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Abstract

This study explores ALD-based oxide semiconductors,
highlighting in-situ composition control, atomic-scale ordering,
and interface engineering. High-mobility (>100 cm3Vs) 1GZO
and stable p-type SnO (<5 cm3Vs) devices are achieved via
optimized ALD processes. We demonstrate monolithic 3D-
stacked complementary transistors and propose N:O plasma for
addressing mobility-stability trade-offs. ALD’s pivotal role in
scalable, high-performance active-matrix device fabrication is
emphasized, showcasing its potential for mass production.
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1. Introduction

Since the first demonstration of amorphous IGZO (In-Ga-Zn-O)
by Hosono et al., oxide semiconductors have revolutionized the
display industry, particularly in OLEDs, due to their moderate
mobility, low off-current, and large-area uniformity [1]. 1IGZO
thin-film transistors (TFTs) are ideal for high-resolution displays
(>1000 ppi) owing to their superior short-channel immunity and
3D processability enabled by atomic layer deposition (ALD) [2].
For instance, vertically stacked IGZO TFTs have achieved
resolutions of up to 1360 ppi [3].

However, challenges remain, particularly in addressing the
mobility-reliability trade-off caused by oxygen vacancy defects,
which enhance carrier concentration but degrade reliability
under stress [4,5]. Crystalline oxide semiconductors have
emerged as a promising solution by optimizing electrical
properties through controlled crystallinity. Examples include
top-gate self-aligned CAAC-1GZO TFTs achieving 1058 ppi [7]
and ultra-high-density displays exceeding 5291 ppi through
innovative design [8,9]. Yet, these approaches face limitations in
free-form, low-temperature applications like automotive,
wearable, and AR/VR displays.

Atomic layer deposition (ALD) offers transformative advantages
for oxide semiconductor fabrication, crucial for advancing thin-
film transistor (TFT) technology in Figure 1. Key benefits
include: (1) precise in-situ composition control, enabling
optimized electrical properties and homogeneous material
quality; (2) wvertical structure engineering, allowing multi-
channel designs for enhanced mobility and reliability; (3)
tailored chemical reaction dynamics, leveraging advanced
precursors and reactants for superior film quality; and (4)
improved insulator and interface engineering for device stability.
These features address critical challenges like mobility-stability
trade-offs, scalability, and uniformity, positioning ALD as a
pivotal process for next-generation high-performance and high-
density devices. ALD offers precise thickness control, tunable
cation ratios, and superior 3D processability [10,11]. In this

study, we developed pseudo-single-crystal (PSC) IGZO by
modulating oxygen plasma power, achieving tailored atomic
ordering and electrical properties [12]. ALD conditions were
also optimized for SnO crystallinity, enabling monolithic
stacked complementary field-effect transistors (CFETS) with
IGZO and SnO [13,14]. This work provides key insights into
high-pixel-density oxide semiconductors for future monolithic
stacked display technologies (Figure 2).
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Figure 1. Four Values of ALD Oxide Semiconductor
Channels and the associated TFT application.
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Figure 2. Panel design for (a) proposed high pixel density
[8] and (b) M3D stacked.

2. Atomically Ordered (AO) IGZO via ALD
The crystallization of 1GZO from an amorphous to a CAAC
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structure typically requires additional processes, such as post-
annealing at temperatures above 700 °C or catalytic metal layer-
induced crystallization [15,16]. However, these methods are
unsuitable for monolithic stacked structures in future displays.
To address this, the ALD process was optimized by modulating
the cation ratio and reactant oxidation energy to achieve a single
crystal-like structure.

Figure 3 demonstrates the successful formation of atomically
ordered (AO)-IGZO at an optimized sub-cycle ratio of In:Ga:Zn
= 12:1:1. The electrical properties of AO-1GZO channel TFTs
vary with oxygen (O:) plasma reactant power, as shown in
Figures 2(b) and 2(c). Table 1 summarizes the key electrical
parameters—field-effect mobility (UFE), threshold voltage
(Vth), subthreshold swing (S.S.), and hysteresis—for ten
devices.

Notably, the 1GZO TFT fabricated at 70 W plasma power
exhibits high mobility and a low S.S. but shows a slightly
negative Vth shift due to carbon and hydrogen-related defects
caused by the lower plasma power. Conversely, plasma powers
above 300 W degrade mobility due to damage to the PSC
structure. The optimized condition, achieved at 100 W plasma
power, produces AO-IGZO with superior electrical properties
(WFE = 11431 cm¥V's, Vth = —044 V, S.S. = 89.79
mV/decade) and minimal impurity-related defects.
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Figure 3. (a) Cross-sectional image of the transmission
electron microscope (TEM) image and schematic of

atomic-ordering of PSC-IGZO structure. (b) electrical
properties comparison according to the Oz plasma power

As shown in Figure 4, AO-1GZO channel TFTs deposited at 100
W also demonstrate excellent positive bias temperature stress

(PBTS) reliability, with only a 0.53 V positive shift under PBTS
conditions (95 °C, 2 MV/cm stress, 1 hour). This superior
reliability stems from the AO structure's resistance to oxygen
vacancy-related defects, which typically degrade device
performance.
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Figure 4. Positive bias temperature stability of PEALD-
IGZO in different plasma power.

