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Abstract. Recent advances in display technology have led to Liquid Crystal
Display (LCD), Organic Light-Emitting Diode (OLED), Mini Light-Emitting
Diode (Mini-LED), and Micro Light-Emitting Diode (Micro-LED) as the
competing and complementing solutions. Their light-emission processes,
physical principles, and performance parameters, e.g. brightness, contrast, power
consumption and life time, vary significantly among the involved technologies.
We discuss their working principles: LCD modulates liquid crystal (LC) with
Mini-LED backlight to achieve better local dimming, OLED uses self-emissive
organic layers with high contrast and flexibility, and Micro-LED adopts
microscopic inorganic emitters with high brightness and long lifetime. The study
provides an analysis of the best option by considering technical features and
practical benefits and pitfalls of each of these methods. Mini-LED makes the
existence of LCD tolerant by cost-effective refinement, OLED is a leader in
portables and flexibles, and Micro-LED offers ample promise for next
generations of use, including AR and VR. The evaluation indicates that there is
no one-size-fits-all technology, and these technologies will coexist in the
upcoming display world. This work helps clarifying the technology choices in
design and highlights the needs for ever constant innovations to meet a wide
range of applications.
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1 Introduction

Electronic displays are at the heart of nearly all contemporary visual interfaces, from
the smallest phones to the largest television to virtually all the up-and-coming extended-
reality systems. Although LCDs have been the dominant display technology for
decades part due to manufacturing maturity and cost effectiveness, their indirect light-
modulating architecture—needing a backlight and polarization optics—places
limitations on intrinsic contrast, motion picture response, and ambient readability.
These tradeoffs have driven the migrations of emissive and quasi-emissive solutions
and recently towards sophisticated backlighting architectures that close the gap [1, 2].
Two diverging developmental trajectories now characterize the field. The first one
is high-dynamic range (HDR), in which mini-LED backlight can enable thousands of
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local dimming zones and thus can significantly raise the peak brightness and the
effective contrast ratio for HDR without leaving behind the established supply chains
for LCDs. achieve >1000-nit luminance export >1000-nit luminance and >10,000
local dimming zones, allowing fine-grained backlight control; however, artifacts such
as haloing and power allocation trade-offs should

be treated with caution by optical design and dimming algorithms [3]. The second
route employs self-emissive pixels: OLED, which offers for near instant response
time, true black, wide viewing angle, and mechanical flexibility, and Micro-LED
whose promise is even better luminance, higher robustness, and long lifetime but with
arguably even higher manufacturing hurdles. E.g., mass transportation, color
registration, and high production cost [4].

Recent state-of-the-art reviews offer a unified framework for comparing these
platforms including materials, stack structure, and system level metrics such as power
efficiency, ambient contrast ratio (ACR), motion picture response time (MPRT), color
gamut, and reliability. These analyses reinforce the fact that OLED is the king of low
APL contrast and response, mini-LED backlit LCDs can compete for HDR in bright
viewing conditions given local dimming being done right, and Micro-LED is an
enticing future once integration challenges are solved [5]. Also, dedicated
investigations of Micro-LED integration—transfer, bonding, and monolithic
growth—set the paths to manufacturable, high-resolution displays and CMOS
backplane co-integration, pointing to the technical challenges of the practical AR/VR
micro display and large-area tiled video wall [6].

This paper extends prior work by comparing these two approaches side by side of
LCD (including mini-LED backlit), OLED, and Micro-LED panel displays. The
review will discuss their operating mechanisms, performance characteristics including
efficiency, luminance, color contrast, and color gamut, and manufacturing challenges,
cost, and application practice. The goal is to offer a transparent, evidence-based set of
choice criteria with respect to displays serving a wide variety of applications and use
cases.

