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+EYWORMDERGY HARVESHHOT UMOHERNMISELECTRIC ENEROE IHFARMEETHNEBERGY HARVEST
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IBSTRACT

IMBIENT ENERGY HARVESTING HAS GREATPOTENTIALTO CONT
ADDRESS GROWING ENVIRONMENTAL CHALLENGES #ONVERTII
PROCESSES ANDSYSTEMS E G COMBUSTIONENGINES AND FU
ENVIRONMENTALIMPACT AND ACHIEVING NET ZERO EMISSION
KEYTOPOWERING THE EXPONENTIALLY GROWING SMARTDEVI(
4HINGS THUS ENABLING FUTURISTIC APPLICATIONSTHAT CAN
SMARTCITIES SMART MANUFACTURING AND SMARTHEALTHC/
MATERIALS ARENEEDED T TOEFFICIENTLY CONVERTAMBIENT ET
MECHANISMS SUCHASTHEPHOTOVOLTAICEFFECT THERMOE!
RADIOFREQUENCY WIRELESSPOWER TRANSFER "YBRINGING
TYPESOFENERGY HARVESTING MATERIALS THIS20ADMAPPR
AND PRESENT CHALLENGESINTHE FIELD !DDITIONALLY THE 2
METRICS OF THESETECHNOLOGIESINRELATIONTO THEIRULTI
THESEINSIGHTS THE 20ADMAP OUTLINES PROMISINGDIRECTI
POTENTIALOFENERGY HARVESTING MATERIALS FOR GREEN EN
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JNTRODUCTION

6INCENZO ABNDOUNIAVI O 3ILVA
3CHOOLOF3USTAINABLE %NERGY %NGINEERING 3IMON &RASER 5N
IDVANCED 4ECHNOLOGY )NSTITUTE $EPARTMENT OF %LECTRICAL A
'UILDFORD 3URREY'5 8( 5NITED +INGDOM

JNTHE FACEOFTHE RISING GLOBALENERGY DEMAND AND THE EXISTE
MOREURGENTTHANEVERTO GENERATE GREENENERGY INORDERTO
DEVELOPMENT !LONGSIDETHE NEED FORRENEWABLEENERGY TECH
ENERGY INTOELECTRICITYINLARGE SCALEINSTALLATIONS E G SO
FOOTPRINT ALSOREQUIRES HARNESSINGTHE VASTENERGY RESERV
MECHANICAL VIBRATIONS THERMAL GRADIENTS AN QARR\DEGS FRER UHE
ENERGY VIACOMPACT HARVESTERS PAVES THE WAY NOT ONLY FOR M!
INSTANCE CONSIDERTHERECYCLING OF WASTEHEATFROMANOVEN
POWERING TECHNOLOGIESWITHCONSIDERABLEPOTENTIALTO ENHA
CARBONFOOTFPRIMINENTLY COMPACTENERGY HARVESTERS ARE Kl
)04 WHICHAIMSTO MAKEOUREVERYDAY OBJECTS ANDENVIRONME
INTERCONNECTED SMART SENSORS THEREBY ALLOWING FORBETTEI
FORINSTANCE LEADINGTO SMARTHOMES SMARTCITIES SMART M/
LOGISTICS AND SMARMHPEARTANTARETHE )O4 DEVICEECOSYSTEM WI|
SENSORS INTHENBARSFWOURE MAKE ITUNFEASIBLE AND UNSUSTAIN;/
BATTERIESASTHEIRPOWER SOURCE"DUETO THEIRENVIRONMENTAL
REPLACINGHUNDREDS OF MILLIONS OFBATTERIES GLOBALLY EVERY
OVERCOME THIS CHALLENGEBY ALLOWING )O4DEVICESTO OPERATE
THROUGHOUT THEIRRHFBURMCEONING OF WEARABLEELECTRONICS W
WELLNESS APPLIEANCOMNHER RELATED DOMAIN THAT WOULD GREATLY
HARVESTERS"GIVENTHAT INADDITIONTOBEING SURROUNDED BY Al
OF WASTEENERGYINTHEFORMOFBODY HEATAND MOTION

%NERGY HARVESTING IS CRITICALLY DEPENDENTONTHE AVAILABI
CONVERTAMBIENTENERGYINTOUSABLEELECTRICENERGY 4HEREF
HARVESTINGISKEY T TO PROVIDINGENERGY HARVESTING TECHNOLOC
APPLICATIONS 3UCHRESEARCHREQUIRESABROAD CROSS CUTTINC
TOTHE STUDY OFTHEIRENERGY HARVESTING PROPERTIES THE ENG
PROCESSING ANDTHEIRINTEGRATIONINTODEVICES ANDSYSTEMS
MATERIALS AREBEINGDEVELOPED TOCONVERTSUCHENERGY THRO
PROMINENT OF WHICH ARETHE PHOTOVOLTAICEFFECT PIEZOELECT
RADIOFREQUENCY POWERHERRARIPERI SEH GV REEE NUMBER OF PUBLICAT
DEMONSTRATESITS GROWINGIMPORTANCE AND THEBREADTHOFTH

7THILE THEVISIONOF @GREENENERGY ANYTIME ANYWHERE MAY S
HARVESTING TECHNOLOGIES ALREADY OFFERNUMEROUS OPPORTUN
ALREADYBEENCOMMERCIALIZEDTO POWER VARIOUS SMART SENSOF
PIEZOELECTRIC AND RADIOFREQUENCY ENERGY HARVESTERS HAVE
POWERING WEARABLE DEVICES ;

ILTHOUGHTHE VARIOUS ENERGY HARVESTING TECHNOLOGIES REL
ANDDEVICES THEY ALLSHARETHE SAME OVERARCHING GOALS AND (
RESEARCHPURSUITSINTHIS AREA"ASDISCUSSED BELOW

%FFICIENCY

'!MAJORCHALLENGE FACEDBY ALLENERGY HARVESTING TECHNOLOG
AMBIENT ENERGY SOURCES WHICH MAKES ITESSENTIALTO DEVELOF
EFFICIENTLY CONVERT SUCHENERGY #URRENTENERGY HARVESTIN
DENSITIES WELL BELWMWEMNHEARNVESMTING AMBIENTENERGY 4HIS CANE
ENERGY INTENSIVE APPLICATIONS THAT DO NOTALLOWAGGRESSIVE
LONGINTERVALSINSLEEP MODE DURING WHICHTHE HARVESTED EN
INTERVALSINACTIVEMODE DURING WHICHTHEGBIMOGREALHNE RGN YXEC
APPLICATIONS REQUIRECOMPACTENERGY HARVESTERS WITH FEATL
AHEREFORE BOOSTINGPOWER CONVERSIONEFFICIENCIESISAVITA
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%NVIRONMENTAL3USTAINABILITY

7THILE ENERGY HARVESTERS INHERENTLY HAVE NO CARBON EMISSION
PURPOSE OFPROVIDING GREEN ENERGY IFTHEY HAVE MINIMAL ENVIF
AHEREFORE APRIORITYISTODEVELOPENERGY HARVESTINGTECHN
SOURCE MATERIALS AND CANBEPROCESSEDWITHLOWENERGY CON(
CONSIDERTHEFATEOF THESE MATERIALS ANDDEVICES AT THEIR ENI
ENERGY HARVESTING MATERIALS ANDDEVICES THATLEND THEMSEL\
-OREOVER FORAPPLICATIONS THATINVOLVEASHORTLIFECYCLE E
HIGHLY DESIRABLE

#OST

&ORANY ENERGY HARVESTING TECHNOLOGY TOHAVE APRACTICAL IN
TOENABLEWIDESPREAD DEPLOYMENT )NCONTRASTTOLARGE SCAL
ENERGY INTOELECTRICITY E G SOLARAND WINDFARMS THECRUC
HARVESTERS IS NOTNECESSARILYTO MINIMIZE THE COSTPER 7ATT |
AMBIENT ENERGY HARVESTERS HAVEACOSTTHATIS AMANAGEABLE
CAPABLEOF SUPPLYINGANENERGY OUTPUT ADEQUATEFORTHE APP
METRICTO EVALUATEATTHE EARLY STAGEOFATECHNOLOGY GIVEN
COSTREDUCTIONSOVERTIME .ONETHELESS ITISIMPORTANTTO KE
HARVESTING TECHNOLOGIES AREBEINGDEVELOPED PRIORITIZING ¢
AND LOW ENERGY MANUFACTURING PROCESSES

&ORM &ACTORS

&ORENERGY HARVESTERS TOBEDEPLOYED UBIQUITOUSLY ITISESS
TO SEAMLESSLY PLACETHEMONALLKINDSOFOBJECTS AND SURFAC|
IMPORTANCEISTODEVELOPENERGY HARVESTING MATERIALS ANDD
EFFICIENCIESWHILEBEING MECHANICALLY FLEXIBLEORSTRETCHAE
FUNCTIONALITY OFTHIS NOVELSYSTEMWILLACTASANOVERLAYTO |

4HIS 20ADMAP PROVIDES EXTENSIVEINSIGHTSINTO THE STATUS A
TECHNOLOGIESBEING RESEARCHED TO ADDRESSTHE AFOREMENTIO
CLASSES OF MATERIALS BEING DEVEL®PEDCHEILRE EH R MTER\BEKICEA B@I TSFE C
SECTIOMERMOELECTRARDSFEADNIMAREQUENERGSIEFCARVESTING )N PA
20ADMAP HIGHLIGHTS THE KEY TRENDS IN MATERIALS PROPERTIES A
PROMINENT ENERGY HARVESTING TECHNOLOGIES ALSODISCUSSINC
OVERCOME THEM &INALLY APERSPECTIVEISPRESENTED ONTHE KE
INENERGY HARVESTING MATERASED KBS EAREHI BEIGHON ITIS ENVIS
WILLCATALYSEFURTHER ADVANCESINENERGY HARVESTING MATER|
VISION OF @GREENENERGY ANYWHERE ANYTIME
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-ATERIALS FORINDOORPHOTOVOLTAICS
JNTRODUCTIONTOINDOORPHOTOVOLTAICS

6INCENZO ®BNDOUNIAVIO03ILVA
3CHOOLOF3USTAINABLE %NERGY %NGINEERING 3IMON &RASER 5N
IDVANCED 4ECHNOLOGY )NSTITUTE $EPARTMENT OF %LECTRICAL A
'UILDFORD 3URREY'5 8( 5NITED +INGDOM

OHOTOVOLTAICDEVICESENABLETHEDIRECT CONVERSIONOFLIGHT
IMPINGING ONTHE PHOTOAC AB/EOMEER EFAS. OHFECCHOAREGES WITHIN THI
RESULTANT MOBILECHARGES ARETRANSPORTED TOAND COLLECTEL
ELECTRICCURRENT AND VBATAGH FEGISED FORDOING WORK 4HE UB
PHOTOVOLTAICS AHIGHLY ATTRACTIVEENERGY HARVES T-10 RKBEGE\CEHR
THE WAVE NATUREOFLIGHT"WITHITSVERY SHORTWAVELENGTHINC
TYPICALLY FOUNDINPHOTOVOLTAICDEVICES"ENSURES THAT MUCH
CASEOFNON LINE OF SIGHT SITUATIONSWITHOUTAPHYSICAL MEDI
AMBIENTILLUMINATIONLEVELS THEPOWERDENSITY THATPHOTOVC
ENERGY HARVESTING TECWNOLO-CHESTEEMTTOENCY OF ITSUNDERLY!
BEING GENERALLY MANAGEABLEDUETOTHE PREDICTABILITYOFITS
PHOTOVOLTAICSOCCUPIESAPROMINENT ROLEBOTHININDOOR ENE]
DEPLOYMENT WITHITS SIGNIFICANCE ANDIMPACTBEING EXPECTED
MATERIALS CHALLENGES AREADDRESSED ;
4HEUSEOFPHOTOVOLTAICSFORTHE CONVERSIONOFTERRESTRI/
ARRAYS OF SOLARPANELSDEPLOYED ON RODWIIO®R ®SRUARLB R G EOS/D
UNDOUBTEDLY DOMINANT ANDJUSTIFIABLY SODUETO THE HIGH ENE!
OFOUTDOORTERRESTRIALSOLARILLUMINATION (ARVESTINGOUTD
PHOTOVOLTAICS WHICHINVOLVES SOLARPANELSEMBERDEB IRDO F!
AND WINDOWS I!LONGSIDE SOLARPHOTOVOLTAICS RECENT YEARS
PHOTOVOLTAICS WHICHINVOLVESD®ERIAONNEREICNCORKMBYEKHMAIS T
STRONGDEMAND FORENERGY T TECHNOLOGIES THAT COULD SUSTAIN,
J)O4 SMART SENSORS"EXPECTED TOGROW TO SEVERALTRILLIONUNIT
CONSTITUENTOFTHE )O4 )NDEED MOST)O4 APPLICATIONS RELY ON
HOMES SMARTBUILDINGS AND SMART MANUFACTURING &ROMANE
PHOTOVOLTAICSPRESENTSAMORE STRINGENTSCENARIO GIVENTH
AMBIENTINDOORLIGHT INTBMRANBEIOEDBY FLUORESCENT AND WH
DIODELIGHTING 4HEREFORE DEVELOPINGPHOTOVOLTAICTECHNOI
LEVELSISCRITICALTO SUSTAINABLY POWERING  THE VAST )04 SMAR"™
OFINDOORPHOTOVOLTAICS AREALSOCONFIRMEDBY THEGROWTHO
BILLIONDOLLARSWITHINTHENEXTFEWYEARS MEANWHILE HAVING .
ANDHENCEBEING THE FASTEST GROWING SEGMENTWITHINTHE ENT
BUILDING INTEGRATED PHOTOVOLTAICS AREGROWINGWITHA#!'2 OI
4HE PERFORMANCE OF ANINDOORPHOTOVOLTAICCELLCANBE QU/
CONVERSIONEFFICIENCY 0#% | WHICH EXPRESSES THE RATIOBET
THE @5 LUAND THE OPTICALPOWER REACHING THBGHLLWRBRENSE INC
THE SPECTRALIRRADIANCEATTHE SURFACEOFTHEPHOTOVOLTAIC

0#0N 3 )= OeL #hppay ):

.OTETHAT DUETOTHE CURRENTLACKOFASTANDARD SPECTRUM |
PHOTOVOLTAICCELL MAYPRESENTDIFFERINGO#% | VALUESDEPEN
RELATIVEEFFICIENCY VARIATIONS DEPENDINGONTHELEVEL OF SPE
ILLUMINANT ASWELLASTHEIRRADIANCEOFTHE LATTER !DDITIONAL
TOREFERTOTHE POWER CONVERSIONEFFICIENCY OFINDOORPHOTC
CONVERSIONEFFICIENCY OF OUTDOOR TERRESTRIAL SOLARCELLS ¢
CONCEPTUALLY ANALOGOUS THETWO METRICS ARENOTDIRECTLYC
RELEVANTTOTHE TWO SCENARIOS

JN ADDITIONTO THEIR MUCHLOWER IRRADIANCELEVELSCOMPARE
ARTIFICIALINDOORLIGHT SOURCES | E FLUORESCENTAND WHITE L
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7THILECRYSTALLINESILICON C 31 ISTHEDOMINANT SEMICONDUC™
PHOTOVOLTAICS THEO#% | VALUESOFCOMMERCIABECGASGS E AR THE
LOWSHUNT RESISTANCE AND COMPARATIVELY NMRROW BANRGGE DA
AMORPHOUS SILICON A 31 ( CELLSHAVELONGBEENTHECOMMERCI/
PHOTOVOIETANICSONLY DOTHEY DELIVER O# %N COMNMERORL DEVICES
WIDER BANDGAP OF A BB ( BUT THEY ALSO ALLOW SIMPLER MANUFACT
FLEXIBILITY THEREBY ENABLING SIGNIFICANT COSTREDUCTIONS AN
PHOTOVOLTAICSINAWIDERANGEOFOBJECTS AND ENVIRONMENTS
A 31 (INTHEINDOORPHOTOVOLTAICS ARENA COMMERCIALA 31 (CE|
EFFICIENCYDEFICITWITHRESPECT TOTHEULTIMATEEFFICIENCY PC
RADIATIVE LIMITEFFMHEQABCAMNMBE TRACED TOASIGNIFICANT EXTEN
AND MATERIALS PROPERTIES OF A 31 ( #ONSEQUENTLY A GRAND CH/
DEVELOP ABSORBERS ANDDEVICE ARCHITECTURES THAT ARE CAPAB
STATEOFTHE ART ESSENTIALLY THE 0#% | THRESHOLD BUTTHA

4HISENDEAVOUR IS ALLTHE MOREWORTHWHILEBECAUSE ITS SUC
INDOORPHOTOVOLTAICS ASALEADINGENERGY HARVESTING TECHN(
EXTEND THE OPERATIONALLIFETIMEOFBATTERY LESSSMARTDEVIC
SUFFICIENT POWER FOR SMARTDEVICES CAPABLEOFMORE COMPLE>
COMPUTING

A4HE AMBITIONTO REALIZEINDOOR PHOTOVOLTAICSWITHEFFICIEN
PROMPTED THE EXPLORATIONOF NEW MATERIALS ANDNEWDEVICE A
CONVENTIONALPHOTOVOLTAICTECHNOLOGIESINTHE CONTEXT OF |
TECHNOLOGIES REMARKABLE PROGRESS HAS BEENSENSIIEVEDDNVN ISTHHC
AND PEROVSKITEEBIHGTION DELIVERING 0#% | VALUESINTHE RANGE
FIGURE -EANWHILE ALTERNATIVE FAMILIES OF ABISEOAB ERE EEP E RIOE
DERIVATIVES SBROINON TOXIC QUANTUM DOT SEMR/ENHEENTRORRSS S E
ADDRESS THE TOXICITY ORMATERIALSCARCITYISSUESFACEDBY SO
RE ENERGIZED EXPLORATIONOF SILICON BASED ABSORBERS AND TH
FORINDOORPHOTOVOLTAICS HAVEDELIVERED SIGNIFICANT PROGRE
INSOME CASES FHOUWRKE RRENTLY #D4E HAS ALSO SHOWN PROMISINC
SECTIORIGURE

$ESPITETHESE CONSIDERABLERESEARCHACHIEVEMENTS THE UL
FROMBEING REACHED ASALSOREBEWHDBPRHEHEPNDOIS TN E FCALRH |V
THE VARIOUS PHOTOVOLTAICTECHNOLOGIESWITHRESPHEHOQYS POAOHE
HIGHLIGHTS APARTICULARLY LARGE RELATIVEEFFICIENCY DEFICIT !
THEREFORE PROMPTS THE PURSUITOF NEW MATERIALS ANDDEVICE /
COMPOSITIONAL ENGINEERING ANDDEFECT PASSIVATIONSTRATEGI
ENGINEERING TOENHANCE THE SHUNT RESISTANCE I!DDITIONALLY E
PEROVSKITECMASHIGHGIGRETS THAT BANDGAP OPTIMIZATION REMAIN
LIMITTOBE APPROACHED WHICHPOINTSTOTHENEEDTOFOCUS ON |
TUNING TOWARDB DHPH IMUM

&URTHERMORE THELACKOFASTANDARD INDOBRS MADESRHHECTRU
CHARACTERIZATIONOF THE EFFICIENCY OFINDOOR PHOTORVERHBRYC S
GIVINGRISETOTHENEED TOESTABLISHSOLID CHARACTERIZATION F
DISCUSSEDINSECTION

'PARTFROMPERFORMANCE CONSIDERATIONS THEFUTURE PROGR
CONSIDERABLY DEPENDONTHEUSEOFTECHNOLOGIES THAT ARE BA!
STRAIGHTFORWARD MANUFACTURING PROCESSES 40XICITYISSUES
PHOTOVOLTAICS AREINTENDED TOBEDEPLOYEDINEVERYDAY OBJE(
THATTHE END USERSCOULDBEEXPOSEDTOTOXIC MATERIALS ACCII
4HEREFORE MATERIALSENGINEERING AND MATERIALSDISCOVERY T
EASY TO MAKEINDOORPHOTOVOLTAICS AREKEYTOENSURINGITS S

4HE FOLLOWING CONTRIBUTDOSIGUSSECHBOSBECIFICS OF THESE GR/
CONTEXTOF VARIOUSINDOORPHOTOVOLTAICTECHNOLOGIES ALSO
CHALLENGES "YPRESENTINGACOMPREHENSIVEROADMAP OFINDOC
INSIGHTS PROVIDED HEREIN ANDINTHE RESTOFTHIS SECTION COUL
REALIZATIONOFTHE FULLPOTENTIALOFINDOORPHOTOVOLTAICS AS
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))) N6 COMPOUND SEMICONDUCTORSFORINDOORPHOT

*AMIE $OHILLIPS
$EPARTMENT OF %LECTRICAL AND#OMPUTER %NGINEERING 5NIVER
STATES OFIMERICA

3TATUS

OHOTOVOLTAICENERGY HARVESTING FROMINDOORLIGHTING SOURC
COMPARISONTO CONVENTIONAL SOLARPHOTOVOLTAICS WHERE THE
THEMSELVESTOCONSIDER)))n6 COMPOUND SEMICONDUCTORDEVIC
LIGHTING SOURCES IRRADIANCELEVELS THAT AREORDERSOF MAGN
DESIREFORDIRECTINTEGRATIONOFPOWERSYSTEMS ONDEVICES P
INTEGRATION CAPABILITIES #OMPOUND SEMICONDUCTORSBASED O
BANDGAPENERGIES THAT SPANTHEDESIRED WINDOW INTHE VISIBLE
WHILE ALSODEMONSTRATING VERYHIGHOPTICALABSORPTION COEF
ACHIEVEHIGHPOWER CONVERSION EFFICIENCY ATLOWIRRADIANCE
APPROXIMATELY E6 FORPHOTOVOLTAICS OPERATINGUNDERMHIGH E
MATURE )))n6 MATERIALSINCLUDING!L'A!S AND )N'A0 WITHATHEORI
AROUND AND BRIGSHERPICALINDOORIRRADIANCE CONDITIONS L>
CONVERSIONEFFIGIEWNCBEEOM REPORTEDANIR IHOR PN'AD ;.DRAMATICA
OUTPERFORMING PRIORCOMMERCIALINDOORPHOT&VOLHBAIE DEVIC
HIGH PERFORMANCE OF )))n6 DEVICES AND OPPORTUNITIES FOR FUR"
ARELINKEDTOTHE OUTSTANDING FUNDAMENTALELECTRONIC AND O
@BANDGAPENGINEER SOPHISTICATED DEVICESTRUCTURES 4HE Sl
)))n6 PHOTOVOLTAICS PROVIDES UNIQUE OPPORTUNITIES FOR MINITA'
PHOTOVOLTAICS POWERDENSITYISMOREIMPORTANTTHANCOST P
COMPOUNDS ARE LIKELY TOPLAY AMAJORROLEINSELF POWERED DE
IMPROVE POWER CONVERSIONEFFICIENCY ANDTODEVELOP ARCHITE

#URRENTANDFUTURECHALLENGES

ORIMARY RESEARCHCHALLENGES FORREALIZINGTHEPOTENTIAL OF
ISSUES RELATED TOCELLPERFORMANCE COSTFEASIBILITY ANDSY
EFFICIENCY HAS ALREADYBEENREALIZED FOR!L'AIS AND )N'AODEV I
THEORETICALLIMITFORINDOORLIGHTING CONDITIONS #ONTINUED
LIGHTING SPECTRUMAND IRRADIANCELEVELSWOULD BEEXPECTED
STRUCTURE OPTIMIZATION PARAMETERS TOPURSUEINCLUDE EPITA?
CONCENTRATIONOFEMITTER BASE=VWIENDUWON | ONDEFEARRIKER URRERS
LIMITATIONFORLOWIRRADIANCE CONDITIONS WHICHISDOMINATEL
SURFACE SIDEWALL PERIMEGRZEHRREER RBDNUACTTIGONN;S IN DARK CURREN
PASSIVATE RECOMBINATIONCENTRES ORTOISOLATE MINORITY CAR|
PERVASIVECHALLENGE FOR)))n6 DEVICESDUETO THEHIGHERCOST
PROCESSESINCOMPARISONTO SILICONMICROELECTRONICS (OWEV
PHOTOVOLTAICS MAKETHEM PREFERABLE FOR APPLICATIONS WHERE
COSTOFTHEENERGY HARVESTINGDEVICEIS AMANAGEABLE FRACTI
APPROACHESTO REALIZE)))n6 PHOTOVOLTAICS AREACURRENT RES|
SCALEPRODUCTIONTOLEVERAGEECONOMIES OF SCALE 4HE ADOPT
ABILITY FORDIRECT SYSTEMINTEGRATIONTO PROVIDEANEFFECTIV
MINIATURIZED SELF POWERED SYSTEMS WHERE THE OVERALL EFFICI
CO DESIGNOFTHE PHOTOVOLTAICDEVICE POWER MANAGEMENT CIR
PHOTOVOLTAICDEVICELEVEL THERE ARERESEARCHCHALLENGEST
MULTI JUNCTIONDEVICES AND SERIES CONNECTED MODULESONAC

IDVANCESINSCIENCEANDTECHNOLOGYTOMEETCHALLENGES

!'PRIMARY THRUSTFORIMPROVING THE EFFICIENCY OF)))n6 INDOOR
REDUCING NON RADIATIVE SURFACE SIDEWALLRECOMBINATION %X
EXPLORATIONOFCHEMICAL SURFACETREATMENTS AND SURFACE PA
WIDE BANDGAP)))n6 MATERIALS ONEXPOSEDINTERFACES MAY OFFE
4HERE HAVEBEEN SEVERALTECHNIQUES THATHAVEBEENPROPOSEL
PRIMARILY FORSOLARENERGY CONVERSHOD®M RINDELWAORDN G K P HAXHE ALF
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#D4E SOLAR CELLS FORINDOORAPPLICATIONS

WLISAIRTEGIANIANDILESSANDRO 20MEO
,103 ,ABORATORY FOROHOTOVOLTAICS AND3OLID 3TATEOHYSICS §
6ERONA #A 6IGNAL 3TRADA ,E'RAZIE 6ERONA )TALY

3TATUS
#D4E THINFILM BASED SOLARCELLTECHNOLOGY HAS ACHIEVED SOF
MANUFACTURING AMONG THINFILM TECHNOLOGIES 4HESE HAVE A VE
PHOTOVOLTAICS THATISTHE CAPABILITYTOBEDEPOSITED ONEVER
CANBECOME EXTREMELY LIGHTWEIGHT AND FLEXIBBLEWHENDEPOSI®
JN YEAR ALMOST OFTHETHINFILM SOLARCELL MARKET WAS #
'7TP; = #D4AEPHOTOVOLTAICDEVICES HAVE ACHIEVED AN EFFICIEN
SOLAR PHOTGMBOLITMIOCSST;IMPORTANT UNLIKEOTHERTECHNOLOGIES
PRODUCTIONISNOT FARFROMTHE RECORD VALUES 4HE MAIN R
THEINTRINSIC PROPERTIES OF THE #D4E ABSORBER WHICHHAS AVE
STOICHIOMETRY TENDENTIALLY n FOR#D AND 4E ISEASILY OBTAI
# ANDWITHNOISSUESOFUNEXPECTED AND=UNCONTROLLED SEC!
#D4E IS ADIRECT BAND GAP SEMICONDUCTORWITHAVALUE OF E
SHOCKLEYN1UEISSEROPTIMUMFOROUTDOOR SOLARPHOTOVOLTAIC
ALLOWS TOCOLLECTTHEPHOTONE WHTERURTEERMIOSES BDYENCTAN BE
DEPOSITEDWITHALARGE VARIETY OF DIFFERENTDEPOSITION METH!
7 = CLOSESPACE SUEBELBMCATIRONEPUAPITAWOR TRANSPORTDEPOSITION
JNLOWLIGHT CONDITIONS THE SPECTRUMCHANGES WITH AWAVEL
LIGHT POWER IS CONCENTRATEDINTHE n NM RANGE )NTHIS CAS
VISIBLEPARTOFTHE SPECTRUM ISMUCHBETTERPERFORMING AS A
AHE HIGHESTINDOOR PHOTOVOLTAICEFFICIENCY OBTAINED FROM #I
LIGHT EMITTING DIODEILLUMINATION

#URRENTAND FUTURE CHALLENGES
#D4E THIN FILM SOLARCELLSARETYPICALLY FABRICATEDINSUPERS
OXIDECOATED SODALIME GLASS

(ISTORICALLYTHECELLISBASEDONA#D3BUFFERLAYERFORTHE
SEMICONDUCTORWITHABAND GAP OF E6 ANDNEEDSTOBE VERY T/
ABSORPTIONINTHE NM RANGE (OWEVER INRECENTTIMESTHEST
CHANGEDWITHTHEINTRODUCTION OFAGRADED BAND GAP )NTHISC
#DX%EE xMIXED COMPOUND WITHABAND GAP OF E6 )NTHISCONFIG
AND AHIGHRESISTANCE LAYER (24 |S4EJFER M ANDDTBIETRNREDENNT TCHENATE

4HISISPARTICULARLY IMPORTANTFORINDOORAPPLICATIONBEC/
SPECTRALREGIONOFINDOORLIGHTS ASSHOWNINFIGURE

#D4E SOLARCELLS AREMOST SUCCESSFULLY FABRICATEDBY PHYS
TRANSPORTDEPOSITION CLOSE SPACE SUBLIMATIONTHAT ARE BAS|
ATMOSPHEREATASUBSTRATE #EABPERATARE OERMBAOIUEVAPORATION
DEPOSITEDINVACUUMATASUBSTRATEAEMEBERATUREINTHE RANGE

