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Abstract Low-frequency (1/f) noise in amorphous-oxide-
semiconductor (AOS%. TFTs increases as device area scales
down, but its origin is obscured by misleading Sip/Ip>~Vov
slopes. Using ultrathin atomic-layer-deposited (ALD) In,O3
TFTs that span channel degeneracy and contact barriers (2 nm:
degenerate, pspr < 0; 1.2 nm: nondegenerate, pspr > 0), we
combine temperature-dependent Sy with Dutta-Horn analysis
and cleanly separate two regimes: the 2 nm devices follow
tunneling-assisted carrier-number fluctuations ( (a = 1,
nearly flat D(E,)), whereas the 1.2 nm devices exhibit a < 1
with a redistributed D(F,), implicating band-tail-coupled AN.
Finally, bias- and L¢-scaling reveal a transition to contact-
noise dominance at high Vov only in the 1.2 nm devices.
I. Introduction
A literature mapping of AOS low-frequency noise (LFN) in
Fig. 1(a) shows a clear collapse of normalized drain-current
noise power spectral density (Sip/In®) « 1/Area across reported
AOS TFTs [1]-[9], implying an unavoidable noise penalty as
device footprint shrinks—an emerging concern for BEOL-
compatible logic and sensing platforms where low-frequency
fluctuations directly degrade operating-point stability and
variability margins. Despite this consensus in scaling, the
microscopic origin remains unsettled, in part because many
studies still rely heavily on the Sip/Ip°*~Vov slope analysis to
distinguish carrier-number (CNF) [10] and mobilit 1gMF)
fluctuation [11]. A recent study on scaled Si MOSFETs
regorted elevated 1/fnoise upon fowering the temperature (7)
[12]. These results contrast with the conventional CNF picture,
where tunneling-mediated channel-oxide trap exchaI%Fe drives
carrier-number fluctuations (AN) and the resulting flat-band-
equivalent gate-bias fluctuations (AVp) tend to weaken as T'
decreases ( A}g 2(b), left) [10]. This discrepancy suggests an
additional AN/AVy source, whose active ensemble evolves
with 7, as illustrated by the Dutta-Horn (DH)-type picture in
Fig. 2(b) 1(r1 ht% [13]. In this work, we use atomically thin ALD
In;O3 TFTs %1. nm vs. 2 nm) as a controlled platform in which
varying the channel thickness concurrently tunes the channel
degeneracy and the contact barrier height (pspn), and we
}b)resent a physics-consistent LFN interpretation by combining
ias-, T-, and channel length (L;)-scaling analyses.
I1. Device Fabrication and Measurement Setup
Bottom-gated In,O3 TFTs were fabricated with a 4-nm ALD
HfO, gate dielectric, without a post-deposition thermal anneal.
The channel thickness was set to 1.2 nm and 2 nm, deposited
bf’ ALD at 200 °C. Detailed fabrication steps are provided in
E4 . The noise characteristics were measured using Keysight
4727A ALFNA, and T I—{d)t%pendent measurements were
performed in a Lakeshore CRX-VF cryogenic probe station.
II1. Results and Discussion
A. Limitations of Vov-SlO}I)e Diagnosis
Figs. 3(a)—(b) show Sip/Ip? for the 1.2 nm and 2 nm In,O;
TFTs over Vov = Vgs—Vt = 0-3.3 V, both exhibiting clear 1/f
spectra. Fig. 3(c) plots Sip/Ip? at 100 Hz versus Vov; notably,
no singzle slope (e.g., —1 or —2) is observed. In CNF, Sip/Ip* =
ggm/ID) Svp; thus, an apparent —2 re%mres an ideal (gw/Ip) o
/Vov scaling [10]. As shown in Fig. 3(d), however, (gn/Ip)” is
stron%ly Vov-dependent and closely tracks the measured
Sin/Ip® ‘over the bias range. This result indicates that Sip/Ip*—
Vov slope diagnosis is unreliable unless (gw/Ip)? is explicitly
accounted for. Nevertheless, in the low-Vov regime, Sip/Ip®
(gw/Ip)? holds regardless of channel thickness, suggesting a AN
origin for the channel noise. In the following, we use gm-
normalized and 7-dependent analyses to identify the active
states governing AN, focusing on the channel-noise-dominated
(low-Vov) regime.
B. Temperature Dependence of Input-Referred LFN (Sve)
Figs. 4-5 compare the 7-dependence of 1/fnoise. For nm,
Sip/Ip” decreases as T is lowered (Fig. 4(a)), while (gu/Ip)
changes only modestly (Fig. 4(bﬁ). We use the input-referred
noise Svg = Sin/gm’ to remove the explicit transconductance
factor. In Figs. 4(c)—(d), Svg decreases monotonically with
decreasing 7, consistent with the CNF picture. By contrast, for
1.2 nm, both Sp/Ip? and Svg increase as T decreases (Figs. 5(a),
5(¢)), and the increase persists across the measured f range (Fig.

