SEMICONDUCTOR PHYSICS AND DEVICES BASIC PRINCIPLES

THE FUNDAMENTAL UNDERSTANDING OF SEMICONDUCTOR PHYSICS AND DEVICES BASIC PRINCIPLES IS CRUCIAL FOR ANYONE
VENTURING INTO THE WORLD OF ELECTRONICS, FROM ASPIRING ENGINEERS TO SEASONED RESEARCHERS. THESE PRINCIPLES FORM
THE BEDROCK UPON WHICH OUR MODERN DIGITAL AGE IS BUILT, POWERING EVERYTHING FROM THE SMARTPHONES IN OUR POCKETS
TO THE COMPLEX COMPUTING SYSTEMS THAT DRIVE SCIENTIFIC DISCOVERY. DELVING INTO THIS INTRICATE FIELD REVEALS THE
FASCINATING INTERPLAY OF QUANTUM MECHANICS AND MATERIAL SCIENCE THAT ALLOWS FOR THE MANIPULATION OF
ELECTRICAL CONDUCTIVITY. WE WILL EXPLORE THE UNIQUE PROPERTIES OF SEMICONDUCTOR MATERIALS, THE BEHAVIOR OF
CHARGE CARRIERS WITHIN THEM, AND HOW THESE FUNDAMENTAL CONCEPTS TRANSLATE INTO THE CREATION OF ESSENTIAL
ELECTRONIC COMPONENTS. THIS COMPREHENSIVE ARTICLE AIMS TO DEMYSTIFY THESE CORE IDEAS, PROVIDING A CLEAR AND
ACCESSIBLE PATHWAY TO GRASPING THE ESSENCE OF SEMICONDUCTOR OPERATION.
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UNDERSTANDING SEMICONDUCTOR MATERIALS

SEMICONDUCTOR PHYSICS AND DEVICES BASIC PRINCIPLES BEGIN WITH AN APPRECIATION FOR THE UNIQUE MATERIALS THAT
DEFINE THIS FIELD. UNLIKE CONDUCTORS, WHICH READILY ALLOW ELECTRIC CURRENT TO FLOW/, OR INSULATORS, WHICH RESIST
IT ALMOST ENTIRELY, SEMICONDUCTORS POSSESS A CONDUCTIVITY THAT CAN BE PRECISELY CONTROLLED. THIS INTERMEDIATE
CONDUCTIVITY IS THEIR SUPERPOWER, ENABLING US TO BUILD INTRICATE CIRCUITS THAT CAN AMPLIFY SIGNALS, SWITCH THEM
ON AND OFF, AND PERFORM COMPLEX LOGICAL OPERATIONS. THE MOST COMMONLY ENCOUNTERED SEMICONDUCTOR MATERIALS
ARE ELEMENTS FROM GROUP |V OF THE PERIODIC TABLE, SUCH AS SILICON (SI) AND GERMANIUM (GE), DUE TO THEIR ATOMIC
STRUCTURE, WHICH LENDS ITSELF PERFECTLY TO CONTROLLED ELECTRICAL BEHAVIOR. OTHER COMPOUND SEMICONDUCTORS,
LIKE GALLIUM ARSENIDE (GAAS)/ ALSO PLAY VITAL ROLES IN SPECIALIZED APPLICATIONS.

THE MAGIC LIES WITHIN THE ATOMIC ARRANGEMENT AND THE BEHAVIOR OF ELECTRONS. IN A SOLID SEMICONDUCTOR CRYSTAL,
ATOMS ARE HELD TOGETHER BY COVALENT BONDS, WHERE EACH ATOM SHARES ITS OUTER VALENCE ELECTRONS WITH ITS
NEIGHBORS. THESE VALENCE ELECTRONS ARE CRUCIAL. AT ABSOLUTE ZERO TEMPERATURE, ALL ELECTRONS ARE TIGHTLY BOUND,
AND THE MATERIAL ACTS LIKE AN INSULATOR. HO\X/E\/ER, AS TEMPERATURE INCREASES, OR WHEN EXTERNAL ENERGY IS SUPPLIED,
SOME OF THESE VALENCE ELECTRONS GAIN ENOUGH ENERGY TO BREAK FREE FROM THEIR BONDS AND BECOME MOBILE CHARGE
CARRIERS. THIS ABILITY TO TRANSITION FROM A BOUND STATE TO A MOBILE STATE IS THE HALLMARK OF SEMICONDUCTOR
BEHAVIOR.