4HEDEVICE MADEINOUR LABORATORIESN/@&N 81 XM43 CROATPMSIEBE
GLASS 4%# SOINOURCASE THE (24 NAY ERNIB4&/ U\SH BIDE K LAS\D-#£D 4E
ARE DEPOSITEDBY THERMAL EVAPORATRBATVEET FRICALAATREORRD
#D3ENn#D4E MIXINGERANPDHEIFIJNCTION PROMOTIONIS PROVIDED BY DR
SOLUTION

7ITHASIMILARPROCESS #D3WASUSEDASBUFFERLAYER WE HAYV
DEVICESONEITHER POLYIMIBEMAHRUISTRXERMNMPABBANT FEATURE F
AND SOFORINDOOR APPLICATIONS SINCEITALLOWSTO ADAPTTO DI
WEIGHT OF THE FINALDEVICE

#D4E SOLARCELLSHAVEADEMONSTRATED SUPERIORPERFORMAN
REDUCTIONOFOPENCIRCUITVOLTAGEISRESTRAINED 71THAVERY ¢
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4HE INCREASEOF EFFICIENCY FORTHELIGHT EMITTING DIODE CA:
WHICHIS EXACTLY CONCENTRATED INTHE SAME RIANS ECOOMNBH [E EDINEG
TRANSITIONTO LIGHT EMITTING DIODELIGHTING FURTHER FAVOUR

INEVERY IMPORTANTLIMITATION FOR #D4E TECHNOLOGY TOINDOUC
INTERNATIONAL REGULATIONS THATCONSUMERELECTRONICS ARE S
CHEMICALELEMENTS THAT ARECONSIDERED DANGEROUSTO HUMAN:
CARCINOGENICDUETOITSIMPRESSIVE STABILITY DECOMANGITION
DISSOLUTIONIN WATERDOESNOTOCCUR ITISSUBJECTEDTO 20(3
INTHE %UROPEANSNION SIMILARDIRECTIVES AREEXTENDED TO OTH
MAXIMUM PERMITTED CONCENTRATIONSINNON EXEMPTPRODUCTS /
WHICHIS LIMITED TO OR PPM BYWEIGHT 4HE REFFOROCGIHA NG U
MATERIALINTHE PRODUCT THIS APPLIESTO EACHPARTTHAT CAN BE
#D4E SOLARCELLS WHERE #D3IS REMOVED CADMIUM WHICHIS AHE/
#ONSIDERING THE DIFFERENT DENNDIES S CHFMULEME GGYIWELLAGSM
CONSIDERING THE THICKNESS OF ¥ HHE Nt WWOEEQIAM R 6 U IGATLIN 5 SETUMAT ES
THICKNESS OF IESHRISANNDARD #D4E THIQOKMB®IJMS ABMBST ABOVE Tt
(OWEVER WEHAVEDEMONSTRATED THATISPOSSIWLIEHOTABRINCAVE
CONVERSIONEFFIEIENCY OF ;

#ONCLUDING REMARKS
#D4E HAS SHOWN TOBEAVERY GOOD CANDIDATEFOR PRODUCT INTE
RELIABILITY HIGHEFFICIENCY ANDITS SUITABILITYTOBEDEPOSITI
-OREOVER ITHASSHOWNAREMARKABLEBEHAVIOURFORLOWLIGI
REPORTS AND PAPERS ALSOMENTIONEDINTHIS SECTION &URTHERN
#D3EE x #DAE CONFIGURATIONTHE DEVICE IS VERY WELL PERFORMINC
SUITABLEFORLIGHT EMITTING DIODEINDOORIRRADIATION
4HE MAINLIMITATIONTOITS APPLICATIONONDEVICESISTHE 2/(31L
WEIGHT COMPAREDTOTHE COMPLETEPHOTOVOLTAICDEVICE 4HIS
WITHULTRA THIN#MABHBEICOOWFIGURATION HASBEEN ALREADY DEMC
%FFICIENCIES COULDBECOME QUITEINTERESTINGIFABACKREFLEC
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+ESTERITESFORINDOORPHOTOVOLTAICS

(ONGJAE 3BDNVGSUNGNARKO A NIDM*AE 3UNG 9UN
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'UILDFORD 3URREY'5 8( 5NITED +INGDOM

3TATUS

+ESTERINBEMWB 3#:433E ABSORBERSHAVEINCONTROVERTIBLE ADVAN
TOTHEIRNON TOXICITY HIGHSTABILITYMHIANIABSROERPITBONDGEF F4(
BANDGAP TUNEABILITY FROM TO + EB=RAVMADJANDISIGBIHHEHTYT IBG
CONSTITUENTS #UAND3NWITH!GAND'E RESPECTIVELY ALLOWST
BANDGAP FORINDOORPHOTOV GIUMIBERMO@REEGTHE POSSIBILITY OF |
ABSORBERSONFLEXIBLE SUBSTRATES FACILITATESTHEIRINTEGRA®
JO4ADEVICES )NFACT RELATBD@HAINCAP BRIEE ABSORBERS ALSO HA
HOWEVER THEIR RARECONSTITUENTS )N 'A MAYHINDER THE MASS
AHEREFORE KESTERITE ABSORBERSCANBEAPROMISING SOLUTION
PHOTOVOLTAICPERFORMANCE REQUIRESFURTHERIMPROVEMENT C
IS UNDER VISIBLELIGHT EMITTING DIODEILLUMINATAON WITH AN

#URRENTAND FUTURE CHALLENGES
4HE ADVANTAGES OF KESTERITES HAVE EXPANDED THEIRPOTENTIAL
(OWEVER THESE ASSETS MAYONLYBEEXPLOITEDIFTHE EFFICIENCI
JNTHISREGARD ENORMOUS WORKS INCLUDING OPTIMIZATION ¢
ENGINEERING HETEROJUNCTIONOPTIMIZATION ANDTREATMENT AN
$ESPITETHEDIVERSE APPROACHESTOIMPROVING DEVICE PERFORM
HAS STAGNATED AT AROUND FORADECADE 4HE CONSIDERMBLY HI
"N:uANTISITES ANDDEFEGY¥ CNi@FSTERISINASTINMG FROM COMPATIBLE IC
N HAVE BEEN WIDE#£ YARHEPOHRATE®ED POINT DEFECTS ANDDEFECT CLL
INTERFACEOFTHEP TYPEABSORBERLAYERANDN TY,RETBHUFFER LAY
LIMITINGTHEDEVICEPERFORMANCE #ONSIDERING THE VULNERABIL
CHARGE CARRIERTRAPSUNDERWEAKLIGHT THEROLEOFDEFECTS
BECOME MORE SIGNIFICANT &URTHERMORE #:433E BASEDDEVICES
HIGHESTOUTDOORPERFORMANCE WHILSTINCREASING3INCORPORY/
BY FORMING 3N RELATEDDEFECTS 'HIGHER 3ECOMPOSITION RESUL
WHICHIS FARAWAY FROMTHE OPTIMUM BANDGAP RANGE FORINDOOF
NOT PREFERABLE FORTHE PERFORREA R GECOMIMNOREDRTHEESI INDRO DRI D!
PERFORMANCE OF #:43 #:43E AND #:433 B BANIE DCS O MAROGHELQ 8 TBIG
PERFORMANCES WERE COMBRATIEBITE FYDEREONSTRATED REDUCED EF
DUETO A $SENMEREOUNDERWEAKCIGHAREAEERER DEFECT LEVEL AT M
DEVICECOMPAREDTOTHOSE AT AND ME6 INTHE#:433ECOUNTE
LOWERDEVICEPERFERMANGHBERGUREHUR RATIOIS NEEDED TOWID]
ABSORBERS FORINDOORPHOTOVOLTAICS (ENCE INVESTIGATING Tt
PROPERDEFECTENGINEERING METHODS SEEMTOBE THEKEY PRIOR
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IRGANICPHOTOVOLTAICSFORINDOOR LIGHT TO ELEC
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3TATUS
/IRGANIC PHOTOVOLTAICS AREAWIDELYINVESTIGATED CLEAN ENERC
ACADEMIA; 2ZECENTLY THETECHNOLOGY HASBEENCOMMERCIALIZE
GENERALPUBLIC +EY ADVANTAGESCOMPARED T TO TRADITIONAL SILI
PROCESSABILITYOFTHEPHOTOACTIVELAYERAND CHARGE TRANSPC
ULTRA LOW COSTMANUFACTURING VIACOATING ANDPRINTING TECF
FLEXIBILITY CONFORMABILITY ANDFORMFACTORS | E SHAPES AND
,JIMITATIONSINCLUDE THE POWER CONVERSION EFFICIENCY AND OPE
UTILIZATION

IWINGTOTHEHIGHMOLAR ABSORPTIVITY OF ORGANIC MOLECULES
SPECTRUM | E WHITELIGHT ANDTHE EXCITON BASED PROCESSES |
PREDICTED TOBE CAPABLEOFCONVERTING INDGOMIDBED INHB GISEE
INDOORLIGHTHARVESTING MARKET IS EXPECTEDB3H O BROW MROM A
PROJECTED DEMAND FORSUCHDEVICESBY THENEXCEEDING MILLI
DEFAULTLOW MICR®WCAHTDEWVIERESMRE SUITABLEFORLOW POWER W
)O4 OOTENTIAL APPLICATIONHASBEENRECENTLY DEMONSTRATED W
EFFICIENCY UNDER LX I E ASTANDARDLIGHT EMITTING DIODE B

4HE ORGANIC SEMICONDUCTO®RNI PGANEINCIOMNMEGUNDS THAT COMEF
LAYERS OFORGANICPHOTOVOLTAICS AREIDEALLY SUITEDFORUTILI
LIGHT EMITTING DIODES ANDINCANDESCENTBULBS &INECONTROL ¢
ALLOWS FORTAILORING OFOPTOELECTRONICPROPERTIES $ESIGNF
SEMICONDUCTORS ARENOW WELLESTABLISHED AND OPTICAL ABSOR
SPECIFICLIGHT EMISSION ANDENERGY LEVELSOPTIMIZED TO MINIM]I
7 = JNADDITION SUCHMATERIALS CAN BE PREPARED VIAATOM EC
THEMLOW COSTANDACCESSIBLE AND BEPROCESSEDINTOPHOTO
ROLL TO ROLLCOMPATIBLECOATINGMETHODS FACILITATINGATRAN
FIGURE ; =

#URRENTAND FUTURE CHALLENGES
-ATERIALS DESIGN
-OSTREPORTSONINDOORORGANICPHOTOVOLTAICS HAVE SIMPLY U
SUN | E M7TENWIRONMENTS 4HUS THEREISAGREATOPPORTUN
PHOTOACTIVE MATERIALS WITHMATCHED OPTICALABSORPTIONTOT
APPROXIMATELY n NM )NTHEDESIGNOFSUCHORGANIC SEMIC!
LOSS AND MAXIMIZING OPERATING VOLTAGESISFARMOREIMPORTAN
CONVERSIONEFFICIENCIES ASTHEINTENDEDUSEISTO RUNLOW PC
SYNTHESIS ANDBEPROCESSIBLEFROMHALOGEN FREESOLVENTS A
COATING )NTHISCASE CLASSICORGANIC SEMICONDUCTORS THAT F
0#%$4"4 MAY FINDNEWLIFEOWINGTOALOW COSTSYNTHESIS AND STF

ICCURATEPHOTOVOLTAIC MEASUREMENTS

STANDARDIZATION OF ORGANICPHOTOVOLTAICS CHARACTERIZATIO|
3UN OUTDOORPHOTOVOLTAICS 4HETASKOFSTANDARDIZING NON
OVERCOME SO THAT RELIABLEPOWEROUTPUT SPECIFICATIONS TO D|
ARANSLATIONALEQUATIONS AREUSEDBYINSTITUTIONSLIKE .2%, %
UNDERAGIVEN REFERENEEKONBDREGORRENCE CONDITIONIS NOTTHE
MAJORITY OF INTENDEDUSESFORINDOORORGANICPHOTOVOLTAICE
BINCENEWTRANSLATIONALMETHODOLOGIESDONOTEXISTYETFOR
UNCERTAINTY EXISTSINREPORTEDINDOORPOWER  CONVERSION EFF
OPPOSED TO SPECTRALRADIOMETRIC EQUIPMENT AREUSEDTOEST
CHALLENGEISTHATTHE TRACEABLEREFERENCECELLSTHATAREUS
AGAINST SUNWHENCERTIFIED ANDTHEREFOREDONOTAPPLYTOT
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KEPTINMIND DURING THISENDEAVOUR TOWARDSALAB TO FAB TRAN
SCALABILITY SUSTAINABILITY AND STANDARDIZATION 3CALABILITY
AND CHARGE TRANSPORTINTERLAYERCOMPOUNDS SYNTHESIS AND T
CONCERNSTHEDEVICEPERFORMANCE EVAINETQURAONENETIENEYCEN
PERENNIALTECHNOLOGY TRANSFERFROMRESEARCHANDDEVELOPN
PHOTOVOLTAICS ASPOWER SOURCES FORWIRELESS LOW VOLTAGE
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$YE SENSITIZEDPHOTOVOLTAICSFORINDOORAPPLIC
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3TATUS

$YE SENSITIZED SOLARCELLS COMPRISEA MESOPPRNOWTSISENM GQI$DA
WORKING ELECTRODE TOWHICHSENSITIZER MOLECULES ARE ADSOT
WITHAREDOX MEDIATORBETWEENTHE COUNTERELECTRODE AND W (
PHOTO INDUCED ELECTRON TRANSFER O CAHERRSERIOXWMIBLH SEQR ETN AE
REGENERATIONOFTHEDYE FACILITATINGTHE TRANSFEROFPOSITI
ELECTRODE ASDEMONSYRASHNSINFAEDBBLAR CELLS PRIMARILY AB!

TO NM AND OUTPERFORM'AISSOLARCELLSUNDERDIFFUSELIG
AND ENVIRONMENT FRIENDLY ;

%VENUNDERAMBIENTLIGHTILLUMINATION DYE SENSITIZED SOLZ#
ISATTRIBUTED TOTHE TUNEABLE ENERGY LEVELSIN#U )) ) ELECTR(
WITHFAST CHARGE SEPARATIONPROCESSESINORGANICDYES -OLE
COMBINATION CO SENSITIZERS FORIMPROVED MATCHING OF THEIR
LIGHT SOURCES AS SHAWSIGWNAFGORETLY PUSHED THE EFFICIENCY O
INDOORPHOTOVOLTAICS 'POWERCONVERSIONEFFICIENCY OF \
TUBE USING ;#U"TRMBIXOX COUPLEHDMWISIKCOI/SENSITIZED WITH FHEDYE
AHE CONTINUED DEVELOPMENT OF PANCHROMATICRIGID STRUCTUR
DESIGN FLEXIBILITYHASENABLEDIMPROVED POWER CONVERSION EI
I- "CONDITIONS AND UNDERINDOORLIGHT;

JNRECENT YEARS DYE SENSITIZED SOLARCELLS HAVE SHOWN REN
ARTIFICIALLIGHT SOURCES MAKINGTHEMASUITABLEOPTIONFORYV
DYE SENSITIZED SOLARCELLSWERE SUCCESSFULLYTESTEDTOPOW
LEARNING UNDER AMBIENT LIGHT CONDITIONS ;

#URRENTAND FUTURE CHALLENGES

4HE CONVERSIONOF AMBIENTLIGHTINTOUSABLEENERGY PAVES THI
SELF POWERED WIRE4EA3AS DANMITHEIIR FULL POTENTIALFORINDOORF
CELLS MUSTACHIEVEPOWER CONVERSIONEFFICIENCIES ELOKBEIRTO
INTEGRATIONASASUSTAINABLEPOWER SOURCE FOR SENSORS AND Y
MONITORING SYSTEMS DATACOLLECTION ANDWIRELESS COMMUNI(
INDUSTRIES ANDHQNBBWWRUDYSE; SENSITIZED SOLARCELLSWITHCO
POWER CONVERSION EFFICIENCIES EMPLOYINGDYES ABSORBING AT
BLUEREGIONOFTHE VISIBLE SPECTRA OFFERING ANEXCELLENT MA
REDUCES ELECTRONRECOMBINATION RATE STORTGINE RHEED O& MIEIDDCATON
JNTERFACIALENGINEERING ANDREDOX MEDIATORS WITHHIGH REDO
ELECTRONRECOMBINATIONAND MAINTAINHIGHPHOTOVOLTAGE 4HI
ISHINDEREDBY THE INABILITY TODEVELOP SOLID STATEDEVICES Ol
HOLE TRANSPORT MATERIALS SHOWED SIGNIFICANTOUTPUT POWER
METHODS AREBEINS DEVELOPED ;

IDVANCESINSCIENCEANDTECHNOLOGYTOMEETCHALLENGES
40 ADVANCE THE FIELD OF DYE SENSITIZED SOLARCELLSFORAMBIEN
SIMULTANEOUSLY IMPROVEDYE SENSITIZED SOLARCELLSAND)O4D
COMBINING CHEMISTRY ENGINEERING ANDCOMPUTER SCIENCE "Y |
INCRE ARABKE E 6 AT LX &0ORINSTANCE NOVELPREPARATION N
SEMICONDUCTORSWITHHIGHER CONDBSUOTIHOMAIB/ARRHAH MENDBDG AE43/THAN
SHOULD BEINVESTIGATED TOINCREASEDYELOADING ANDDECREASI
3INCERECOMBINATIONPROCESSES CAUSEMOSTPERFORMANCE L(
SHOULD FOCUS ONDEVELOPINGAFUNDAMENTALUNDERSTANDING O]
TRANSPORT MATERIALS ANDTHEIRIMPACTONPHOTOVOLTAIC PROCE
ALTERNATIVECHARGE CARRIER MATERIALSWITHIMPROVED CHARGE
ENHANCED LONG TERM STABILITY &URTHERMORE LIQUID ELECTROL
TRANSPORT MATERIALS TO REDUCE LEAKAGE SOLVENTEVAPORATIO
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SUPERCAPACITORS ORNOVELENERGY STORAGEDEVICESTODYE SE
DELIVERYWHENTHEINDOORLIGHTISUNAVAILABLE;

#ONCLUDING REMARKS
B3ELF POWERED AND @SMART )O4DEVICES ANDNETWORKS CANNOW
PREVIOUSLY UNTAPPED ENERGY SOURCE )NDOORDYE SENSITIZEDF
EFFICIENCY WILLPLAY ANIMPORTANT ROLEIN)O4 SUSTAINABILITY
#ONSIDERING THATINDOORENVIRONMENTS ARE MORE STABLEINT
DESIGNING MATERIALS WITHHIGHER PERFORMANCE PROPERTIES IS
DESIGNED FOR VARIOUS )O4 APPLICATIONS MUSTBE DEVELOPED TOF
FURTHERDEVELOPMENTSINBOTH MATERIALDESIGN ANDDEVICE AR
DYE SENSITIZED SOLARCELLSUNDERINDOORLIGHT CANBEPUSHED
ERAOFAUTONOMOUS SMART AND SELF POWEREDDEVICES
4HE PROGRESSOFTHESESYSTEMS CANDEPENDONTHE FOLLOWIN

SPSCALINGDYE SENSITIZED SOLARCELLSTO MINIMODULESDELIVE
IDVANCESINTHE STABILITY ANDEFFICIENCY OFCOMMERCIALLY AV
.OVELENERGY STORAGEDEVICES PARTICULARLY NON CONVENTIO
.EWMETHODS TOIMPROVE THE ENERGY OF #05S -#5S WIRELESS CO
#OMPUTING ALGORITHMS AND TOPOLOGIES ENABLING SELF POWEF
AWARENESS

(IGHLY EFFICIENT AMBIENTDYE SENSITIZED SOLARCELLS AREULTIM
BENEFITSOFINTERCONNECTED )O4S AND WIRELESSDEVICEINNOVAT
ENERGY IMBACTS ;
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,EAD HALIDEPEROVSKITESFORINDOORPHOTOVOLTA

*IE8U AND4HOMAS -"ROWN
#(/3% #ENTRE FOR (YBRID AND/RGANIC 30OLAR %NERGY $EPARTME!
20ME 40R 6ERGATA G6IADELOOLITECNICO 20ME )TALY

3TATUS
2ECENT AND EVER INCREASING PUBLISHED LITERATURE HAS SHOWN
BESTCANDIDATES FORINDOORPHOTOVOLTAICSOWINGTO THEIR EX(
LIGHT CONDITIONSINTHE VISIBLE RANGE | E THOSEEMITTED BY WH
AND COMPACTFLUORESCENTLAMPSUSED FORINDOORILLUMINATIOI
PHOTOVOLTAIC PERFORMANCE OF PEROVEKIRERS DHER BEILA 8 TANBE
PninN ARCHITECTYRENINS| 'l ARCTOM:OFOR THE CLASIDIBRIRA//-E4!$
ARCHITECTURE )NBOTHOFTHESE WORKS POWER CONVERSION EFF!
LXWEREOBTAINED WHICH ARE SUBSTANTIALLY HIGHER THAN TH(
SEE FIGARE)N ,JUEAREPORTED THE FIRST FLEXIBLE PEROVSKITE
SUBSTRATES DELIVERINGAPOWERC CONVERSIONEFFICIENCY OF n
LIGHT EMITTING DIODE IETERIONNMIYANEW YEARS EFFICIENCIES OF |
| 03#S HAVE CONTINUED TO SOAR REACHING CURRENTRECORDS IN
RANGE FOUND INAQBMES ; ATTHEHIGHER LXFOUNDLESSOFTEN I
SUPERMARKENSYD ; L X LX INFLEXIBAINNDO% . CELLE;IN
ULTRATHIN FLEXI.®DLTFABLXSBHESE RECORD EFFICIENCIES OF | 03#S H,
BOTHCOMMERCIAL SUCHASA 3ASWELLASNEWGENERATIONPHOT (
ORGANICPHOTOVOLTAICSB AS SHOBMNOINTHNGURE IMPROVEMENT IN EF
WITH CORRESPONDING STEP FORWARDSINMODULE PERFORMANCE A
ASOVERCOMING ENVIRONMENTAL TOXICITYCONCERNS OFPEROVSK
THISTECHNOLOGY )NFACT THE FAMHRAGEPOWPRGWERSUMPTION )
WIRELESS SENSORNETWORKS AREBECOMING MORE AND MORE PREV.
BILLIONS OF)O4DEVICES PREDICTEDTOBEDEPLOYEDBY JNDOO
TECHNOLOGY TOPOWERTHESEINDOOR MICROELECTRONICDEVICES

#URRENTAND FUTURE CHALLENGES

3TABILITY

OEROVSKITE SOLARCELLSHAVE ACHIEVED IMPRESSIVE EFFICIENCIE
AN ASPECTOFCONCERN ALTHOUGHTHEY OPERATEINAMILDER ENVI
DEVICES NEEDTOLASTONLYAFEWYEARSRATHERTHANMORE THAN
UNDER THE SUN OUTDOORS 4HUS SYSTEMATIC STUDIES OF DEGRATL
DEVELOPINGDEVICE AND ENCAPSULATION MATERIALS THAT CAN MAT
CARRIED OUT

,ARGE AREAFABRICATION

3CALINGUPTHE MANUFACTURING PROCESSESISKEYFORCOMMERCI
| 03#S ARE MORE SENSITIVETO TRAP STATE DE NS DIUEANDTRIEECLGDW\BH R .
OPTICALPOWEROFINDOORLIGHTS COMPARED TO SUNLIGHT RESUL"
PHOTO GENERATED ELECTRONS OREPARATIONOFHIGHAMUAVYERY TR
LARGE AREAS AS WELL AS MAINTAININGHIGH SHUNT RESISTANCES IN
MODULESISCRUCIALFORDEVICEPERFORMANCE )DEALGEOMETRIE
ILLUMINATION CONDITIONS

-ANUFACTURING COSTS

2EDUCING MANUFACTURING COSTSISANIMPORTANT FACTORFOR SU
COMPARABLE MARKET PRICEWITHITS COMPETITORS CURRENTLY A .
CONVENTIONALBATTERIES ISREQUIRED ASWELLASREDUCING AS M
PRODUCT

OOSSIBLETOXICITY CONCERNS
4HE OPERATING ENVIRONMENT OF INDOORPHOTOVOLTAICS CONSIST
ACTIVITY SUCHASTHELIVING ROOM OFFICE AND SHOPS 4HEREFOTF
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#ONCLUDING REMARKS

4HEHUGE MARKETFOR)O4DEVICES WORTHTENSOFBILLIONSINTHE
INDOORPHOTOVOLTAICS | 03 #S HAVENUMEROUS ADVANTAGES FOR
SUCHASBEING MECHANICAL FLEXIBLE LIGHTWEIGHT ANDLOWCOS
COUNTERPARTS AND ACHIEVED OUTSTANDINGINDOOREFFICIENCY O
ONEOFTHE PROMINENT LEADERS FORPOTENTIALCOMMERCIALIZATI
WERE OBTAINEDUNDER LABORATORY CONDITIONS -ANYCHALLENGE
LARGE SIZES POSSIBLETOXICITY REDUCING MANUFACTURING AND |
PROMOTETHECOMMERCIALIZATIONOF I 03#S 4HEPATHTO COMMER
OUTDOORINSTALLATIONS MAYBE MOREEVIDENTNOTONLYBECAUSE
MORE LENIENTENVIRONMENTFOR STABILITY 4HISREVIEW HAS AIME
OVERCOME THESECHALLENGES &URTHERMORE THE OUTSTANDING
APPEALING NOTONLY FORPHOTOVOLTAICSBUTALSOFORIMAGING V
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,EAD FREEHALIDEPEROVSKITESANDDERIVATIVES FO

6INCENZO OECUNIA
3CHOOLOF3USTAINABLE %NERGY %NGINEERING 3IMON &RASER 5N|

3TATUS
,EAD FREEHALIDEPEROVEEKEATE$ RED PERGVWEORNTESTHE FOLLOWING
OF METAL HALIDE BASED CO M PAOHENDVWA ¥ IFRESEERROWEKIBE STRUCTU
I* BEINGAMONOVALENOIQATEONN METAL METALHOLDDANAR N MNTERATU
THREE DIMENSIONAL NETWO RK O€ TAOREDERA SHEARIMNAGT J'VEES OF THIS S°
METAL HALIDEOCTAHEDRA ARRANGEDINDIFFERENT CORNER SHARI
EITHERTHREE DIMENSIONAL E G AS INCOMROQUWHERMENB AREBERMUL
MONOVALENT AND TRIVALENT MESTAHALRESRRCAON DIRYLAWER DIMEN!
ZERO AND TWO DTMEMNGVE®NAINDSBWINE A MONOVALEBENTRAXALEN T ME®
AND A HALIDE ANION ! ECGGWNREN FEATURE OF ALLOFTHESECOMPOUNI
METALS METALLOIDS ALTERNATIVETOLEAD "FORINSTANCE TIN GEF
4HE DEVELOPMENT OF LEAD FREEPEROVSKITES WHICHHAS TAKE!
BEENDRIVENBY THE STRONGINTERESTINREALIZINGECO FRIENDLY
WHICH MANIFESTHIGHLY FAVOURABLE OPTOELECTRONICPROPERTII
/IRIGINALLY AIMING TOREPLICATETHE PROMISING PERFORMANCE OF
THEDEVELOPMENT OF LEAD FREEPEROVSKITES EXCHEPARELNG ARGH
NARROWVIEW THE!IUTHOR ANDHISTEAMBEGANINVESTIGATINGINE
OF TWO DIMENSIONALLEAD FREEPEROVSKITES COMPRISINGPLANE!
WHICHDELIVER SUPERIOROPTOELECTRONICPROPERTIES EOMPARE
FIGURE I'LONGSIDETHEUNDERSTANDING THATTHETYPICALPLACE
TOTHEEND USERS MAKESITBENEFICIALTO RESORHIBONERDTFRATEIC
MOTIVATEDBY THE REALIZATIONTHAT THE WIDE BANDGAPS OF MANY
SPECTRALMATCHWITHINDOOR LIGHIBECBREBERBHFICURED INTHE FIR!
THE CAPABILITIES ANDPOTENTIAL OF LEAD FR BIE $EIR 8 T $1K S TEEIINNISOTC
DEMONSTRATION INDOORPOWER CONVERSIONEFFICIENCIES 0#% |
OF MAINSTREAM COMMERCIALA 31 (INDOOR PHOTG@®HE) T"AWGHS CWMERE
ALSODELIVERED DEVICE STABILETY WOIE MOIRSECINHRAHI SMBRERKIHROUG F
ADOPTED ATRIPLE CABHQN ¥ BR IMNKTO® ¥AISH METHYLAMMONIUM AND
FORMAMIDINIUM CATIGNSTCGREHIGVREA 0#%=1 OF ;
'LONGSIDETHEDISCOVERY OFTHEINDOORPHOTOVOLTAIC CAPAB|
HISTEAMALSODEMONSTRATED FORTHE FIRSTTIME MM SCALELEA
PRINTED TRANSISTORELECTRONICS POINTINGTOTHE OPPORTUNIT
POWERED SMART=DED/DCEH® NALLY THE ANALYSISOFTHEULTIMATE IN
AWIDERANGEOFLEAD FREEPEROVSKITESPOINTEDTOOTHER COMP
POTENTHARE G !IG "I )COMPOAOND®E ; = &ULFILLINGTHIS PRREEFHOTION
INDOORPHOTOVOLTAICSWITHANEFFICIENCY OF URTOOST WRAGENIBLS
EMERGING #U !G "I ) BASED ABSORBERSWITHNEAROPTIMUMBANDG
SHOWNTODELIVERO#% | VARhUESBERPBIYOHIGHLIGHTING THE CONS|
PHOTOVOLTAICPOTENTIALOF CGPRERTHERNMRPOREI ATHOMHBARIIDABSORB
#S3B) AND ANORGANIC MOLECULE )4)# WASREPORTED ¥O(DBMHVER O
NOTE THAT THIS RESULTDOESNOTSTRICTLY FALLWITHINTHELEAD |
THATTHE RESULTANTO0#% | CRUCIALLYBUILDSONTHEOPTOELECTR
DELIVERED 0#% | MALQOJREGANHC INDOOR PHEHEQNCEBLTHAECSSIB)OF )4)# #S
ESSENTIALLY TAPSFROMTHE CAPABILITIES OF ORGANICINDOOR PH(
CAPABILITIESOFLEAD FREE PEROVSKITEINDOORPHOTOVOLTAICS
COMPARED TOFULLY ORGANIC)4)# BAARKXHENANDY R B HNOWES/TO GRAIOMN;
PEROVSKITEINDOORPHOTOVOLTAICSHASRESULTEDINCONSIDERA
&l -1 3N"R)GIVEN THEIRHIGHER PHOTOVOLTAIC CAPABILITIES ALR
RESEARCH ALTHOUGHBURDENEDBY CONSIDERABLEINSTABILITY E
MIN ; =
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BEINGCLOSETOTHEOPTIMUM INTHEFORMS EXPLORED TODATE TH
MICROSTRUCTURES ANDCOMPARATIVELY LOW MOBILITY LIFETIME P/
EFFICIENCY IDDITIONALLY THELIMITED UNDERSTANDING OF THEIR
PREVENTS THE RATIONALDEVELOPMENTOF SUITABLE PASSIVATION
TRANSPORTLAYERS FOREFFICIENTCHARGE EXTRACTION &INALLY
PHOTOVOLTAICSHASBEENTYPICALLY REPORTED ATILLUMINATION L
ILLUMINANCES DOWNTO LX WHICHMAKESITCRITICALTODEVELOP
LOWBULKANDINTERFACIALDEFECT CONCENTRATIONS

