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INTRODUCTION TO LIGHT-EMITTING DIoDES AND BAND GAP FUNDAMENTALS

LIGHT-EMITTING DIODES (LEDS) ARE SEMICONDUCTOR DEVICES THAT EMIT LIGHT WHEN AN ELECTRIC CURRENT PASSES THROUGH
THEM. THEY HAVE REVOLUTIONIZED LIGHTING AND DISPLAY TECHNOLOGIES DUE TO THEIR EFFICIENCY, LONGEVITY, AND
VERSATILITY. THE CORE PRINCIPLE BEHIND LED OPERATION LIES IN THE ELECTRONIC PROPERTIES OF THE SEMICONDUCTOR
MATERIAL, PARTICULARLY ITS BAND GAP—THE ENERGY DIFFERENCE BETWEEN THE VALENCE BAND (FILLED WITH ELECTRONS) AND
THE CONDUCTION BAND (\X/HERE ELECTRONS CAN FREELY MOVE).

W/HEN A FORWARD BIAS IS APPLIED, ELECTRONS ARE INJECTED INTO THE CONDUCTION BAND, AND HOLES INTO THE VALENCE BAND.
\/HEN ELECTRONS RECOMBINE WITH HOLES, THEY RELEASE ENERGY IN THE FORM OF PHOTONS—THE PROCESS KNOWN AS

ELECTROLUMINESCENCE. THE ENERGY (AND THUS THE COLOR) OF THE EMITTED PHOTON DEPENDS DIRECTLY ON THE BAND GAP OF
THE SEMICONDUCTOR MATERIAL.

THe ReLATIONSHIP BETWEEN BAND GAP AND EMissION COLOR

THE PHOTON ENERGY \(E_{PHOTON}\) EMITTED DURING RECOMBINATION IS APPROXIMATELY EQUAL TO THE BAND GAP ENERGY

\(E_c\):

\[ E_{PHoTON} \APPROX E_G \]

SINCE THE ENERGY OF A PHOTON IS RELATED TO ITS WAVELENGTH \(\LAMBDA\) BY:

\[ E_{PrHoToN} = \rrAac{Hc}{\LAMBDA] \]

WHERE:

- \(H\) 1s PLANCK’s consTANT (\(6.626 \TiMes 107{-343}\) Js),

- \(c\) 1s THe speep oF LiGHT (\(3.0 \TiMes 1078\) m/s),

THE EMITTED LIGHT'S WAVELENGTH \(\LAMBDA)) IS INVERSELY PROPORTIONAL TO THE BAND GAP:

\[ \LAameDA = \rrRAC{HCHE G} \]

THIS MEANS THAT A LARGER BAND GAP RESULTS IN HIGHER-ENERGY PHOTONS WITH SHORTER WAVELENGTHS (TOWARDS THE

BLUE AND ULTRAVIOLET SPECTRUM), WHEREAS A SMALLER BAND GAP PRODUCES LOWER~ENERGY PHOTONS WITH LONGER
W AVELENGTHS (TO\X/ARDS THE RED AND INFRARED SPECTRUM).

WHY Does THe LED EmMIT GrReeN LIGHT? THe RoLE oF BAND GAP ENERGY

THE SPECIFIC COLOR EMITTED BY AN LED HINGES ON THE SEMICONDUCTOR MATERIAL USED. FOR GREEN LIGHT, THE BAND GAP
TYPICALLY RANGES AROUND 2.3 TO 2.4 EV, CORRESPONDING TO WAVELENGTHS APPROXIMATELY BETWEEN 520 AnD 550
NANOMETERS. COMMON MATERIALS FOR GREEN LEDS INCLUDE:



- GALLIUM NiTRIDE (GAN) ALLOYS WITH SPECIFIC DOPING.
- INDIUM GALLIUM NITRIDE (INGAN) WITH TAILORED COMPOSITIONS.

THE PRECISE BAND GAP ENGINEERING ALLOWS MANUFACTURERS TO PRODUCE LEDS EMITTING AT DESIRED WAVELENGTHS WITHIN
THE VISIBLE SPECTRUM.