INTRINSIC SEMICONDUCTORS

INTRINSIC SEMICONDUCTORS ARE PURE SEMICONDUCTOR MATERIALS WITHOUT ANY SIGNIFICANT IMPURITIES ADDED. IN THEIR
INTRINSIC STATE, THE NUMBER OF FREE ELECTRONS IS EQUAL TO THE NUMBER OF “HOLES” = WHICH WE'LL DISCUSS MORE ABOUT
SHORTLY. W/HEN AN ELECTRON BREAKS FREE FROM ITS COVALENT BOND, IT LEAVES BEHIND A VACANT SPOT IN THE BOND
STRUCTURE. THIS VACANT SPOT IS CALLED A HOLE, AND IT CAN ALSO ACT AS A MOBILE CHARGE CARRIER. IMAGINE A ROW OF
PEOPLE HOLDING HANDS; IF ONE PERSON LETS GO, THERE'S AN EMPTY SPACE. THIS EMPTY SPACE CAN EFFECTIVELY MOVE AS THE
PEOPLE AROUND IT SHIFT TO FILL IT, CREATING THE ILLUSION THAT THE EMPTY SPACE ITSELF IS MOVING.



THE CONDUCTIVITY OF AN INTRINSIC SEMICONDUCTOR IS RELATIVELY LOW AND HIGHLY DEPENDENT ON TEMPERATURE. AS
TEMPERATURE RISES, MORE ELECTRONS GAIN SUFFICIENT THERMAL ENERGY TO BREAK THEIR BONDS, INCREASING THE NUMBER OF
BOTH FREE ELECTRONS AND HOLES. THIS MEANS THAT THE ELECTRICAL CONDUCTIVITY OF AN INTRINSIC SEMICONDUCTOR
INCREASES WITH TEMPERATURE, WHICH IS THE OPPOSITE BEHAVIOR OF MOST METALS. W/HILE INTRINSIC SEMICONDUCTORS ARE
FUNDAMENTAL TO UNDERSTANDING THE UNDERLYING PHYSICS, THEY ARE RARELY USED IN THEIR PURE FORM FOR PRACTICAL
ELECTRONIC DEVICES. THEIR CONDUCTIVITY IS SIMPLY NOT CONTROLLABLE ENOUGH FOR THE PRECISE FUNCTIONS REQUIRED.

EXTRINSIC SEMICONDUCTORS: DoPING AND CHARGE CARRIERS

THE REAL POWER OF SEMICONDUCTOR TECHNOLOGY COMES ALIVE WITH THE PROCESS OF DOPING. DOPING IS THE INTENTIONAL
INTRODUCTION OF SPECIFIC IMPURITIES INTO A PURE SEMICONDUCTOR CRYSTAL TO ALTER ITS ELECTRICAL CONDUCTIVITY. THIS
IS WHERE WE MOVE FROM INTRINSIC TO EXTRINSIC SEMICONDUCTORS, AND IT'S THE KEY TO CREATING FUNCTIONAL ELECTRONIC
COMPONENTS. BY ADDING JUST A TINY AMOUNT OF IMPURITY ATOMS, WE CAN DRAMATICALLY INCREASE THE NUMBER OF EITHER
FREE ELECTRONS OR HOLES, MAKING THE SEMICONDUCTOR MATERIAL MORE CONDUCTIVE AND GIVING US CONTROL OVER ITS
ELECTRICAL PROPERTIES.

THERE ARE TWO MAIN TYPES OF EXTRINSIC SEMICONDUCTORS, CATEGORIZED BY THE TYPE OF IMPURITY ADDED AND THE
DOMINANT CHARGE CARRIER THEY CREATE. THESE ARE N-TYPE AND P-TYPE SEMICONDUCTORS, AND UNDERSTANDING THEM IS
PARAMOUNT TO GRASPING SEMICONDUCTOR PHYSICS AND DEVICES BASIC PRINCIPLES.

N-TYPE SEMICONDUCTORS

N-TYPE SEMICONDUCTORS ARE CREATED BY DOPING A PURE SEMICONDUCTOR, LIKE SILICON, WITH PENTAVALENT IMPURITY
ATOMS. PENTAVALENT ATOMS HAVE FIVE VALENCE ELECTRONS. W/HEN SUCH AN ATOM REPLACES A SILICON ATOM IN THE
CRYSTAL LATTICE, FOUR OF ITS VALENCE ELECTRONS FORM COVALENT BONDS WITH NEIGHBORING SILICON ATOMS, JUST LIKE THE
SILICON ATOM IT REPLACED. HOWEVER, THE FIFTH VALENCE ELECTRON OF THE IMPURITY ATOM IS LOOSELY BOUND AND EASILY
BREAKS FREE, BECOMING A MOBILE CHARGE CARRIER. THESE EXTRA FREE ELECTRONS MAKE THE N-TYPE SEMICONDUCTOR HAVE AN
EXCESS OF NEGATIVE CHARGE CARRIERS, HENCE THE NAME “N-TYPE” (NEGATIVE).