TABILITY

4IN BASED PEROVSKITEEOROPER DISEBE BB A MONOVALENA EATIDE A
ANION SUFFERFROM SEVEREINSTABILITNNMOAIREDSAA THOREEENT DAV
THISSTILLREPRESENTS AKEY CHALLENGETOTHEIRADOPTIONINRE
BISMUTH BASEDCOMPOUNDS HAVE GENERALLYDEMONSTRATED A ML
BEHAVIOURUNDER REAL WORLD OPERATING CONDITIONS HAS NOT Bl

5PSCALING

4HE LEAD FREE PEROVSKITEINDOORPHOTOVOLTAICS DEAMNGNETRAT
ADDITIONALLY THEY WEREPROCESSEDBY SPIN COATING WHICHDO
AHEREFORE ANIMPORTANTCHALLENGEISTO ACHIEVEHIGHPHOTOV
ACCEPTABLEUNIFORMITY ANDYIELD VIASCALABLE MANUFACTURINC

#OST

4HE SOLUTION PROCESSABILITY OF MANY LEAD FREEPEROVSKITES |
PHOTOVOLTAICSATALOWERCOSTTHANCURRENTCOMMERCIAL TEC|
HIGH THROUGHPUT MANUFACTURING METHODS TO ACHIEVE THIS OB

%WNVIRONMENTALIMPACTS

7THILETHEIRLEAD FREENATURE GIVESTHEMA SIGNIFICANTEDGE CO
OFECO FRIENDLINESS ADETAILEDUNDERSTANDINGOFTHEIRPOTE
STILLLACKING

IDVANCESINSCIENCEANDTECHNOLOGYTOMEETCHALLENGES
4HE FULLREALIZATIONOFTHE POTENTIALOFLEAD FREE PEROVSKIT
MATERIALS ANDPROCESS ENGINEERING ASWELLASINCHARACTERIZ

-ATERIALS ANDPROCESSENGINEERING

4HE PROMISING PERFORMANCE OFTIN BASED PEROVSKITES PROMPT
WITH BANDGBPSALONGSIDETHE INVESTIGATIONOFPROCESSING PRC
INHIBITTHE OXIDINTTEE®EFEMNTERIALS )N REGARD TOANTIMONY AND
PRIORITYISTODEVELOP STRATEGIESFORTHE CONTROLOFTHE CRY
GRAIN SIZE GRIMAARR FAMVMOIURABLE CRYSTALLINEORIENTATION -ORE
PROCESSINGPROTOCOLSFORTHEPASSIVATIONOFBULKANDINTERTF
CARRIERLIFETIMES WELLABOVETHE NSRANGE "EYONDTHE COMP
LEAD FREE PEROVSKITEINDOORPHOTOVOLTAICS WOULD ALSO BENE
COMPOSITIONSWITHHIGH STABILITY ANDDEFECTTOLERANCE WHIL
OF THE ABSORBERCOMPOSITION THE REALIZATION OF HIGH PERFOR
SUITABLEFORREAL WORLD APPLICATIONS WILLALSOREQUIRETHETL
ADEQUATEENERGY LEVELALIGNMENTFOREFFICIENT CHARGE EXTR¥
DEPOSITIONMETHODS COMPATIBLEWITHROLL TO ROLLPROCESSIN

#HARACTERIZATION AND PHYSICALINSIGHT

OURSUINGTHE SYSTEMATIC CHARACTERIZATION ANDUNDERSTANDIN
DEVICEFABRICATION ANDUNDER REAL WORLD OPERATING CONDITIC
PHOTOVOLTAICSBASEDONTIN BASED PEROVSKITES -OREOVER PR(
PHOTOVOLTAICSWILLREQUIRETHEIDENTIFICATIONOFTHEBULKDE
ANTIMONY ANDBISMUTH BASED PEROVSKITES ASWELLASTHE CHAI
MATERIALS AND THE QUANTIFICATIONOFITSLIMITING FACTORS AND
INVESTIGATION OF EXCITONIC EFFECTSINTHESE MATERIALS IS ESSE
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PHOTOGENERATION EFFICIENCYUNDERPHOTOGENERATIONRATES||
OPERATION

#ONCLUDING REMARKS

THILE STILLINITSINFANCY RESEARCHINLEAD FREE PEROVSKITE IN
EFFICIENCIESCOMPETITIVEORWELL ABOVECOMMERCIALINDOOR Pt
FAMILY OF MATERIALS -OREOVER THEIR SUPERIORECO FRIENDLINE
MAKES THEM PARTICULARLY ATTRACTIVEFORINDOORPHOTOVOLTAI
TOXICITY THATHOLD FORTECHNOLOGIESTOBEDEPLOYEDINCONSU
LIMITSOFLEAD FREE PEROVSKITEINDOORPHOTOVOLTAICS UPTO

REACHED WHICHHIGHLIGHTS ACONSIDERABLE OPPORTUNITY FORF
POTENTIALFORINDOORPHOTOVOLTAICS ITWILLBENECESSARYTO
OPTIMUM ABSORPTION SUPERIORMICROSTRUCTURE ANDLOWDEFE
SYSTEMATIC CHARACTERIZATION ANDUNDERSTANDING OF THEIR FU!
DEGRADATIONMECHANISMS /NCETHESE CHALLENGES AREOVERCON

PLAY ANIMPORTANT ROLEASANEASY TO MAKE LOW COSTINDOORP
SUSTAINABILITY PROFILE
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1UANTUM DOTABSORBERSFORINDOORPHOTOVOLTAI

"ENXUAN9IWEN 7ANB AND "O (OU

JNTERNATIONAL #OLLABORATIVE ,ABORATORY OF $-ATERIALS FOR
-INISTRY OF %DUCATION )NSTITUTEOF -ICROSCALE/PTOELECTRONI
OEOPLE S2EPUBLICOF #HINA

%LECTRICAL %NGINEERING $IVISION %NGINEERING $EPARTMENT ¢
#AMBRIDGE #" &! 5NITED +INGDOM

B3CHOOL OF %NGINEERING AND -ATERIALS 3CIENCE 1UEEN-ARY 5NI\
+INGDOM

3CHOOLOFOHYSICS AND!STRONOMY #ARDIFF5NIVERSITY #ARDIFF

3TATUS

"ASEDONTHEDETAILED BALANCELIMIT APPLIEDTO ARTIFICIALINDO
INDOORPHOTOVOLTA$CRISUREESENTS INDOOR LIGHTING SOURCES
SPECTRA 4HEREFORE NEWTECHNOLOGIESBASED ONABSORBERS\
QUANTUMDOTS HAVEBEENDEVELOPED FORMONGGR FHETE VQUANTG
THEORETICALLY THEMOSTPROMISING ABSORBER MATERIALS BECAU
SHOCKLEYN1UEISSERLIMITININDOORPHOTOVOLTAICSOWINGTO TH
MULTIPLE EXCITOMN GANEARTRE IONAD CHALCOGENIDE AND LEAD HALID]
THE MAINSTREAM ABSORBERSINQUANTUM DOT BASED SOLARCELLS
PHOTOVOLTAICS ARESTILLINAN EMERSHNERAIAT ¥ P ESSSTHFOQUNAINNTRA K3 U
DESIRABLE ABSORPTION RANGES FORPHOTOVOLTAICS AND SOME H/
QUANTUM DOT BASED INDOORAPMUOAONVEOTLTHAIMANUFACTURING COST |
PHOTOVOLTAICTECHNOLOGIESISBECOMING COMPETITIVEDUETOT
HIGH DEFINITIONTELEVISIONS INWHICHSOLUTION PROCESSED QU
SPRAY COATING ANDBLADE COATING (OWEVER THE QUANTUM DOT
QUANTUM DOT BASEDINDOORPHOTOVOLTAICS COMPRESERHERNTLWE
HEAVY METAL FREEQUANTUMDOTS HAVE ACHIEVED MORE THAN E|
CELLS BUTHIGHQUANTUM DOTLOADING ANDNOVEL REDOXSYSTEM |

#URRENTANDFUTURECHALLENGES

#URRENTLY QUANTUM DOT BASED SOLARCELLS ARE MAIMNBY3IN TWO
AND LEAD HALIDEPEROVSKITES 4HELARGE"OHR EXCITON RADIIINDO
PHOTOVOLTAICS RENDERING EFFICIENTLIGHT ABSORPTIONAND CH
PHOTOPHYSICALPROPERTIES LEAD HALIDE PEROVSKITE QUANTUM
QUANTUMDOTS RESULTINGINLESSENERGYLOSSSUCHASPHOTOVC
OBISDOMINANTINBOTHOB8 ANDLEAD HALIDE PEROVSKITE QUANTU
ORBITALS ENABLINGDIRECTBANDGAPTRANSITIONAND STABLE CRY
TOWARDSECO FRIENDLY QUANTUM #B)XQ N MNABBER3BALB AIKETIH ABERGVISKI®
NANOCRYSTALSERNGRIREENTLY #U)N:N33EQUANTUMDOTS EMPLOYE
DYE SENSITISED SOLARCELLSHAVESHOWNVERY PROMIS*NG PERFO
7 = (OWEVER QUANTUM DOT SENSITISED SOLARCELLS STILL SUFFE
ELECTROLYTE POORINTERDOT CARRIERMOBILITYDUETOC CAPPEDL
CORROSIONOFQUANTUMDOTSBY THEELECTROLYTE -OREOVER TH
USINGECO FRIENDL¥Y¥QUANTUMDOTS;

EVERALISSUES REMAININDEVELOPING QUANTUM DOTINDOOR P}
ARE ADOPTEDTOPROVIDEQUANTUMDOTS WITHGOODDISPERSION A
PREVENT SUFFICIENTINTERDOT CHARGE TRANSPORT ANDIMPROPE|
DEFECTS PHASETRANSITION ANDDEGRADATIONOF QUANTUMDOTS
TIME CONSUMING AND MATERIAL COSTLY WHICHISUNSUITABLE FOR
QUANTUM DOTDEPOSITIONCANNOTBE GUARANTEED INQUANTUM DC(
DEPOSITIONOR SUCCESSIVEIONICLAYERADSORPTIONAND REACTIC
HETEROJUNCTION STRUCTURE HAVE SEVERALISSUES RELATIVELYL
EFFECT ENERGY LEVELTUNING ANDINSUFFICIENTCHARGE CARRIER
MAY UNDERGO DIFFERENT OPEN CIRCUITVOLTAGELOSS AND DEGRAI
CONDITIONSUNDER !- IRRADIATION $UETO THE SIGNIFICANT OVE|
THE SOURCE OF HEAVY METALS 0B #D AND NANOPARTICLES QUANT
ENVIRONMENT ANDTHEHUMANBODY ;
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#ONCLUDING REMARKS
4HE EMERGING QUANTUM DOTSYNTHESIS ENGINEERING AND CELL F
ENORMOUSPOTENTIALFORDEVELOPINGINDOORPHOTOVOLTAICS 2
0B3 QUANTUM DOT BASEDINDOORPHOTOVOLTAICSDEVICE EXHIBIT
UNDERFLUORESCENTILLUMINATIONBUTLAGGINGBEHIND THE E
EFFICIENCY= 3EVERALCHALLENGES REMAINBEFORE THE FINAL COM
INDOORPHOTOVOLTAICS &4ROMADEVICEPERSPECTIVE MORE STUD|
BAND ALIGNED TANDEM CONFIGURATION &ROMA MATERIALS PERSPI
LIGAND EXCHANGE APPROACHFOR QUANTUM DOTFILMFABRICATION
LOWTRAP STATESBETWEENLAYERS -OREOVER COMPREHENSIVE EC
LEACHING PATHWAYS FOR/IQUARARPND AOVANCES IN MATERIALS META
PHOSPHIDES ANDNITRIDES ANDDEVICES TANDEM QUANTUM DOT
QUANTUM DOT BASEDINDOORPHOTOVOLTAICS WILLSOON REALIZE T
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ICCURATECHARACTERIZATIONOFINDOORPHOTOVOL

"EHRANG ((AMADANI
. ATIONAL )NSTITUTE OF S TANDARDS AND4ECHNOLOGY 'AITHERSBUR

3TATUS
JTISWELLUNDERSTOOD THATTHE STANDARD REPORTIHG CONDITION
7M FORMEASUREMENT OFPHOTOVOLTAIC SOLARCELLS IS NOT I
INDOORPHOTOVOIETAOO$SH; THE SPECTRUM ANDTHE TOTALIRRADIANC
SOURCES ARE SIGNIFICANTLY DIFFERENTFROMTHE !- SPECTRALI
STANDARDS ORBROADLY ADOPTED GUIDELINES EXISTTO CLEARLY O
AND REPORTTHE ELECTRICALPERFORMANCE OFINDOORPHOTOVOLT
LABORATORIES REPORTORCOMPARE THE PERFORMANCE PARAMETE
LIGHT SOURCES SUCHAS FLUORESCENTORWHITE LIGHT EMITTING I
THEPERFORMANCE PARAMETERS OFTHEIRINDOORPHOTOVOLTAICS
LUXMETER WITHTHELIGHTINTENSITY REPORZERIMNATHE ILLUMNIGR N
OFITARECONSIDERED APPROPRIATEFORTHE CHARACTERIZATION O
DEMONSTRATED THATILLUMINANCE IS NOTANAPPROPRIATE QUANTI'
OFINDOORPHOTOVOLTAICS SOLONG ASTHE PRECISEB RBEPEREEQNAEESH
DISCREPANCY IN THE SHOMACYIBRE BEIPORREPNJINDER NOMINALLY S|
THE SAME LUX VALUE | E LX )JTTURNSOUTTHE SPECTRALDISTRI
CONSIDERED !'DOPTING STANDARDSTHATCLEARLY DEFINE THE SPEC(
WOULD HELP RESEARCHERS CONDUCT MOREACCURATEELECTRICAL
MEASURING THE LIGHTINTENSITY (OWEVER AMOREACCURATE MET|
REFERENCE CELLBASEDMETHODTOTHECHARACTERIZATIONOFIND
JNSHORT REDUCING MEASUREMENTUNCERTAINTIESUNDER WELL D
ADVANCE THE GROWING FIELD OF INDOORPHOTOVOLTAICS AND ALLO
THEIREFFORTSINDEVELOPINGHIGH EFFICIENCYDEVICES FINE TU!

#URRENTAND FUTURE CHALLENGES

THENITCOMES TOACCURATEELECTRICALCHARACTERIZATIONOF PF
TOTHE ACCURATE LOWUNCERTAINTY MEASUREMENTOFTHE IRRAD
CURRENT VH6VRERSGREMENT )NANIDEAL WORLD ALLRESEARCHER
SOURCEWITHTHE SAME SPECTRAL ANDANGULARDISTRIBUTION )N T
ONTHECELLCOULD BE MEASURED AND ADJUSTEDWITHA CALIBRATEI
CELLORASIMILAREQUIPMENTWITHOUTANY CONCERNSORERRORS
SIMULATORS COME IN ALL SORTSOF SPECTRAL VARIATIONS 4HEREF
BEDIFFICULTUNLESSEVERYONEAGREEDONUSINGONEORAMULTIT
MUCHLIKEWE CURRENTLYDOWITHTHE!- "OR!- SPECTRA ASCOD
%LECTROTECHNICAL #0OMM IEBGRAOM BE TCANRMROERIZATION OFINDOOR
SPECTRUMHAS NOTYETBEENBROADLY ADOPTED ALTHOUGH SOME &
7, = 4AHECHALLENGEISTHATEVENIFONEAGREESFORTHEIRDEVICE
ACHIEVING THATEXACTILLUMINATIONCONDITIONINSIDE THE LABOR
IRRADIANCE OF ARTIFICIALLIGHT SOURCES VARY SIGNIFICANTLY AM
MUSTBE DEVELOPED TO ALLOWEACHRESEARCHERTO MEASURE AND
EXPOSES THEIR TEST SPE ENENRRNEHENGME B KGOERBERNNOGMATTE|
SOURCEOFTHEILLUMINATION &OR AIR MASS MEASUREMENTS IT|
UNCERTAINTY METHOD TO ACHIEVETRACEABILITYTOTHIS REFEREN(
REFERENCE SOLARCELLTHATHASBEENCALIBRATEDBY APRIMARY N
)3/ CERTIFIED LABUNDERASPECIFIC2# 4HERE ARECURRENTLY EFF
EXTEND THISMETHOD TOTHE CHARACTERIZATIONOFINDOORPHOTO
REFERENCE SPECTRAHASTOBEADOPTED THROUGHINTERNATIONAL

IDVANCESINSCIENCEANDTECHNOLOGYTOMEETCHALLENGES
%FFORTS ARECURRENTLY UNDERWAY TOMEET THE CHALLENGES DIS
06 ;= 3PECIFICATIONOF)NDOOR ,IGHTING 3IMULATOR 2EQUIRE
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4HE PARALLEL PLATE CAPACITORAND $$%& MODELS SUGGESTTHE U
MATERIALS BASED TRIBOELECTRIC NANOGENERATORS 4HEPOWER T
CONSIDERATIONOFTHEIMPEDANCEOFTHEDEVICE AND EDGE EFFEC
TRIBOELECTRIC NANOGENERATORDESIGN )NADDITION THEINFLUE
IMPROVING THEELECTRICALPERFORMANCEOFTRIBOELECTRIC NAN
FIGURES OF MERIT 3UPPLEMENTINGTO ENERGY HARVESTING TRIBO
USEINSELF POWERED SENSING AND )O4 APPLICATIONS WHICH WARTF
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-ATERIALS FORTHERMOELECTRICENERGY HARVESTINC
JNTRODUCTIONONMATERIALSFORTHERMOELECTRIC

-ERCOURI"+ANATZIDIS AND (ONGYAO 8IE
$EPARTMENT OF #HEMISTRY .ORTHWESTERNSNIVERSITY %VANSTO|

JNTHE PASTFEWDECADES THE REALIZATIONHAS SETINTHAT OVER
FORMOFHEATANDLOW COSTEFFECTIVETECHNOGLGG4A4HE RN REDRCTE
MATERIALS OFFER ANATTRACTIVE SOLUTION FORDIRECTLY CONVER
BESUCCESSFULLYEMPLOYED ONABROADSCALEINWASTEHEATHAR
FUELUTILIZATION -OREOVER THERMOELECTRIC MATERIALS CANBE
ELECTRONICSBASEDONTHE TEMPERATUREDIFFERENCES FOUND IN|
ENVIRONMENT

!'THERMOELECTRICDEVICEISAFULLY SOLID STATEELECTRONICTEC
SOURCEUSINGTHE SEEBECKEFFECT 6ICEVERSA ELECTRICITY CAN
SOLID STATEHEATPUMP FORREFRIGERATAORRMEAROUWEH RHE D E VTCHEF
MOVING PARTS RUNQUIETLY ANDCANHAVEEXCELLENTRELIABILIT?
ADVANTAGES MAKEITCOMPATIBLEWITHOTHER ENERGY CONVERSIO

!'TYPICALDEVICEUTILIZINGTHISAFFECSTGO RO WRD ® F IGNREAIR C
THERMOELECTRIC MATERIALS 7THENATEMPERATURE GRADIENT IS A
ONTHEHOT SIDEABSORBENERGY ANDTEND T TODIFFUSETO THE COLIL
ANETCHARGEATTHECOLD SIDEUNTILANEQUILIBRIUMIS REACHED |
ELECTROSTATIC REPULSIONCAUSEDBY T THEBUILD UPOFCHARGE 4]
BETWEENTHE HOT SIDE AND COLD SIDEOFTHE MATERIAL 4HEPERFO
THEDIMENSIONLESSIEIE UREVWHBWER HE SEEBE CK COBFE ECIEEQNTIRICAL
CONDUOGNI/THE SPECIFIC OPERATING HREM P ERMAULRECANR E MIAXTM UM
POWER CONVERSHREERFIONENCIP IS SHOWAHERE EAXIMUMN OWER CONYV
EFFICIENCYOFATHERMOELECTRICDEVICEDEPENDS ON T44EANTM P E |
THE COLD4GORKRWELL ASTHEPERFORMANCE OF THE MATERIALS AS FC

_ 4y 4c n P + 4y
4y T T Ant(4e4)

(ERETHE RATIOOFTHETEMPERATUREDIFFERENGE BEHEEERNOE |
EFFICIENCMyASDHEEBVAERAGE BEJANEEMHUS INPRACTICAL APAPLICA
AVERAGED OVERAWIDETEMPERATURE RANGE ISIMODRENRRROGMWATIC T
TEMPERATURE RANGE 40 MAKE THERMOELECTRICS COMPETITIVE WI
AVERABGELUEO®OHS NEEDEDFTHEY AREACHIEVED GAME CHANGING C

ORMORECOULDBEPOSSIBLE (OWEMBRAIALES OB G HHANEEMBAE N R K/
MATERIALS AS IMEEAVERARKEEOST ADVANCED THERMOELECTRICS MAT
RECORD HIGH VALUE IS ABOUT N REECENT REPORTS FIGURE

JMPROVINMG/RHBE OF MATERIALSISTHEKEY  TO THE APPLI@ATION O
EXPRESSION ITISOBVIOUSTHAT GOOD THERMOELECTRIG MAITCERIAL
ELECTRICAL COMMNDCPIOVIR YHERMAL GEHRACCUIAUBYXIENTIFIC CHALLE
TRANSPORTPROPERTIES ARESTRONGLY INTERDE RNWDWDEHNETCTARRROBR
EFFECTIWE VMANEBEMAXIMIZING ONE TRANSPORTPARAMETERWOULD IN
THEOTHERSN;THEOTHER HAND THETOTALTHERMAL CONDUCTIVITY I

L ANDTHEELECTERONIGPARND INCREAWINGADHANE SO UNAVOIDABLY L
INCREASEJINFHEHUS THE STRONG CORRELATIONBETWEENTHE HEAT
MAKES THE OPTIMIZATIOCHALTHER @ MER MGBIEE K E YATVOAA O H EENM UNG B EGAH
SYNERGISTICOPTIMIZATION OF THESE TRANSPORTPROPERTIES BY T
VALUE SEEBIGURE

JNTHE PASTTWO DECADES TREMENDOUS PROGRESSHAS BEEN MA
LEADING TO MANY PROMIANG IMATERASEEDVRTGH =FAGEREOST SUCCES
STRATEGIESINIMPROVING PERFORMANCE HAVEBEENTHOSE  THAT M
WELL KNOWN IS THHR FSINPWAOTSIDRANUEZF URED INGLUSIONIS WIAGSIRIRS T
DEMONSTRATEDINTHELEAD CHALCOGENIDEANDTHENHASBEEN WII
AUNIVERSALLY VALIDMETHOD 3INCETHEN OTHERIMPORTANT STRA
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EXPLORING THE APPROACHFORLARGE SCALEANDIHIGNS QYQEALIAY MA
DEVELOPING THENEWDEVICESTRUCTURE AND FABRICATION TECHNI
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#HALCOGENIDESFORTHERMOELECTRICENERGY HAR\

8IAO ,EI3HIAND :HI "ANG #HEN
3CHOOLOF#HEMISTRY ANDOHYSICS 1UEENSLANDSNIVERSITY OF 4E

3TATUS

#HALCOGENIDE BASED THERMOELECTRIC MATERIALS AREIMPORTAN
#ONVENTIONAL THERMOELECTHRE GRHALSGAFEANDEBEE CHHAWE'BEEN W
APPLIEDINTHERMOELECTRICDEVICESFORVARIOUSPURPOSES SUC
RADIOISOTOPE THERMOEEEXNTRHE GASNERAWOEARS AFEWTHERMOE
HIGH EXPERAMENURE OFNCLUDIN@3N8 #W8 BNAND 'E8 HAVEBEEN
CONSIDERABLY=-DEWVELAQPEDR:SPECIALLY SOMECHALCOGEMNID®ES HAV
FIGUREGR EVEN REEACHED = &OR EXAMPLE 'E4EISAPROMLI8SNIGFMATE
> WITHINAWIDETEMPERATURE RANGE FROM +TO + AND THE RE
SHOWED AOHFIGH, = #BEIS ONEOFTHE MOSTCOST EFFECTIVEBHERM((
OFUPTO = ANDTHE REPORTBE BRGEOTTHHRMOELECTBFC DEWVICE SH
INDICATING GREATPOTENTIALFORPRACTICAL APPLICATIONS (IGH
RAPID DEVELOPED WITHBS,OFENTIALLY HIGH

#URRENTAND FUTURE CHALLENGES

4HE SUPREME THERMOELECTRIC PERFORMANCE OF ADVANCED CHAL
MANIPULABLE BAND STRUCTURESWITHRELATIVELY NARROW BANDG|
CONDUCTIVITY AND3EEBECKCOEFFICIENT !'SWELL CHALCOGENIDE
CONDUCTIVITYDUETO THEIRUNIQUE CRYSTAIL4STRHEREBREST(OWAM
INEMPLOYING THEMINPRACTICALDEVICESFORCOMMERCIALUSE 4
INCLUDE | LOWMECHANICALPROPERTIES #OMPAREDTOOTHERTH
OXIDES HALF (EUSLERS ANDSILICIDES CHALCOGENIDESUSUALLYE
THEIR RELATIVELY WEAKBONDING BETWEEN MET ALOMNAST DAENRI MG D KCAT
MECHANICALROBUSTTHERMOELECTRIC MATERIALS ARE SIGNIFICAN
SERVICE THEIRMECHANICALPROPERTIES MUSTBEFURTHERIMPRO"
THERMOELECTRICCHALCOGENIDES SUCHAS 'E4EPOSSESSHIGH CO¢
FUTURE APPLICATIONS THEREFORE SOMEALTERNATIVES NEEDTO B
PERFORMANCE |IlIl RELATIVELY LOW STAB3IEIAND3ZMME & R A INOO GEMIH
HIGHTEMPERATURESBECAUSE SELENIUM IS EASILY VOLATILE WHIC
ENGINEERING SHOULDBEAGOOD RESOLUTION BUTSTILLNEEDS A L¢
THESE ADVANCED CHALCOGENIDESINTODEVICES $ESIGNING AUSEH
PERFORMANCE AND STABILITYISTRICKYDUETO T THE COUPLED FACT((
ELECTRODE MATERIAL SELECTION INTERLAYER N P MATERIALS PAI
THERMAL ELECTRICALRESISTANCE 3UCHADEVICEDESIGNIS ESPEC(
CHALCOGENIDESBECAUSEMOSTOFTHE ABOVEFACTORS NEED TO BE
PROPERTIES OF ADVANCED CHALCOGENIDES &OR EXANEPAET HTSILSI DAH
N TYPELEGSINTHEDEVICESBECAUSEITIS CONSIDBREABILTYHES RWIICAR
4STOTHEIRP TYPECOUNTERPARTS 4HEREFORE CONSIDERING TH|
THERMOELECTRICDEVICESCOMPOSED OF NEWLYDEVELOPED ADVAN

IDVANCESINSCIENCEANDTECHNOLOGYTOMEETCHALLENGES

40 ACHIEVETHE GOALOFDEVELOPINGHIGH PERFORMANCE COST EF
CHALCOGENIDES ANDRELATEDDEVICES THERE AREMANY ADVANCE.
DISCUSSED ABOVE ASSUMMARIZED BELOW ANDIN FIGURE