MoDIFYING THE BAND GAP: STRATEGIES TO CHANGE EMISSIoN CoOLOR

IF THE GOAL IS TO ALTER THE EMISSION COLOR OF AN LED, ONE EFFECTIVE APPROACH INVOLVES CHANGING THE SIZE OF THE
BAND GAP OF THE SEMICONDUCTOR MATERIAL. SEVERAL METHODS ARE EMPLOYED TO ACHIEVE THIS:

1. MATERIAL COMPOSITION ENGINEERING

BY VARYING THE COMPOSITION OF SEMICONDUCTOR ALLOYS, SCIENTISTS CAN FINE-TUNE THE BAND GAP:

- INGAN ALLOYS: ADJUSTING THE INDIUM CONCENTRATION SHIFTS THE EMISSION FROM VIOLET TO GREEN, YELLOW , AND RED.

- ALGAAS: ALTERING ALUMINUM AND GALLIUM RATIOS MODIFIES THE BAND GAP FOR DIFFERENT EMISSION COLORS, TYPICALLY IN
THE INFRARED TO RED RANGE.

® HIGHER INDIUM CONTENT IN INGAN RESULTS IN A SMALLER BAND GAP, SHIFTING EMISSION TOW ARDS RED.

e | OWER INDIUM CONTENT INCREASES THE BAND GAP, PRODUCING BLUE OR VIOLET LIGHT.

2. QUANTUM CONFINEMENT EFFECTS

IN NANOSTRUCTURED SEMICONDUCTORS (QUANTUM WELLS, DOTS, OR \X/IRES)/ ELECTRONS AND HOLES ARE CONFINED IN SMALL
DIMENSIONS, WHICH AFFECTS THE EFFECTIVE BAND GAP:

- QUANTUM WELLS: THIN LAYERS OF A NARROWER BAND GAP MATERIAL SANDWICHED BETWEEN WIDER BAND GAP MATERIALS
CAN PRODUCE EMISSION AT DIFFERENT WAVELENGTHS DEPENDING ON THE WELL WIDTH.

- QUANTUM DoTs: ZERO-DIMENSIONAL STRUCTURES WITH SIZE-DEPENDENT ENERGY LEVELS, SMALLER DOTS TEND TO EMIT BLUER
LIGHT, LARGER DOTS EMIT REDDER LIGHT.

THIS SIZE-DEPENDENT TUNING ALLOWS PRECISE CONTROL OVER EMISSION COLOR WITHOUT ALTERING THE BULK MATERIAL
COMPOSITION.

3. STRAIN ENGINEERING

APPLYING MECHANICAL STRAIN TO THE SEMICONDUCTOR LATTICE ALTERS THE ELECTRONIC BAND STRUCTURE:
- COMPRESSIVE OR TENSILE STRAIN CAN WIDEN OR NARROW THE BAND GAP.

- STRAIN CAN BE INTRODUCED DURING EPITAXIAL GROWTH BY LATTICE MISMATCH WITH THE SUBSTRATE OR VIA EXTERNAL
STRESSORS.

4. ExTERNAL ELECTRIC FIELDS (STARK EFFECT)



APPLYING ELECTRIC FIELDS CAN CAUSE BAND BENDING AND MODIFY THE ENERGY LEVELS:

- THE QUANTUM-CONFINED STARK EFFECT CAN SHIFT EMISSION W AVELENGTHS.
- THIS METHOD ALLOWS DYNAMIC TUNING OF EMISSION COLOR, ALBEIT TYPICALLY WITHIN A NARROW RANGE.

IMPACT OF INCREASING THE BAND GAP ON EMISsION CoOLOR

BY INCREASING THE SIZE OF THE BAND GAP, THE ENERGY OF THE EMITTED PHOTONS INCREASES, LEADING TO A SHIFT IN THE
EMISSION TOWARDS SHORTER WAVELENGTHS!

- FrRoM GREEN TO BLUE OR ULTRAVIOLET: INCREASING THE BAND GAP FROM ~2.4 £V TO ABOVE 3 EV SHIFTS THE EMISSION
FROM GREEN TO BLUE OR EVEN ULTRAVIOLET.