IN N-TYPE SEMICONDUCTORS, ELECTRONS ARE THE MAJORITY CHARGE CARRIERS, MEANING THERE ARE SIGNIFICANTLY MORE FREE
ELECTRONS THAN HOLES. THE IMPURITY ATOMS THAT DONATE THESE EXTRA ELECTRONS ARE CALLED DONOR ATOMS. THE
CONDUCTIVITY OF N-TYPE SEMICONDUCTORS IS PRIMARILY DETERMINED BY THE CONCENTRATION OF THESE DONOR IMPURITIES.
THE INTRODUCTION OF THESE IMPURITIES DRAMATICALLY INCREASES THE MATERIAL'S CONDUCTIVITY COMPARED TO ITS
INTRINSIC STATE, MAKING IT MUCH MORE USEFUL FOR ELECTRONIC APPLICATIONS.

P-TYPE SEMICONDUCTORS

P-TYPE SEMICONDUCTORS, ON THE OTHER HAND, ARE FORMED BY DOPING A PURE SEMICONDUCTOR WITH TRIVALENT IMPURITY
ATOMS. TRIVALENT ATOMS HAVE THREE VALENCE ELECTRONS. W/HEN A TRIVALENT IMPURITY ATOM IS INTRODUCED INTO THE
SILICON LATTICE, IT CAN ONLY FORM COVALENT BONDS WITH THREE OF ITS NEIGHBORING SILICON ATOMS. THIS LEAVES A
DEFICIENCY OF ONE ELECTRON IN THE BONDING STRUCTURE, CREATING A HOLE. THIS HOLE CAN ACCEPT AN ELECTRON FROM A
NEIGHBORING ATOM, EFFECTIVELY MOVING THE HOLE THROUGH THE CRYSTAL. THESE MATERIALS HAVE AN EXCESS OF POSITIVE
CHARGE CARRIERS (HOLES), HENCE THE NAME “P-TYPE” (POSITIVE).

IN P-TYPE SEMICONDUCTORS, HOLES ARE THE MAJORITY CHARGE CARRIERS. THE IMPURITY ATOMS THAT CREATE THESE HOLES
ARE CALLED ACCEPTOR ATOMS BECAUSE THEY READILY ACCEPT ELECTRONS. SIMILAR TO N-TYPE SEMICONDUCTORS, DOPING
WITH TRIVALENT IMPURITIES SIGNIFICANTLY INCREASES THE CONDUCTIVITY OF THE MATERIAL. THE CONCENTRATION OF
ACCEPTOR IMPURITIES DICTATES THE NUMBER OF HOLES AVAILABLE AS CHARGE CARRIERS. THE ABILITY TO CREATE BOTH N-TYPE
AND P-TYPE MATERIALS IS FUNDAMENTAL TO BUILDING MOST SEMICONDUCTOR DEVICES.



THe P-N JuncTioN: THE HEART oF SEMICcoNDUCTOR DEeVICES

THE P-N JUNCTION IS ARGUABLY THE MOST FUNDAMENTAL BUILDING BLOCK OF ALMOST ALL SEMICONDUCTOR DEVICES. T IS
FORMED BY BRINGING TOGETHER A P-TYPE SEMICONDUCTOR AND AN N-TYPE SEMICONDUCTOR. W/HEN THESE TWO TYPES OF
MATERIALS ARE JOINED, SOMETHING REMARKABLE HAPPENS AT THE INTERFACE. THE EXCESS HOLES FROM THE P-TYPE SIDE BEGIN
TO DIFFUSE ACROSS THE JUNCTION INTO THE N-TYPE SIDE, WHERE THERE ARE FEWER HOLES. SIMULTANEOUSLY, THE EXCESS
ELECTRONS FROM THE N-TYPE SIDE DIFFUSE ACROSS THE JUNCTION INTO THE P-TYPE SIDE, WHERE THERE ARE FEWER ELECTRONS.

THIS DIFFUSION PROCESS DOESN'T CONTINUE INDEFINITELY. AS ELECTRONS MOVE FROM THE N-SIDE TO THE P-SIDE, THEY FILL
SOME OF THE HOLES THERE, LEAVING BEHIND POSITIVELY CHARGED DONOR IONS IN THE N-TYPE MATERIAL NEAR THE JUNCTION.
SIMILARLY, AS HOLES MOVE FROM THE P-SIDE TO THE N-SIDE, THEY ARE FILLED BY ELECTRONS, LEAVING BEHIND NEGATIVELY
CHARGED ACCEPTOR IONS IN THE P-TYPE MATERIAL NEAR THE JUNCTION. THIS CREATES A REGION AROUND THE JUNCTION THAT IS
DEPLETED OF FREE CHARGE CARRIERS, KNOWN AS THE DEPLETION REGION. \W/ITHIN THIS DEPLETION REGION, AN ELECTRIC FIELD IS
ESTABLISHED, POINTING FROM THE POSITIVE IONS ON THE N-SIDE TO THE NEGATIVE IONS ON THE P-SIDE. THIS ELECTRIC FIELD
OPPOSES FURTHER DIFFUSION OF CHARGE CARRIERS, ESTABLISHING AN EQUILIBRIUM.