&URTHERIMPROVING THE THERMOELECTRICPERFORMANCE OF CH.
DEVICES 6ARIOUS BAND MANIPULATION APPROACHES SUCH AS ALL
ELEMENTS COMPOUNDS CANBE APPLIEDTOENHANCETHE POWERF
TRANSPORTPRORERTESERUCTURE ENGINEERING CANBEUSED TO ST
PHONON SCATTERING ANDINTURN SUP PR ESOMPHE AR EGRNAALL MCEOTNHX
MODELLING AND FIRST PRINCIPLESHAVEBEENEMPLOYED TODESI
PROMISINGR GUIDETHEIMPROVEMENT OF CURRENF THERMOELECT
"OOSTING THE MECHANICALPROPERTIES ASWELLASTHE STABILIT
PRACTICAL APPLICATIONVALUESOFTHEIRDEVICES ISDISCUSSELI
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#ONCLUDING REMARKS

5PTONOW THEPERFORMANCEOFCONVENTIONALTHERMOELECTRIC
WHILE MANY ADVANCED CHALCOGENIDESWITH SIGNIFICANTTHERMO
DEVELOPED BOTHBENEFITED FROM THE ADVANCED STRATEGIES BAS
MANIPULATIONTHEORIES ILTHOUGH THERE ARESTILL MANY ISSUES
ADVANCED CHALCOGENIDESINDEVICES SUCHASSTABILITY MECHAN
CHALLENGES AREEXPECTED TOBE RESOLVED SOONBASED ONTHE Al
DEVICEENGINEERING ASWELLASTHECONTINUOUSLY DEVELOPED TI
COMPUTER SCIENCE ANDDATASCIENCE
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&ULL(EUSLERSFORTHERMOELECTRICENERGY HARVE

'LEXANDER 21SS -ICHAELOARZER &ABIAN'ARMROUDI AND %RNST "A'

JNSTITUTE OF 30LID B3TATEOHYSICS 45 7IEN ! 7IEN IUSTRIA
3TATUS
)N &RIEDRICH (EUSLER SUBMITY%EB B R MWAGINBTIR ICH B N TNVEHAHRHDEGS E E

FIRSTDEMONSTRATED THATTHREENON MAGNETICELEMENTS #U -N
89:STOICHIOMEBRNCE THEN THO8SANDS QECBBERMND(EUSLER
COMPOUNDSHAVEBEENFOUND ASTHEIRUNIQUE AND SIMPLE CRYST
ELEMENTS FROMTHE PERIODIC TABLE !SARESULT (EUSLERCOMPO!
MULTITUDE OFINTERESTING PHYSICALPHENOMENA AND TUNABLE PR
SUPERCONDUCTIVITYORTHERMOELECTRICITY )TWASDEMONSTRAT
COMPOUNDS THEELECTRONICPROPERTIES ARESTRONGNY HDEEPEND
BSLATERNOAULING RULE STATES TH-ATARESIICENR BAGIRBDUIKCCEEWMITOND U
THISRULE MANY HALF (EUSLER SEMICONDUCTORSWERE IDENTIFIEEL
EXCELLENT CANDIDATES FORTHERMOELECTRICEXPLORATIONS WH
STUDIEDWITH RESPECTTO THEIRPECULIAR MAGNEREY RROFAER HIES
DISCOVERIES OF AGIANT ANOMALOUS .ERNSTEFFECTINSEVERAL FU
7 = THILENUMEROUS FULL (EUSLER SEMICONDUCTORSWITHEXCEL
PREDICTED THEORETICALLY EXPERIMENT S6SI0AFAR P DHE H NIMA IALDTGINE RY
MATERIAL

'LREADYINTHE EARLY S .ISHINOANDCO WORKERS OBIMNNMED L
POWER BAIGTR@&ER WHICH THEY ATTRIBUTED TO ADEEPPSEUDO%AP IN T
7 = IVERTHE YEARS DOPING STUDIE% OHGBE EDANHBAE READAIOSG MU N KL
CHANGING THE CARRNEDEECOINTEENARBIACK C/IRICMESCERTEGYRIH HAS Bl
DEMONSTRATED THAT THEELECTRONICSTRUCTUREITSELF CANBE S
"YEITHER OPENING THD BANOGRAHPOGRATING NARROW RESONANT OR SE
% ; = THE3EEBECKC COEFFICIENT WAS SIGNIFICANTIBYNENHANCED
BEHAVIOUR SEECOLOURED SYMBOLS DEVIATIMONBER THKETBLYACK S
THERMOELECTRICPOWERFACTORS n TIMESYSRGHERS HMANEHOSE O
RANGE HAVE BEENACHIEVED ;

#URRENTAND FUTURE CHALLENGES
ILTHOUGHFULL (EUSLER SYSTEMS POSSES SAE X G\EH L LE NB GP\OBNTEHRORSAX
STATE OF THE ARTTHERMOELECTRIC MATERIALS AND EXHIBIT EXCE
OVERALLTHERMOELECTRICPERFORMANCE OF FULL (EUSLERS IS SUF
PREVALENTINMOSTOFTHEFULL (EUSLERFAMILY MEMBERS 4HIS IS
AND STIFFLATTICE REFLECTED IN R4 GHAME X E B IFET RMES DS TNDAV ELSOA
AVER&AGE MS WHILETHE SOUNDIFIBBEOCITM S FL'EADING TO ALATTICE
CONDUGKBETNG INTRINSICALLY ATLEAST TIMESLARGERFORTHEF

$ISORDER AND SUBSTELLOWIQIGSTOANCIAOWERING PROCESSES ORIGIN
DIFFERENCES OFTHE VARIOUS IONS GN2ZEDHURESBGHE EIVEMEANTIICRE /AU
FULL (EUSLERCOMPOUNDSBY THINFILM DEPOSITIONOR MANIPULAT
DECRIFEAISESHOWN IN BIGUDREOPS FROM ABGUTN PRMSTANE B& AROUND
7M + FORSEVEREOFF STORHEANETRLYEMENT=S BBR®TUIN D THOW ;
FORTHIN FFIAWD;EVEN DOWN FOFORMEVERE PLASTIE ODBDMERMRT TGN ;
TOTALTHERMALCONDUCTIVITIES ARESTILLSEVERALTIMESLARGER
MATERIALS OWING TO A SIZEAEL HBLEER IRNGNT B E R NAR/NZBAIHEBNO F H | (
“Amax 7 = 'FUTURE CHALLEWWELTLOTHVEFRREFFVOERE BE TO COMBINE THE
ENHANCEMENT CONCEPTS FORINCREASING THE 3EEBECK COEFFICIE
SUBSTANTIALY REDUCE

'PART FROMRBESED FULL (EUSLERSYSTEMS CURRENTAND FUTURE
REALIZATIONOFOTHER THEORETICALLY PREDICTED FULL (EUSLERC
INSTANCE &E BASED FULL:(BUSILER S(ESBICHASNKE AND4RE: = IL
A )N ;= HAVEBEENPREDICTED TOBE SEMICONDUCTORSWITH VERY
-OREOVER ULTRALOW THERMAINCWERECRBEDTCHEEBNBEORETICALLY
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(ALF(EUSLERSFORTHERMOELECTRICENERGY HARVE

$UNCAN :AVANELLI -ADISON+"ROD -UATH!L-ALKIAND'*EFFREY 3N’
$EPARTMENTOF -ATERIALS 3CIENCE AND %NGINEERING .ORTHWEST
STATES OFIMERICA

3TATUS
4HERE ARE MANY CLASSES OF MATERIALS THAT ARE CURRENTLY PUR
FOCUSOFMOSTOFTHESE STUDIES IS IMPROANSNGPRHEOEXM ADRRDEN FG &
INE PROMISING GROUP OF POTENTIAL MATERIALS ARETHE HALF (EUS
ARE TRANSITION METALS AND:ISANELEMENTINTHEPBLOCK 4HE ST
FIGUREONG WIAPDHFPHSEATE OF THE ART ALLOYS 4HE:GQWVRRERNYS BE YTPF
ATHIGHTEMPERATURES SHOWING EXCELLENTTHERMOELECTRIC
7 = 4AHESEALUES ARISEFROMVERY LARGEPOWERFACTORS WITH Al
CONDUCTIVIFYAFURRENT ALLOYING STRATEGIES FOCUS ONHNIIRMEABOI
HIGH PERFORMANCE )6 ARIEGBANBCRIAN 44 4HEIRHIGHPOWER FACT
HALF (EUSLERS ATTRACTIVE FOR APFHHDBATGE N &1 BV HREIRECTONTSATIR AIN T €
"EYONDBBEHRALF (EUSLER ALLOYSPROVIDEOTHER ADVANTAGESC
MAKETHEM MOREIMPORTANTHHRNKHEBMOHEEERCTRIC MATERIALS SU
USAGE DESPITASRBPCORHEIHER THAN CANBE OBTAINED WITH HALF (EL
INHERENTBRITTLENESS OF MANY SEMICONDUCTORS ORWYAILMEISED T
(ALF (EUSLER ALLOYS HAVEBEEN SHOWNTO HAVE THE HIGHEST CRE
MATERIALS ASWELLASEXCELLENTSTAREBIWLTS HAEIEI(EW,SLER ALLOY
THEUSABLETHERMOELECTRIC MATERIALS THATHAVEAUNIQUECOM
MAKETHEM MUCH MORE PRACTICALTHANOTHER MATERIALS 4HIS EN
NOTBEING ABLETOREACHWITH SO REARERENANY REPDORER DM/
B3N4EOROB4E &UTURE WORKINTO HALF (EUSLERALLOYSISPOISEDT
OPTIMIZING THEELECTRONICSTRUCTURES MICROSTRUCTURES ALI
ALLOYS

#URRENTAND FUTURE CHALLENGES

4HEBIGGESTCHALLENGE FACING HALF (EUSLERALLOYSISTHEIRCO
RELATIONTO CURRENTHIGHPERFORMING MATERIALS 'PROMISING F
P TYPEHALF (EUSLERTHERMOELECTRICSISVIABANDENGINEERING
THE VALLEY DEGENERACY .6 OFHALF (EUSLERALLOYS .6ISACHAR
DESCRIBES THENUMBER OF CARRIERPOCKETS THATCONTRIBUTE TO
TOBETTERPERFORMANCE %LECTRONICBANDSWITHHIGHER .6 REQ
THE "RILLOUIN ZONES ":S OFHIGHERSYMMETRY CRYSTALS AND CON
ORTHEKRMENTS INTHE ":;

4HERE AREOPPORTUNITIESTO ACHIEVEHIGH .6 INBOTHN TYPE AN
HALF (EUSLER ALLOYS THEREARETWOCOMPETING CONDUCTION BA
POSSIBLELOCATIONS FORTHE VALENCEKROINWMBABOXRMUM 6"-=ATDIFF
4HERE ARETHREE SYMMETRICALLY EQUIVALENT 8 PCPIQIMST FNDUHRE "P C
ANFCCCRYSTAL 4HUS THEVALLEYDEGENERACYOFTHE#"EDGE CA
THE TWO COMPETING #"-S AT 8 ARECONVERGEDINENERGY AND THE\
IMPROVED BY PROMOTINGAG6"-AT, OR IPRREBRLOAR BYRAOINHEERRTH A MU L
COMPETING 6"-S;

(IGH THROUGHPUTDENSITY FUNCTIONAL THEORY STUDIES HAVE
RELATIVEENERGYOFTHECOMPETING #"-S AND 6"-STHATCANHELPP
SOLID SOLUTION ALLOYSTHATHAVEHIGH .6 BASEDONTHE GRDUP NL
AND :SITES & )NALLOYS THEAVERAGEGROUPNUMBERDIFFERENCE
SUBSTITUTIONS WHILEBOTHALIOVALENTANDISOELECTRONIC SUBE
AHE CHEMICAL GUIDELINES FORENGINEERINGHIGH .6 CANBEUNDER
DOMINATES THE BANDHRISGEBE CURRENT CHALLENGE FORIMPROVINC
AND SYNTHESIZE THESE ALLOYS PREDICTED TO HAVEENHANCED .6 S

' DVANCESINSCIENCEANDTECHNOLOGYTOMEETCHALLENGES
'LONGWITHTHE BAND ENGINEERING APPROACHOUTLINED ABOVE AL
TOFURTHERREDPCEMIZE ELECTRONIC PRDHERINGHE SSRRENR FOERMIE G
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SNTILTHE PERFORMANCE OF HALF (EUSLERALLOYSISIMPROVED
MATERIALSISTHEIR MECHANICALPROPERTIES 3UPERSEDING OTHEI
ARE KNOWNFORTHEIRMECHANICAL ROBUSTNESS AND THERMAL STA
4HISISDEPICTEDINHIGHRESISTANCETO ELASTIC DEAQRMMAND O M EA\
BESTREPORTED CREEP RESISTANCE INTHERMOEWEVERIE NIAF ERUASLL
AMONG MOSTOFTHE THERMOELECTRIC MATERIALS LACKTHE REQUI
THEIMPACT OF EXPANDING CRACKSINITIATED DURING PROCESSING |
4OUGHENING MECHANISMS ESTABLISHED FORBRITTLE CERAMICS IN
TOUGHENING AND CRACKTORTUOSITY CANBEAPPLIEDTO HALF (EUS
ENHANCETHEIRFRACTURETOUGHNESS WITHOUT COMPROMISING TH

#ONCLUDING REMARKS

(ALF (EUSLER ALLOYSFEATURECOMPETITIVETHERMOELECTRIC PRC
THROUGHENGINEERING THEIRBAND STRUCTURE S$ESPIZE NIOJTEGUIT |
THEOTHERINHERENT ADVANTAGES OF HALF (EUSLERALLOYS MAKE T
DESIGNING FULLTHERMOELECTRIC MODULES 4HEIRMECHANICAL ST
MOSTBRITTLETHERMOELECTRICS (OWEVER THEHIGHOPERATING T
RESULTING THERMAL STRESSES MEANSTHERE ARECHALLENGESINC
CURRENT AND PASTRESEARCHHASIDENTIFIED SEVERALHIGH PERFC
R.ISN AND HIGHLIGHTED THEIR ANOMALOUSLY GOOD MECHANICAL PF
WORKSHOULD CONCENTRATEONFURTHER IMPROVING THESE ALLOY
IMPROVING THE MODULE STABILITYWITHTOUGHENING STRATEGIES /
(EUSLERS ANDOTHER COMPONENTS
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#LATHRATES FORTHERMOELECTRICENERGY HARVEST

+IRILL +OAMMNNDORBUSAN -+AUZLARICH

$EPARTMENT OF #HEMISTRY )OWA 3TATES5SNIVERSITY IMES )! £
53%$/%!MES . ATIONAL ,ABORATORY !MES )! S5NITED 3TATES OF !
$EPARTMENT OF #HEMISTRY 5NIVERSITY OF #ALIFORNIA $AVIS #!

3TATUS
#LATHRATES ARECAGE STRUCTURESWITHVARIOUS GUEST OCCUPYI
CLATHRATES CANBECOMPRISED OF ALMOSTALLTHEELEMENTS FROI
PROVIDE MATERIALSWITHPROPERTIES RANGING FROM SEMICONDUC
ENERGY CONVERSION ANDIBTORRIEEFE HIGHLIGHT WILLFOCUS ON THEF
CONVERSION )NORGANICCLATHRATES CANBECONSIDERED THE QUI
MATERIALS ASPROPOSED ORIGINALLYBY 3LACKBECAUSE THE LARGE
TRANSPORTOFCHARGE CARRIERS WHILEGUESTATOMSINTHE OVER:
HEAT CARRYING-PHODENORNBRAHEDRALLY COORDINATED CLATHRATEF
WELL &ILLINGTHECLATHRATE CAGESWITHGUESTIONS REQUIRES
MAINTAINCHARGE BAAANOBNVHNURENAL CLATHRATES FEATURE GROLU
INTHE FRAMEWORKWITHGUEST ALKALI ALKALINE EARTH OR RARE |
FROM GROUP OR INSIDEAFRAMEWORKCOMPOSED OF ELEMENTS
EXAMPLES THEFRAMEWORKS COMPOSED OF GROUP n ELEMENTS (
CATIONISNECESSARYTO FILLTHEGUESTSITES WHEREASINFRAME
NECESSARYTO COMPENSATE CHARGE 4HE 31 CONTAINING CLATHRA"
WHERETHE GUEST CATION CANHAVE SIGNIFICANTIMPACTONTHE ST
CAGETYPES ANDCONNECTIVITYTHE STRUCTURE OF CLATHRATESIIS
AND STUDIED ARBTARBTYPE ) !CLATHRATES AND""GUESTS % "FR
FIGURBSAND C 4HE CLATHRATES FREEFROMGROUP ELEMENTSFH
CLATHRATES 4HEIRFRAMEWORKS AREBASED ONCOMBINATION OF C
SUBSTANTIALDEVIATIONS FROMTETRAHEDRAL COORDINATION OF Tl
FLEXIBIHTWW,CONVENTIONALCLATHRATES SHOW AVARIETY OF FRAM|
FIGURBESAND E ANDHOLDTHE PROMISE OFHHLEBEIGGRPEREP MERDTF |
ELEMENTS WITH TUNABLE TRANSPORTPROPERTIES

#URRENTANDFUTURECHALLENGES

JNORGANICCLATHRATES HAVESTRUCTURES THATEXHIBITPHONON C
PROVIDES ACONDUCTIONPATHWHILETHEGUEST ATOMS SCATTER Pl
CONDUCTIVITY )NADDITION ALIO ANDISOVALENT SUBSTITUTIONS
ELEMENTAL COMBINATIONS PROVIDING AVARIETY OF ADJUSTABLE B/
TOHAVEGOOD THERMOELECT,RIC PRUPHRTHEHIKFBEHKRETHERMOELEC
4 REPORTED TODATHROE ATFORTA 3EVERAL 3N BASED CLATHRATES
41N n RANGE ALBEITATLOWERTEMPERATURES OF n + I'SIGNI
AND UNCONVENTIONALCLATHRATECRYSTALSTRUCTURES HAVE BEE
INVESTIGATED "ECAUSE MANY OF THESE FRAMEWORKSTRUCTURES |
OBTAINING DENSEPELLETS FORMEASUREMENTISACHALLENGE INO
SIGNPOSTTOWARD THEBESTCOMPOSITIONS THAT MAY PROVIDE FUR
EFFICIENCIES !INTLRULES ELECTRONTRANSFERBETWEENTHE FRA
ELECTRONOCTET PROVIDES ANEXCELLENTROADMAP FORPROPOSI
DETAILEDUNDERSTANDING OF GUEST HOSTINTERACTIONS LIMITS TI
ELECTRONCOUNTING FORMALISM #OMPOSITIONS ANDSTRUCTURAL
BY COVALENTORPOLARCOVALENTBONDINGBETWEENATOMS &0ORC
FRAMEWORKS STABILITY ANDTHERMOELECTRIC APPLICATIONTEMP
COVALENT % % BOND 31 BASED FRAMEWORWSE AREBVSOIABQE 8R BASED
DECOMPOSESABIONEISEMPHASIZEDBY THE ABSENCEOFHIGH TEMP
THERMOELECTRIDEXIFAGHRATES READILY FORM CHARGE UNBALANCE
WIDESPREAD INVESTIGATIONS OF 3ICLATHRATES FORTHERMOELEC™
CONCENTRATIONISDIFFICULTTO ACHIEVE 5NCONVENTIONALCLATE
INTERMEDIATE STABILITH#nN HFHEHRRANSGEERSTANDING ANDINTERPRET
THEIRINTERPLAY WITH STABILITY AND TRANSPORWVERODIFCE\NRED ABRE H
GUEST HOSTINTERACTIONS AREAKEYISSUEFORSTUDY 0'%# CONC|
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SKUTTERUDITESFORTHERMOELECTRICENERGY HARYV

#TIRAD 5HER
$EPARTMENTOFOHYSICS 5NIVERSITY OF-ICHIGAN INN!RBOR -ICHI

3TATUS
)N OROF 3LACKPOINTED OUT THAT SKUTTERUDITES ARE AN EXCE
OHONON 'LASS LECTRON #RYSTBINCEFHRAARAMEGRESEARCHERS W
FOCUSEDONTHEDEVELOPMENTOFTHISINFEREREONERLMBSOF THE
CAR MANUFACTURING COMPANIES SAWAGREATPOTENTIALINCAPTLU
ELECTRICITY AND ULTIMATELY IMPROVING THEMILLAGE &URTHER
AND READILY AVAILABLECHEMICALELEMENTS 3KMUTHE BEDN GECSOARBV
TRANSITION METALS #0 2H AND )R WHILE 8 AREPNICOGENELEMENT
AND 8 EXIST ANDTHEY CRYSTALLIZEINTHEBEC STRUCTURE INTHE &
4HE PROMINENT FEATURE OF SKUTTERUDITES ARETWO LARGE STR
SKUTTERUDITESRABBHMREOFINTERESTTO THERMOELECTRICITY DUE
PROPERTIES -OREOVER FILLING PARTICULARLY WITHMULTIPLE KII
SUPPRESSING THE THERMAL CONDUCTIVITY BY AFFECTING ABROADE
EXCELLENTELECTRONICPROPERTIES ANDVERY LOWLATTICETHERN
OUTSTANDING THERMOELECTRIC MATERIALS FORPOWER GENERATIC
COMPANIESINTHERMOELECTRICITY HASRECENTLY FIZZLED OUT AS
CARS FILLED SKUTTERUDITES MAINTAINTHEIRPOSITIONASPREMIE
TEMPERATURE RANGEBETWEEN +n + WHERETHERE ARE PLENTII
BECAPTURED FIGURE

#URRENTANDFUTURECHALLENGES

4HE CURRENT STATE OF THE ARTSKUTTERUDITES DEVELOPED IN TH|
THERMOELECTRICPERFORORNCEYWETHKUTTERWIRITEER EMHANCED T
UPONAPPLYINGHIGH PRESHEBEJSDRSIORE FORMS OF THE STRUCTUT
LOWERBUT STILLVERY COMP-OREOMER SKUTTERUDITES AREMECHA
MACHINEABLE 'LONG STANDINGPUZZLECONCERNINGN TYPE SKUT"
ATHIGH CARRIER DEMSIHASSBEGEN SOLVED RECENTLY BY DENSITY FU!I
COMBINEDWITHDETAILED MEASUREMENTS OF THE TEMP ERAHR B A TDAE
REVEALED THE EXISTENCE OF ANEARBY LYING SECOND CONDUCTION
CONVERGESWITHTHE "' POINT CONDUC 7 HENCEOANNME R N8 MO BMD RIAGWARTH C
THE VALLEY DEGENERACY ANDTHE DENSITY OF STATESEFFECTIVE N
NO PENALTY TOTHE 3BEEBECK COEFFICIENT #ONCERNS REGARDING &
AIRATELEVATED TEMPERATURES HAVEBEENMITIGATED BY APPLYIN
SUCHAS AEROGELS ANDENAMELS 4HEMAJORPROBLEM CONCERNIN:
OUTSTANDING LABORATORY RESULTSTOALARGE SCALEMANUFACT!
SKUTTERUDITE BASED THERMOELECTRIC MODULES 4HISISPARTLY
PREPAREDINLARGEBATCHES ANDDUETOHIGHCONTACT RESISTANC
.EVERTHELESS MODULESWITHTHEEFFICIENCY EXCEEDING HAVE

' DVANCESINSCIENCEANDTECHNOLOGYTOMEETCHALLENGES

40 IMPROVETHE THERMOELECTRICENERGY CONVERSIONOF SKUTTE
4HE PERFORMANCEOFP TYPESKUTTERUDITES SHOULD BEIMPROVEI
N TYPECOUSINS $ETAILED DENSITY FUNCTIONAL THEORY CALCULA
EXPLOREAPOSSIBILITY OF BAND CONVERGENCEWITHINTHE VALENC
OPTIMALMICROSTRUCTURES SHOULD BEIDENTIFIED GRAINSIZE AN
RESISTIVITY YETVERY EFFECTIVELY SCATTERTHE HEAT CONDUCTIN
INACTUAL SAMPLES SHOULD BE EXPLORED 4HE KEY POINTIS THAT S|
TEMPERATURES WHERE SKUTTERUDITES AREEXPECTED TO OPERATE
PERFORMANCE OF GRAM QUANTITIES OF SKUTTERUDITES PREPARED
IDENTICALSKUTTERUDITEIS FABRICATED INKILOGRAMQUANTITIES
RESEARCHEFFORTS HAVEFOCUSED ONFINDING THEBESTPERFORMI
SUCHOUTSTANDING MATERIALS WILLFUNCTIONINEFFICIENT THERM
OF FINDINGHOWTO METALLIZE SKUTTERUDITES HOWTO MAKE LOW R
THERMAL EXPANSIONBETWEENN ANDP TYPEELEMENTS ANDHOWT
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ENVIRONMENT WHEN OPERATING INAIRATHIGHTEMPERATURES WER
ENGINEERING TASKS MUSTBECOME OF PRIMEFOCUSTO FULLY UTILIZ
FABRICATEEFFICIENT RELIABLE ANDINEXPENSIVE SKUTTERUDITE

#ONCLUDING REMARKS
SOME TWENTY FIVEYEARS OF RESEARCHHAVE RESULTEDINN ANDP
FIGURE OF MERITGREATLY EXCEEDING VALUES OFUNITY -OREOVER
ASFARASTHE MECHANICALPROPERTIES ARECONCERNED AND ARE E
INSULATING COATINGS SUCHAS AEROGELS ANDENAMELS SOLVEDP
ARE OUTSTANDINGLABORATORY ACHIEVEMENTS 4HEPROBLEMIS TF
LARGE SCALE MANUFACTURING SETTINGWHEREDETAILEDISSUES C
THERMOELECTRICCOUPLES AREDEALTWITH )NDEED ONE CANNOTE
SIMPLY NOONEIS MANUFACTURINGTHEM 9ET THE MODULES FABRI(
PERFORMVERY WELLWITHEFFICIENCIESINEXCESS OF 4HE SHIFT
GASOLINEENGINESTO FULLYELECTRICCARSHASBEENAMAJORBLO
.EVERTHELESS THEREARENUMEROUSOTHER SOURCES OF WASTE IN
+ AND + WHERE THE EFFICIENT PERFORMANCE OF SKUTTERUDITI

ICKNOWLEDGMENTS

-Y WORKONSKUTTERUDITES WAS FUNDED CHIEFLYBY THES5 3 /FFICE
OF %NERGY
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IXIDESFORTHERMOELECTRICENERGYHARVESTING

*INLE AMNND 9UAN (UA ,IN

BTATE+EY ,ABORATORY OF/RGANIC )NORGANIC #OMPOSITES #OLLI
"EIJING 5NIVERSITY OF #HEMICAL 4ECHNOLOGY .ORTHA4HIRD 2ING 2C
OEOPLE S2EPUBLICOF #HINA

S3TATE+EY ,ABORATORY OF .EW#ERAMICS AND &INEOROCESSING 3C
4SINGHUASNIVERSITY 3HUANGQING 20AD (AIDIANSISTRICT "EIJI

3TATUS

40 DATE STATE OF THE ARTTHERMOELECTRIC MATERIALS USUALLY
E G 0B 4E AND 3B 4HE PRACTICAL APPLICATIONSOFTHESE MATER
CHEMICAL STABILITYATHIGHTEMPERATURE AS WHL B ANSGHIESEIRCYCSS A |
WITHHIGH THERMOELECTRIC POTEWNTTAAE PERIRD R M IONECSESBUNYCAER S & A K
7 = N/ #A-NAND 3RAWERE CAREFULLY INVESTIGATED FORTHERMOEL
OXIDESHAVEPROVENTOBEVERY PROMISING FORHIGH TEMPERATULI
THERMALLY ANDCHEMICALLY STABLEINAIRATHIGHTEMPERATURES
RAW MATERIALS ANDAREECO FRIENDLY THUSDRAWING CONSIDERA
(OWEVER THETHERMOELECTRICPERFORMANCE OF OXIDES ESPECI,
RELATIVEVMALO®BWS WHICHIS ASCRIBEDTOLOWELECTRICALCONDUC®
CAUSEDBYHIGH GRAINBOUNDARY RESISTANCEQANARS SROONG IONIC B
LAYERED STRUCTURE OXIDES HAVEDELIVERED OUTSTANDING PERFC
DEVELOPMENPTWRENGSIDE THERMOELECTRIC MATERA®G/L 3 AA® BEANE D
INTENSIVELY INVESTIGATEDDUETOITSLOWTHERMALCONDUCTIVIT
BEEBECK COEFFICIENTBY THE PLUYBPUEBOTHROPYAZHE HH GBS T
ACHIEVED BY GRAIN BOUNBAR¥UWENG VEESFHNENIDES HAVEBEEN REPO
LOWLATTICETHERMAL CONBUCBIVIECEAWDLNIGHERMOELECTRIC PER
14> AT + HAS BEEN ACHIEVED FOR OB #A DUAL DOPED "I#U3E/ OX