- CoLor TUNING RANGE: THE ABILITY TO ENGINEER THE BAND GAP ALLOWS FOR A BROAD SPECTRUM OF EMISSION COLORS,
FrRoM DEEP RED (~ 1.8 EV) To ULTRAVIOLET (>3.5 EV).

PrACTICAL IMPLICATIONS AND CHALLENGES

\W/HILE BAND GAP ENGINEERING OFFERS POWERFUL MEANS TO CONTROL LED EMISSION, SEVERAL CHALLENGES EXIST:

- MATERIAL QUALITYI HIGH-QUALITY CRYSTAL GROWTH BECOMES MORE DIFFICULT AT EXTREME COMPOSITIONS OR
NANOSTRUCTURES.

- EFFICIENCY: AS THE BAND GAP INCREASES, NON-RADIATIVE RECOMBINATION PATHWAYS MAY BECOME MORE PREVALENT,
REDUCING EFFICIENCY.

- DEVICE STABILITY: STRAIN AND COMPOSITION VARIATIONS CAN INTRODUCE DEFECTS THAT IMPACT DEVICE LONGEVITY.

DESPITE THESE CHALLENGES, ADVANCES IN MATERIAL SCIENCE CONTINUE TO PUSH THE BOUNDARIES OF WHAT IS ACHIEVABLE IN
LED TECHNOLOGY.

ReAL-\W/ oORLD APPLICATIONS AND FUTURE DIRECTIONS

TUNING THE EMISSION COLOR THROUGH BAND GAP MODIFICATION HAS NUMEROUS APPLICATIONS:

- FuLL-CoLor DISPLAYS: PRECISE CONTROL OVER EMISSION WAVELENGTHS FOR VIBRANT SCREENS.

- WHITE LIGHT GENERATION: COMBINING MULTIPLE LEDS WITH DIFFERENT BAND GAPS TO PRODUCE WHITE LIGHT.
- SPECIALIZED LIGHTING: UV LEDS FOR STERILIZATION, BLACK LIGHTS, OR MEDICAL APPLICATIONS.

- OPTOELECTRONIC DEVICES: L ASER DIODES, PHOTODETECTORS, AND QUANTUM INFORMATION SYSTEMS.

FUTURE RESEARCH FOCUSES ON:

- DEVELOPING NOVEL MATERIALS WITH WIDER TUNABLE BAND GAPS.
- ENHANCING EFFICIENCY AT EXTREME COMPOSITIONS.
- INTEGRATING NANOSTRUCTURES FOR DYNAMIC COLOR TUNING.

CoNcCLUSION

THE COLOR OF LIGHT EMITTED BY AN LED FUNDAMENTALLY DEPENDS ON THE BAND GAP OF ITS SEMICONDUCTOR MATERIAL. BY
INCREASING THE SIZE OF THIS BAND GAP, THE ENERGY OF EMITTED PHOTONS RISES, RESULTING IN A SHIFT FROM GREEN TOW ARDS
BLUE, ULTRAVIOLET, OR EVEN BEYOND. THROUGH METHODS SUCH AS ALLOY COMPOSITION ADJUSTMENT, QUANTUM
CONFINEMENT , STRAIN ENGINEERING, AND ELECTRIC FIELD APPLICATION, SCIENTISTS CAN TAILOR THE EMISSION SPECTRUM OF LEDs
TO MEET DIVERSE TECHNOLOGICAL NEEDS. AS MATERIAL SCIENCE ADVANCES, THE CAPACITY TO PRECISELY CONTROL AND
MANIPULATE THE BAND GAP WILL CONTINUE TO EXPAND, OPENING NEW HORIZONS IN LIGHTING, DISPLAYS, AND OPTOELECTRONIC



APPLICATIONS.

FREQUENTLY ASkeD QUESTIONS

\W/HY DOES INCREASING THE BAND GAP SIZE IN AN LED CAUSE A CHANGE IN THE EMITTED
LIGHT'S COLOR?

INCREASING THE BAND GAP SIZE REQUIRES ELECTRONS TO RELEASE MORE ENERGY WHEN RECOMBINING WITH HOLES, RESULTING IN
THE EMISSION OF PHOTONS WITH HIGHER ENERGY, WHICH SHIFTS THE EMITTED LIGHT TOWARD THE BLUE OR VIOLET END OF THE
SPECTRUM INSTEAD OF GREEN.

