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Abstract
Novel Vertical-Channel Thin-Film Transistors for Advanced Display Applications

Zicong Huang

Displays are the primary conduit between digital information and human perception. As
emerging OLED and micro-LED pixels demand higher current density, finer resolution, and im-
proved power efficiency, conventional thin-film-transistor (TFT) backplanes face a steep trade-off
between performance and manufacturing cost. Shortening the channel length boosts drive current
but normally requires sub-micron photolithography that is prohibitively expensive for large-area
panels. This dissertation develops two vertical-channel TFT architectures that set the channel
length in the film-thickness direction, enabling sub-micron channels using standard large-area pro-
cesses.

The first architecture—an organic permeable-base transistor (OPBT) defined by a block-copolymer
(BCP) template—demonstrates the feasibility of bottom-up channel definition. A complete pro-
cess was implemented, and devices were measured. Representative transfer characteristics show
on—off ratios of 229 (Device 1) and 29 (Device 2), with base current fi 1 10 0 A. However,
overall device yield was low and the output characteristics did not saturate robustly, consistent with
challenges in BCP ordering, pattern transfer into thin Al, and the reliability of the oxidized-Al gate
dielectric.

Building on these lessons, Chapters 3-5 introduce a bottom-gate/top-contact step-edge IGZO
vertical TFT (BG-SEVT). On the first successful test chip (single-channel geometry), 16 of 18

devices were functional (  89% yield). Devices exhibited on/off j 10°, low gate leakage, and



(at+ps = 0 1V) on-current of about 0 25uAum 1. Across the population, typical subthreshold
swing was 1V dec ! to 2V dec ! with threshold near 0V to 0 6V (extracted at +ps = 1 0V). An
improved process (Chapter 5) adds a tapered low-temperature PECVD SiO, spacer that strength-
ens the gate—top overlap and enables an ALD HfO, gate dielectric. After an 225 C, 30 min air
anneal, the subthreshold swing was reduced to as low as  114mV dec ! (thin-stack case) and

257 mV dec ! (thicker-stack case); measured datasets at +ps = 2 0V show on/off j 10° with
i j i 1pAum ! across the tested devices, with champion devices reaching on/off j 10’ and
i j i 10uApm 1. Post-anneal functional yield in a larger population was 87% (7/8) for single-
channel devices and  79% (19/24) for dual-channel ones. A trade-off was observed: annealing
improved turn-off characteristics and threshold stability but reduced on-current and apparent field-
effect mobility.

Collectively, the thesis documents the from-scratch development of two lithography-light ver-
tical TFT platforms, quantifies their performance/yield limits and process windows, and outlines
practical routes to improve electrostatic control, contact/series resistance, and stability. While fur-
ther optimization is required for industrial deployment, these architectures expand the design space

for cost-effective, high-resolution display backplanes and other large-area electronic systems.
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Chapter 1: Introduction

1.1 Motivation and Context

Electronic displays have become the primary interface between people and information. From
smartphones and laptops to large-format TVs, automotive dashboards, and emerging AR/VR head-
sets, displays shape how we work, communicate, and consume media (Fig. 1.1). Their rapid evo-
lution over the past several decades has been tightly coupled to advances in logic and memory:
higher pixel counts, refresh rates, and dynamic range only become useful when system-on-chip
(SoC) processing and memory bandwidth can feed ever larger matrices of emissive or modulatory
pixels. At the panel level, the element that ultimately translates pixel data into precisely metered
charge is the thin- Im transistor (TFT). The TFT backplane remains the gatekeeper of image qual-
ity, frame rate, power ef ciency, and lifetime across LCD, OLED, and micro-LED technologies.[1,

2]

Historically, the display industry has progressed through material and process breakthroughs in
the backplane: a-Si:H enabled the rst generation of active-matrix LCDs; low-temperature poly-Si
(LTPS) delivered higher carrier mobility for high-resolution and mobile displays; and amorphous
oxide semiconductors (AOS) brought improved uniformity and stability at large area, underpin-
ning modern AMOLED televisions and high-end mobile panels.[3, 1] In parallel, system advances
in graphics and memory have pushed panel speci cations toward ner pixel pitches, higher peak
luminance for HDR, and greater frame rates. These trends intensify the per-pixel current require-
ments (particularly for OLED andLED) while simultaneously shrinking the pixel footprint.[2]