#URRENTANDFUTURECHALLENGES
JNTHE FIELD OF OXIDE BASED THERMOELECTRIC MATERIALS SEVER,
AFEWKEY CHALLENGES

4HE STRONG IONICITY IN THE BONDS BETWEEN LIGHT OXIDE ATOMS
CARRIER MONBDIGARRIER CONEEINDERBATTMTMRNONG BONDS IN OXIDES ALS
TIONSBE SUPPRESSED ANDTHEVIBRATIONSOFATOMS ARERARELY
LATTICE THERMAL @¢PN S UEXCGHPTTY#A "I 3E; = AND "I#U3E/MOST
OXIDE THERMOELECTRVAEEXKS BARROORD n 4HEREFORE ITIS
THERMOELECTRICS COMMUNITY TODESIGNTHE PROPER CRYSTAL S
'RAINBOUNDARYENGINEERINGWITHDOPANTSEGREGATIONSORCA
AND GRAPHITE HAVEBEENPROVED TOBEAROBUSTSTRATEGYTOA
INOXIDES WHICHEVENOUTPERFORM SINGLE CRYSTAL LIKECHAR
QUESTIONISHOWTOCLEARLY RESOLVE AND MANIPULATETHE ATOM
ABLEPROPERTHES;

40 DECOUPLETHE ELECTRICALAND THERMAL PROPERTIES THE @P|
SBLACK CAN BE REALIZED INTHE MATERIALS WITH LAYERED STRUCT
ARTIFICIAL SUPER LATTICE STRUCTURE WHICH POSSESS SHORT P
SCATTERINGINLATTICE SCALEWITHOUTDETERIORATING THE ELEC(
MOELECTRICMAFERIALBUBEGAMNABEH WEREINTENSIVELYINVESTIGA
VALUE ORIGINATED FROMMISFITTED STRUCTURESANDIMPRESSIVE
AND PHONON MECHANISM HAS NOT BEEN FULLY UNDERSTOOD ESPE
STRUCTURES OF THE SUBLAYERSINTHE MATERIALS

JNNON OXIDETHERMOELECTRICDEVICES THEEFFECTSOFAIRAND
TICAL APPLICATIONS /XIDECERAMICS ARECONSIDERED PROMISIN(
EXCELLENTTHERMALSTABILITYANDS STRONGOXIDATIONRESISTAN!
DEVICEWAS FABRICATERBO/'SPNTGY P BEDICEREDAMD ,A NOPEPEAA-GIS ON A
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AREINTRODUCEDS CER4IHE PREDVATHE OF THIS MATERIAL CAN REAC
TEMPERATURE ANORDEROF MAGNITUDEHIGHER THANTHE BULK VAL
THE FINE TUNING OF GRAINBOUNDARIESBY TWO DIMENSIONAL MATE

JNTERMS OF TECHNOLOGICAL ADVANCES EFFORTS SHOULD CONTI
CHARACTERIZATIONTOOLS E G ATOMICSTRUCTURE OF GRAIN BOUN
RATIONALLY DESIGNED ANDTESTEDIN REAL WORLD WASTE HEAT SO

#ONCLUDING REMARKS

$URING THESETWO DECADES GREATEFFORTSHAVEBEEN MADE IN T
VALUESTO SURPASS &UTURE WORKMUSTCOMBINETHE NEW CRYST
INTERFACIAL MANIPULATIONTO ACHIEVE CARRIER MOBILITY MAXIMI:
MINIMIZATION )TISNODOUBTTHATOXIDETHERMOELECTRICS AREB
THERMOELECTRICFAMILY 7ITHUNIQUE FEATURESLIKEGOOD CHEMI
MATERIALS ANDDEVICES AREPROMISING CANDIDATES FORHIGH TEN

ICKNOWLEDGMENTS
4HIS WORK WAS FINANCIALLY SUPPORTED BY "ASIC3CIENCE#ENTER

OF#HINAUNDER'RANT .O AND .ATIONAL 3CIENCE &OUNDATION
AND
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SI'EFORTHERMOELECTRICENERGY HARVESTING

,UIS EONSEXAORATRASOL -ARTINMNDNZAVERNI OENNELLI
JNSTITUTODE -ICROELECTR"NICADE "ARICHR®O®S AN ¥#AMPUSBSHH #HEAL
"ARCELONA 3PAIN

#ATALONIA)NSTITUTE FOR %NERGY 2ESEARCH )2%# *ARDIENS DE ,E
"EGS "ARCELONA 3PAIN

JNSTITUTODE -ICROY . ANOTECNOLOGZA )-. #.- #3)# # )SAAC .EWT
3PAIN

$IPARTIMENTO DI )NGEGNERIA DRLDI DNFO FBVMAZ HOANRB) SAIYERSIDISA

3TATUS
B3I'EIS ANALLOY OF SEMICONDUCTOR NATURE ANDAVERY STABLE MA
MERI4= 3 4 INTHEMID HIGHTEMPERATURE RANGE )TISTHE PAR.

THERMOELECTRICITY OFFERSASASOLID STATEAPPROACHTO ROBU
WITHOUT MOVING PARTS PROVIDINGLONG TERM UNATTENDED AUT
ALREADY ININTERSTEMLAIRGRAME ARE STILLREPORTING THANKS TO
AFTER YEARSOFMISSION

"ACKON %YARTH 3I"'EIS ANENVIRONMENTALLY FRIENDLY ALTERNAT
TOXICELEMENTS E G " 4EOROB CONTAINING MATERIALS WHICH AF
DEVICES (OWEVER WHILE3I'ESYSTEMS ARE MUCH SUPERIORTO SY¢
PHONONSCATTERING EFFECT GERMANIUMIS NOTAVERY CHEAP MAT
BI'ESYSTEMSDONOTOFFERFUTURE PROSPECTS FORLARGE SCALE.
FAMILY MATERIALS THOUGH ANDTHUS CANBEINCORPORATEDINTO
CHAMPIONOF SCALABLE MINIATURIZED ANDHIGH DENSITY FEATUR
AVENUE TO EXPLOREIN @INSTALL FORGET )O4 SCENARIOSTOFULF
ENVIRONMENTS )NTHESE SCENARIOSHEATHARVESTERS COULD REF
BATTERIES FORTHEPROVISIONOFTHEDESIRABLELONG TERMENEF
SOURCES 3INCE3I'EPERFORMANCE PEAKS ATMID HIGHTEMPERATU
MARKET TO ADDRESS

4HERE ARECURRENTEFFORTS ABOUT GOING MICRO AND EVEN NAN
NANOSTRUCTURON®BUWEIRKTHE'E CONTENT BUT4S RAIND BB E $E RWVEHERAS
OF THERMOELECTRIC MODULES WITH DIME MEIGNNESC ONVOPTAFEAB LE TS0 C
ENGINEERINGITINTO THINNERHOLEYMEVMBRMANESE ORNARORESHRAS
TEMPLATES ASWELLASTHINFILMS ANDLOWDIMENSI|S RDARLBQBIELCET
ONANOTUBEAS SHOWN IMHIGWBEE OND APPROACHBETTER SUITSTHE
ENABLES THE RIONSEBIRR MICBPFABRICATED THERMOELECTRIC GENER

#URRENTAND FUTURE CHALLENGES
JNAMICROENERGY @HARVESFINBEETTRNG W ISEENABIKNEEDED FROM T
OVERFICIEENICIMNG AS MUCHASPOSSIBLE 7HILETHEREISSTILL MARC
PROCESSINGLEVEL E G OPTIMUMDOPING AND NANOSTRUCTURE H(
THERMAL AND ELECTRICALCONTACTRESISTANCESE REHDQJAEEB THERN
THERMOELECTRICDEVICESBASED ONS3I'EISNOTQUESTIONED 4HE N
OF THEIRNICHE APPLICATIONS ARETHEHIGH'ECOSTANDTHE LACKC
4HEINTEGRATIONOF3I'EINSILICONTECHNOLOGIESHASBEENPOI
ACUTELY REDUCING CRITICAL MATERIALSUSAGE 4HETWO AVAILABL
-%-3 AND STANDARD COMPLEMENTARY METAL OXIDEBISIEENMOIKONDUC
MICROMACHANMBHE®SED TO FABRICATE SILICONMICROPLATFORMS ABL
GRADIENTSINTOINTERNALLATERALONES 4HESEDEVICES FEATURE
DIMENSIONALS3I'EINSTANCES CAN BAS S HOGWRNAIMEDT & BEVE BIIVVRLEYL Y
COMPLEMENTARY METAL OXIDABEROGONESCRAOBEOSPAFMBRDEN Cl
GENERATORS RERRCIATENOT URE OF STANINARDI I WBAYLESALABILITY O
TECHNOLOGIESISFULLY EXPLOITED BUTTHELENGTHOFTHE THERM
RANGEOFTHICKNESS COMPATIBLEWITHPLANAR MAINSTREAMTECHI
INEOF THEKEY POINTSFORTHEPROGRESSOFTHERMOELECTRICIT
DEFFREIRFORMANCE OF THEYMOAPEIRIALNG THO ICTERMALLY MUTUALLY L
4 ,OCALLOWDIMENSIONAL IOKGRESABEENERMAIE TONHONTAMISGATTE
WITHOUT AFFECTING ELESNKIREASNDMG CHEB/POWER BR VTR CONVEN |
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-G6 )8 31 'EAND3N BASEDSYSTEMSFORTHERMOELE

$AVID "ERTAEBAKBRAO -ORI

#.23 3AINT '"OBAIN .)-3 )2, ,).+ . ATIONAL )NSTITUTE FOR -ATERI,
4SUKUBA n *APAN

.ATIONAL )NSTITUTE FOR -ATERIALS 3CIENCE .)-3 70) )NTERNATIO|
.ANOARCHITECTONICS 70) -!.! n .AMIKI 4SUKUBA n *APAN

'RADUATE 3CHOOL OFOUREANDI!PPLIED3CIENCES 5NIVERSITY OF 4
*APAN

IMONG POTENTIALTHERMOELECTRIC)BAZBRIASNDRNAPPASERTTOOMB
HAVE ATTRACTED AGREATDEALOFINTERESTINTHELASTCOUPLE DE
VERSATILITYBETWEENNANDP T&4WPALUNADBOTABGNBEBVIOHREAEIHRUNITY
ALSO ARERELATIVELYLIGHT WEIGHT ANDARECOMPOSED OFLOW CC
STANNIDESs 4HEY USUALLYHAVEBEENCONSIDERED TOBE MANUFAC
THEIRP TYPE MANGANESECOUNTERPART HGHERMBANGIANESEENTIC
THERMOELECTRIC PROPERATEROALS WERE-BEEMED TOBE RATHER LC
THERMOELECTRIGGEWHRAHERECENT ADV)ANMAETEGNAR. I YIFEEN-TAA T IVE
MANUFACTURING OF THERMOELECTRIC GENER ABIACSREDWAS WABNVILE € A
WHICHIS ACHALLENGINGTASKDUETO LARGEDIFFERENCESINTHEM
WELLASPOORERRESISTANCETO OXIDATIONUNDER WORKING CONDI
MAINDISADVANTAGE OF USING A MATNGGAHNEE SBEFAGE D NMTAETREFRARILS IN THE
GENERATOR FABRICATIONIS THEIRLARGEDIFFERENCES OF COEFFIC
TEMPERATUREDIFFERENCES CAUSEAHIGHLEVELOFMECHANICALS®
THERMOELECTRICEFFICIENC¥FOMRRI®UOGCNMHFRATE GAEISURAEVE BEEN CO
THESEISSUES SUCH AS FOR EXANBNELTEHESPBUWRCC A RIONHERNMNSOELECT
MODULES AREONLY MBDEEGGSNTHEREFGRE THEY DIDNOT MEET THE MI
#4% DIFFERENCESBETWEENN TYREANDUN ILY\REMMNERRALSLTIALLY |
FORINDUSTRIAL APPLICATION BUTWASULTIMATELY NOTPROPELLE
UNILEGDESIGN APPEARED TOGREATLY AFFECTTHEPOWEROUTPUT (
&ORTUNATELY INTHELAST FEW YEARSITIHNE MVHERMIEBMENT @ FHORESRYORFF
REVIVED INTERESTINTHIS MATERIALSYSTEMWIJHBANSPHRE HOPE OF
THERMOELECTRIC GENERATOR

#URRENTANDFUTURECHALLENGES

%VENIFTHEFUTURE OF LOW QG SASEPHHERINGGIHLECLIRYCGENERAT(
CHALLENGES REMAINTOBE OVERCOME AND ADDRESSED REGARDING
TRADE OFFBETWEENTHEIMPROVEMENT OFTHE THERMOELECTRICP
OF THEMOSTIMPORTANT ASITDEFINESTHE FINALPOWEROUTPUT O
-G)6 BASED MATERIALS INORDERTO CONTRO: DRE® ACREQCE P IGHP
FIGURE OF MEROM,PLEX DOPING STRATEGY HAVEBEENUSED INVOLVI!
ELEMENTS ONTHE ANIONWE FOHSCDIMBES WITH ACOST CONCERNING THE
MATERIALS DURING WORKING CONDITIONSORUNDERTEMPERATURE
DECOMPOSITIONOF THE INVOLVEDSNBABEDI NIAS EFEIRE BTTOIW X I O&X | D .
POINTED OUT AS ANISSUE PREVENTING THESE MATERIAL 80 @ BIERCEPES
OXIDATIONISSUES COATINGS STRATEGIESAAAIRBEENORARNSIDERED
EXAMPLEAPROMISING COATINGBASED ONAMORPHOUS SILICON OXY
AND CHEMICAL STABTHECURRENT CHALLENGES CONCERNING CHEMI!
OVERCOME LARGE SCALESYNTHESIS PRODUCTION OF MAGNESIUM E
ADDRESSED )NDEED MAGNESIUMMETAL CANBE EXPLOSIVE AND FLA
AND EFFICIENTMETHODS NEEDTOBEDEVELOPED 30 FARCLASSIC S
SYNTHESIS HAVESHOWN T TOBEEFFICIENTATALABORATORY SCALE B
EXOTICPRODUCTIONTECHNIQUES SUCHAS SELF PROPAGATING HIGH
MICROWAVE IRRADIATION HAVEBEENDEMONSTRATED ASFASTANDE
COMEWITHHIGHUNCERTAINTY CONCERNING THEIRREPRODUCIBILIT
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IDVANCESINSCIENCEANDTECHNOLOGYTO MEETCHALLENGES
4HE ENERGETICDEVELOPMENT AND APPLICATIONOF VARIOUS ENHAN
PROMISE FURTHERINCREASEINTHEPERFORMANCE OF THERMOELEC
DEGREEOFCONTROLOVERVARIOUS NANO MICROSTRUCTURING DEF
PHONONSCATTERING BETTERUNDERSTANDING OF VARIOUS BAND E|
THERE HAVERECENTLY ALSOBEENMULTIDISCIPLINARY EFFORTS SU(
THERMOELECTRICPROPERTIES )N TH:i146 @R G36 CBRAGHE DI MA E K R EACLTSEDHI
WILLCONTINUETO SHOWFURTHER IMPROVEMENT !STHEDIFFERENT
ALSO HOPED THATTHE REQUIREMENT OF STABILITY MENTIONED ABO\

4HEDEVELOPMENSIAGEPGBULK THERMOELECTRIC GENERATORS AT M
SAVING IS ANINCREASINGLY I MPORTANTTARGET BECAUSEOFTHER
OXIDATIONPROBLEM THEFURTHERDEVELOPMENT OF PROFELSTAVE C
PROMISING DIRECTION AS MENTIONED ABOVE T$HEALBENEN REVIESVEH
STRATEGIES REGARDING FASTAND ENERGETICALLY EFFICIENT SYNT
MICROWAVE ASSISTED AND MECHANOCHEMICALSYNTHESIS ARE BEC
FURTHERFOR THE MASS PR BGBSEDIMANTERTMIES G

INE NEW APPLICATIVEDIRECTIONWHICHIS NOTPLAGUEDBY THE O
RELATIVELY LOWTEMPERATURE )O4 ENERGR ANEVEMENTGAARRLABAN
LIGHT WEIGHT SYSTEM WHICHIS STARKLY4E TOMNE RASERIACO NA/VENT
ROOMTEMPERATURE POWER FAECETER®O®BEENOSBTAOINEMDMOR BULK ANI
-G3N BASED MATERVYAUEALLY THINFILM MATERIALS EXHIBIT SIGNIFI
AND THEREBYLOWERPOWERFACTORS THANTHEIRBULKCOUNTERPA
APPLICATIONS ANIN PLANEMINIATURIZEDINHERFMOEHECHIRIN \G ES ET
UTILIZINGINDUSTRIALLY COMPATIBLE MICROFABRICATIONTECHNIQ
MICROFABRICATED THERMOELECTRIC GENERATOREXHIBITED AREL/
POWER OF MEEURTHER )O4 ORIENTED DESVBASGEMENSSEONMI EHOG LD

#ONCLUDING REMARKS

4HE -6 )8 31 'EAND 3N BASEDSYSTEMS ESPECIALLY FORTHE SILIC
REPRESENTATTRACTIVE THERM O:B IREECATCRH IN&YSN IHM SA NFD RBIGINEER \HH E
ANDP TYPE WHILEBEING RELATIVELY LIGHT WEIGHT ANDCOMPOSE
SECTIONWE HAVE LAIDOUT SEVERALTECHNOLOGICALCHALLENGES
TOOVERCOME ANDTOBEAPROMISING MATERIALTOBE APPLIED NO
SAVING POWER GENERATION BUTALSOENERGY HARVESTINGTO POW

ICKNOWLEDGMENTS
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'INTLPHASESFORTHERMOELECTRICENERGY HARVE®

20BERT *1UINN AND *AN 7ILLEM"'"0OS
JNSTITUTE OF #HEMICAL S3CIENCES AND#ENTRE FOR!DVANCED %NER
ANDOHYSICAL 3CIENCES (ERIOT 7TATTS5NIVERSITY %DINBURGH %(

3TATUS
'INTLPHASES CANBEDEFINED AS MATERIALSWITHIONIGAER P RBS/EANL(
OF TWOTYPESOFBONDING RESULTSFROMTHE TRANSFER OF VALENC
COVALENTLYBONDED ELEMENTS )DEAL:INTLPHASES E G .A3l ARE
EITHEREMPOR FALLED VALENCE SHECILY STEETRAHEDIBADAIRBECTLY LEAL
SEMICONDUCTINGBEHAVIOUR AKEY REQUIREMENT FORGOOD THER

-ANY OF THEKNOWN GOOD THERMOELECTRIC MATERIALS INCLUDII
SKUTTERUDITES DISCUSSED ELSEWHEREINTHIS ROADMAP CANBE U
'INTLTHERMOELECTRICSIS HOWEVER LARGELY SYNONY BAYBDNITH
THERMOELECTRICS FIRST GENERATED A45T EMALORE S$N- OHREAEVA FOLEYR A NS
COMPOSITIONS AS SUMM®RPR NZEBD PNTMMBEERE ONE OF THEBEST MATER
TEMPERATURES WHRB STINCOWPHEE-TE T IABNWARHR'OOM TEMPERATURE |, (
COMPOSITIONS BASED ONOARE STARWNGATBO ASSMTRIAKE AT DENTMINEL
TOXICITY ILLOYINGWITHHEAVY "IHASBEENEXPLOITED TOINTRODU
ELECTRONICBAND STRUCTURE (OWEVER THERE ARE RELATIVELY FE
DATABASES

4HE FIRSTWIDELY INVEC MIFCASIHDCHEG MNEIREMN B ACHIEY¥NG AT

+ AND AT + RESPECTIVELY FOOWHRMEATERIALS HAVECOMPLEX ST
LATTICETHERMAL CONDUG VAT ¥ SEAINRACBM MNGDEGO P OWER FACTORS
3 = n M7 M+ 9B-N3BHAS ALARGEUNITCELL LEADING TO MANY C
LOWHEAT PROPBERANCONSMNOICHIOMETRIC AND CONTAINSINTERSTIT
THETHERMAL CONDUCTIVITY THROUGH STRUCTURALDISORDER "OT
OPTIMIZATION STUDIESBUT ARELIMITEDBY THEIRUNIQUE STRUCTU|
SUBSTITUTIONS "Y CONTRAGST#AHER ARXERBEHDIBNPHASES AREALARG
THATOFFERWIDER OPPORTUNITIES FORELECTRQH4C ARND PH-OINON E
SAMPLESWITHDESIGNED P ORBITALDODEEHEOERRECHEHNGEBREAKTHROL
INTLTHERMOELECTRICS I@8FHEMATIEGEEWVRERADIVELGYHOW TEMPERATU
-G 3BIN FIGURE = 4HISWAS REMARKASBUSBBCAYBEBRMS ASAP T
MATERIAL AND CAREFULCONTROLOFTHEDEFECT CHEMISTRY WAS R
COMPOSITIONSAPRREBAOMWM TEMPERAAWNDEM AYGBIRAPOSSIBLE REPLA(
"Il4E 4HISIS AN EXCITINGDEVELOPMENT BOTHFORAMBIENTTEMPER
THERMOELECTR#C COOLING ;

#URRENTAND FUTURE CHALLENGES
4HE REP @GR NDDPOWERSFACANBE USEDTO ESTIMATE ANUPPERLIMITO
EFFICIENCY OF HARVESIHNSG P BXBEDSQN THE @LEG PERFORMANCE O
PERFORMANCE REDUCEDIN GENERATORS E G DUETOTHEIMPERFE
DUETOELECTRICALAND THERMALCONTACTING ANDTHE REDUCED F
INOVERVIEWOF CALCULATED POWER OUTPUTS AND EFFICIENCIES FC
THE STABILITYLIMITOF THE MATERSASISOB G IVEATINIFBEREICIENCIE:
TEMPERATUREDIFFERBRCES PRNOMTEHIINIGEOR NEAR AMBIENT HARVES
EFFICIENCY ANDPOWEROUTPUT 4HE RELATIVELY MODESTPOWERO
IMPACTOFALOWTHERMALCONDUCTIVITY 3WHEGA BN E® WHBENMT B R WA
VALUES )MPROVING THE ELECTRICA:4 PARDPIHRAENASB LW H MPSRTOWAIIN D A M
COMPARABLEEFFICIENCY

4WO KEY CHALLENGESARE TWERMERWEREOUTPUT OF THE :INTL MATER
ANDP TYPEPAIRSFORUSEINGENERATORS ICHIEVINGBETTERPOW
STRUCTURES ENABLINGHIGHMOBILITIES ANDLARGE3EEBECK COEF
THE CARRIER TYPEISOFTENDIFFICULTDUETOTHEPRESENCE OF CO
PHASES FIRSTPRINCIPLES CALCULATIONS GUIDED THE PREPARATIC
INCREASED POWER)NATBTIORSCULATIONS IDENTIFIED AFAVOURABLEC
WITHAHIGHLY DEGENERATE POCKET AWAY FROMTHE USUALHIGH SY
OUTSTANDINGN TYPEPERPBRMRESE HAS BEEN MADEINCONTROLLII
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CALCULATED ELASTIC PROPERTIES ANDVELOCITY OF SOUND DATAIS
WHERE FIRST PRINCIPLES CALCULATIONS CANHAVEABIGIMPACTIS |
CALCULATIONS CANBEUSEDTO IDENTIFY FAVOURABLEGROWTH CON
ENABLE HIGHLY CONTROLLED AND TARGETED CARRIERDOPING 4HIS
EXPERIMENTAL WORK ESPECIALLY FORCHEMICALSYSTEMS WITH MA
CONTROLOFDEFECTENERGETICSINTHE #An:Nn3B SY:8¥FEMARS BEE!
+ FOR:#MlIAx3B; = !NOTABLEFEATUREOFRECENTWORKISTHAT MAN
HAVEBEENPREPAREDBY AROUTEINVOLVING MECHANICAL MILLING
= SURTHERWORKDEVELOPINGALTERNATIVE ROUTES FOR MATE
ROUTES TARGETING METASTABLE PHASES ISHIGHLY DESIBBBSLE IN(
THENEEDTOIDENTIFY ANDELIMINATE GRAINBOUNDARY RESISTANC
VAPOUR ;4HIS APPROACHWASDIRECTEDBY ATOMPROBETOMOGRAP
BOUNDARIES ILLUSTRATINGTHENEED FORDETAILED STRUCTURAL ¢
&INALLY THEREISACLEARNEED FORCONTINUED MATERIALS DISCO\
TESTINGTHEIRPROPERTIES
$EVICE FABRICATION AND TESTINGISTHE FINALSTEPINTHE VALID
PHASES HAVEBEENTESTED INLABORATORY G\BMEARAOTOHIR ARB NDIEYWAE
-G3B; = .ONEARECURRENTLYCOMMERCIALLY APPLIED ANDTHERE
P TYPEPAIRS INCLUDINGINTERMS OF PERFORMANCE MECHANICAL
CONDUCTIVITY OF:INTLPHASESISCOMPATIBLEWITH SMALLTEMPER
DIFFICULTIES OF CONTACTING 3B BASED MATERIALSHAVEBEEN RES
GENERATOR MODULES

#ONCLUDING REMARKS

-AJORADVANCES HAVEBEEN MADE SINCETHE FIRSTINVESTIGATION S
HIGH PERFORMING :INTLPHASES IS AVAINBB'IASED QN ESFRAITEBNTM |
PHASES AREAMONGSTTHELEADING THERMOELECTRIC MATERIALS A
SHOULD ALSOFOCUSONNON 3BSYSTEMS INPARTICULARPHOSPHID

ICKNOWLEDGMENTS

4HE ,EVERHULME 4RUST 20 AND %032# %O . 8 ARE ACKN
WORKONTHERMOELECTRIC MATERIALS
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-OLYBDENUM BASEDCLUSTERCHALCOGENIDES AS HI
MATERIALS

#HRISTOPHE HANBOALK ICOHGEIPRENADLIERTRAND ,ENOIR
JNSTITUT *EAN ,AMOUR 5-2 #.23n5NIVERSIT«DE,ORRAINE ALL:

"0 .ANCY #EDEX &RANCE

JNSTITUT DES 3CIENCES #HIMIQUES DE 2ENNES 5-2 #.23 n5NIVER
ALL-EDE"EAULIEU #3 & 2ENNES #EDEX &RANCE

3TATUS
4HERMOELECTRIC MATERIALS PROVIDEAVERSATILEWAY TO CONVEF
HIGHTEMPERATURES 7HILEMOSTOFTHEM REACH THEARGIN\LM MU M E |
HANDFUL AREABLETO OPERATEBEYONDDUETO THEIRLIMITED THER
TWODECADES SEVERAL RARE EARTH CONTAINING :INTLPHASES WE
STATE OF THEMRDYISUSED IN SPACE A PHDENTMIIFO'INS G NOVEL MATER
THERMOELECTRICPERFORMANCE ANDHIGHMELTINGPOINTSISDESI
THILETHE FORMERWOULD BENEFITFROMHIGHERTEMPERATUREDIF
MATERIALS WOULD ALSOALLOWTO REDUCE THE AMOUNT OF RADIOISH
THISCONTEXT -O BASEDCLUSTERCOMPOUNDS AREPARTICULARLY .
TYPICALLY ABOMED THEIRPROMISING THERMOELRGTRRGF ROPREREDEC
#HEVREL PHAIHE CRYSTALSTRUCTUREOFTHESE COMPOUNDS ARE B
ARRANGEMENY CWHRUSETERBRSIE ORISEANINTEGER THE SIZE AND GEOME
FROM TOMORETHAN ATOMS 4HEINTERCLUSTER VOIDS CANBEFIL
2B OR#S ALKALINE EARTH "A ORTRANSITIONMETALS !G )N &E 4
FIGUREDDITIONALINSERTED CATIONS IG OR #RTYPH EREEUJRONI @G P!
AND LOWERING THE LATTICE THERMAL CONDUCTIVITYDOWN TO EXTR
n 7TM+ ATHIGHTEMPERATINRESVERAULREOMP OMUNDES SUCH AS IG
l@L-O3E !G2B-GBEOR!XN-O0 3E; n = 7/ THTHESEVALUESBEING S
ACHIEVEDINTHEBEBSYRPERRORFMHMGES IMPROVING THEPOWER FAC"
CHALCOGENIDESTHROUGHACAREFUL SELECTIONOFINSERTED CAT!
LEVELS BAND CONVERGENCEETC OFFERSINTERESTINGPROSPECT
THERMOELECTRICPERFORMANCE RIVALLINGTHEBES# THERMOELEC

#URRENTAND FUTURE CHALLENGES
4HE KEY ADVANTAGES OF THESEPHASES"CHEMICAL RICHNESS AND F!
THERMAL CONDUCTORS"ARECOUNTERBALANCEDBY SEVERALDRAWE
FIRSTDIFFICULTYISRELATEDTOTHECOMPLEXSYNTHESIS ROUTE RI
USUALLY INVOLVESHIGH TEMPERATURE SOLID STATEREACTIONS OF
FOLLOWEDBY ION EXCHANGE REACTIONSTOINSERTALKALIOR ALKA
SYNTHESISPROCESS CONTRASTSWITHMOREDIRECT TIME EFFICIEI
METALLURGY ORHIGH ENERGY BALL MILLING 7THETHER SOME OF THE
YIELDBY SUCHTECHNIQUES REMAINTOBEINVESTIGATED !SECOND
THERMOELECTRICPERFORMANCEWITH RESPECT 4 QARHEMRAEMA:INIMN
LIMITED TO Ah =D UETO THEIR MODERATE POWHRTFARETNDRIAL &EIN C
INSERTING CATIONSDRIVESTHE ELECTRONIC PROPERTIES TOWARD S
HOLE CONCENTRATIONS ACHIEVED REMAINTOO HIGHWHICH COMBIN
CONTRIBUTESTOLOWERTHETHERMOPOWER VALUES &URTHER ADJL
ALIOVALENT SUBSTITUTIONS ORINSERTIONSWILLBEIMPORTANTTO
ILTHOUGH RAREEXAMPLES OFN TYPE -O CLUSTERTCHEMRNDMME NAXE
QUESTIONOFN TYPEDOPABILITY REMAINS ANOTHER ISSUE THAT WIL
ADDITIONTO THESE MATERIALS RELATEDISSUES THEIRINTEGRATIC
7THILEMOSTOFTHESE MATERIALS ARERELATIVELYIMMUNE AGAINST
#n # THEY REMAIN SENSITIVETO OXIDIZING ATMOSPHERES A
MATERIALS %FFORTSTODETERMINETHEIR AGING BEHAVIOUR IN SU(
OF MATERIALSUSEDINTHERMOELECTRIC GENERATORS WILLBE WOR
GENERATION APPLICATIONS
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IRGANIC THERMOELECTRICS