How Is THE COLOR OF AN LED DETERMINED BY ITS BAND GAP?

THE COLOR OF AN LED IS DIRECTLY RELATED TO THE ENERGY OF THE PHOTONS IT EMITS, WHICH DEPENDS ON THE BAND GAP SIZE,
LARGER BAND GAPS PRODUCE HIGHER-ENERGY (SHORTER \X/AVELENGTH) LIGHT, CHANGING THE EMITTED COLOR.

CAN CHANGING THE BAND GAP SIZE IN AN LED BE ACHIEVED THROUGH MATERIAL
SELECTION?

YES/ BY CHOOSING DIFFERENT SEMICONDUCTOR MATERIALS OR ALLOY COMPOSITIONS, ENGINEERS CAN ALTER THE BAND GAP SIZE,
THUS CONTROLLING THE COLOR OF THE EMITTED LIGHT.

W/HAT MATERIALS ARE COMMONLY USED TO PRODUCE LEDS WITH DIFFERENT COLORS
BASED ON THEIR BAND GAP?

MATERIALS SUCH AS GALLIUM ARSENIDE (GAAS), GALLIUM NITRIDE (GAN), AND ALUMINUM GALLIUM INDIUM PHOSPHIDE
(ALGAINP) ARE USED TO PRODUCE LEDS WITH VARIOUS BAND GAPS, RESULTING IN DIFFERENT EMISSION COLORS.

IS INCREASING THE BAND GAP SIZE ALWAYS DESIRABLE FOR LED APPLICATIONS?

NoT NECESSARILY, WHILE LARGER BAND GAPS CAN PRODUCE BLUER OR VIOLET LIGHT, THEY MAY ALSO REQUIRE HIGHER ENERGY
INPUT AND IMPACT EFFICIENCY, SO THE CHOICE DEPENDS ON THE DESIRED APPLICATION AND EFFICIENCY CONSIDERATIONS.

\WHAT ROLE DOES QUANTUM CONFINEMENT PLAY IN CHANGING THE EMISSION COLOR OF
LEDs?

QUANTUM CONFINEMENT IN NANOSTRUCTURES CAN EFFECTIVELY INCREASE THE BAND GAP SIZE, LEADING TO A SHIFT IN EMISSION
TOWARD SHORTER WAVELENGTHS, ALLOWING FOR TUNABLE LED coLors.

How DOES TEMPERATURE AFFECT THE BAND GAP AND THE EMITTED COLOR OF AN LED?

AS TEMPERATURE INCREASES, THE BAND GAP TYPICALLY DECREASES, CAUSING THE EMITTED LIGHT TO SHIFT TOWARD LONGER
W AVELENGTHS (RED SHIFT), WHICH CAN ALTER THE PERCEIVED COLOR.

CAN MODIFYING THE BAND GAP SIZE IMPROVE THE EFFICIENCY OF LEDs?

ADJUSTING THE BAND GAP CAN INFLUENCE EFFICIENCY;, OPTIMIZING THE BAND GAP FOR SPECIFIC WAVELENGTHS CAN REDUCE
ENERGY LOSSES AND IMPROVE THE OVERALL LUMINOUS EFFICIENCY OF THE LED.



\WHAT ARE THE CHALLENGES IN DESIGNING LEDS WITH LARGER BAND GAPS FOR SPECIFIC
COLORS?

CHALLENGES INCLUDE MATERIAL SYNTHESIS DIFFICULTIES, MANAGING LATTICE MISMATCHES, ACHIEVING HIGH-QUALITY CRYSTAL
GROWTH, AND ENSURING EFFICIENT CHARGE INJECTION, ALL OF WHICH ARE CRITICAL FOR RELIABLE AND BRIGHT EMISSION AT THE
DESIRED WAVELENGTH.