3. Precursor Discrete Feeding Method for SnO
The SnO p-type semiconductor exhibits a 2D crystalline
structure with (001) planes aligned along the c-axis. Recent
ALD studies highlight process optimization for improved
surface coverage. The discrete feeding method (DFM), which
divides the pulse and purge steps in a single ALD cycle,
enhances surface coverage and throughput. DFM has been
shown to increase growth per cycle (GPC) and reduce defect
states during initial growth.

Our study focuses on DFM’s potential to improve crystallinity.
Enhanced surface coverage within a single ALD cycle promotes
lateral growth, improving the 2D crystalline structure (Figure 5).
The DFM approach successfully improved GPC and the
crystalline state of SnO, leading to better electrical properties in
p-type SnO TFTs. Specifically, field-effect mobility increased to
1.86 cm3V s, and the subthreshold swing (S.S.) decreased to
110 mV/decade, attributed to reduced grain boundary defects.

Additionally, DFM-deposited SnO TFTs demonstrated superior
negative bias temperature stress (NBTS) reliability, with a 0.11
V shift under NBTS conditions (60 °C, 2 MV/cm stress, 1 hour),
as shown in Figure 6. These results underscore DFM’s
effectiveness in enhancing both crystallinity and device
performance.

SID 2025 DIGEST « 947



70-1/Y. Kim ¢ Invited Paper

3.0 30 403
25} E 125 ’g
» 20} e T =1 8
& S| e
o~ 15F $ {15 o
£ L 2y s| S
O top F— 110> o1 <=
Zos} {os n
=4 1)

0.0 . . . 00 Joo

1 2 3

Precursor feeding time (#)

SnoO (1s - 15s) SnO (0.3s-5s)* 3

—— 05
107 p ——30s
60s

w [ ——100s
10 [ 600s
—+—1000s

IDrain current (A)l

-~ 2000s
[ —-—3600s

10"

PSSP E SIS T Y| (PSP SO
2 401 2 3 45 401 2 3 45

Gate voltage (V) Gate voltage (V)

Figure 5. (a) electrical properties of TFTs according to the
number of precursors feeding time. (b) NBTS reliability
results of conventional and DFM deposited SnO TFTs

4. Monolithic Vertically Stacked CFET

The monolithic vertically stacked complementary FET (CFET)
comprising 1GZO and SnO TFTs was successfully fabricated
using the ALD method for the channel materials. Figure 6(a)
illustrates the CFET schematic and process flow chart. To
minimize hydrogen diffusion during TFT fabrication and post-
annealing, thermal ALD with ozone as a reactant was employed
for the Al:O;s interlayer dielectric. Following the fabrication of
the p-type SnO TFT, rapid thermal annealing (RTA) was
performed at 300 °C for 5 minutes in an N2> ambient to activate
the p-type SnO TFT.
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5i0, ITO  1620(0;") ALG, (©;)
ALD-Vertical

T-ALD CMOS T-ALD
Al;0; (H;0) A0, (05}

-5 m N
TALD  Sputter  PEALD  Sputter
SnO(H0) 1T ALO,GY  ITO Input voltage (V)

Thermal ALD-deposited Al-Os was employed as a passivation
layer for SnO TFTs to prevent oxidation of SnO to SnO: during
the CFET fabrication and stacking processes. Figures 6(b) and
6(c) illustrate the voltage transfer characteristics (VTCs) and
voltage gain of the all-oxide ALD vertically stacked CFET as a
function of input voltage (Vin), respectively.

The VTCs of the CFET, measured at supply voltages (VDD)
ranging from 2 to 10 V, demonstrate clear rail-to-rail inverter
output curves, with a maximum voltage gain of 44.7 VIV
achieved at VDD = 10 V. Figure 6(d) presents the noise margin
and transition voltage extracted from the output voltage (Vout)
as a function of Vin. The transition voltage, defined as the point
where Vin equals Vout, exhibited a positive shift with increasing
VDD. At VDD = 10 V, the CFET achieved a noise margin of
87.5% and a transition voltage of 1.25 V, indicating robust and
reliable performance.

5. Impact

In this study, we highlight the transformative potential of the
ALD method for achieving precise atomic-scale control and
superior electrical properties in 1GZO and SnO, enabling
advanced monolithic stacked display applications. By
optimizing oxygen plasma power, AO-IGZO was developed,
exhibiting exceptional electrical performance (field-effect
mobility = 114.31 ecm?/V's, Vth = —-0.44 V, S.S. = 89.79
mV/decade) and reliability (0.53 V positive shift under PBTS at
95 °C and 2 MV/cm for 1 hour). The tunability of atomic
ordering and properties underpins its suitability for scalable
applications.

Additionally, the ALD precursor feeding method enhanced the
crystallinity and p-type electrical performance of SnO (field-
effect mobility = 1.86 cm3V-s, Vth = 1.5 V, S.S. = 110
mV/decade) while improving reliability (0.11 V negative shift
under NBTS at 60 °C and 2 MV/cm for 1 hour). Furthermore,
the successful fabrication of a vertically stacked CFET
demonstrated a voltage gain of 44.7 VV/V and a noise margin of
87.5% at a 10 V supply voltage. These findings emphasize
ALD’s critical role in advancing scalable, high-performance
device architectures for future display technologies.
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Figure 7. (a) Schematic illustration of vertically stacked CMOS inverter and fabrication process. (b) VTCs and (c) voltage gain
of vertical CMOS inverter as a function of Vin with increasing Vop. (d) Noise margin and transition voltage versus Vop.
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