$EEPAKG6ENKAAESBHERRBNAESTNER

#AVENDISH ,ABORATORY 5NIVERSITY OF#AMBRIDGE **4HOMSON !V
+INGDOM

OHYSIKALISCH 4ECHNISCHE "UNDESANSTALT 04" IBBESTRASSE n

3TATUS

/IRGANIC SEMICONDUCTORS ARERELEVANT FORAPPLICATIONSIN THI
CONDUCTIVREIEASTIVELY LARGE AND TU N B ABICE TSHEEEIREAXEK ICIO F A RO C IEENN
CARRIERSWITHREASONABLY HIGEHENEE TR ECTAHEROIWDELETI VRT CERSI G U

AS4= 3. 4 ANORGANIC SEMICONDUTWOR HANDNAGPOWER FACTOR

3 7M + SHOULD EFFORTLESSLYDEMONSTRATETHE:BENCHMA|
AT +,= XPERIMENTALEVIDENCE SHOWS THAT SUCH VALUES OF T|
FACTORLIEWITHINTHE PARAMETER SPACEACCESSIBLEBY ORGANIC
EFFORTTOMAXIMIZE

INORGANIC SEMICONDUCTOR SLOWTHERMALCONDUCTIVITY ARIS
BONDING AND MOLECULARVIBRATION INDUCED PHONON SCATTERIN(
TIMESAREACONSEQUENCE OF CONFIGURATIONALENTROPY AND THE
HOPPING OF CHARGE CARRIERS ALONG THE POLY ME B BACKIBIGNH RALX
ORALONGBOTH SIMULTANEOUSLY 4HEHOPPING RATES AREINFLUEN
INTHE MANNER MOLECULES PACKWITHINTHE SOLID STATE !'PICTUR
AND STRUCTURAL PROPERTIESWITHTHE THERMOELEC ERBU TR ANNS P (
INTERDEPENDENCE DEMANDS COMPREHENSIVEINVESTIGATION AND
MOLECULESSEMIGWBHEHE POWER FACTORS OFASELECTIONOF ORGANI
CONDUCTIVIEY4HE HEURISTIC TRENDISCLEAR ANINCREASING ELEC
INCREASING POWER FACTOR

"Y MODULATING THEX ARERERHREESORDERS OFTMAECNM TUBE FROBE C
COEFFICIENTOFANORGANIC SEMICOMNDBDUCT DO RBDHE C RIEBSASIEESCHRRO 1A L
CONDUCTIVITYINCREASESBY SEVERALORDERS OF MAGNITUDE OVEF
BY INCREASINGTHEELECTRICALCONDUCTIVITYINTHESE SOFTELEC
ACCOMPANYING REDUCTIONINTHE SEEBECK COEFFICIENT &OR THIS
CARRIER DOPINGASAROUTETOINCREABEDRIBRA R ONEEHEMAS O NOR CAINDIR

#URRENTAND FUTURE CHALLENGES

INUNDERSTANDING OF THE TRANG ARARTTEEEHFMNELEENLE ONTHE P(
CONTINUES TO RAPIDLY DEVEL®GP % MARNBDICAL HRANEBESNCIOAS D E
FOUNDATIONALDESCRIPTIONOF WHY THESE $K ADINIG LANV & A RH®RJ
POLARONICTRANSPORTTHEORIESATHIGHCHARGE CARRIER DENSE
SBEEBECK COEFFICIENT ANDTHEPOWER FACTORINTHE @NEAR DEC
EVIDENCE IS NECESSARY TO VAADE & RE AHE SRWI N EA NRCEGRERBRMWER T | O
TOBOAND THE CARRIERHWUGB INIORBEEEAYSONDG ITS CURRENT BEENCSHMAR'
ANOTHER PROSPECTIVE ROUTETO INCREAKRRAOGHHBHESOIWERASLDR R B/E
SLUGGISH

%FFICIENTDOPING TECHNIQUES THAT GUARANTEEINCREASESINT
CURRENTLY POSSIBLEONLY THROUGHTHEINCORPORATION OF ADI
CANCAUSECHANGESTOTHERIGIDIT¥ QN ROMDHERBWARIPATKIBNGRIG
SYSTEMNEEDSTO GRADUALLY DISTORTTOBE ABLETO SHOW IMPR(
THE PRISTINE PROPERTIES OF THE ORIGINAL SEMICONDUCTOR ARE
6ERY HIGH CARRIER DENSITIES UPONDOPINGINSTIL @METALLICTF
4HIS CAUSESITSTHERMAL TRANSPORTTO SPORTASTRONGELECT
CONTRIBUTION ILTHOUGHINTERMEDIATEDOPINGDENSITIES UNDI
THERMAL CONDUCTIVITY SUCHISNOTTHE CASEF OIRHEZERM WLl & ANH
INCREASEINTHEELECTRICALAND THERMAL TRANSPORTCOEFFICI
ONTHE MAXIMUM-AGAHE COBINEON BELIEF THAT ORGANIC SEMICOND!
@PHONON GLASSELECTRON CRYSTAL NECESSARY FORHIGH PER
HIGH CARRIER BENMEI WERBRKAROUND INOVERCOMIANGITHEN DRREANISIC
SYSTEMSISTOACTUALIZE @PHONON STACKELECTRON-TYUNEBCEO
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SCANNING PROBESABOVE TECHNIQUES MAKE POSSIBLE ANEVALUATI
COEFFICIENTSWITHIN SINGLE ORDERED DOMAINS WITHOUT THE DR/
POLYCRYSTALLINEFILMS

#ONCLUDING REMARKS

4= ISYETTOBEDEMONSTRATEDINTHE FIELD OF ORGANICTHERMO
CHARACTERIZING VARIOUS MACROMOLECULARSYSTEMS OVER THE L
4HESE ROADBLOCKS ARELINKED TOFACTORS SUCHASDOPANTSTAB
AND MOLECULARCONFORMATION ALIMITONTHE ACHIEVABLE CHARC
COMPETITIVEN TYPEORGANIC MATERIALS ADIFFICULTY INDESCRIE
AN ABUNDANCEOFDOMAINBOUNDARIES AND TH EFRESENICARGHE SCTARRAR
DENSITIES #ONSISTENT ANDPRECISEMEASUREMENTS OF THERMOE
MOLECULAR SCALEAREONLY STARTINGTOBEPURSUED 3UCHTECHN
BUILDAFRAMEWORKTOUNDERSTAND ANDDESCRIBETHE FUNDAMEN
ORGANIC SEMICONDUCTORS AND ORGANIC SEMICONDUCTOR BASED |

ICKNOWLEDGMENTS

$ 6ENKATESHVARAN ACKNOWLEDGES THE 20YAL 3OCIETY FOR FUNDII!
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4WO DIMENSIONAL MATERIALSFORTHERMOELECTRIC

9UNSHANANBOANG :HANG

..5 35,)4AHERMAL %YNERGY 2ESEARCH#ENTER .34%2 AND#ENTER FC
WNERGY 3CIENCE #14%3 3CHOOLOFOHYSICSANDA4ECHNOLOGY .A
OEOPLE S2EPUBLIC OF #HINA

JNSTITUTE OF (IGH OERFORMAN GEMOMPQRENG ! 3INGAPORE

3TATUS
'LTHOUGHTHE COMMERCIALBULKTHERMOELECTRIC MATERIALS WEF
INTERESTINLOW DIMENSIONALTHERMOELECTRICSTRACESBACKTC
WAS PROPOSED TO MODULATETHE THERMOELECTRIGCOVMEFNGCTHRETS
LOW DIMENSIONAL MATERIALS FORTHERMOELECTRICENERGY HARYV
ONEOFTHE LARGEST ANDLATESTGROUPS WHICHBECOMESTHE SUB
JNCONTRASTWITHTHE TRADITIONALBULKTHERMOELECTRIC MATI
DISCRETIZED ELECTRONDENSITY OF STAFEWBIUETIG BEN RRIANA U MCS
SEEBECK COEFFI€IENNBULK FORMS THE CHARGE CARRIERS ARENORM
OF MATERIALS GROWTH WHILEFORTWO DIMENSIONAL MATERIALS T
INTERCALATINGIONS ORANELECTRICGATING -EANWHILE LAYERED
FEWLAYERS WITHADIMENSIONCLOSETOTHE MEANFREE PATHS OF
THERMAL CONDUCTIVITY COULDBETUNED INDIVIDUALLY -OREOVER
EASILY TUNEDBY THE STRATEGY OF @THICKNESS ENGINEERING ILL
ARE BENEFICIML,FOR AHIGH

#URRENTAND FUTURE CHALLENGES
7ITHTHE ADVANCEMENT OF NANO FABRICATION AND NANO CHARACT!
BASEDONTWO DIMENSIONAL MATERIALS HAVEBEENDEVELOPED ANI
THERMOELECTRICENERGY CONVEWRTSHAANARO EENTAAL SUWH ACSHAIS N E .
COMPARABLETO THATOFBULKTHERMOELECTRICFORMS ATROOMTE
REGIME THATBULKTHERMOELECTRIC MATERIALSTYPICALLY OUTPEI
THETHERMOELECTRICPERFORMANCEOFTWO DIMENSIONAL MATERII
#URRENTLY STRATEGIES OF EXPLORING TWO DIMENSIONAL THERI
CALCULATIONS AND SIMULATIONS "Y CONS TR ANNDMNANABYEY OO AANER |
THROUGHATOMISTIC SIMUL AT CENSC ANV EBE IGFRAENAL BDE DV |:14H
VALUES AROUND AND RESPECT#OBMHARES HOWRNHA N i BEQURAEERRIL AL |
MUCHHIGH CARRIER CONCENTRATION THECURRENTEXPERIMENTAL
TOACHIEVEAHIGHCHARGE CONCENTRATION:ININHE/®Y B MEMN $ HINSAT
MATERIALSISFARFROMBEING SATISFACTORY FORPOTENTIAL APPLI
THICKNESS ENGINEERING TUNABILITY OF CARRIERSCATTFERRBEG ME(
PROPOSED WHILETHE TUNABILITYOFTHERMOELECTRIC CONVERSIC
-OREOVER THERE IS LACKING STUD YAPPGA\R AME MER SEUERPENCE A T LOY FFE/
OFPOWER FACAORLUBIGSND THUS IMPROVED HEAT TO ELECTRICITY EI
KEY CHALLENGE FORTWO DIMENSIONALTHERMOELECTRIC MATERIA
THERMOELECTRICPERFORMANCE OFTWO DIMENSIONAL MATERIALS
ELECTRICALOHMICCONTACTISDESIRABLETO EXTRACT T THE INTRINS
THEOTHER HAND CONSIDERING THE SENSITIVITY TOENVIRONMENT /
BASED ONTWO DIMENSIONAL MATERIALS THEIRINTEGRATIONINTO
FORTHEIRPRACTICALUSE &URTHER ADVANCES ONTWO DIMENSION
THEDESIGN OF NEW MATERIALS ANDNEW CONTACTSTO ACHIEVEOPT
PHONONANDELECTRONTRANSPORTMECHANISMSINTWO DIMENSIO
FURTHER MANAGE THEIR CONTRIBUTIONS IN

IDVANCESINSCIENCEANDTECHNOLOGYTOMEETCHALLENGES

&OLLOWING GRAPHENE NUMEROUSTWO DIMENSIONAL MATERIALS W
DISCOVERED 4HE FAMILY OF TWO DIMENSIONAL MATERIALS AND THE
HETEROSTRUCTURES PROVIDEANEWPLATFORMTO EXPLORETHERM
TWO DIMENSIONAL SEMICONDUCTORSWITHATUNABLE BANDGAP ANI
SUPERIORTHERMOELECTRIWHRODHPERENES SGRACES THE THERMOELE
FORMSINTHELOWTEMPERATURE RANGE 4HESETWO DIMENSIONAL
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#ARBONNANOTUBESFORTHERMOELECTRICENERGY I

90SHIYUKI .ONOGUCHI
&ACULTY OF -ATERIALS 3CIENCE AND %NGINEERING +YOTO )NSTITUT

3TATUS
AHE THERMOELECTRICPROPERTIES OF CARBONNANOTUBES ARE OF |
PHYSICALPROPERTIES ANDTHE DEVELOPMENTARTAOWYIAANRIEYD B ONVGH
CARBONNANOTUBES 37#.4S SHOWUNIQUE THERMOELECTRICPROP!
THERMOELECTRIC MATERIALS SUETO THEIR CHEMICALLY STABLE ST
STUDYING LOW DIMENSION DERIVED=THERIM OENLA ICLTYR ICUTERTAN T R D IRRTN
STABILITY 37#.4 BASED MATERIALS ARECANDIDATES FORTHE COMP
GENERATOR%#.4S ARE SEAMLESSCYLINDERS MADEFROM GRAPHENE
VARY DEPENDING ONTHE CHIRAL ROLLING ANGLESOF GRAPHENE $
POSSESS SEMICONDUCTING AND METALLICELECTRONICSTRUCTURE
SCALING MOSTSTUDIESDEALWITHSHEETS MADEFROM37#.4 NETWUC
SUCHASORIENTATION ANDINTER TUBECONTACTS AREHIGHLY DOMI
PRIMARY STRUCTURES E G ELECTRONICTYPEANDBANDGAP DIAME
3OFAR TREMENDOUS EFFORTS HAVEBEEN MADE FOR SEEKING EXC
CARBON NANOTUBE BASED MATERIALS 'GROWINGBODY OF EVIDENC
SEMICONDUCTING 37#.4S SHOW SUPERIORTHERMOELECTRICPROPE
TOMETAL ENRICHED 37#=4NHTOTOWRKSQF THE ART WORK REPORTED T
MER#ATAS HIGH AS AROUND ROOMTEMPERATURE FORSORTED SEM
METHODE;-ULTI WALLED CARBONNANOTUBES -7#.4S EXHIBIT ADVAN
STRUCTURED MATERIALS &0OREXAMPLE THEIR YARNS AND WEBS CAI
PRODUCTSINCHEMICAL VAPOUR DERORSETIOERSEYMA HERISLS ARE ROB
THERMOELECTRIC POWER FMC 7O RREXRCEHEDENGCIDATION OF PHYSICA
EMERGING CHEMICALPROCESSESHAD YETTOBEDEVELOPED INCLU
OPTIMIZE THEIR THERMOELECTRIC PROPERTIES HEAVYDOPING OF 3
IMPROVEMENT OF THE ANTI OXIDATION CAPABILITYOFTHEIRDOPED
CONTEXT VARIOUS APPROACHESTO STABLEN TYPEDOPING WERE R
AND ALSO SUPRAMOLECULAR COMPLEXATION W-E RIELEDHEGIEN E B AFCORRT B
CONTRIBUTETOTHE FURTHER DEVELOPMENT OF PRACTICAL POWER (
PHYSICALPROPERTIES

#URRENTAND FUTURE CHALLENGES
4HIS CARBON NANOTUBE BASED FIELDHAS SHOWN ARAPIDEVOLUTIC
OFNEWPHYSICSIDEA CHEMICALTREATMENTS AND EMERGENT APPL
PROGRESS THESTRUCTURE PROPERTY RELATIONSHIPS OF CARBON
EXPLORED -ETHODS OFINCREASINGTHE EFFICIENCY OF THERMOELE
5SUALLY THEREISATRADE OFFBETWEENELECTRICALCONDUCTIVI®
OPTIMALPOWERFACTORMUSTBE FOUND )NTHE CASE OF CARBON NA#
THERMAL CONDUCTIVITY IS ALSOACHALLENGE
4HEUNDERSTANDING OF PHYSICAL AND CHEMICAL ASPECTSINTHE
BEOBTAINEDBY PREPARING SINGLE PHASE MATERIALS ALTHOUGHT
STILLUNDERINVESTIGATION 37#.4SUSUALLY SHOW SIGNIFICANT IN
!S SYNTHESIZED CARBONNANOTUBES VARYINTHEIRDIAMETER AND
PHYSICAL VARIATIONS RESULTIN SIGNIFICANT CHANGESINTHEIREL
DEGREEOFSTRUCTURALPERFECTIONAND DEFECTDENSITY CRYST/
STRUCTURES ANDTHE CORRESPONDING TRANSPORTPROPERTIES IL
37#.4 ASSEMBLIES AREOFINTERESTFORMOST APPLICATIONS )N THI
TRANSPORTPROPERTIES | E ELECTRICALAND THERMAL CONDUCTI)
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OOLYMER CARBONCOMPOSITESFORTHERMOELECTR

"OB # 3SCHRNDD!EMRILIANO "ILOTTI

$EPARTMENT OF #HEMISTRY 5NIVERSITY #OLLEGE ,ONDON 'ORDO
+INGDOM

$EPARTMENTOF!ERONAUTICS )MPERIAL#OLLEGE ,ONDON %XHIBI"
+INGDOM

3TATUS
,OWDIMENSIONAL MATERIALS SUCHASFULLERENES ZERO DIMENSI
GRAPHENE TWO DIMENSIONAL HAVELONGBEENCONSIDERED FOR"™
MATERIALS TOINCREASE TNPARGUBREBEIOARMERWIDIMENSIONALITY HAS
BOUNDARY SCATTERING OF PHONONS WITHOUT SIGNIFICANTLY INCR
MANIPULATING THEDENSITY OF STATES NEARTHE &ERMIENERGY LE\

$ESPITETHESETHEORETICAL ADVANTAGES OF CARBONALLOTROP
> 7M + FORCARBONNANOTUBES AND GRAPHENE ANDOFTENPO
THEIR APPLICATIONINTHERMOELECTRICS 40 0OVERCOME THESE DR/
WITHAPOLYMER MATRIX EITHERELECTRICALLY INSULATING OHECO N
INTRODUCTIONOFAPOLYMERALLOWS TO REDUCETHE AFOREMENTIC
SCATTERINGOVERTHE EXTENDED INTERFACIAL AREAWITHOUT COMF
NANOPARTICLENETWORKS -OREOVER SEVERALAUTHORS HAVE REP
PHENOMENONOFENERGY FILTERING UNIQUEINTERFACES WITH CO!
ENERGY FILTERTHAT ALLOWS HIGH ENERGY CHARGE CARRIERSTOP
WHILEDETERRINGLOW ENERGY CHARGE CARRIERS ;

4HE FORMATION OF CARBON POLYMERCOMPOSITES HOWEVER IS N
THERMOELECTRICPROPERTIES BUTALSOTO MODULATETHE MECHA
BRITTLENATURE OF CARBON ALLOTROPES MAKESITACHALLENGETO
AND EVEN MORE INTOTHICKERTHERMOELECTRICELEMENTS AND GE
ENERGY RECOVERY "YBLENDING ANDDISPERSINGTHE CARBON NAN(
FACILITATED ANDTHE RESULTING COMPOSITES DA SWHAGHNHANEAD
INTEREST FOR APPLICATIONS REQUIRING CONFORMAL TOUGHAND F

IVERTHE PASTDECADES TREMENDOUS EFFORTHASBEENDEDICAT
UNIQUE THERMOELECTRICPROPERTIESOFCARBONNANOMATERIALS
POTENTIALINTHERMOELECTRIC GENERATORS 4HEFURTHERDEVEL
OPPORTUNITY TOUNITETHE PROMISINGTHERMOELECTRIC PROPERT
MECHANICAL ANDTHERMAL CHARACTERISTICSOFPOLYMERSINTHE
COMPOSITES

#URRENTAND FUTURE CHALLENGES
THILE THEELECTRICALCONDUCTIVITY VALUESPRESENTEDINTHE SC
SUPPRESSING THEINTRINSICALLYHIGHTHERMAL CONDUCTIVITY OF
THE SEEBECK COEFFICIENTS OF CARBON COMPOSITES ARESTILL SIG
INORGANICTHERMOELECTRIC MATERIALS DESPITE FHE PROHHE R MRT
CARBON POLYMER NANOCOMPOSITES AREANISOTROPIC MATERIALS
THERMAL CONDUCTIVITIESINPLANE THANTHE CORRESPONDING OU
INISOTROPY HOWEVERISBOTHANOPPORTUNITY ANDACHALLENGEF
SEVERALASPECTSTOCONSIDER
4HECHEMICALCOMPOSITIONOFBOTHTHE CARBONALLOTROPE AN
CONSISTENT THERMOELECTRICPROPERTIES 7HILEITISTECHNICAL
TOAVERYHIGHDEGREE CONSIDERINGDIFFERENT CHIRALITIES DIA
GRAPHENE INPARTICULARFORCHEMICALLY MODIFIED GRAPHENE S
BATCHVARIATIONS CANBE SEVERE 3IMILARLY THEPOLYMERCOMPO
PARTICULARLYIFTHE COMPIPRUTEME R(ZMM EDN IIN WHICH CASE MONO
POLYMERIZED ONTHE CARBONOR. GG ORMONPWH ISHRTAHAECHELP OF BACTERI.
NANOMATERIAL EFIGURE
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(YBRIDORGANICNINORGANICTHERMOELECTRICS

IKANKSHA + ANNDORFFREY * 5RBAN

'EORGE 7 7TOODRUFF3CHOOL OF -ECHANICAL %NGINEERING 'EORGI
S5NITED STATES OF IMERICA

4HE -OLECULAR &0OUNDRY ,AWRENCE "ERKELEY . ATIONAL ,ABORATC

IMERICA

3TATUS
'LLTHERMOELECTRIC MATERIALSENABLETHEDIRECT CONVERSION (
SEEBECKEFFECT 4HERE ARE HOWEVER DIFFERENTCLASSES OF THI
ELSEWHERE"THECHOICE OF WHICHTHERMOELECTRIC MATERIALTO
TEMPERATURE OF HEAT AVAILABLE 'IZWVENTHATHEATISA BY PRODU
REPRESENTS ANATURAL RESOURCE EXISTING FROMJUSTAFEWDEG]
HIGH TEMPERATURE PROCESSES (ISTORICALLY THERMOELECTRICE
FORPOWER GENERATIONUSINGHIGHER TEMPERATURE SOURCES Bl
DEVELOPINORGANICANDHYBRID THERMOELECTRICS 4HIS WAS DRI
NEWPHYSICSBEING EXHIBITEDBY THESE MATERIALS ASWELLASTH
DECOUPLED ELECTRONIC AND #BERMREDRANSSRGRE PHASEINORGAN
THERMOELECTRIC MATERIALS HYBRIDS PROMISE @THEBEST OFBOT
NANOSTRUCTURES CHEMICALLY CONJOINED WITHORGANIC MATERIA
MAIN APPEALOFHYBRIDSISTHATINTERFACIALEFFECTS ENABLE TUN
OTHERWISE ATTAINABLEWITH SINGLE PHASE MATERIALS OREVEN C(
4ELLURIUM 4E NANOWIRESHASBEEN SHOWN TG ANE®GEBOSMERHBMAC & N
INORGANIC AND ORGANIC THERMOQUPESATRHCGH AACHAEREOM TEMPE
JN ADDITIONTO THEINTERESTING PHYSICS HYBRID MATERIALS RE
CONSTITUENTS FORLOW TEMRERAAURBERERGENMARVESINEW APPLI
SPACES"WEARABLEELECTRONICS REMOTE SENSING INTERACTIVE I
DEVICES &ORTHESEUSECASES WEARGUETHATOPTIMIZINGDEVIC
TYPICALLY ONLY REQUIREM7TLOW FOWRBPBERNEIDOX )NSTEAD THE FOC
DEVELOPINGLIGHTWEIGHT ANDFLEXIBLEDEVICESWITH HAH3IH RIESOA|
CHANGES THEEQUATIONINTERMS OF WHAT CONSTITUTES VIABILITY
MATERIAIS APROXY FOREFFICIENCY AFIT FOR PURPOSETECHNOE(¢
INCLUDES SCALABILITY AND STABILITY CONSEDERAHIOR® MBMBE NE
THE OPPORTUNITY SPACEFORHYBRIDTHERMOELECTRICS AND PROJ
BREAKTHROUGHS NEEDEDTO RENDERTHEM COMPETITIVEWITHTHEI
INFIGURE

#URRENTAND FUTURE CHALLENGES
INECENTRALCHALLENGEWITHHYBRIDTHERMOELECTRICSISUNDER
BETWEENTHE TWO PHASESATTHEINTERFACE %FFECTIVEMEDIUM M
HYBRID MATERIALPERFORMANCE CANEXCEED THATOFEITHER PURE
40 EXPLAINTHESE RESULTS MECHANISMS SUCHASENERGY FILTERII
0%%$/4 033HAVEBEENINCORRECTLY POSITED SINCETHERE ARENO M|
WORKON SINGLENANOWIREHYBRIDSHASREVEALED THATITISTHE I
PLAY LEADINGTO SELF ASSEMBLY ORTEMPLATING OF THEORGANIC
7 = 4HISHOWEVERISAPURELY MORPHOLOGICALEFFECTDEPENDET
HYBRID BEHAVIOUR ASTHEREISNOCHANGEINTHEELECTRONIC STF
ROUTES THAT CANHARNESSEFFECTS LIKEENERGY FILTERING TO EN,|
REMAINS ACHALLENGE

4HE OTHER ENDURING CHALLENGEISTHATTHE STRUCTURE AND BO
# (. / HASRESULTEDINPRIMARILYP TYPEHYBRIDSWITHAHIGHT
HYBRIDS CANBEPOTENTOWINGTO SEAMLESSINTRODUCTIONOF NEV
INORGANIC MATERIALS TO GENERATEUNFORESEENN TYPE MATERIA
THERMOELECTRICS &0OREXAMPLE THE 3EEBECK COEFFICIENT OF 4E
TRANSFER | E RESONANTDOPING TOACHIEVEANN TYPEHYBRID M.
ISYETTOBEPRACTICALLY REALIZED

I TTHEDEVICELEVEL THE OVERALL STABILITYOFTHESE MATERIAL
STRAINHAS NOTBEENTHOROUGHLY STUDIED 4HEREISTHUS CONSII
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/I THERPROMINENT TECHNOLOGICAL CHALLENGES AREFLEXIBLE HE
THERMOELECTRICS AND ENABLETHE MOSTEFFICIENTUSEOFTHE SM
LITTLEINTEREST BUTITISASUBSTANTIALNEED ASTRADITIONALCE
SEMICONDUCTOR THERMOELECTRICSWILLNOTBE VIABLE )TIS ALSC
DEVICESBETESTED FORMONTHS ANDNOTDAYS LIKEINMOST ACADE
CONDITIONS

#ONCLUDING REMARKS

2ESEARCHINHYBRID THERMOELECTRICS IS INMANY WAYS STILLIN
INVESTMENT RELATIVETO TRADITIONALINORGANIC SEMICONDUCTO!
LANDMARKDISCOVERIES BOTHINTERMS OFTHEPHYSICS AND MATETF
DEVELOPMENT ONANANNUALBASIS (OWEVER TOREALIZETHE PRONM
INVESTMENTSINTO FUNDAMENTAL ASPECTS OF MATERIALS SCIENCE
MATERIALS ANDTRANSLATIONALINNOVATIONSINTOTHE PROCESSI!
THERMOELECTRICS AREDESPERATELY NEEDED &LEXIBLE AND STAE
WOVENTOGETHERINTO ARBITRARY GEOMETRIES CANBEIMPACTFUL
ELECTRONICS AND SENSORSWILLPLAY APROMINENTROLE

ICKNOWLEDGMENTS

7TORKATTHE -OLECULAR &0OUNDRY WAS SUPPORTED BY THE/FFICE OF
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(ALIDEPEROVSKITESFORTHERMOELECTRICENERGY

/ILIVER &ENWICK AND #EYLA ISKER
3CHOOL OF %NGINEERING AND -ATERIALS 3CIENCE 1UEEN-ARY S5SNIV
.3 5NITED +INGDOM

3TATUS
4HE REASON FORLOWUPTAKEOFTHERMOELECTRICTECHNOLOGY LII
ELEMENTAL ABUNDANCE COSTANDOFTENTOXICITYOFTHE MATERIA
ARE MADE 'NEWGENERATIONOFTHERMOELECTRIC MATERIALS IS NE
ISSUES (ALIDEPEROVSKITES ARE MATERIALS THATHAVE PROMISE T
SIMULTANEOUSLY (ALIDEPEROVSKITES ARE CRVYGMCAH.IIOME BE ¥ AQIMN
FULLYINORGANICORORGANIC INORGANICHYBRBINS ZHE 8 SITE I'S A |
HALIDE ANIONANDTHE! SITECANBE AN ORGHAN(C OR(INNORGANIC CAT
FIGUREBHEY HAVEBEENWIDELY STUDIED AS ABSORBERSINSOLAR CI
METHODS FROMSOLUTIONORBY MECHANOCHEMICAL SYNTHESIS ANI
ELEMENTS CANBEUSEDONTHE! " ANDS8 SITESWHICHCANBE ABUN
AHERMOELECTRICEMAURESPMERIMETHYLAMMO® NBUMR"SNARE
PREDICTED TOBE BET-WEHKE MAXNDD HALIDE WERRSI®RREDIBTED TO HAV
14= ;7 = WHILSTTHE LOW HUMERNRBOONKLTHESDERIVATIVE+S PREDICTI
+ FIGURE = 4HISTHEREFOREPUTS THE PREDICTED THERMOELECT
ALONGSIDETHE STATE OF THE ARTINTHELOWTO MIDTEMPERATURI
HIGH PERFORMANCE SUSTAINABLE THERMOELECTRIC MATERIALS