5(d)). This opposite trend points to an additional AN pathway
beyond pure tunneling-assisted CNF. We therefore examine
the spectral exponent a and extract D(E,) to test consistency
with a DH-type spectrum.
C. Evidence for Band-Tail-Coupled LFN at Low T

We quantify spectral deviation using the exponent « in 1/ *
and extract the activation-energy distribution D(E;) within the
DH framework [13]. For 2 nm, Svg remains close to ideal 1/,
from 300 K down to 60 K (Fig. 6(a)), with a = 1 over the full
T range for both L., = 1 pm and 0.1 pm (Fig. 6(b)), consistent
with tunneling-assisted CNF. In great contrast, the 1.2 nm
device exhibits a clear low-T deviation from 1/fwith a < 1 (Fig.
6(c)—6(d)). In DH theory, each source of fluctuation follows z
= toexp(£u/kgT), and a given f predominantly samples
processes satlsfyn}%.wr ~1; thus, a # 1 implies a non-uniform
effective D(F,) within the sampled £, window.

_Figs. 7(a)—(b) show the 7" <> E, mapping of D(E,) at
different Vov, and Figs. 7(¢)—(d) replot the normalized D(E,)
versus FE, across f. The 2 nm devices exhibit a nearly
energetically uniform D(E,) (< 1/ksT) across the bias range. By
contrast again, the 1.2 nm devices show (i) a pronounced
redistribution near 7~ 150 K and (ii) strong weighting toward
low E,, suggesting enhanced participation of near-band-edge
(band—tail—couple(% active states. This crossover coincides with
the onset of SS degradation extracted from the Ip—Vg
characteristics (Figs. 8(b)—(c)). Fig. 8(a) provides a physical
model: in the degenerate 2 nm channel, the trap neutrality level
(TNL) lies above E., leaving acceptor-like tail states in the
bandgap largely occupied and weakly charge-state active;
whereas in the nondegenerate 1.2 nm channel, quantum
confinement shifts the TNL inside the bandgap [15], renderin
these tail states partially charge-state active and enabling band-
tail-coupled trap exchange.

D. Breakdown of gm-Scaling: Transition to Contact Noise
At high Voy §> 1 V), Sip/Ip? in the nondegenerate 1.2 nm
device deviates from (%m/ID)2 scaling and saturates versus Vov,
while Sip o« Ip® for both long and short Lo (Figs. 9-10),
consistent with multiplicative series-resistance modulation
[16]. This behavior is absent in the degenerate 2 nm devices,
which remain channel-noise dominated over the same bias
range. The DC resistance partition further highlights the
contrast: for 2 nm, (Rc/Rmtt)2 is nearly Vov-independent across
L., (Figs. 10(c)), whereas for 1.2 nm it increases with Vov and
grows strongly as L., scales, exceedin%;(Rch/th)z in the 100
nm regime (Figs. 10(d)). Importantly, Eq. 8) shows that the
observed plateau cannot be explained b?l the DC partition alone.
The Sip/Ip? saturation persists even in long Len when (Re/Rior)?
< (Rew/Rior)?, indicating that the dominance is driven by a larger
intrinsic Src (3> Sr.en), not only a larger R fraction (Fig. 11(a)).
This stronger contact contribution in the 1.2 nm devices is
consistent with a more rectifying metal/AOS contact (@szz > 0)
compared to 2 nm devices (pszz < 0) as reported in [1\5),
corroborated by the larger R, in Fig. 11(b). Moreover, the Vp
dependence observed only at lowﬁsu ests an E,-dependent
contact-related fluctuation component (Figs. 11(c)—(d)).
IV. Conclusion