THIS BUILT-IN ELECTRIC FIELD, AND THE RESULTING POTENTIAL BARRIER, ARE WHAT GIVE THE P~N JUNCTION ITS UNIQUE
PROPERTIES. |T ACTS AS A ONE-WAY GATE FOR ELECTRIC CURRENT, A CONCEPT THAT FORMS THE BASIS OF DIODES AND
TRANSISTORS. UNDERSTANDING THE FORMATION AND BEHAVIOR OF THE DEPLETION REGION AND THE BUILT-IN ELECTRIC FIELD IS
ABSOLUTELY CRITICAL FOR COMPREHENDING HOW SEMICONDUCTOR DEVICES FUNCTION.

Diobes: ONe-W AY STREETS FOR CURRENT

A DIODE IS A TWO-TERMINAL ELECTRONIC COMPONENT THAT ESSENTIALLY ACTS AS A ONE-WAY SWITCH FOR ELECTRICAL
CURRENT. |T IS FABRICATED FROM A P-N JUNCTION. THE MAGIC OF A DIODE LIES IN ITS ABILITY TO CONDUCT CURRENT EASILY IN
ONE DIRECTION (FOR\X/ARD BIAS) BUT TO BLOCK CURRENT FLOW ALMOST ENTIRELY IN THE OPPOSITE DIRECTION (REVERSE BIAS).

W/HEN A VOLTAGE SOURCE IS CONNECTED ACROSS A P-N JUNCTION SUCH THAT THE POSITIVE TERMINAL IS CONNECTED TO THE
P-TYPE MATERIAL (ANODE) AND THE NEGATIVE TERMINAL TO THE N-TYPE MATERIAL (CATHODE), THE JUNCTION IS SAID TO BE
FORW ARD-BIASED. IN THIS STATE, THE APPLIED VOLTAGE OPPOSES THE BUILT-IN ELECTRIC FIELD IN THE DEPLETION REGION. IF THE
APPLIED VOLTAGE IS LARGE ENOUGH TO OVERCOME THE POTENTIAL BARRIER, MAJORITY CARRIERS FROM BOTH SIDES ARE INJECTED
ACROSS THE JUNCTION, AND CURRENT FLOWS FREELY THROUGH THE DIODE. IT’'S LIKE PUSHING A DOOR OPEN THAT'S SLIGHTLY
AJAR.

CONVERSELY/ WHEN THE VOLTAGE SOURCE IS CONNECTED IN REVERSE POLARITY — POSITIVE TERMINAL TO THE N-TYPE MATERIAL
AND NEGATIVE TERMINAL TO THE P-TYPE MATERIAL — THE JUNCTION IS REVERSE-BIASED. IN THIS CONFIGURATION, THE APPLIED
VOLTAGE REINFORCES THE BUILT-IN ELECTRIC FIELD, WIDENING THE DEPLETION REGION AND INCREASING THE POTENTIAL BARRIER.
THIS EFFECTIVELY PREVENTS THE MAJORITY CARRIERS FROM CROSSING THE JUNCTION, AND ONLY A VERY SMALL LEAKAGE
CURRENT DUE TO MINORITY CARRIERS FLOWS. |T’S LIKE TRYING TO PUSH A DOOR THAT'S FIRMLY SHUT AND BARRED.

THIS UNIDIRECTIONAL CURRENT FLOW CHARACTERISTIC MAKES DIODES INDISPENSABLE FOR A VARIETY OF APPLICATIONS,
INCLUDING RECTIFIERS (CONVERTING AC 10 DC), SIGNAL CLIPPING, VOLTAGE REGULATION, AND PROTECTION CIRCUITS. THEIR
SIMPLICITY BELIES THEIR PROFOUND IMPORTANCE IN ELECTRONIC SYSTEMS.