#URRENTAND FUTURE CHALLENGES
$ESPITEHIGHPREDICTED THERMOELECTRICPERFORMANCE INHALIEC
SHOWNLOWTO MODEST THERMO BENDERSICANDBIINRETHH MERSCREPANC
THE FIELD /NTHEPOSITIVE SIDE HALIDEPEROVSKITES HAVEBEEN II
WHERE THEREISAROLEOFTHE! SITECATIONINPHONONSCATTERIN
ORCLOSETO THEULTRALOWREGIMWE +tWHAKARS P MEOBIEHDTAES IN THE
ARE KNOWN TOBE QUITE REASONABLE INTHERANGRARNB TENBHOKH U N
COEFFICIENTSARE GOMMERIEWDING ONDOPING LEVEL

.ONETHELESS ELECTRICALCONDUCTIVITIES OF HALIDE PEROVSKI
DOPING SELF DOPING OFF STOICHIOMETRY DOPING AND CHARGE TH
TOIMPROVETHE ELECTRICAL COAVDAIQTEV4HIEGS REMATHEEE GWERCAISS I N
MERITHASBEENINTHE 3N PEROVSKITEGS 3WPHRERHDHEHE ORDMATHO D QE |
"4VALUES OHASBMEEN REPORTED IN SEQERALATHIENEESD WTTH A ;
(OWEVER SINCE OXIDATIONISTHE SOURCEOFCHARGE CARRIERS S
BELF DOPING®EH#SSNEHIEVED HOLE DOPING C GONVC ENDIROAH | O NASTO F

+ WHERE #L DOPANTS ENHANCED THE STABILITY ASWELL AS ACTIT
AHE HIGHEZBATUE OF AT ROOMTEMPERATURE WASACHIEVED WITH
USING THE MOLECULARDOPANT & 4#.1 ;

$OPING OF MORE STABLE NON 3N CONTAINING PEROVSKITE SYST
BUTTHELOWDOPINGRESULIENINYLLOW ELECTRICALACGHENMDAUG TAOVRIRERN
CHALLENGEISTHEREFORETOIMPROVEDOPINGEFFICIENCIESIN THI
TOIONICCOMPENSATIONOFPOINTDEFECTSINADDITIONTO ANELEC

IDVANCESINSCIENCEANDTECHNOLOGYTO MEETCHALLENGES

AHE POTENTIALFORHALIDE PEROIVISKHRE® EE BEUBR KO MAHIERHAGH HA S
DEMONSTRATED COMPUTATIONALLY AND ONLY PARTLY REALIZED EXF
PRINCIPLE CHALLENGESTO REALIZEHIGHTHERMOELECTRICPERFO

40 UNDERSTAND ELECTRICAL DOMENGHAVHBEREN DEEEE MAHE RMIAL T
ABSORBERS WHEREALOWDENSITYOFFREECHARGESIS ADVANTA
WORKONWAYSTO ACHIEBVE CO®IPING DENSITIES
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"ALANCING COST AMANDCEECAERBMSKYTES HAVE BEEN DEVEMADPREDAAS T
PHOTOVOLTAICDEVICES 4HERMOELECTRIC GENERATORS WOULD "
MATERIAL IIVOIDINGCOSTLYORTOXICELEMENTSINTHECOMPOSI
CONSIDERING SOLID STATESYNTHESIS APPROACHESTO AVOID SO
JNCORPORATING THEMINTO PROTOAINYERGERYMIHEHS E LN RICCARNIERR
GENERATORS THAT AREMNBDASIAPEHVMRED BF PHE MATERIALINISOLAT
ELECTRODE REACTIONS THAT MAY REQUIRE PASSIVATIONBY ORGA
MATERIAL 4HERE MAYBE CONTACT RESISTANCES IONIC MIGRATIO
THEOTHER HAND THE PROCESSABILITYOFTHESE MATERIALS MAY E
POSSIBLEWITHCONVENTIONAL CERAMICTHERMOELECTRIC GENEF

#ONCLUDING REMARKS

(ALIDE PEROVSKITE MATERIALS AREWELLKNOWNINTHE RESEARCHC
THEIRDEVELOPMENTINHIGH EFFICIENCY SINGLE AND MULTI JUNCT
FORTHERMOELECTRICS INTERESTIS CERTAINLYINCREASING 4HIS
THERMAL CONDUCTIVITY THATIS COMPARABLETOPOLYMERS DECEN
%WXPERIMENTAUREPARDEOMPUTATIONAMEPRIANVIEGIORNS RESEARCHE|
CONFIDENCE )FTHECHALLENGEOFDOPING TOMCHKINEBE SEARG/HEOAI
WIDER RANGE OF HALIDE PEROVSKITE MATERIALS4VIAEN "EIWOHED B
AND PERHAPS HALIDEPEROVSKITETHERMOELECTRIC GENERATORS (
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* OHYS -ATER 6 OECUNNAL

-ETALORGANICFRAMEWORKSFORTHERMOELECTRIC

I'"LEC 4ALIN
3ANDIA .ATIONAL ,ABORATORIES ,IVERMORE #! SNITED 3TATES

3TATUS

-ETALORGANIC FRAMEWORKS -/&S AREEXTENDED CRYSTALLINE C(
INTERCONNECTEDBY ORGANICLIGANDS FORMING SCAFFOLDING LIk
@MOLECULARTHNMEHESEPPOROUS COORDINATIONPOLYMERSHAVE AT
TRADITIONAL APPLICATIONS OF MICROPOROUS MATERIALS SUCH AS
DISCOVERY THATCERTAIN-/&S CONDUCTELECTRONSBY VIRTUE OF T
BY INTERACTIONS WITH GUEST MOLECULES 'UEST -/& THATFACILIT.
SPARKEDINTERESTINUSING -/&S INTHERMEBENEERRST AW P/RIE AAIND I
POLYMERS MOREBROADLY ISMOTIVATEDBY THEPRACTICAL NEED F¢
NON TOXIC MECHANICALLY FLEXIBLE ANDCANCONFORMOVERCOM
'"UEST -/&« MATERIALS COMPARED TOORGANICPOLYMERSISTHEIR SY
3PECIFICALLY THECHOICEOFMETAL LIGAND ANDGUESTMOLECULI
THEREFORE PROMOTEHIGH CHARGE MOBILITYBECAUSE OF THE LONC
MATERIALS WHILE MAINTAINING LOW THERMAL CONDUCTIVITY )N THI
INDEVELOPMENT OF -/&S 'UEST -/&S AND COORDINATIONPOLYMERS
DISCUSSHOWTHE SEEBECK COEFFICIENT ELECTRICALCONDUCTIVI®
FURTHEROPTIMIZE THEIRTHERMOELECTRICPERFORMANCE

#URRENTAND FUTURE CHALLENGES
JRRESPECTIVE OF THE MATERIALTYPE THE EFFICIENC:¥ ® FGAURHEEIRAM (
MER:4= 3 4 WHBRETHE 3EEBECK CSOBE+HEF ECIEENTTR O N4 CSCTOENVDRERTA V UT
ANDISTHE THERMAL COGNDECCAIUBETYHE PARAMETERS AREINTERDEPEN
14 HASBEENA MAJORCHALLENGE FORDEVELOPINGPRACTICALTH
ORTHERMOPOWER ISTHEVOLTAGEDIFFERENCETHAT ARISES WHEN
MATERIAL)TS SIGNINDICATES THE MAJORITY CARRIER POSITIVE FOF
CONDUCTORS ANDITS MAGNIGYDHRRNIGAHE FROR MEEWL ® BSEBVER
INLIGHTLY DOPED SEMICONDUCTORS 3EEBECKCOEFFICIENT VALUE
NON POROUS COORDINATIONPOLYMERS AREINCLUDED INTABLE

4HE SECOND FACTORTHAT IS NEEDED TO REALIZETHERMOELECTR
CONDUCTIVITY )NDEED -/&S EXHIBITALOWTHBMRMALWIKINKHUSTIVIT)
LOWERCOMPAREEH OABIREA FEW REPRESENTATIVE EXAMPLES 4HEL
-/&S ISCONSISTENTWITHTHEIRWEAKBONDING METAL LIGAND COO
COMPARED TOCOVALENTBONDS COMPLEXATOMICSTRUCTURES Al
AMOUNTOFENERGY CARRIEDPERVIBRATIONAL MODE THE PHONON |
PATH

4HE ELECTRONIC CONDUCTIVITY IS T#HB N IGIRNDEFRAAT G RGIHH B I EDCETTREGR
CONDUCTIVITYISOBSERVEDINSOLIDSWITHSTRONGELECTRONIC C
LARGEBANDDISPERSIONAND DELOCALIZATION OB S8R RRIE FONATGRECS
HAND HAVELITTLEORNOBANDDISPERSIONDUETOLOWATOMICDEN
FUNCTION CHARACTERISTIC OF 7TERNER TYPECOORDINATIONCOMPL
MANY POTENTIAL APPLICATIONS E G ELECTRONICS SENSORS ENEF
ELECTRONICALLY CONDUCTING FRAMEWORKSHASBEENAMABOR RE!
GENERAL ELECTRONICCONDUCTIONMECHANISMSIN-/&S CANBE CL,
FIGURBAXAMPLES OF INTRINSICALLY CQMNMDUAND ME 4 SEXEMPDESIOF
GUESTINDUCED CONDUCTIVIB¥ INCLADE GARBHON NANOTYBAND: A
EXAMPLEOFACONDUCTING NON POROUS CGO RDTHE A HIAOINWHIIL EMBR [
GUESTMOLECULES ORNANOSTRUCTURES CANDRAMATICALLYBOOS®
THERMAL CONDUCTIVITYBY INCREASINGPHONONMODES ANDDEPEN
FRAMEWORKRIGIDITY SEETABLE

I DVANCESINSCIENCEANDTECHNOLOGYTOMEETCHALLENGES

ILTHOUGHTHE TWO DIMENMIIGNBSIA-RELIATIVELY HIGHELECTRICAL CO
OTHER -/&S ®EMANDAVERY LOWTHERMALTZOUNDUEKNIBNTGRA VERY |
4 0OF WELLBELOW T THE T¥PIEAIRVMANDWREAQNFC THERMOELECTRIC MA
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-ATERIALS FORRADIOFREQUENCYENERGY HARVESTINC
JNTRODUCTIONTO MATERIALSFORRADIOFREQUENCY

4HOMAS $INTHOPOULOS
+ING!BDULLAHS5NIVERSITY OF 3SCIENCE AND4ECHNOLOGY +!534 +1¢&
n SAUDI!'RABIA

%LECTROMAGNETIC SIGNALSINTHE RADIOFREQUENCY RANGE ARE U
INCLUDING WIRELESS NETWORKS BROADCAST TRANSMISSIONANTET
71 &1 SIGNALS ANDDEDICATED RADIOFREQUENCY BASE STATIONS A
SIGNALS HAS RECENTLY EMERGED ASAPROMISINGMETHOD FORPOW
DISTRIBUTED SENSORNETWORKS AND MOREBROADLY THE RAPIDLY E
THETOTALNUMBER OFCONNECTED )O4DEVICES GREW BY TO B
GLOBALLYBY¥Y %ACHPHYSICAL @4HING SENSORNODE ETC ISIDEN
CANEXCHANGEINFORMATIONWIRELESSLY OOWERING THIS RAPIDLY
ASAMAJORTECHNO ECONOMIC CHALLENGEWITHNO OBVIOUS SOLUT
RADIOFREQUENCY WIRELESSENERGY HARVESTER 2& 7%( TECHNOL
CONVENTIONALBATTERIESBY ENABLINGTHEAUTONOMY REQUIRED E
OPERATED HINDOORSANDOUTDOORS AND SUPPLY ENOUGH ENERG

4HE PROSPECTOFENERGY AUTONOMOUS OPERATIONOFDISTRIBU
TECHNOLOGIES ASAMORE SUSTAINABLE ANDGREENEROPTIONTHAT
ASSOCIATEDWITHTHE MANUFACTURING MAINTENANCE ANDDISPOES
ENVIRONMENTALIMPACT OF EMERGING ELECTRONICTECHNOLOGIES
CONTINUOUSLY INCREASING AVAILABILITYOFELECTRONICSHAS FUE
MAKING ITTHE FASTEST GROWING WAWBLT EDEVRERONW BNNGOBRCHXNOLOGIE
ADDRESS THISTIMELYISSUEHASBECOMEASTRATEGICPRIORITY FO

!TYPICALWIRELESS RADIOFREQUENCY ENERGY HARVESTING SYST
CRITICALOFWHICHISTHE RECTENNA ASITDETERMINES THE RADIOF
EFFICIENCYAFIGIHEERECTENNA COMPRISES ANANTENNAWHICH IS RE
RADIOFREQUENCY SIGNAL AND ARECTIFIERCIRCUITTHAT CONVERTS
SENSOR MICROCONTROLLER ETC INIMPEDANCE MATCHING NETW
THE RECTIFIERCIRCUIT ENSURING OPTIMALTRANSFEROFTHE CAPT
COMPONENTWITHINTHE RADIOFREQUENCY TO $#UNITISTHEDIODE
SIGNAL COLLECTED BY MHOENASNW ENNAHE REQUIRED HIGH FREQUENCY
THATDESCRIBESTHE ABILITYOF ADIODETORECTIFY ANELECTRICAI
'7 4HELATTER CANBECALCULATED DIRECTLY FROMTHE SECOND O
CURRENThY CHARGACTERISTIC ANDISBROADLYUSED TOQUANTIFY Al
VARIOUS RECTIFIER TECHNOLOGIES

4RADITIONALLY 3CHOTTKY DIODES HAVEDOMINATED THE APPLICA
BEENDEMONSTRATED INCLUDING BACKWARD TUNNEL %SAKHEDUODE
OF METAL OXIDE SEMICONDUCTOR TRANSISTORSASTHE RECTIFYIN(
COMPLEMENTARY METAL OXIDE SEMICONDUCTORCIRCUITRY ASWE
;7 n = ILTHOUGHSIMPLERTOINTEGRATE THEINTRINSIC CHARACTE
ININFERIORRECTIFICATIONCOMPARED TO THE CORREGS MAXDNN GE3TH
RADIOFREQUENCY TO $# POWER CONVERSIONEFFICIENCY OF AN 2&
CONNECTING THE ANTENNAANDTHE LOAD CIRCUITNEEDS TO BE CARI
THEENVIRONMENT !DDITIONALCIRCUITELEMENTS SUCHASAVOLT!/
ARE ALSOREQUIRED TOINCREASETHEOUTPUTVOLTAGEOFTHE REC"
ENERGY STORAGEUNIT OFTENCONSISTINGOFABATTERY ORA CAPA
OVERALLPOWERC CONVERSIONEFFICIENCY OF AN2& 7%( THEREFORE
OPTIMALPERFGRMANCE ;

$ESPITETHE EXPLODINGINTERESTIN2& 7%(S NUMEROUS CHALLE
TECHNOLOGY CANBEFULLYEMBRACED COMMERCIALLY /NESUCH CH
THE AMBIENT ENVIROBMEAHE BITAAPDE PROGRESSINDEVELOPINGLOV
CONTINUOUSLYINCREASING ABUNDANCE OF RADIOFREQUENCY SIGN
INOTHER CHALLENGE RELATESTOTHE SYSTEM SPHYSICAL SHAPE AN
REDUCE ITSINTEGRALCOMPONENTS ALSONEEDTOBE MINIATURIZE
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&IGUREA 3CHEMATIC OF ANRADIOFREQUENCY ENERGY HARVESTING SYSTEM COMPR
VOLTAGEMULTIPLIER APOWER MANAGEMENTUNIT ANENERGY STORAGEUNIT AND
HARVESTER CAPTURES THE RADIOFREQUENCY SIGNALTRANSMITTED BY ARADIATIN(
-EASURED AMBIENT RADIOFREQUENCY POWER AT VARIOUSLOCATIONSINTHE #ALGA
PUBLIC PRIVATELOCATIONS ACROSSDIFFERENTFREQUENCY BANDSFORCELLPHON
INDUSTRIAL SCIENTIFIC AND MEDICALDEVICES n (Z n '(Z 4HEPOWER |
MINIMUM AND MAXIMUM VALUES MEASURED EXPERIMENTALLY ATTHE VARIOUS LOCA"
)% %% 2EPRINTED WITHPERMISSION FROM;

INDUSTRY HAS RESPONDED TOTHIS CHALLENGEBY DEVELOPING MAN
OFTHELOAD CIRCUITRYWITHTHE RADIOFREQUENCY COMPONENTS
SOLUTION$N PARALLEL RESEARCHONNEW MATERIALS FOR SUBSTRAZ
CONDUCTORS HAS PROPELLED THESEEMERGINGTECHNOLOGIESTO"
TECHNOLOGIEAHE RAPID PACEOFRECENTPROGRESS SHOWS THAT F
ENERGY COULDOFFERUNIQUE SOLUTIONS ANDLEADTO TRULY ENABI
THE FUTURE

4HIS CHAPTER DISCUSSES RECENT PROGRESSINRADIOFREQUENC
FOCUSONEMERGING MATERIALS ANDTHEIRINTEGRATION INHDALEV I
SECTIOAND 'EORGIADOUDSECUBBNTHE PROSPECTS OF ORGANIC AND
INRADIOFREQUENCY RECTIFYINGDEVICES PROCESSEDMAEACICANABL
AND ,EMEMBSIECTIOS\UMMARIZE RECENT ADVANCES INRADIOFREQUENC
LOW DIMENSIONAL MATERIALS SUCHASCARBONNANOTUBES AND TV
NEED FORAPPROPRIATE MODELLINGTOOLS @NDARL NVAGHHE AMPORHE
EMERGING CONDUCTORSFORTHEDEVELOPMENT OF RADIOFREQUEN!
LOSSES ANDTHEIMPORTANCE OF NEWRECTENNADESIGNS



* OHYS -ATER 6 OECUNNAL

IRGANIC SEMICONDUCTORSFORRADIOFREQUENCY RE

40MMASO ,0SI &ABRIZIOG6IOLA AND -ARIO #AIRONI
#ENTER FOR .ANO 3CIENCE AND 4ECHNOLOGY 0OLI-I )STITUTO )TALI/
-ILANO )TALY

3TATUS

INEOF THE MOST EXPLOITED ME BHQAARYT TEBWH)REEE STSH Y WTOWIHERU SE OF
THE COUPLINGWITHRADIOFREQUENCY WAVESINCOMING FROMA TR/
DESIGNED ANTENNA FOLLOWING WHICHARECTIFYING ELECTRONIC |
REQUIRED TO OPERATETHE LOAD SENSORS CIRCUITSETC 4ARGET
RANGE"FROM TO -(Z"TOTHEULTRA HIGHFREQUENCY 5(& RANGE’
'"(Z”DEPENDING ONTHE FINAL AP P L ICAR IRIGW B(RI NSGSAIN DETDORVOMRU N | C A
PROTOCOLS WITHAREAD RANGEUPTO M TYPICANEARMAEQBED F
CM RANGE COMMUNICATIONAND POWERING )NTHIS SCENARIO DIF]I
MANUFACTURING PROCESSES HAVEBEEN INVESTIGATED WITHTHE G (
RADIOFREQUENCY RECTIFIERS CAPABLETOBEINTEGRATED WITH E\
SEMICONDUCTORS AREONEOFTHE MOSTPROMISINGTECHNOLOGIESES
THROUGH CHEAP LOW WASTE AND ENERGY EFEI&IERNTTHERMMNRQ UER G
MATERIALS DONOTNEEDHIGHTEMPERATURE PROCESSING=THNS BE
THELASTDECADE ALOTOFEFFORTSHASBEENDEVOTED TOTHE IMP
PERFORMANCE @AGEBHRRAVIIOGI ANEHFRIERRYEGYME WHEN INTEGRATED IN |
ARETYPICALLYBASEDONTWO TERMINALDEVICES SUCHAS ORGANI
FIELD EFFECT TRANSISTORS /&%4S CON NE GHRAN KNS TTROATN-SE I EO\DEEL 1D (
SCALABLE FABRICATIONPROCESSESFORDEVICEFOOTPRINT REDUC
SEMICONDUCTING LAYERSWITHOUTSTANDING CHARGE TRANSPORT
INTERFACEENGINEERINGTOREDUCE CONTACT RESISTANCE EFFECT
DIODESINCREASEDINTHE RECENT PAST SEVERALDEMONSTRATION
WITHTHE RECORD VALUE SOFAR Of ANDZ FOQRHGIE T&% 45R,GAIRIG DRE&D
BANDC 3UCHPROGRESSESRENEWEDTHEINTERESTINTHISFIELD
PLETHORA OF APPLICATIONS SUCHASREMOTEHEALTHCARE AND DIS
INTEGRATING WIRELESS POWERED AND LARGE AREAELECTRONICSYV

#URRENTANDFUTURECHALLENGES
$ESPITERECENTIMPROVEMENTS INOPERATIONALFREQUENCY OF OF
WHICHPREVENT THEUNLOCKING OF THEIRFULLPOTENTIAL ESPECI#
DESIGNOFOPTIMIZED RECTIFIERS FOREFFICIENTENERGY HARVEST
DIODE ONLYTECHNOLOGYPOSESLIMITSINTHIS SENSE 4HEREFORE
ISPREFERABLE WITHTHE ADDITIONAL ADVANTAGE OF ALLOWING INT
PROCESS /INTHE ONE SIDE CURRENTHIGH FREQUENCY ORGANIC DI
R WASDEMONSFRAREBASED ONAD HOCTWO TERMINAL 3CHOTTKY L
THERE ARESTILL MAJORTECHNOLOGICALLIMITATIONS SUCHASLIM
COMPATIBILITYWITHLARGE AREAPRODUCTION WHICHDONOT ALL
MULTI '(ZCUT OFFFREQUENCYDIODES /INTHEOTHER OWINGTOAH
SPEED OPERATIONHAS PROVEN MOREDIFFICULT FOR/&%4S /NEOFT
ACHIEVEMENT OF 5(& OPERATIONFOR /&%4S SOFAR ISINEFFICIENT ¢
WIDTH NORMALIZED QU NT A€ TRRAHSHIBR ANHEARAGIECGM R R THRA M OBNIAO WY
COMPARABLEWITHTHATOFLOW TEGNMNSERATURE METAER RBIMEASCT ON
WORKS BRHFPORUVES CM WHICH ARE ORDER OF MAGNITUDES HIGHER C
TECHNOLGCGGHHE,DETRIMENTALEFFECT OF CONTACTRESISTANCE BE(
SEMICONDUCTORS AREEMPLOYED INDOWNSCALED /&%4S STRUCTUR
SEMICONDUCTORS ANDDOWNSCALING | SCCARPACIIA L VF OFRAIRMATHEIBD RIEDTUHE
GATE TO SOURCE AND GATE TO#P RANID G BB MIE TBRRAZXNMIZMVERAANB COND
@@ THUSIMPROVING TRANSITIONFREQUENCY ACCORDINGTO

B= G #& Eerbs 64= ,d.ct ,oN

WHER&ES THEFECTIVE CA RRHRERENDAREHTANNDLY ERLAPINENGER IMPORT
LIMITISRELATED TO HEATFGEBARANBIG/%WAERBR HIGH FREQUENCY OPERA
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BIO COMPATIBILITY RECYCLABILITY INCLUDINGTHEPOSSIBILITY C
SCHEMES TO MONOLITHICCIRCUITINTEGRATION DISTINGUISHING T
9ET PROSPECTIVEDOWNSCALED MANUFACTURING SCHEMES SHOULL
FACILITIESLARGELYOFFERINGLITHOGRAPHICPROCESSES ANDHIG
DEPLOYED 4HEREFORE FURTHER SCIENTIFIC ANDTECHNOLOGICAL
DRAWBACKS SHOULDBECONTEXTUALIZEDINPLAUSIBLE MANUFACT
FORCOMMERCIALIZATION TOWARDS APLETHORAOFAPPLICATIONS S
AMONG OTHERS
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-ETAL OXIDESEMICONDUCTORSFORRADIOFREQUENC

$IMITRA'"'EORGIADOU
LECTRONICS AND #OMPUTER 3CIENCE 5NIVERSITY OF 3SOUTHAMPTC
5NITED +INGDOM

3TATUS
-ETALOXIDE SEMICONDUCTORS AREEXCELLENT CANDIDATESTO REP
SUCHAS GALLIUM ARSENIDE 'A!S INWIRELESSENERGY HARVESTIN
ELECTRICALPROPERTIES HIGHOPTICALTRANSPARENCY AND COMP/
PROCESSES E G PHOTOLITHOGRAPHY -ETALOXIDETHINFILMS CAN
SUCHAS SPUTTERING THERMAL EVAPORATION PULSED LASERDEPO
ORSOLUTION BASED METHODS E G SPIN COATING SPRAY COATING
RENDERING PROCESSINGONLARGE AREAFLEXIBLE SUBSTRATES PO
PROPERTIES THROUGH STRUCTURAL MODIFICATIONDURING DEPOSI®
CANDIDATES TOHARVESTWIRELESSENERGY ANDPOWERTHE )O4 EC
DEVICES
JNTHEIR SIMPLER BINARY FORM THEY COMPRISEAMETAL CATION
TERNARY SUCHAS )NDIUM ::INC/XIDE ):/ AND QUATERNARY METALC
)':/ MAYALSOBEFORMED 4HELATTER OXIDES CONSTITUTE AMORP
THEBINARY USUALLY POLYCRYSTALLINEONES ASTHEY CANBEPRO
FILMUNIFORMITY ANDHIGHERDEVICEPERFORMANCEDUETOTHE LA
OVER €CMS HAVEBEENOBTAINEDWITHAMORPHOUS OXIDE BASED T
&ROMALLMETAL OXIDES )'":/ISPROBABLYTHE MOSTTECHNOLOGI(
IMPLEMENTATIONINTHEDISPLAY INDUSTRY 4HE (OSONO GROUP DEN
FILMSCOULDBEDEPOSITEDWITHO,$ AT ROOMTEMBERATAREECM BEH
BCHOTTKY DIODES BASED ONRADIOFREQUENCY SPBARERERB HHEIWHIT
E6 ANDIDEALITYFACTORSCLOSE TO URNTIALANERESIIVE BE NG B REIC B
REACHING "(ZFREQUHROIBPDES WERE THENINTEGRATED IN ENERG
ANTENNA OPTIMIZED IMPEDANCE MATCHING NETWORKAND DOUBLE |
"(ZTHATCOUERD & WVREN PLACED M AWAY FROMTHE=TREREMTLVYERERA
INTRINSIC CUTCOFF FREANDEER)XCTEBNSIC CUTOFF FREQUENCIES OF '(Z
BCHOTTKY DIODES BASED ON SO+ W NIDMN: P;R OFCEESSFSEEOTIIN/ELY USING A
NMGAPASYMMETRICELECTRODE STRUCTURE

#URRENTAND FUTURE CHALLENGES
40 INCREASE THE RADIOFREQUENCY PERFORMANZ; AQ B EQHR G ETKANG
NEED TOBE MINIMIZED ATTHE SAMETIME )NCREASING THE MOBILITY
REDPBED BOOST FORWARD CURRENT !'THINLAYEROFTHE OXIDE COl
THE EXPENSEOFLOWERRECTIFICATION RATIO ANDINCREASED CAPA

INOTHERISSUEWITHMOST METALOXIDESISTHEDEFECTS PRESEN
66 FORMEDDURINGDEPOSITIONOREXPOSURETO AMBIENN AORVERE
THEDIODEBREAKDOWNVOLTAGE ANDINCREASETHE LEAKAGE CURR

4HE SELECTIONOF SUITABLEMETALCONTACTS AND ENGINEERING
DECISIVEROLEINTHEFORMATION OF OHMICOR3CHOTTKY CONTACT
EXPOSING DIFFERENTFACETSTOTHE SEMICONDUCTOR MAY CREATE
WHEREASDEPOSITIONOFTHIN FILM OXIDESEMICONDUCTORS VIASP
OXIDE SELECTRON AFFINITY AND THE DENBSETOTORE RNH ER B ACERSTTAA NEN
INDUCEELECTRICALDOPINGOFTHE OXIDEFILM !'SANEXAMPLE WHE
DIODES WHEREAZINCTINOXIDEFILMWASPRODUCED FROMPRECUR
INTERMEDIATE LAYER WAS FORMED 4HISHASBEENFOUNDTO FORM /
oOuTB&F 6 WHENBROUGHTCLOSETO A2ADIO &REQUENGYUEMNENTIFIC
EXCEEDING MMTOF DISTANCE WAS OBTAINED ;