ADDITIONAL RESOURCES

AN LED EMITs GreeN LIGHT. INCREASING THE Size OF THE BAND GAP CouLb CHANGE THE CoLor OF THe EMITTED LIGHT

INTRODUCTION

LIGHT-EMITTING DIODES (LEDS) HAVE REVOLUTIONIZED THE WORLD OF LIGHTING AND DISPLAY TECHNOLOGY. THEIR EFFICIENCY,
LONGEVITY, AND VERSATILITY HAVE MADE THEM A CORNERSTONE FOR APPLICATIONS RANGING FROM HOUSEHOLD ILLUMINATION
TO HIGH-RESOLUTION DISPLAYS. CENTRAL TO THEIR OPERATION IS THE PROCESS OF ELECTROLUMINESCENCE, WHICH IS
INTRINSICALLY TIED TO THE ELECTRONIC PROPERTIES OF THE SEMICONDUCTOR MATERIALS USED—MOST NOTABLY, THE SIZE OF
THEIR BAND GAPS. THIS ARTICLE EXPLORES THE FUNDAMENT AL MECHANISMS BEHIND LED EMISSION COLORS, THE RELATIONSHIP
BETWEEN BAND GAP SIZE AND EMITTED PHOTON WAVELENGTH, AND HOW MANIPULATING THE BAND GAP CAN ALTER THE COLOR
OF THE EMITTED LIGHT, WITH A PARTICULAR FOCUS ON THE TRANSITION FROM GREEN TO OTHER SPECTRAL REGIONS.

FUNDAMENTAL PRINCIPLES OF LED OPERATION

THe NATURE OF BAND GAPS IN SEMICONDUCTORS

AT THE CORE OF AN LED’S FUNCTION LIES THE SEMICONDUCTOR’S ELECTRONIC BAND STRUCTURE. THE BAND GAP (OR BANDGAP
ENERGY, EG) IS THE ENERGY DIFFERENCE BETWEEN THE VALENCE BAND (FILLED WITH ELECTRONS) AND THE CONDUCTION BAND
(WHERE ELECTRONS CAN MOVE FREELY ). WHEN A FORWARD BIAS IS APPLIED, ELECTRONS ARE INJECTED INTO THE CONDUCTION
BAND WHILE HOLES (THE ABSENCE OF ELECTRONS) ARE INTRODUCED INTO THE VALENCE BAND. \W/HEN THESE ELECTRONS
RECOMBINE WITH HOLES, PHOTONS ARE EMITTED—THIS PROCESS IS KNOWN AS ELECTROLUMINESCENCE.

THe ENERGY (AND THUS THE WAVELENGTH OR COLOR) OF THE EMITTED PHOTON IS DIRECTLY RELATED TO THE BAND GAP:

\[ E_{pHoTON} \APPROX E_G \]

WHERE \( E_G \) IS THE BAND GAP ENERGY.

EMISsION W/ AVELENGTH AND BAND GAP RELATIONSHIP

THe WAVELENGTH \( \LAMBDA \) OF EMITTED LIGHT IS INVERSELY PROPORTIONAL TO THE PHOTON ENERGY

\[ \LAameDA = \rrRAC{HCHE G} \]

WHERE:

- \(H\) 1S PLANCK'S CONSTANT,

-\(c'\) IS THE SPEED OF LIGHT IN VACUUM,

-\(E_G \) IS THE BAND GAP ENERGY.

THIS FUNDAMENTAL RELATION MEANS THAT:

- SMALLER BAND GAPS PRODUCE LONGER WAVELENGTHS (RED/ INFRARED)/
- LARGER BAND GAPS PRODUCE SHORTER WAVELENGTHS (BLUE, ULTRAVIOLET).



IN PRACTICE, THE PRECISE CONTROL OF THE BAND GAP ALLOWS THE TAILORING OF LED EMISSION ACROSS THE VISIBLE
SPECTRUM.

THe GReeN LIGHT Emission: A CASE STuby

GREEN LEDS TYPICALLY INVOLVE SEMICONDUCTOR MATERIALS SUCH AS GALLIUM NITRIDE (GAN) poped wiITH INDIUM (INGAN).
THE BAND GAP OF THESE MATERIALS IS TUNED DURING FABRICATION TO EMIT IN THE GREEN SPECTRAL REGION (~495-570 nm).
DESPITE THEIR WIDESPREAD USE, GREEN LEDS HAVE HISTORICALLY POSED FABRICATION AND EFFICIENCY CHALLENGES, KNOWN AS
THE “GREEN GAP,” DUE TO DIFFICULTIES IN BALANCING MATERIAL QUALITY AND EMISSION EFFICIENCY.

