
This change in LFN after PBS further supports interface
traps as the dominant source of LFN in short-channel devices
while reinforcing the correlation between higher In ratios,
reduced interface trap density, and improved noise resilience.

The increase in LFN in the 2:1:1 device is consistent with
enhanced electron trapping effects shown in Fig. 12(b), which
may lead to greater fluctuations in the number of carriers due
to newly generated trap sites [40]. In contrast, the relatively
stable LFN in the 7:1:1 IGZO suggests that additional factors,
such as the hydrogen-induced passivation of preexisting or
newly generated trap sites, may contribute to suppressing post-
stress noise, as observed in a previous study [41]. However,
further investigations are necessary to conclusively determine
the underlying mechanisms.

IV. CONCLUSION

This study provides an in-depth analysis of LFN origins in
scaled ALD IGZO TFTs, focusing on the effects of compo-
sition, thermal annealing, and channel scaling. Post-oxygen
annealing effectively reduces LFN across all compositions,
achieving an average improvement of up to 53%. Analysis of
SID/I2

D versus VOV reveals a gradual transition in the dominant
LFN mechanism as channel dimensions decrease. In long-
channel devices, LFN is governed by the 1µ model, with
higher In ratios reducing shallow traps in the bulk channel,
leading to noise reductions of up to 85%. This trend is
quantified by a decrease in αH, from 4.89 × 10−3 for 2:1:1
IGZO to 6.89 × 10−4 and 7:1:1 IGZO TFTs. In contrast, short-
channel devices show a shift toward the 1n model as the
dominant LFN mechanism, driven by trap/detrap processes at
the near-channel gate oxide. The observed reduction in gate
oxide trap density with increasing In ratios, as corroborated by
BTI measurements, underscores the role of In concentration in
stabilizing the gate dielectric/channel interface. By systemat-
ically examining the interplay between composition, thermal
treatment, and scaling effects on LFN, this study highlights
strategies for improving both the performance and reliability
of IGZO TFTs while emphasizing the need for appropriate
LFN models to analyze noise behavior in scaled applications.
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