4HE CONTACT RESISTANCECHALLENGE HASBEENTRADITIONALLY .
PLASMA AND 56 OZONETO TREATTHEOT OROD3CHOTTKY CONTACTS\
THEINTERFACE ,ATELY APPLYINGAHYDROGENPLASMATREATMENT
REACHCUTOFFFREQUENCIESOF '(ZWRAWASPROBUOHNBTRATHED/DR(
NATIVEDEFECTSINAMORPHOUS )':/ANDINCREASESTHE ELECTRONI
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#ARBONNANOTUBES FORRADIOFREQUENCY RECTIFYI

, I $ING AND ,IAN -AOOENG
+EY ,ABORATORY FORTHEOHYSICS AND#HEMISTRY OF . ANODEVICES
3CHOOL OF %LECTRONICS OEKINGS5NIVERSITY "EIJING OEOPLE

3TATUS
#ARBONNANOTUBES CANBEDERIVED FROM GRAPRH ENEVBN IRE LDE K GDU
ELECTRICALPROPERTIES SUCHASEXCELLENT CARRIERMOBILITY S,
STRUCTUREWITH SMALLDIAMETER LEADINGTO LARGE CURRENTDRI
RADIOFREQUENCY ENERGY HARVESTING %ARLY RECTIFYINGDEVICE
FABRICATED ONSINGLE CARBONNANOTUBESBY ASYMMETRIC CONTA
/[HMIC n =WITHCUT OFFFREQUENCYUPTO n '(ZWHICHWERETYI
SIGNAL WITH FREQUENCY RANGE FROM TO TQ@Z DA RAANATAD P 6 B/IEAR

n N! "UTTHESE APPROACHES WERE LIMITED SEVERELY BY THE U¢
NANOTUBESINTHEDEVICECHANNEL AND MOREIMPORTANTLY THE U
LEADSTOTHE FORMATIONOF3CHOTTKY BARRIERWHICHREDUCES Tl
CONDUCTING CARBON NANOTUBE CHANNELANDTHUSRESULTSINLA
K TOMORETHARMMOME OTHERTYPES OF CARBON NANOTUBE BASEDDIO
THOSEBASED ONHALFCHEMIE ANDYHOEOERMCHUHNANNEILN BUILT WITHOT
i = (OWEVER THEPERFORMANCEOFTHESEDIODESISTYPICALLY P
RADIOFREQUENCY RECTIFYING DEVICES

4HE FIRSTHIGH PERFORMANCE CARBON NANOTUBE BASED RECTIF
SEMICONDUCTING SINGLE WALLED CARBONNANOTUBBMSHERREE CHAN
BARRIER FREE AND THUS HIGHLY EFFICIENT CARRIERINJECTION WA:
CONTACTFORP REGION 2ECENTPROGRESS ONALIGNED HIGH PURIT
OEKING 5SNIVERSAFYRTHER REMARKABLY IMPROVED CARBON NANOTL
DEVICES ACHIEVINGACUT OFFFREQUENCY OF OVEARND A(ZABER IS F
OUTPUT OF OVER M6 BY RECTIFYINGMMARBIGNAPRXRIBHRBE ON CAR
MATERIALS ANDDEVICE FABRICATION )TISWORTHNOTING HOWEVE
FROMTHEORETICAL PREDICTION ANDITISEXPECTED THAT WITH FUF
PROCESS FASTER AND MORE EFFICIENT CARBON NANOTUBE BASED |

#URRENTAND FUTURE CHALLENGES
2ADIOFREQUENCY ENERGY HARVESTING TECHNOLOGIES DEMAND EX
INSERTIONLOSS 3ERNDSBRENDIWTANKLEIIGH SPEED #ARBONNANOTU
ELECTRICALPROPERTIES SUCHASULTRATHINBODIES THAT RESULTI
HIGH CONVERSIONEFFICIENCY HIGHCURRENT CARRYING CAPABILI’
NATURE OF TRANSPORTANDHIGHCARRIERMOBILITY AND SATURATIC
HIGH SPEED AND HAVEBEEN REGARDED ASPROMISING MATERIALS FC(
BASED ON REPORTED RESBERHE & EMRAIGIBRARGE SPACEFORFURTHER P
NUMEROUS CHALLENGES NEEDTOBE SOLVED TOREALIZETHE COMPL
RADIOFREQUENCY HARVESTING TECHNOLOGY 4HESEINCLUDE -A
ALIGNED SEMICONDUCTING CARBON NANOTUBE ARRAYS AREREQUIR
DENSITY OF n CARBON NAWER UBESRPE®RN NMNOAQUBIES PERER SEVE
TUBE TUBE SHIELDING AND CROSSTALKINDUCINGPERFORMANCEDE
CM6 S ANDASATURATIONVELOCNMSOR BBOXOIONAL MATERIAL CI
DEVELOPMETHODS FORDECOUPLINGPOLYMERRESIDUES FROM SOL!
NOTINTRODUCING ADDITIONALDAMAGESTOTHE OTHERWISE PERFEC(
STRUCTURE ANDPROCESS &0RIMPROVING CURRENT CARRYING CAP
DEVICECHANNELLENGTH SHOULD BE SCALEDDOWNTOLESSTHAN ON
EFFICIENCY )NPRINCIPLE METAL PARASITICRESISTANCE COULD BE
STRUCTURES SUCHAS 4 SHAPECONTACT 4HE FABRICATION OF EXTI
4 SHAPECONTACT REMAINS CHALLENGING FORTHE COMMONLY USED
INNOVATIVE APPROACHES ARCHITECTURES SHOULD BEDEVELOPED
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4WO DIMENSIONAL MATERIALSFORRADIOFREQUENCY

"HENXING 7ANGSEY 7TEHNAT O ARN®ORAX # ,EMME

I-/'MB( /TTO "LUMENTHAL 3TR 'ACHEN 'ERMANY

#HAIR OF (IGH &REQUENCY %LECTRONICS 274(!ACHENS5NIVERSITY
"ERMANY

#HAIR OF %LECTRONIC $EVICES 274(!ACHENSNIVERSITY /TTO "LUN

3TATUS
4WO DIMENSIONAL MATERIALS SUCHAS GRAPHENE AND TRANSITION
CONSIDERED FOR SEMICONDUCTOR TECHNOLOGY APPLICATIONS DU
AND MECHANICAL RPROPERIFIERALLY FORTHE APPLICATIONINENERGY
APPROACHES SUCHASPHOTOVOLTAICCELLS THERMOELECTRIC ENE
RECTIFYING ANTENNA RECTENNA BASED RADEGERWEWENCFEGEBR G
RECTENNA BASED APPROACH SINCETHE RESTHAVEBEENDISCUSSE
!RECTENNAISTYPICALLYCOMPOSED OF ANONLINEARDEVICE LIKE
FROMELECTROMAGNETICRADIATION 4HE ANTENNARECEIVES AN EL
CONVERTED TO A$# VOLTAGEBY THENONLINEARDEVICE 4HERE ARE
MATERIALS SUCHAS GRAPHENE OR 4-$#SFOR SUCHENERGY HARVES’
GRAPHENEISCRUCIALTO ENABLEOPERATION AT 4(Z FREECOMNEMNICYIES C
GRAPHENE CANBEUSED TO REALIZE ANTENNASWITH SMALLERDIMEN
THEHIGH DENSITYINTEGRAFIQN OFBITCHN THEEMERMI ENERGY IN GF
CONTROLLEDBY ANELECTRICFIELD WHICHENABLES THETFUNSBILIT
BUT NOTLEAST THEHIGHMECHANICAL STRENGTHAND FLEXIBILITY C
THIN FILMTECHNOLOGY THATALLOWSPROCESSINGTHEM ONARBITR
OF GRAPHENE DIODES AND ANTENNAS FORWEARABLEELECTRONICS !
&OREXAMPLE AFLEXIBLERECTENNASYSTEMHASBEENREALIZED
ON -OBMATERIAL ASSHOWN4NEICOREOF THISDEVICEISA3CHOTTKY I
PHASEHETEROJUNCTION WHICHOPERATESUPTO '(Z COVERINGM
AND MEDICAL RADIOBANDS INCLUZEGING HHEHERNDPRERQJRETNICAES GRAP
UTILIZED FORENERGY HARVESTING ATFREQUENCIESUPTO '(Z EN
DIODES AS SHOWB INFISNNIREP TO 4(ZBASEDONGEOMETRICAL GRA
DIODES AS SHOW® IAND GDER E

#URRENTANDFUTURECHALLENGES
&IRSTLY THE OPERATION FREQUENCY OFZFHHEMREECORISNANMSYBAHKRE L
SERIES RESISTANCE @ FSTHERELRANINAC EMPACITANCE 4HE SHEETR
MATERIALSISTYPICALLY MUCH HIGHE R CYOIMDAR EDOMNO BHE IE MAJ ERIIG
TWO DIMENSIONAL MATERIALS ALSOCONTRIBUTE CONSIDERABLY TO
BONDSBETWEENTHE METALS AND THETFWEG HESIMEWSIO Q2B B KIEEHREBAQ F
OPERATIONFREQUENCYOFTHE SYSTEM 7THENITWONES EROSTOEN RA R/
HAVEACLEARADVANTAGEOVEROTHER MATERIALS &0OREXAMPLE I?
FIGUREE THE PARASITIC CAPACITANCECANBELARGELY REDUCED DU
GEOMETRICALDIODE LIKE SHOEVMNARAIGIUREAPACITANCE ISLARGEL®
DIELECTRICINVOLVEDINTHE OPERATION OF SUCHDIODES ALTHOUC
SMALLDIMENSIONOFTHEJUNCTION 4HESEASPECTS MUSTBE CONS|
FREQUENCY OPERATION

ECONDLY THEEFFICIENCYOFTHEENERGY HARVESTING IS LIMITE
LIMITEDTO THE ABSORPTIONEFFICIENCY OFTHEANTENNA THEIMP
DIODE ANDTHEPOWER CONSUMPTIONOFTHE ELECTRONICCIRCUITS
HARVESTING UNIT ANDTHE FUNCTIONALUNIT E G THECOMMUNICAT

4HIRDLY THETWO DIMENSIONAL MATERIALGROWTHNEEDS TO BE
QUALITY REPEATABILITY ANDRELIABILITYOF THEPROCESSTECHNO
4HISIS APREREQUISITEFORTWO DIMENSIONAL MATERIALS BASEDE
FUNCTIONALITY BECAUSE SEMICONDUCTORTECHNOLOGY PROVIDE?
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(UANGBBAL #ONTROLLING PERFORMANCE OF ORGANICnNnINORGANICHYBRID PERO\

COMPOSITION MODULATIONAND ELECTRBVC % NHRGIWNDATERD ION MIGRATION

(UANGBB®AL SBURFACEELECTRICALPROPERTIES MODULATIONBY MULTIMODE POLA

INVESTIGATED THROUGH CONAMGC WHRIERGIRIFICATION EFFECT

=7TANG (ET AL #OEXISTENCE OF CONTACT ELE GTRINCTAD NOWONNDLAY NAMEE PECTS IN T

I#31PPL -ATER )NTERFACES

= IBANORI! #HEN' :HAO 8 :HOU 9 AND #HEN * SMART TEEXTPREBSGFTOROMER SONALIZ

=8IONG * #HEN * AND ,EE 0 3 &UNCTIONAL FIBERS AND FABRICS FOR!®®FT ROBOTI

-ATER

=HONG* :HANG9 :HONG1 (U1 (U" 7ANG:, AND:HOU* &IBER BASED GENERAT(

MEDICA#3OANO n

=#HEN"' ,19 "ICK-AND#HEN * SMART TEXTIHHEMOREVEGTRICITY GENERATION

=V* #HEN * AND ,EE 0 3 BUSTAINABLE WEARABLE ENERGY STORMBWBDXEIVICES SELI
n

=8IONG * #UI 0 #HEN 8 7ANG* OARIDA+ ,IN- & AND ,EEO03 3KIN TOUCH ACTUATI

NANOGENERATORWITHBLACKPHOSPHORUS FORMAT ROBLMWBNOMECHANICAL ENERC

=#HEN* (UANG9 :HANG. :OU( ,IU2 4A0# &ANB8AND 7ANG :, -ICRO CABLE STRI
HARVESTING SOLARANDAVMEXGNBRGCYAL ENERGY
=TANG* |13 91& 19 ,IN* 7TANG 8 8U 9 AND 7TANG :, BUSTAINABLY POWERING WE/

BIOMECHAN I CATL E© KRG

"HANGET AL ORINTABLE SMART PATTERN FOR MULTIFUN-GTIORMNAL ENERGY MANAGE N

U3 ,IU9 7ANG3 ,IN, :HOU93 (U9AND 7ANG :, 4HEORY OF SLIDIDAG MO BEE TR
n

=$HARMASENA2$)' *AYAWARDENA+$"') -ILLS#! $EANE* (" INGUITA*6 $OREY 2!

NANOGENERATORS PROVIDIN GNEWRNGDAMNEWIROINF B &M E W O RK

=1U3 ,IU9 #HEN S8 7ANG 3 :HOU93 ,IN, 8IE9AND 7ANG :, 4HEORY OF FREESTA

NANO GEN.BROTONRER G Y

=$UDEM" $HARMASENA2$)' 21AZ2 6IVEKANANTHANG6 7IJAYANTHA +'5 ,UGLIO OF

TRIBOELECTRIC NANOGENERATOR FROM WASTE MATERIALS FO!R 2 LPTFON OME RS INF

YNTERFACES

=$UDEM" 'RAHAM 3! $HARMASENA2) 3ILVA32ANDOU *3 . ATURAL SILK COMPO

NANOGENERATORS FORASIMARNENPEY. ICATIONS

=$HARMASENA2$)' $SEANE*("AND3ILVA320 . ATURE OF POWER GENERATION A

TRIBOELECTRIC NAW O(NENRBRARJTE R

=8U"' ,18 8IA8 &U* $ING7AND:I9 /NTHE FORCE ANDENERGY COANGRSNDRGN T
n

=9AN 1 AND +ANATZIDIS - (IGH PERFORMANCE THERMOELESTRICTEERND CHALLEN

=(E *AND 4RITT 4 - IDVANCES INTHERMOELECTRIC MATERIABERENSERRCH LOOKI

=4AN' :HAO, $ AND +ANATZIDIS -* 2ATIONALLY DESIGNING HIGH#PMERFQRMANCE
n

=3U&T AL -ULTI SCALEMICROSTRUCTURAL THERMOELECTRIC MATERIALS TRANSP

APPLICADVOMI ER

=3NYDER'* AND 4OBERER % 3 #OMPLEXATHERMRELECTRIC MATERIALS

=“OLDSMID (JNTRODUCTION TO 4'HRRMND BIPRINBER TYO| ORG

=HAO, $ ,03 ( :HANG9 3UN( 4AN' S5HER# 7OLVERTON# $RAVID 6 0 AND +ANATZI

CONDUCTIVITY ANDHIGH THERMOELECTRIMWRIEG URE OF MERITIN 3N3E CRYSTALS

=3U, 7TANG$ 7ANG3 1IN" 7ANG9 1IN9 *IN9 #HANG # AND :HAO , $ (IGH THERMC

THROUGH MANIPULATING LAYERED3RHBDNOR ELECTRONDECOUPLING

=ISWAS+ (E* "LUM)$ 7U# ) (OGAN40 3EIDMANS$. $RAVID60AND +ANATZIDIS -*

THERMOELECTRICSWITHALL SCALEREERARCHICAL ARCHITECTURES

=HENG 9 3LADE4* (U, 4AN89 ,U09 ,UO: : 8U* 9AN1AND +ANATZIDIS-" $EFE

MATERIALS WHAT HANBMWEQE AENE D

=HENG' 3U8 ,18 ,IANG4 8IE( 3HE8 9ANO9 5HER# +ANATZIDIS-'AND 4ANG 8 4

HIGH THERMOELECTRIC PERFORMANCE LARGE SIZE NANOSTRUCTURED "I3B4E AL

IDV %NERGY -ATER

=3HI8 , :OU*AND#HEN : ' IDVANCED THERMOELECTRIC DESI@NERMRQEWATERIA]
n

=HOUBT AL OOLYCRYSTALLINE3N3EWITHATHERMOELECTHRECFTG.ARE-QREERIT GR

=U: :HANG 8 3HAN" 4ANG* ,IU( #HEN: ,IN3 ,17ANDOEI9 2EALIZING A  SINC

"E4E ALZOIY SDVABF

=OANCGYF AL "LOCKING IONMIGRATION STABILIZES THE HIGHE TG R R WHHESCER |C PERF

=11Uu &T AL (IGH EFFICIENCY AND STABLE THERMOELECTRICW@EDWLE BASED ONLIQL
=*|ANBT AL (IGH ENTROPY STABILIZED CHALCOGENIDESCIMNKIES'H THERMOELECTI
=0El9 3HI8 ,A,ONDE! 7ANG ( #HEN, AND 3NYDER "'* #ONVERGENCE OFELECTRO
THERMOEIAHUWREIQS

=9ANG * 81, 11U7 7U, 3HI8 #HEN, 9ANG* :HANG7 5HER # AND 3INGH $ * INTHE
TRANSPORTINTHERMOELECTRICS AN INTENFRADMPUHEORNE EXPERIMENT PERSPE
(EUSLERBBER MAGNETISCHE -ARBEBRH LEGIE R UUNHEEBN"EERR M AN

=4ANJA' &ELSER # AND OARKIN 330 B3IMPLERULES FOR TRBE G NIDXER B BAMNID ENYGIE M (
=3AKAHT AL 'IANT ANOMALOUS .ERNSTEFFECT AND QUANTUM CRIATCAHBEALING IN .

n
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=ISHINO9 +ATO( +ATO-AND-IZUTANIS5 %FFECT OF OFF STOICHIOMETRY ONTH
&B!LCOMPOMYX® 2EV

=“ARMROUDI & OARZER - 21SS! "EYER3 +HMELEVSKYI3 -ORI4 2ETICCIOLI-AND "/
FACTORSBY OPENING THE BAND GAP-WNTERM4PERAXIOHEIEUSLER ALLOYS
=0ARZER - '"ARMROUDI & 2I1SS! +HMELEVSKYI3 -ORI4AND"AUER % (IGHSOLUBI
PERFORMANCEDUE TO RERPNWANTHYTATESTN &E

“ARMROEBDIA& 'NDERSON TRANSITION IAETBIGHITTHMERIMROEKECTRIC PERFORMANCE
AT #OMMUN

S(INTERLEETMER3TOICHIOMETRIC AND OFF STOBC KH1Q M E MR RMEOELLE((EBRBIEERBSET EM S

(INTERLEETMWERAHERMOELECTRIC PERFORMANCE OF A METMARBH ABLE THIN FILM (EU
=2 UKUTA + 4SUCHIYA + -IYAZAKI(AND .ISHINO 9 JMPROVANGBASSERMBEBESEERRIC
COMPOUNDS VIAHIGH!PRESEBUYRENTORSION

="ILC &Y AL ,OW DIMENSIONALTRANSPORTANDLARGETHERMOELECTRICPOWER F/
ENGINEERING OF HIGHLY DIREKYSONRAL. EEETCTRONIC STATES

=+HANDY 3! )SLAM) 'UPTAS$# "HAT-! 'HMAD3 $AR 4! 2UBAB 3 $HIMAR3-AND ,ARE
'L '"A )N (EUSLERALLOYS HUNTFORHALF MEZA£LDUBEHAVIORAND THERMOELEC
=E* 'MSLER- 8lA9 .AGHAVI33 (EGDE6) (BGANDFOECKERGBNHMHZOLINLTRALOW THE
CONDUCTIVITYINFULL (EOBYBRZEWIEDNDUCTORS

=TANG 3 & :HANG: ' 7TANG" 4 :HANG* 2 AND 7ANG & 7 JNTRINSICULTRALOW LAT"
FULL HEUSLER COMMOYGNDEWY !PPL

=4sUJIl. .ISHIDE! (AYAKAWA *AND -ORI 4 /IBSERVATION OF ENHANCED THERMOF
ITINERANT FBRRODBAGANE T

=20BINSON 2! ,ARGE VIOLATIONOFTHE 7IEDEMANNN&RANZ LAWNNLKEWFIUER FER
OHYS

=1UINN 2* AND "OS * 7" IDVANCES INHALF (EUSLER ALLOYASTERR!DNVEIRMOELECTR
=IL -ALKI- 3HI8 11U0 S3NYDER'*AND SUNAND $ # #REEP BEHAVIOR AND POST CR
. TYPESKUTTERUDITE ALIAOERBO MCOSS B

=*ROD -+ INAND 3AND3NYDER "* 4HE IMPORTANCE OF AVOIDED CROSSINGS IN U|
HALF HEUSLER THERMOELEY TRILE CEMOCIONDIERTORS

=EVALKBEVKAL | PRACTICAL FIELDGUIDETO THERMOELECTRICS FIWPNDRDAWMHENST RIES/ S°

=ZUO03 INAND3 "ROD-+ :HANG 9 AND3NYDER"* #ONDUCTIONBAND ENGINEERIN
ORBITALCHEMTERR&HEM n

=$YLLA -4 $UNN! INAND3 *AIN!AND 3NYDER "* -ACHINELEARNING CHEMICAL G
STRUCTURES INHALF HEUSLRESHERG®HELECTRIC MATERIALS

Z“URUNATHAN 2 3ARKER 3 "ORG# 3AAL* 7ARD, -EHTA!AND3NYDER"'* -APPINC
MULTICOMPONENTALLOY SPACE ARSIV

8IE(( -I*, (U, 0 ,OCK. #HIRSTENSEN - &U# ' )VERSEN"" :HAO8 "AND:HU 4 *

SWITCHINGDISORDER AND THERMOELECTRIC PROPERISTEENGCGEOMM. HALF HEUSLE

ZUOEBTAL $OPANT SEGREGATIONTO GRAINBOUNDARIES CONTROLSELECTRICALC

ALLOY MEDIATING THERMOETECARERPERFORMANCE

=20GET AL -ECHANICALPROPERTIESICTHAAAFERUSLER ALLOYS

=3HEVELKOV!6 4HERMOELECTRIC POAMMERGPDEEEESTRINB¥F CRADMRERTENERATIO

4ECHNPEDGGKIPIDAROV AND - .IKITIN ,0GINDOS )NDEOH/BEN

=3OLYNIUK* /WENS "AIRD" 7ANG * :AIKINA*6 AND +OVNARER 3@ AAMERATE THERM

=+AUZLARICH3- 3UI & ANDOEREZ # * %ARTH ABUNDMNEREAESIENT TYPE ) CLATHR

=4AAKABATAKE 4 BUEKUNI+ .AKAYAMA 4AND +ANESHITA % OHONON GLASS ELECT

EXPERIMENTS2AEND -THE OR YIS

=TANG * $OLYNIUK=* 1 * TAND +OVNIR + 5NCONVENTIONALCLATHRATEEWITH TRA

#HEM 2ESn

=S REER AL +EY PROPERTIES OFINORGANIC THERMOEYL BEHYEICOMARERMALS n TABLES

=TANG, (AND #HANG , 3 4HERMOELECTRAC'ERDOPER ] IEISAOHRAITMEPECOMPOUNDS PR

VERTICAL BRID & MAINOWETAHIMMD

="HATTACHARYA! #ARBOGNO # "-HME" "AITINGER - 'RIN9AND -3 &ORMATION (

ROLE OF ELECTRONLOCALIZADIIOWNSARPSYEMMETRY BREAKING

STANGET AL #LATHRATEAN.INTERPLAY OF HEAT AND CHARGE TRANSPEZREMURATERTR
n

=“UNATILLEKE7$#" /JO/0 00ODDIG (AND .OLAS"'3 BYNTHESIS AND CHARACTERz

* BOLID3TATE #HEM

=3LACK"! .EWMATERIALS AND PERFORMAN C EfR i IAMEDFBOOROTKHE R MHEEBRSE-QPHOREE TR K

"OCA2ATON &, #2#O0RESS P

s5HER # 4AHERMOELECTRICOBKAITAEBGNDATER# ORESS 4AYLOR &RANCIS'ROUP

=Z*EITSCHKO 7 AND "RAUMN W TH FARIEEDY#E' STRUCTURE ANDISOTYPICLANTHANOID 1

POLYPHOBPHABESSTALLOGR

=3HI 8 9ANG * 3ALVADOR*2 #HI-& #HO*9 7ANG ( "AI31 9ANG *( :HANG 71 AND #F

SKUTTERUDITES HIGHTHERMOELECTRICFIGURE OF MERIT THROUGIMSEPRRATEL"

30C

=20GL"' '"RYTSIV! 9UBUTA+ OUCHAGGER 3 "AUER % 2AJA# -ALLIK2#AND20GLO

WITH#= ICTA-ATER

=20GL"' 'RYTSIV! 20GLO OERANIO. "AUER % :EHETBAUER - AND#OBBL 2= 3RN 4YPE !

A -M $$ 3R-M 3R$$ APPROAICHIN-GATER
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=20GL"' '"RYTSIV! (EINRICHO "AUER % +UMARO OERANIO. %IBL/ (ORKY * :EHETB
SKUTTERURHEE£GS $8B 8x 8= 'E 3N REACHINKXH®A -ATER
S(U#:ETALOHYS 2EV

=4ANG 9, 'IBBS:- IGAPITO,! ,I'" +IM( 3 .ARDELLI-" #URPAROALTERAND 3NYDER "'*
=HANG1( ,IAO*# 4ANG93 'U- -ING# 11U0& "Al31 3HI8NHER ¥ NN HRHEW ,3K |
=4ERASAKI) 3ASAGO9ANDS5S5CHINOKURA + , ARG 8 IN'GELEEMUIREVLSETRTERIC POWER IN . A

=3HIKANO - AND &UNAHASHI 2 %LECTRICALAND THERNMAL#®R/OPHRTAHBE OF SINGLI
STRUCPARIRBHYS ,ENT

=20MO $E ,A #RUZ # | #HEN 9 ,IANG, 7ILLIAMS - AND3ONG 8 A4HERMOELECTRIC
CRYSTALSENABLED BY# HEEMANABERREGATIONS

=SAN* , JIU9 # :HAN" ,IN9 ( :HANG" 9UANS8 :HANG 7 8U7 AND .AN# 7 %NHANC|
0B DOPED "I#U3EIM\ERAMERSNH

=5lU9 :HAO, $ :HU9 ,IU9 ,1& 9U- ,IU$ " 8U7 ,IN9 (AND .AN# 7 BYNERGISTICA
THERMAL TRANSPORTPROPERTIES OF "I HWBEANERASANYUATEIROPING APPROACH
=4ANS8 ,IU9 ,IU2 :HOU: ,IU# ,AN*, :HANG1 ,IN9 (AND .AN# 7 B3YNERGISTICA
PROPERTIES INNEBWREARRIER ENGINEERING AND! B VE BB AERIGIC AATNEIRROSTRUCTUR
sICHARYA - *ANA 33 2ANJAN-AND-AITI4 > (NCHAVYERGXROMANHERMOELECTRIC CON
ABUNDANT MAAN G BIMERB G Y

=ZIN9 $YLLA-4 +UO** -ALE*O0 +INLOCH)! &REER2AND3NYDER"'* 'RAPHENE S
CRYSTALNLIKECHARGE TRANSPORTINPOLYCRYSTALLINEOXIDE PERDW SKKUNE NAN
-ATER

==ATSUBARA) &UNAHASHI2 4AKEUCHI 4 30DEOKA 3 3HIMIZU 4 AND5ENO + &ABI
GENERRAIORHYS ,EWT

=HANG 2 : 7TANG# , ,I* # AND+OUMOTO + SIMULATION OF THERNMTHELECTRIC PEF
TWO DIMENSIONALELECTRONIGASERRM BB@UNDARIES
=0EREZ 4ABORDAZ20-JO - -AlZ* .EOPHYTOU .AND-ARTIN 'ONZALEZ - 5LTRA LOYV

LARGE AREA3I 'ENANOMESHES FORCHREMOELECTRIC APPLICATIONS

=$SONMEZ .CEYTAAL)3I'E NANOWIRE ARRAYSBASED THERMO BAINERIRYC MICROGENERAT

=$IMAGGIO % AND OENNELLI" 2ELIABLE FABRICATION OFANEI HTOONTACTS ON S|

=ORATA! OACIOS- 'ADEA' &LOX # #ADAVID S$ #ABOT! AND 4ARANC"N! ,ARGE A

SILICON BASED THERMOELECTRIC NANOMATERIAAYS WOMMUGH ENERGY CONVERSI

=3ALLEEARL -ANAGINGHEATTRANSFER ISSUES FO RBAERVANSLIFERT RBIESMIGAR @& PR E

AND !PPLIQANTEXOHSPEN CH P

=$HAWAN 2 -ADUSANKAOANDEEB®M{CRGBELECTRONIC THERMOELECTRIC GENERATOR

DENSIATEEOMMUN

=(OCHBAUM!) #HEN 2 $ELGADO2%$ ,IANG7 "ARNETT % # .AJARIAN- -AJUMDAR!AN

PERFORMANCE OF ROUGATSURECON NANOWIRES

=EOPHYTOU. :IANNI8 +OSINA( &RABBONI3 ,ORENZI"AND .ARDUCCI $ 3IMULT

AND BEEBECK COEFFICIENTINHIGHLY.BORJ N CCHNCHIDMANOCRYSTALLINE 31

#UFHMHEET*AL 2ECONSTRUCTING PHONON MEANFREE PATHCONTRIBUTIONSTO THERM

OHYS 2EV

=$ONMEZ .OYAN) $OLCET- 3ALLERAS- 3TRANZ! #ALAZA# 'ADEA' 0ACIOS - -OR/
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