TRANSISTORS: THE AMPLIFIERS AND SWITCHES OF MODERN ELECTRONICS

TRANSISTORS ARE PERHAPS THE MOST SIGNIFICANT INVENTION IN THE HISTORY OF ELECTRONICS, FORMING THE BUILDING BLOCKS
OF VIRTUALLY ALL MODERN ELECTRONIC DEVICES, INCLUDING COMPUTERS, SMARTPHONES, AND COMMUNICATION SYSTEMS. THeY
ARE SEMICONDUCTOR DEVICES THAT CAN AMPLIFY OR SWITCH ELECTRONIC SIGNALS AND ELECTRICAL POWER. UNDERSTANDING
THE DIFFERENT TYPES OF TRANSISTORS AND THEIR FUNDAMENTAL OPERATING PRINCIPLES IS CENTRAL TO GRASPING



SEMICONDUCTOR PHYSICS AND DEVICES BASIC PRINCIPLES.

AT THEIR CORE, TRANSISTORS USE A SMALL INPUT SIGNAL TO CONTROL A LARGER OUTPUT SIGNAL. THIS AMPLIFICATION
CAPABILITY IS WHAT ALLOWS WEAK SIGNALS FROM ANTENNAS OR MICROPHONES TO BE BOOSTED TO LEVELS THAT CAN BE
PROCESSED OR HEARD. FURTHERMORE, THEIR ABILITY TO SWITCH ON AND OFF RAPIDLY, CONTROLLED BY AN INPUT SIGNAL, IS THE
FOUNDATION OF DIGITAL LOGIC AND COMPUTING. MODERN INTEGRATED CIRCUITS CONTAIN BILLIONS OF THESE TINY SWITCHES.

THERE ARE TWO PRIMARY CATEGORIES OF TRANSISTORS: BIPOLAR JUNCTION TRANSISTORS (BJTS) AND FIELD-EFFECT
TrANSISTORS (FETS). EACH TYPE OPERATES ON SLIGHTLY DIFFERENT PHYSICAL PRINCIPLES BUT ACHIEVES THE SAME
FUNDAMENTAL GOAL OF CONTROLLED CURRENT FLOW.

FieLo-ErrecT TrRANSISTORS (FETS)

FIELD-EFFECT TRANSISTORS, OR FETS, CONTROL THE FLOW OF CURRENT THROUGH A CHANNEL BY AN ELECTRIC FIELD. THEY
TYPICALLY HAVE THREE TERMINALS: A SOURCE, A DRAIN, AND A GATE. THE SOURCE AND DRAIN ARE CONNECTED BY A
SEMICONDUCTOR CHANNEL, AND THE GATE IS INSULATED FROM THIS CHANNEL. BY APPLYING A VOLTAGE TO THE GATE, AN
ELECTRIC FIELD IS CREATED THAT EITHER ENHANCES OR DEPLETES THE NUMBER OF CHARGE CARRIERS IN THE CHANNEL BETWEEN THE
SOURCE AND DRAIN, THEREBY CONTROLLING THE CURRENT FLOW BETWEEN THEM.

ONE OF THE MOST COMMON TYPES OF FETS IS THE METAL-OXIDE-SEMICONDUCTOR FIELD-EFFECT TrRANSISTOR (MOSFET). IN
A MOSFET, A THIN INSULATING LAYER (USUALLY SILICON DIOXIDE) SEPARATES THE GATE ELECTRODE FROM THE
SEMICONDUCTOR CHANNEL. THIS INSULATION MEANS THAT VERY LITTLE CURRENT FLOWS INTO THE GATE ITSELF, MAKING
MOSFETS HIGHLY ENERGY-EFFICIENT AND IDEAL FOR LOW-POWER APPLICATIONS AND LARGE-SCALE INTEGRATION. THEY ARE
INCREDIBLY POPULAR IN MODERN DIGITAL INTEGRATED CIRCUITS.

BiPoLAR JUNCTION TRANsISTORS (BJTS)

BIPOLAR JUNCTION TRANSISTORS (BJTS) ARE ANOTHER CRUCIAL TYPE OF TRANSISTOR. UNLIKE FETS, BJT'S USE BOTH
ELECTRONS AND HOLES AS CHARGE CARRIERS, HENCE THE TERM “BIPOLAR.” A BJT CONSISTS OF THREE LAYERS OF
SEMICONDUCTOR MATERIAL, FORMING TWO P-N JUNCTIONS. THESE LAYERS ARE ARRANGED IN EITHER AN NPN CONFIGURATION OR
A PNP CONFIGURATION.

IN AN NPN BJT, FOR INSTANCE, THERE'S AN N-TYPE EMITTER, A THIN P-TYPE BASE, AND AN N-TYPE COLLECTOR. THE OPERATION
RELIES ON THE FACT THAT A SMALL CURRENT FLOWING INTO THE BASE TERMINAL CAN CONTROL A MUCH LARGER CURRENT
FLOWING FROM THE COLLECTOR TO THE EMITTER. SIMILAR TO DIODES, THE JUNCTIONS WITHIN A BJT CAN BE FORW ARD-BIASED
OR REVERSE-BIASED. BY CAREFULLY BIASING THESE JUNCTIONS, A SMALL BASE CURRENT CAN MODULATE THE COLLECTOR
CURRENT, LEADING TO AMPLIFICATION OR SWITCHING BEHAVIOR. BJ TS WERE AMONG THE FIRST WIDELY USED TRANSISTORS AND
ARE STILL IMPORTANT IN MANY ANALOG CIRCUITS.