Meeting the next wave of display requirements, therefore, at least partially hinges on further im-
provements in the TFT (apart from the light-emitting devices): higher drive current at a given gate

overdrive, tighter spatial uniformity, and robust reliability under high current density, all within an



aggressively scaled pixel area and cost-sensitive fabrication ow. Conventional planar TFTs face
scaling headwinds because the lateral channel length is set by in-plane lithography and alignment.
By contrastyertical-channellTFTs (V-TFTs) de ne the channel in the Im-thickness direction us-

ing deposited spacers or etched sidewalls. This geometry enables sub-micrometer effective channel
lengths without resorting to advanced stepper lithography, substantially increasing current density
for a given footprint and simplifying backplane scaling.[4, 5] Beyond drive strength, the compact
V-TFT layout improves pixel aperture and leaves routing headroom for increasingly complex pixel
circuits. Because the critical dimension is determined by deposition/etch thickness control rather
than optical resolution, V-TFTs are compatible with low-temperature, large-area processes favored
by the display industry, making them a promising path to sustain panel performance gains while

containing manufacturing cost.[4, 2]

1.2 Background and Key Concepts

1.2.1 Large-Area Thin-Film Transistors for Active-Matrix Displays

Active-matrix displays today rely on a dense array of thin- Im transistors (TFTs) that either
switch and hold the pixel voltage (LCD) or source a controlled current to an emissive element
(OLED, uLED). Unlike logic or memory ICs, these backplanes are designed for meter-scale sub-
strates, moderate device densities, and stringent uniformity and stability over area and time [6].
This distinct operating context shapes both process choices and the gures of merit that matter
most.

Scalable substrates and form factors.Display lines process “mother glass” that is orders
of magnitude larger than silicon wafers (e.g., Gen 8 glasi200 mm 2,500 mm), enabling
low cost per pixel and compatibility with rigid or exible formats [7]. This scale favors process
modules and lithography tools optimized for wide elds and moderate resolution (i-line/KrF FPD
lithography), rather than the EUV/ArF-immersion equipment that dominates advanced CMOS [7,
8].

Patterning tailored to displays. Backplane patterning typically uses large-panel photolithog-

2



raphy and wet/dry etches with overlay tolerances in the sub-micron to few-micron range. In the
frontplane of OLED products, deposition through ne metal masks (FMMs) is widely used to
pattern RGB emitters without photoresist exposure of organics; this differs fundamentally from
semiconductor IC patterning and further decouples display manufacturing from EUV-class lithog-
raphy [9]. These choices prioritize high throughput on large panels and materials compatibility
over the ultimate critical dimension.

Figures of merit for display TFTs. For switching backplanes (LCD), on/off ratioyg* o ),
subthreshold swing (SS), threshold voltagg control, and gate-leakage are paramount to achieve
low leakage and adequate pixel retention at target frame rates. For current-driving backplanes
(OLED/ULED), transconductance and effective eld-effect mobilitye set current density at a
given gate overdrive, while bias-stress stability-{y under NBS/PBS), lovile 5 noise, and con-
tact resistance uniformity govern luminance accuracy and aging compensation [6, 10]. Across all
display types, wafer-like uniformity across meter-scale panels, defect tolerance (open/short pix-
els), aperture ratio, and RC delay on scan/data lines are system-level constraints that feed directly
into resolution and refresh targets [6].

Device structures and integration.Staggered bottom-gate and top-gate stacks remain preva-
lent due to process simplicity and interface control; self-aligned ows reduce overlap parasitics
at higher pixel densities. Low-temperature dielectrics (e.g.cMbO3) and barrier/passivation
stacks are tuned to suppress charge trapping and environmental drift over long lifetimes [10].