CHALLENGES IN EMISsioN TUNING

- MATERIAL QUALITY: ACHIEVING UNIFORM INDIUM INCORPORATION IN INGAN IS COMPLEX.
- EFFICIENCY LIMITATIONS: NON-RADIATIVE RECOMBINATION CENTERS AND DEFECT STATES CAN QUENCH EMISSION.
- BAND GAP ENGINEERING: PRECISE CONTROL OVER COMPOSITION IS CRITICAL FOR DESIRED EMISSION WAVELENGTH.

INCREASING THE BAND GAP: CHANGING THE EMISsIoN CoLoR
THEORETICAL FOUNDATIONS

GIVEN THE DIRECT RELATIONSHIP BETWEEN BAND GAP ENERGY AND EMITTED PHOTON WAVELENGTH, INCREASING THE BAND GAP OF
THE SEMICONDUCTOR MATERIAL SHOULD INCREASE THE PHOTON ENERGY, RESULTING IN A SHIFT TOWARD SHORTER WAVELENGTHS
(BLUER OR ULTRAVIOLET LIGHT).

FOR EXAMPLE:

- FroM GreeN (~530 nM, ~2.34 eV) To BLUE (~470 nM, ~2.64 EV),
- FroM GrReeN (~530 nM) To ULTRAVIOLET (~350 nM, ~3.54 V).

THIS SHIFT IS ACHIEVED BY MODIFYING THE SEMICONDUCTOR’S COMPOSITION, STRUCTURE, AND STRAIN CONDITIONS.
METHODS OF BAND GAP ENGINEERING

1. MATERIAL COMPOSITION ADJUSTMENT

- VARYING THE ALLOY COMPOSITION, SUCH AS INCREASING THE INDIUM CONTENT IN INGAN, TYPICALLY REDUCES THE BAND GAP.
CONVERSELY, DECREASING INDIUM OR INCREASING ALUMINUM IN RELATED COMPOUNDS INCREASES THE BAND GAP.

2. QUANTUM CONFINEMENT EFFECTS

- FABRICATING QUANTUM WELLS OR QUANTUM DOTS WITH SMALLER DIMENSIONS ENHANCES QUANTUM CONFINEMENT,
EFFECTIVELY WIDENING THE BAND GAP.

3. STRAIN ENGINEERING

- APPLYING STRAIN THROUGH LATTICE MISMATCH OR SUBSTRATE SELECTION ALTERS THE ELECTRONIC BAND STRUCTURE,
ENABLING BAND GAP TUNING.

4. DoprING AND DerecT CoNTROL

- INTRODUCING SPECIFIC DOPANTS CAN MODIFY ELECTRONIC STATES AND INFLUENCE THE EFFECTIVE BAND GAP.

PrACTICAL IMPLICATIONS: CHANGING EMITTED LIGHT CoLor THROUGH BAND GAP INCREASE
TRANSITION FROM GREEN TO BLUE AND BEYOND

INCREASING THE BAND GAP IN A SEMICONDUCTOR MATERIAL SHIFTS THE EMISSION FROM GREEN TOWARD BLUE OR ULTRAVIOLET
REGIONS. THIS TRANSITION INVOLVES:

- MATERIAL SUBSTITUTION: REPLACING OR ALLOYING MATERIALS TO ACHIEVE HIGHER BAND GAPS.



- STRUCTURAL MODIFICATIONS: USING QUANTUM WELLS OR DOTS TO INDUCE SIZE-DEPENDENT EFFECTS.
- STRAIN MANAGEMENT: EMPLOYING STRAIN TO MODIFY THE ELECTRONIC PROPERTIES.

THESE APPROACHES ARE SUCCESSFULLY IMPLEMENTED IN MODERN LED MANUFACTURING. FOR INSTANCE, SHIFTING FROM INGAN-
BASED GREEN LEDs To BLUE LEDS INVOLVES INCREASING THE BAND GAP BY CONTROLLING INDIUM CONTENT AND QUANTUM WELL
PARAMETERS.