2 Working principles and characteristics

2.1  Working principle and characteristics of LCDs

LCDs operate as electrically controlled light modulators. There is a complete
backlight, usually emitting white light. Over that there are two polarizers. One of
them only let vertical waves through the other only let horizontal waves pass. Since a
light wave can’t have two directions at once, therefore, leading to a black image. To
show anything other than black, a special materiel is placed between to polarizers
called liquid crystal. By applying a current to liquid crystal, we can twist the direction
of light waves that go through it. which in turn allows us to control how much of the
white backlight is allowed to pass through the polarizer on the front. Last but not
least, put an RGB color filter over them. Then we have pixels that can create basically
any color we want [7]. The structure of LCD is shown in Fig.1.
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Fig. 1. The structure of LCD [7]

LCD technology offers advantages of low power consumption, mechanical
robustness, and mature large-area manufacturing, although there are limitations such
as slow response, low color contrast, etc. Continuous developments in liquid crystal
materials, driving schemes, and optical compensation have ensured LCDs remain
competitive in display market and virtual reality systems [8].

2.2 Working principle and characteristics of Mini-LED

Mini-LED is basically an improved version of LCD display. Mini-LED technology
employs thousands of light-emitting diode chips with sizes typically below 200 pm as
a backlight source for liquid crystal displays Compared to conventional LED
backlights, the much smaller chip size allows for a higher number of dimming zones,
enabling fine-grained local dimming that significantly enhances contrast ratio and
HDR performance. Since Mini-LED chip functions as an individual light source,
unlike regular LCD screens which use a complete backlight to display. Therefore,
Mini-LED is able to control its chips individually, which means more precise
brightness and better color contrast can be achieved. On the other hand, also reducing
halo effects and improving image uniformity. The dense arrangement of chips also
supports higher peak luminance while maintaining lower overall power consumption
due to more efficient light utilization. Integration with quantum-dot enhancement
films further expands the color gamut, reaching over 90% Rec.2020 coverage.

Additionally, the robust inorganic LED structure offers longer operational lifetime
and better thermal stability than organic emissive technologies. As a result, Mini-LED
backlighting provides a cost-effective pathway to approach OLED-like visual
performance while retaining the manufacturing maturity and durability of LCD
platforms [9]. The illustration of LCD employing a mini-LED backlight is shown in
Fig.2.



Comparative Analysis of Electronic Display Technologies and Their ... 663

LCD Panel

Diffuser Film

BEF 0°

BEF 90°

Diffuser Film

CCF

g - Mini-LED Array

- z y

= = = == o

- .. ,14.

Fig. 2. The illustration of LCD employing a mini-LED backlight [9]
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2.3  Working principle and characteristics of OLEDs

OLED is an entirely separate type of technology to LCDs. It is an electroluminescent
device, in the organic semiconductor layers are used to emit light in response to an
electric stimulus. A common OLED structure includes an anode, hole transporting
layer, emissive layer, electron transporting layer, and a cathode. Upon applying a
forward bias, holes from the anode and electrons from the cathode move into the
emissive layer, and recombine to form excitons. These excitons relax etic emissions;
their energy being set by the optics of the material bandgap. Device performance:
Factors determining device efficiency are related to exciton utilization. As an
example, phosphorescent emitters permit the utilization of both singlet and triplet
excitons thus achieving internal quantum efficiencies close to 100%. Recently,
another class of materials utilizing thermally activated delayed fluorescence (TADF)
have been considered for further enhancing the T1 exciton utilization without
employing heavy metals OLEDs are self-emissive, so that high contrast ratios, wide
viewing angles, ultra-thin and flexible is possible.

These features have made OLED technology a top contender for higher end display
and lighting applications. Nevertheless, issues of operation lifetime, burn-in, and high
cost in manufacturing are still the issues barring their large-scale application [10]. The
structure of OLED screen is shown in Fig.3
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Fig. 3. The structure of OLED screen [10]
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2.4  Working principle and characteristics of Micro-LED

Micro-LEDs are considered as most ultimate display technology. They are display
devices containing arrays of tiny gallium nitride (GaN)-based light-emitting diodes
(LEDs) that function as self-emissive pixels. Their working principle is based on
electroluminescence: under a forward bias, in a p—n junction electrons and holes are
injected and they recombine radiatively, emitting photons. Micro-LEDs are
advantageous when compared to liquid crystal and OLED displays for their ultra-high
brightness, high contrast ratios, wide color gamut, and excellent power efficiency.
The small pixel results in high pixel density and fast response time, appropriate for
AR/VR use cases. Secondly, due to the inorganic feature of Micro-LEDs, Micro-LED
chips own a good stability and life time performance, and the high optical efficiency
is in favor of power saving, especially under outdoor or high ambient light
environment [11]. However, barriers need to be overcome in mass transfer, defect
handling and cost reduction before scaling up commercialization is achieved. The
structure of Micro-LED is shown in Fig.4.
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Fig. 4. The structure of Micro-LED [11]