Channel materials. Another key distinction from wafer electronics is that the semiconductor
channel is deposited as a thin Im onto the large substrate, enabling amorphous or polycrystalline
systems processed®@B850-400C. Hydrogenated amorphous silicon (a-Si:H) has powered LCDs
for decades; low-temperature polysilicon (LTPS) boosts mobility for mobile OLED; and amor-
phous oxide semiconductors (e.g., a-IGZO) offer a compelling combination of mobility, unifor-
mity, and low off-current for large panels [10, 11, 3]. Organic semiconductors further broaden the

materials/process window and are compatible with exible substrates and printing [12].



1.2.2 Amorphous Oxide and Organic Semiconductors

Amorphous oxide semiconductors (AOS). Amorphous oxide semiconductors such as ZnO,
In,03, and, prominently, indium—gallium—zinc oxide (IGZO) have emerged as the leadihgnnel
materials for active-matrix backplanes. Their key physical advantage is that the conduction band
derives from catiorBorbitals (e.g., In B Zn 4B with large, isotropic overlap; as a result, car-

rier transport is comparatively insensitive to structural disorder and grain boundaries, unlike in
amorphous or polycrystalline covalent semiconductors.[13, 10] This electronic structure enables
eld-effect electron mobilities on the order 0f10-50 cm3V s in thin Ims grown at low tem-
peratures®300 C), typically by RF sputtering, with alternatives including pulsed-laser deposition,
ALD, and solution routes.[13, 10] The seminal demonstration of room-temperature, transparent,
and exible IGZO TFTs established their relevance for large-area displays.[3]

From a device perspective, AOS TFTs offer (i) higher mobility than a-Si:H and lower off-state
current than LTPS, (ii) excellent uniformity over meter-scale substrates, and (iii) optical trans-
parency—bene cial for pixel optics in LCD and OLED stacks.[10] Practical limitations include
sensitivity of threshold voltage and subthreshold swing to oxygen stoichiometry and vacancy con-
trol, bias-stress instabilities, and reliance on scarce cations (In, Ga), which motivate continued

materials and process optimization.[13, 10]

Organic semiconductors. In organic small-molecule and polymer semiconductors, carriers are
often localized and move by thermally activated hopping in disordered Ims; in highly ordered
crystals or textured Ims, partial band-like transport can emerge.[14, 15] These materials can be
deposited at very low thermal budgets by vacuum evaporation (e.g., fullerenes) or solution process-
ing/printing (e.g., functionalized acenes), which aligns well with exible substrates and additive
patterning.[15]

Cso thin Ims routinely yield mobilities from 0.5 to a few crAV 1s 1 in optimized OFETS,
with 6 cm?V s reported using hot-wall epitaxy and low-barrier contacts.[16] solution-processable

bis(triisopropylsilylethynyl)-pentacene (TIPS-pentacene) enables exible TFTS wite1-0.4 cnfV 1s 1



and robust electromechanical stability, illustrating the promise of printed backplanes and integrated
drivers.[17] Typical organic-TFT operating temperatures are near room temperature, with interface
engineering (dielectrics, SAMs) crucial to reduce traps and contact resistance.[14, 15]

In summary, AOS provide high-mobility, uniform, and scalablehannel platforms already
deployed in modern displays, while organics offer low-temperature, solution compatibility and me-
chanical exibility with rapidly improving performance. The choice between them (or their hybrid
use) depends on mobility targets, processing windows, stability requirements, and system-level

cost for the intended display architecture.[10, 15]

1.2.3 \Vertical-Channel TFT (VCTFT) Architectures

Vertical-channel thin- Im transistors (VCTFTs) de ne the channel length by the thickness of
deposited layers (dielectric spacers, semiconductors, or insulators) rather than by the lateral reso-
lution of lithography. This geometric decoupling is especially attractive for large-area electronics,
where patterning sub-micrometer features across meter-scale substrates is costly and technically
challenging. By letting Gayer, VCTFTs offer sub—100-500 nm effective channels with only
coarse lithography, enabling high areal current density and compact pixels for ultra-high-resolution
and exible displays [18].