POTENTIAL FOR ULTRAVIOLET LEDs

FURTHER INCREASES IN THE BAND GAP LEAD TO ULTRAVIOLET EMISSION, OPENING AVENUES FOR APPLICATIONS IN STERILIZATION,
W ATER PURIFICATION, AND HIGH-DENSITY OPTICAL STORAGE.

LIMITATIONS AND CHALLENGES

\W/HILE INCREASING THE BAND GAP CAN THEORETICALLY PRODUCE SHORTER WAVELENGTH EMISSION, PRACTICAL CHALLENGES
INCLUDE:

- MATERIAL QUALITY DETERIORATION: LARGER BAND GAPS OFTEN COME WITH INCREASED DEFECT DENSITIES.

- EFFICIENCY DROP: NON-RADIATIVE PATHWAYS CAN DOMINATE AS MATERIALS BECOME MORE STRAINED OR DISORDERED.

- FABRICATION COMPLEXITY: ACHIEVING PRECISE ALLOY COMPOSITIONS AND STRUCTURES AT NANOSCALE BECOMES MORE
DIFFICULT.

MOREOVER, AS THE BAND GAP WIDENS, THE ENERGY OF THE EMITTED PHOTONS INCREASES, WHICH CAN CAUSE ISSUES SUCH AS
MATERIAL DEGRADATION AND INCREASED FABRICATION COSTS.

FUTURE DIRECTIONS IN BAND GAP ENGINEERING
RESEARCH CONTINUES TO PUSH THE BOUNDARIES OF BAND GAP MANIPULATION TO PRODUCE LEDS wITH:

- BROADER SPECTRAL COVERAGE,
- HIGHER EFFICIENCY ACROSS THE SPECTRUM,
- ENHANCED STABILITY UNDER HIGH OPERATING VOLTAGES AND TEMPERATURES.

EMERGING TECHNIQUES INCLUDE:

- TWO-DIMENSIONAL MATERIALS (LIKE TRANSITION METAL DICHALCOGENIDES) WITH TUNABLE BAND GAPS,
- PerovskITE-BASED LEDS WITH ADJUSTABLE OPTICAL PROPERTIES,
- STRAIN-ENGINEERED HETEROSTRUCTURES TO FINELY TUNE EMISSION WAVELENGTHS.

CoNCLUSION

THE ABILITY TO CONTROL THE COLOR OF EMITTED LIGHT BY MANIPULATING THE SEMICONDUCTOR’S BAND GAP IS A
CORNERSTONE OF MODERN OPTOELECTRONICS. AN LED EMITS GREEN LIGHT BECAUSE ITS ACTIVE MATERIALS HAVE A SPECIFIC
BAND GAP ENERGY THAT CORRESPONDS TO THAT SPECTRAL REGION. INCREASING THE SIZE OF THE BAND GAP SHIFTS THE EMISSION
TOWARD SHORTER WAVELENGTHS, ENABLING THE CREATION OF BLUE, ULTRAVIOLET, OR EVEN MORE EXOTIC LIGHT SOURCES.

UNDERSTANDING THE INTERPLAY BETWEEN MATERIAL COMPOSITION, STRUCTURAL DESIGN, AND ELECTRONIC PROPERTIES IS
ESSENTIAL FOR ADVANCING LED TECHNOLOGY. WHILE CHALLENGES REMAIN—PARTICULARLY IN MAINTAINING EFFICIENCY AND
MATERIAL STABILITY AT HIGHER BAND GAPS—ONGOING INNOVATIONS PROMISE EVEN MORE VERSATILE, EFFICIENT, AND COLORFUL
LED DEVICES IN THE FUTURE.

THIS EXPLORATION UNDERSCORES THE PROFOUND IMPACT THAT FUNDAMENTAL ELECTRONIC PROPERTIES HAVE ON PRACTICAL
APPLICATIONS, ILLUSTRATING HOW A NUANCED UNDERSTANDING OF BAND GAP ENGINEERING CAN LEAD TO BREAKTHROUGHS IN



LIGHTING, DISPLAY, AND PHOTONICS TECHNOLOGIES.
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