INTEGRATED CiIrcUITS (ICs): MINIATURIZATION AND COMPLEXITY

THE ADVENT OF INTEGRATED CIRCUITS, OR |CSI ALSO KNOWN AS MICROCHIPS OR SIMPLY CHIPS, REVOLUTIONIZED ELECTRONICS.
AN IC IS A MINJATURIZED ELECTRONIC CIRCUIT FABRICATED ON A SINGLE PIECE OF SEMICONDUCTOR MATERIAL, TYPICALLY
SILICON. THIS SINGLE CHIP CONTAINS A VAST NUMBER OF TRANSISTORS, DIODES, RESISTORS, AND CAPACITORS, ALL
INTERCONNECTED TO PERFORM COMPLEX FUNCTIONS.

THE ABILITY TO FABRICATE MILLIONS, BILLIONS, OR EVEN TRILLIONS OF THESE COMPONENTS ON A SINGLE, TINY CHIP IS A
TESTAMENT TO THE ADVANCEMENTS IN SEMICONDUCTOR MANUFACTURING TECHNIQUES. THIS MINIATURIZATION HAS LED TO
SMALLER, FASTER, MORE POWERFUL, AND MORE ENERGY~EFFICIENT ELECTRONIC DEVICES THAN EVER BEFORE. From



MICROPROCESSORS THAT ARE THE BRAINS OF COMPUTERS TO MEMORY CHIPS THAT STORE DATA, |Cs ARE THE UBIQUITOUS
COMPONENTS OF OUR TECHNOLOGICAL LANDSCAPE.

THE DESIGN AND FABRICATION OF |CS INVOLVE INTRICATE PROCESSES, INCLUDING PHOTOLITHOGRAPHY , ETCHING, AND DOPING,
ALL PERFORMED AT MICROSCOPIC SCALES. THE CONTINUOUS DRIVE TO PACK MORE COMPONENTS ONTO A CHIP, KNOWN AS
Moore’s LA\X/, HAS FUELED INNOVATION AND PROGRESS IN THE SEMICONDUCTOR INDUSTRY FOR DECADES. THE PRINCIPLES OF
SEMICONDUCTOR PHYSICS AND DEVICES BASIC PRINCIPLES ARE DIRECTLY APPLIED AND PUSHED TO THEIR LIMITS IN THE CREATION
OF THESE COMPLEX INTEGRATED CIRCUITS.

Key CONCEPTS IN SEMICONDUCTOR DEVICE OPERATION

ToO TRULY GRASP SEMICONDUCTOR PHYSICS AND DEVICES BASIC PRINCIPLES, SEVERAL KEY CONCEPTS CONSISTENTLY APPEAR
AND UNDERPIN HOW THESE DEVICES FUNCTION. THESE AREN/TJUST ABSTRACT IDEAS;, THEY ARE THE PHYSICAL REALITIES THAT
DICTATE BEHAVIOR.

o BAND GAP: THIS IS THE ENERGY RANGE IN A SOLID WHERE NO ELECTRON STATES CAN EXIST. IN SEMICONDUCTORS, THE
BAND GAP IS INTERMEDIATE BETWEEN CONDUCTORS AND INSULATORS. |T DETERMINES THE ENERGY REQUIRED FOR AN
ELECTRON TO MOVE FROM THE VALENCE BAND (\WHERE ELECTRONS ARE BOUND) TO THE CONDUCTION BAND (WHERE THEY
ARE FREE TO MOVE).

o CHARGE CARRIERS: THESE ARE THE MOBILE PARTICLES WITHIN A MATERIAL THAT CARRY ELECTRIC CURRENT. IN
SEMICONDUCTORS, THE PRIMARY CHARGE CARRIERS ARE ELECTRONS (NEGATIVELY CHARGED) AND HOLES (POSITIVELY
CHARGED).

o DiFFusioN CURRENT: THIS IS THE FLOW OF CHARGE CARRIERS FROM A REGION OF HIGH CONCENTRATION TO A REGION OF
LOW CONCENTRATION, DRIVEN BY RANDOM THERMAL MOTION.

o DRIFT CURRENT: THIS IS THE FLOW OF CHARGE CARRIERS IN RESPONSE TO AN APPLIED ELECTRIC FIELD.

o DEPLETION REGION: AS DISCUSSED WITH THE P-NJUNCTION, THIS IS A REGION WITHIN A SEMICONDUCTOR DEVICE WHERE
MOBILE CHARGE CARRIERS HAVE BEEN SWEPT AWAY OR ARE ABSENT, CREATING AN ELECTRIC FIELD.