The approach leverages deposition processes common to amorphous oxide semiconductors
(AOS) and organic semiconductors. Low-temperature sputtering and atomic-layer deposition (ALD)
provide excellent step coverage and A-level thickness control over steep sidewalls and mesa edges,
so the electrical channel length becomes uniform over large areas [19]. Using ALD IGZO, vertical
oxide TFTs with sub-150 nm channels and robust electrostatics have been demonstrated, validating
precise! control via Im thickness [20]. Earlier vertical ZnO TFTs fabricated entirely by ALD
already highlighted the advantages of conformal Ims for three-dimensional device stacks [21].
For organics, solution processes such as spin-coating can in Itrate and planarize high-aspect-ratio
trenches, and vacuum deposition naturally yields uniform vertical stacks; these routes enable short

channels and high current in small footprints while preserving low-temperature processing.



Representative VCTFT structures are sketched in Fig. 3t@p-edgelevices use a dielectric
spacer or topography step to $ethe gate can be placed above (top-gated) or below (bottom-gated)
the vertical path.Pseudo-verticatlevices route current vertically through a thin semiconductor
over a buried gate with a lateral undercut spacer; here, the effective channel comprises a short lat-
eral segment plus a controlled vertical thickness. A distinct class igdhmeable-base transistor
(PBT/OPBT), a triode-like vertical architecture in which a thin, partially transparent metal base
between emitter and collector modulates charge transmission through nanoscale apertures. OPBTs
and closely related vertical organic FETs have reported Adevel on-current densities at low
voltages and radio-frequency operation (tens of MHz), illustrating the current-drive potential of
vertical channels with minimal footprint [22, 23, 24].

In summary, by tying to Im thickness and conformal deposition (rather than to lithographic
pitch), VCTFTs provide a scalable path to high-current, compact, and low-cost TFTs over large,
exible substrates. This makes them strong candidates for next-generation active-matrix back-

planes where pixel density, aperture ratio, and energy ef ciency must continue to improve [18].

1.3 Research Objective and Scope

The objective of this dissertation is to design, fabricate, and characterize short-channel vertical
TFT structures whose critical dimensions are de ned by Im thickness and etch pro les, not by

expensive submicron lithography. We investigate two complementary architectures:

1. A block-copolymer (BCP) templated OPBT that tests a bottom-up route to vertical channel
de nition and interrogates the limits of permeable-base formation in an organic stack [25,

26, 27, 28, 29, 30].

2. A self-aligned, step-eddmottom-gate/top-contadGZO VCTFT (BG-SEVT) that uses the
gate-stack thickness to de ne the channel while line-of-sight metal deposition self-aligns
separated source and drain pads. We further introduce a taperg@®iCer to protect the

step edge and drastically reduce parasitic overlap.



Across both platforms, we develop end-to-end process ows on glass and Si coupons, use elec-
trical characterization to identify failure modes and performance limits, and employ 2-D TCAD to

rationalize design trade-offs and scaling. [31, 32, 33, 34].

1.4 Dissertation Organization

Chapter 2 develops the BCP-templated OPBT: we discuss template formation and transfer,
present device data and failure analysis, and articulate process lessons that inform later chapters
[25, 26, 27].

Chapter 3 establishes the Bottom—Gated Step—Edge Vertical Transistor (BG-SEVT) concept
and the initial three-mask, low-temperature process, highlighting the roles of dielectric thickness,
sidewall continuity, and contact self-alignment [35, 36].

Chapter 4 attempts to achieve shorter-channel BG-SEVT with thin high-k gate dielectric and
introduces a dual-channel symmetric variant of BG-SEVT to improve robustness.

Chapter 5 implements a tapered spacer to strengthen the vulnerable gate/top-contact overlap
and greatly improve the stability and yield of the device with high-k gate dielectric. We report the

best device metrics to date and use TCAD to extract scaling guidelines [31].
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