In this work, we show that the axparent Sin/In*>~Vov slope is
not a reliable fin ergrint in scaled AOS TFTs because it largely
reflects the (gm%ID) scaling, consistent with trap-exchange-
driven channel noise (AN, observed as an equivalent AVp).
Thickness- and temperature-dependent Dutta-Horn analyses
further reveal a shift in the dominant trap-exchange pathw]ei?/:
2 nm (de enerate]) In,O; follows a tunneling-assisted CNF
picture, whereas 1.2 nm (nondegenerate) exhibits band-tail-
coupled exchange with concomitant quantum-confinement-
induced TNL realignment, yielding an energy-dependent DH
spectrum. Finally, in the scaled channel length (Len < 1 um),
barrier-limited contacts (pspy > 0? can drive a transition to
contact-noise dominance, where a larger intrinsic Sg .—not DC
R./Ryy partition—governs Sip/Ip? and results in a plateau versus
Vov. Practically, band-tail-state density and contact stability
emerge as dual design knobs for LFN in scaled AOS TFTs.
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Key Open Problems in Understanding AOS 1/f Noise

QO Existing AOS LFN studies lack a unified interpretation, as CNF and MF
models have been used inconsistently.

O This uncertainty is compounded by the fact that AOS LFN, despite large
channel thickness variations, collapses onto a universal 1/Area trend.

U Therefore, the true origin of 1/f noise in AOS channels — especially in
scaled, contact-limited devices — remains unresolved.

Highlights of this work

1. First to point out that slope-based CNF/MF diagnosis fails in AOS;
Sip/lp? x g,2/1p2 provides the correct CNF signature.

2. Temperature-dependent measurements reveal that a TNL shift drives a
transition from tunneling-dominated to band-tail-induced 1/f noise in
ultra-thin In,O3.

3. L, scaling clarifies the competing roles of S, and S, showing that S,
can dominate the 1/f noise even when R, contributes less to R, than Ry,
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Fig. 1. (a) Reported AOS 1/f noise versus channel area, including this
work’s ultra-thin In203 devices, showing a universal 1/Area trend. (b)
Key open problems in AOS 1/f noise, highlighting inconsistent

Fig. 2. (a) Summary of the key findings. (b) Schematic comparison of]
two 1/f noise mechanisms: (left, CNF model) governed by tunneling-
driven carrier exchange with gate-oxide traps, and (right, DH model)
governed by thermally activated carrier exchange with band-tail states.

CNF/MF usage and the unresolved origin in scaled AOS channels.
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Fig. 3. Sipo/Ip? versus frequency of (a) 2 nm and (b) 1.2 nm In203 TFTs.
Sip/Ip? and (gm/Ip)? versus Vov (= 0.06 V ~ 4 V) for (c) 2 nm and (d)
1.2 nm, with the red dashed line showing the ideal gn/Ip « 1/Vov
dependence At least three TFTs are measured for each condition.
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Fig. 4. (a) Sio/In?%, (gn/Ip)? (@ 300 K), and (b) (gm/Ip)? versus Vov for
2 nm In>03 TFTs measured from 300 K to 60 K. (c) Sva (= Sin/gm?)
versus Vov. (d) Sve as a function of temperature for multiple fLen (=

10~1000 Hz), showing a decrease of 1/f noise at lower temperature.
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Fig. 5. (a) Si/In?, (gn/Ip)? (@ 300 K), and (b) (gum/Ip)* versus Vov for
1.2 nm In203 TFTs measured from 300 K to 60 K. (¢c) SvG (= Sin/gm?)
versus Vov. (d) Sve as a function of temperature for multiple firN (=

Fig. 6. Svg versus frequency for (a) 2 nm and (c) 1.2 nm In2O3 TFTs at
300 K and 60 K, used to extract the frequency exponent a (1/f%). a
versus temperature for (b) 2 nm and (d) 1.2 nm devices, showing

10~1000 Hz), showing an increase in 1/f noise at lower temperature.

deviation from o = 1 at low temperature only in the 1.2 nm device.
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