® FORWARD BIAS: APPLYING A VOLTAGE ACROSS A P-N JUNCTION IN A WAY THAT REDUCES THE POTENTIAL BARRIER AND
ALLOWS SIGNIFICANT CURRENT FLOW.

® REVERSE BIAS: APPLYING A VOLTAGE ACROSS A P-N JUNCTION IN A WAY THAT INCREASES THE POTENTIAL BARRIER AND
RESTRICTS CURRENT FLOW.

THESE CONCEPTS ARE THE FUNDAMENTAL TOOLS WE USE TO ANALYZE AND DESIGN ANY SEMICONDUCTOR DEVICE. WHETHER IT'S
A SIMPLE DIODE OR A COMPLEX MICROPROCESSOR, THE INTERPLAY OF THESE PHYSICAL PHENOMENA DICTATES ITS PERFORMANCE.

THE WORLD OF SEMICONDUCTOR PHYSICS AND DEVICES IS VAST AND EVER-EVOLVING, BUT A SOLID GRASP OF THESE BASIC
PRINCIPLES PROVIDES A STRONG FOUNDATION FOR DEEPER EXPLORATION. FROM THE UNIQUE ATOMIC STRUCTURES OF SILICON
AND GERMANIUM TO THE CONTROLLED MANIPULATION OF CHARGE CARRIERS THROUGH DOPING, AND THE FORMATION OF THE
CRITICAL P~NJUNCTION, EACH STEP BUILDS UPON THE LAST. THE RESULTING DEVICES, LIKE DIODES AND TRANSISTORS, ARE THE
W ORKHORSES OF OUR DIGITAL AGE, ENABLING EVERYTHING FROM COMMUNICATION TO COMPUTATION. THE CONTINUED
INNOVATION IN INTEGRATED CIRCUITS UNDERSCORES THE ENDURING IMPORTANCE OF UNDERSTANDING THESE FUNDAMENT AL
CONCEPTS. AS TECHNOLOGY ADVANCES, THE PRINCIPLES REMAIN, ALBEIT APPLIED IN INCREASINGLY SOPHISTICATED AND
POWERFUL WAYS.



FAQ

Q: WHAT IS THE PRIMARY DIFFERENCE BETWEEN INTRINSIC AND EXTRINSIC
SEMICONDUCTORS?

A: THE PRIMARY DIFFERENCE LIES IN THEIR PURITY. INTRINSIC SEMICONDUCTORS ARE EXTREMELY PURE ELEMENTAL OR COMPOUND
SEMICONDUCTORS. EXTRINSIC SEMICONDUCTORS, ON THE OTHER HAND, HAVE BEEN INTENTIONALLY DOPED WITH IMPURITIES TO
ALTER THEIR ELECTRICAL CONDUCTIVITY. THIS DOPING CREATES AN ABUNDANCE OF EITHER FREE ELECTRONS (N‘TYPE) OR HOLES
(P‘TYPE), MAKING THEM MUCH MORE CONDUCTIVE AND USEFUL FOR ELECTRONIC DEVICES.

QZ How DOES DOPING AFFECT THE CONDUCTIVITY OF A SEMICONDUCTOR?

A: DOPING SIGNIFICANTLY INCREASES THE CONDUCTIVITY OF A SEMICONDUCTOR. IN AN INTRINSIC SEMICONDUCTOR,
CONDUCTIVITY IS LIMITED BY THE NUMBER OF ELECTRON-HOLE PAIRS GENERATED BY THERMAL ENERGY. BY ADDING DONOR
IMPURITIES (FOR N‘TYPE), THE CONCENTRATION OF FREE ELECTRONS IS DRASTICALLY INCREASED. SIMILARLY, ADDING ACCEPTOR
IMPURITIES (FOR P‘TYPE) INCREASES THE CONCENTRATION OF HOLES. THESE ADDED CHARGE CARRIERS ARE THE PRIMARY
CONTRIBUTORS TO CURRENT FLOW, THUS ENHANCING CONDUCTIVITY.

QI \WHAT IS THE ROLE OF THE DEPLETION REGION IN A P-N JUNCTION?