2.5 Comparison of different display technologies

The display is no longer limited to the traditional type of LCD, but is moving towards
high-performance self-emissive devices. LCD depends on modulation of the back
light by liquid crystal, it has relatively mature production and low cost, but the
contrast is small and the response is slow, and the angle of view is narrow. OLEDs
take advantage of organic semiconductors for its self-emission enabling features such
as high contrast, wide viewing angles and flexibility, but long-term durability and
burn-in are often issues. Light emitting diodes based on micro-LED technologies
cording to contrast, to organic WLED, which are good qualities for a display sources
core A bright point sources that can be composed tightly to form a high-resolution
screen. Nevertheless, mass transfer, yield, cost hinder their mass production. Mini-
LED technology boosts LCD backlights with arrays of LEDs. LEDs are just as they
sound, little point light sources on the scale of the visible light wavelength (about 150
microns) that can be assembled into a matrix. This allows for local dimming to raise
or lower the brightness to adjust the contrast. This provides a separation between
traditional LCD and self - emissive displays capabilities whilst keeping some cost
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benefits and introducing HDR support at the same time, but it still suffers from halo
artifacts, thick form factors [12]. Thus, OLED and Micro-LED are the best options for
high-end and flexible display applications, while Mini-LED is an intermediary path-
way with better performance than tradition LCDs. In the other hand, consumer still
prefer LCDs. Comparison of different types of display technologies is shown in table

1.

Table 1. Comparison of different types of display technologies

Technologies Advantages

Disadvantages

Mature manufacturing, low
cost, long lifespan, no burn-
in risk, large-scale
production

LCD

High brightness, local
dimming improves contrast,
long lifespan, HDR capable,

partly retains LCD cost
advantage
Self-emissive, high contrast,
wide viewing angles, thin
and flexible, fast response,
wide color gamut
Self-emissive, ultra-high
brightness, high contrast,
long lifespan, high energy

Mini-LED

LED

Micro-LED

Requires backlight, lower
contrast, limited viewing
angles, slower response time,
poor black levels, higher
power consumption for high
brightness

Still LCD-based (non
emissive), limited dimming
zones cause halo effect,
thicker modules

Shorter lifespan (blue pixel
degradation), burn in risk,
higher cost, limited peak
brightness

Complex manufacturing,
extremely high cost, low

yield, mass production

efficiency, extremely fast challenges

response, burn-in risk.

3 Typical and emerging applications of display
technologies

3.1 Typical and emerging applications of LCDs

LCDs continue to be one of the most ubiquitous display technologies in modern
electronic devices owing to their low power consumption, high resolution, and cost-
effectiveness. Typical applications include cellular phones, TVs, portable generality
control panels and medical equipment. LCDs provide better daylight readability and
longer battery life when comparing to emissive display technologies, making them
highly appealing for energy efficient applications. In the medical industry, for
example, LCDs incorporated in diagnostic and surgical equipment are capable of
high-contrast exposure imaging and color stable output, which benefits accurate
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spatial resolution of anatomical structures and ultimately better clinical treatments.
Industrial-grade LCD modules, especially those with ruggedized enclosing, have
withstood harsh environments and withstood the following CDDL environments [13].

Transportation transferring, manufacturing automation, display of public
information. Applications of the future are anticipated to be those which will take
advantage of the flexibility of LCD for new technology, such as augmented reality
(AR) and Internet of Things (IoT) interfaces. TMT devices could be integrated into
wearables (VR, cloud, computing platforms) while maintaining image quality through
advances in ultra-thin, flexible LCD substrates and new backlight designs. In
particular, Liquid Crystal on Silicon (LCoS) technologies, a modern version of LCD,
have demonstrated their possibility for high-resistivity, touchable holographic
displays, that might extremely change AR or immersive visualization systems.
Research in transparent referred to as “heads up” displays for automotive and aviation
applications, where such displays can allow continued observation of the real-world
environment combined with access to information required for safe operation. As
global demand for energy-efficient and environmentally sustainable technologies
increases, LCD manufacturers are exploring recyclable materials and low-energy
backlight systems to meet stricter environmental regulations. Overall, while
competing display technologies continue to advance, LCDs’ balance of performance,
cost, and versatility ensures their continued relevance across diverse application
domains.