A: THE DEPLETION REGION IS A KEY FEATURE OF A P-N JUNCTION FORMED AT THE INTERFACE OF P-TYPE AND N-TYPE MATERIALS.
IT’S AN AREA DEVOID OF MOBILE CHARGE CARRIERS DUE TO THE DIFFUSION OF ELECTRONS AND HOLES ACROSS THE JUNCTION,
LEAVING BEHIND IMMOBILE IONIZED ATOMS. THIS REGION DEVELOPS A BUILT-IN ELECTRIC FIELD THAT OPPOSES FURTHER DIFFUSION
AND ESTABLISHES AN EQUILIBRIUM. THIS ELECTRIC FIELD IS CRUCIAL FOR THE RECTIFYING BEHAVIOR OF DIODES AND THE
OPERATION OF TRANSISTORS.

Q: CAN YOU EXPLAIN THE CONCEPT OF FORWARD BIAS IN A P-N JUNCTION IN SIMPLE
TERMS?

A: IN SIMPLE TERMS, FORW ARD BIAS OCCURS WHEN YOU APPLY A VOLTAGE ACROSS A P~NJUNCTION IN A WAY THAT MAKES IT
EASIER FOR CURRENT TO FLOW. IMAGINE THE JUNCTION HAS A SMALL BARRIER. FORWARD BIAS APPLIES A PUSH IN THE DIRECTION
THAT LOWERS THIS BARRIER, ALLOWING CHARGE CARRIERS (ELECTRONS AND HOLES) TO CROSS IT FREELY. IT’S LIKE OPENING A
GATE TO LET TRAFFIC THROUGH.

Q: WHAT MAKES TRANSISTORS SO IMPORTANT IN MODERN ELECTRONICS?

A: TRANSISTORS ARE FUNDAMENTAL BECAUSE THEY CAN ACT AS BOTH AMPLIFIERS AND SWITCHES. AS AMPLIFIERS, THEY TAKE
A SMALL INPUT SIGNAL AND BOOST IT INTO A LARGER OUTPUT SIGNAL, WHICH IS ESSENTIAL FOR RECEIVING RADIO WAVES,
PROCESSING AUDIO, AND MANY OTHER FUNCTIONS. As SWITCHES, THEY CAN BE TURNED ON AND OFF RAPIDLY BY AN ELECTRICAL
SIGNAL, FORMING THE BASIS OF DIGITAL LOGIC GATES. THIS SWITCHING CAPABILITY IS WHAT ALLOWS COMPUTERS AND OTHER
DIGITAL DEVICES TO PROCESS INFORMATION.

Q: WHAT IS THE MAIN ADVANTAGE OF USING MOSFETS oVER BJ TS IN INTEGRATED
CIRCUITS?

A: THE PRIMARY ADVANTAGE OF MOSFETS (MeTAL-OXIDE-SEMICONDUCTOR FIELD-EFFECT TRANSISTORS) OVER BJ TS
(BIPOLAR JUNCTION TRANSISTORS) IN LARGE-SCALE INTEGRATED CIRCUITS IS THEIR SIGNIFICANTLY LOWER POWER
CONSUMPTION AND HIGHER INPUT IMPEDANCE. BECAUSE THE GATE IN A MOSFET IS INSULATED, VERY LITTLE CURRENT FLOWS
INTO IT. THIS MAKES THEM MORE ENERGY-EFFICIENT, WHICH IS CRITICAL FOR BATTERY-POWERED DEVICES AND FOR PACKING
BILLIONS OF COMPONENTS ONTO A SINGLE CHIP WITHOUT OVERHEATING. THEY ARE ALSO GENERALLY EASIER TO FABRICATE IN
COMPLEX ARRAYS.



Q: How DOES THE BAND GAP OF A SEMICONDUCTOR INFLUENCE ITS ELECTRICAL
PROPERTIES?

A: THE BAND GAP OF A SEMICONDUCTOR DIRECTLY INFLUENCES ITS CONDUCTIVITY AND ITS RESPONSE TO LIGHT AND HEAT. A
SMALLER BAND GAP MEANS LESS ENERGY IS REQUIRED FOR ELECTRONS TO TRANSITION FROM THE VALENCE BAND TO THE
CONDUCTION BAND, RESULTING IN HIGHER CONDUCTIVITY AT A GIVEN TEMPERATURE. MATERIALS WITH VERY SMALL BAND GAPS
CAN CONDUCT ELECTRICITY MORE EASILY, WHILE THOSE WITH LARGER BAND GAPS BEHAVE MORE LIKE INSULATORS UNLESS
SIGNIFICANT ENERGY IS SUPPLIED. THE BAND GAP ALSO DETERMINES THE WAVELENGTHS OF LIGHT A SEMICONDUCTOR CAN ABSORB
OR EMIT, WHICH IS IMPORTANT FOR OPTOELECTRONIC DEVICES LIKE LEDs AND SOLAR CELLS.
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