3.2  Typical and emerging applications of Mini-LEDs

Mini-LED technology has been developed as a great progress for display backlighting
design, having higher luminance, contrast and excellent energy savings performance
than the conventional backlight for LCD. It is commonly used for high-end TV,
professional monitors, automotive displays, and high-performance laptop. Mixed the
television and monitor domain, Mini-LED backlighting allows localized dimming to
achieve true blacks and increased dynamic range, therefore greatly enhance image
quality for both consumer entertainment and professional color grading applications.
For automotive applications, Mini-LED displays have better sunlight readability,
extreme temperature tolerance, flexibility in the physical design of the
curved/irregular surface for the improved safety and nicer design [14].

Performance test indicate that Mini-LED technology has substantial advantage
beyond traditional LED backlight technology in peak brightness and contrast ratio
with better screen uniformity across the panel. Conventional zoning and dimming of
the backlight also cut down on halo effects with onscreen elements in high contrast
and high contrast scenarios, making Mini-LED an interesting proposition for content
creators and gamers. However, several outstanding issues still persist in
manufacturing cost, heat management, and ultra-thin form factor devices, which is
essential in portable devices. Potential usages of the new technology will also reach
the augmented reality and mixed reality field, where Mini-LED's high brightness and
small volume is deemed suitable for immersive and outdoor-readable displays
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3.3  Typical and emerging applications of OLEDs

OLEDs have emerged as one of the most promising display and lighting technologies
due to their intrinsic advantages, including self-emission, wide viewing angles, high
contrast ratios, thin form factors, and the ability to be fabricated on flexible substrates.
In the consumer electronics sector, OLEDs are widely integrated into smartphones,
televisions, and wearable devices, delivering vivid colors, deep blacks, and excellent
visual performance. Their capability to achieve wide color gamut coverage and ultra-
fast response times makes them particularly suitable for high dynamic range (HDR)
imaging and advanced display applications such as virtual reality (VR) and
augmented reality (AR). Beyond displays, OLED panels are increasingly considered
for general lighting applications. Unlike conventional point-source LEDs, OLEDs
produce diffuse, uniform illumination with low blue-light hazard, making them
attractive for health - oriented indoor lighting and specialized medical environments
where visual comfort is essential. Flexible OLEDs, in particular, demonstrate high
mechanical durability, enabling their integration into rollable displays, foldable
devices, and wearable electronics, where repeated bending and deformation are
expected. Looking toward the future, improvements in the operational lifetime and
efficiency of blue OLED emitters will further expand their potential in emerging
fields. These include ultra-high - resolution micro-displays for near-eye applications,
smart textiles with embedded light-emitting functions, and transparent automotive
window displays that combine heads-up information with aesthetic design.
Nevertheless, several challenges remain, particularly in achieving long-term material
stability, reducing manufacturing costs, and enabling large-scale production without
compromising performance. Addressing these issues through advancements in
materials engineering, device architecture, and fabrication techniques will be crucial
for OLEDs to realize their full potential across diverse application domains [15].

3.4  Typical and emerging applications of Micro-LEDs

Micro-LEDs have recently emerged as a promising candidate for next- generation
displays, lighting because they possess excellent brightness, wide color gamut, high
contrast ratios, low power consumption, and high reliability. Scientist have developed
metal halide dielectrics that keep brightness constant under heavy illumination.
Unlike organic LEDs, they’re able to maintain high luminance, even in sunlight, says
the team, making them ideal for settings where bright room light can make displays
hard to see. That feature becomes a unique benefit in outdoor billboards, high-
visibility automotive heads- up displays and AR headsets where clarity and stability
are required. With the potential to demonstrate ultrahigh response time and high pixel
density, they can also rival the present active-matrix organic light-emitting diode
(AMOLED) displays for VR systems and compact wearable displays, where both the
high response time and the pixel quality are of very serious concerns.

the user, then motion sharpness and fine visual details are important to the user. In
addition to traditional display applications, micro-LEDs are also entering the realm of
niche lighting applications. They offer high luminous efficacy and make possible
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power-saving adaptive lighting systems in automotive and architectural applications.
Precisely directing beam profiles and color temperature on the fly allows not only
functional, but also aesthetic lighting to be delivered for any desired particular
application. Also, the scalable nature and the small form factor of micro-LED chips
have driven their integration into micro-projection engines and high-speed electric
modules including VLC systems, for which their larger modulation bandwidth is
directly proportional to the improvement in data throughput [16].

Down the road, the next few years is anticipated to see a wide-open field of
applications. Possible applications include transparent window displays for cars and
in store, stretchable and conformable electronics for the next generation of wearables,
and bio-integrated electronics for medical diagnostics and therapy. For example, by
further reducing size of LED dies, ultra-small micro-LED emitters of specific
emission wavelengths can be integrated into implantable biosensors or targeted photo
therapy devices, providing localized and accurate light irradiation in the human body.
However, a key issue for widespread practical use is the manufacturing difficulties:
the mass transferring of millions of tiny-sized emitters without defects, the uniform
epi-growth on the epitaxial layer and the cost down are major challenges.
Advancements in wafer bonding, laser lift-off techniques and quantum dot color
conversion technologies will help to overcome several of these barriers. If these
developments mature, micro-LEDs are on track to establish themselves strongly in
consumer electronics, automotive customers, medical appliances and industrial
equipment.

4 Conclusion

Progress technology from LCD to OLED, Mini-LED and Micro-LED demonstrates
the industry’s relentless quest for higher picture quality, increased efficiency and
greater versatility. Because of its production maturity, scalability, and cost-
effectiveness, LCD remains an industry workhorse. Known deficiencies include its
dependence on backlight and relatively poor contrast performance, but developments
such as quantum-dot improvement, augmented local dimming backlights, and
refinements to panel architecture are expected to keep LCD at least competitive in
cost and volume markets in the next decade.

It has redefined visual performance with self-emitting pixels that enable
unparalleled contrast, color accuracy, and light efficiency. Further progress should
concentrate on increasing the peak brightness, the lifetime and image retention in the
next stage of developments. Furthermore, studies are leaning toward driving schemes
with low power consumption and hybrid OLED structures to balance efficiency and
sustainable issues. Flexible and see-through OLEDs such as auto-motive dashboards,
foldable mobile devices, and augmented reality AR applications where device
thinness/decorative design is important.

Mini-LED has become a viable way forward between LCD and emissive when it
comes to display technology. It attains high brightness and strong contrast while
maintaining LCD’s manufacturing advantages, by allowing fine local dimming via
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thousands of tiny LEDs. The next stage for Mini-LED will be to make the LED chips
even smaller, improve local dimming algorithms and combine with quantum dot films
for enhanced HDR performance. As production matures, Mini-LED displays could
potentially be used more widely, both in commercial signage and professional
visualization systems, where color accuracy and brightness uniformity are required.

Micro-LED is the most audacious leap, providing something unparalleled in terms
of brightness, power efficiency, color purity, and longevity. In the short term, Micro-
LED adoption will be confined to professional markets where overall performance is
more important than cost. In the long run, breakthroughs in mass transfer processes,
yield optimization, and defect repairing will facilitate Micro-LED to compete OLED
and Mini-LED in mass-market consumer open electronics. What is even more
exciting is the prospect of integrating Micro-LED with flexible substrates, which
would open new ways to think about designs.

In conclusion, rather than converging into a single solution, we expect that these
four display technologies will coexist in some way. LCD will still be king in pricing-
centric segments, OLED will be first in adoption for premium and design-centric
products, Mini-LEDs will take the high ground for brightness and HDR consumption
applications, and Micro-LED will naturally grow as yield advances and tags fall.
Hybridization—the combining of features of each technology—will characterize the
next decade, as will a bunch of interesting manufacturing breakthroughs defining how
fast a new type of display can crossover from niche to mass market.
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