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ABSTRACT 

SROXWLRQ-SURceVVed RUJaQLc-LQRUJaQLc K\bULd Oead KaOLde SeURYVNLWeV (LHPV) KaYe JaLQed 

WUePeQdRXV UeVeaUcK aWWeQWLRQ LQ UeceQW \eaUV RZLQJ WR WKeLU VXSeULRU SKRWRYROWaLc SeUfRUPaQce 

ZLWK a ceUWLfLed VROaU-WR-eOecWULcLW\ SRZeU cRQYeUVLRQ effLcLeQc\ (PCE) RYeU 25%. IQ VSLWe Rf WKe 

JUeaW VXcceVV Rf WKe fLUVW JeQeUaWLRQ Rf K\bULd SeURYVNLWeV, WKe cKePLcaO LQVWabLOLW\ aQd WKe 

LQcOXVLRQ Rf WKe WR[Lc Oead eOePeQW LPSRVe fXQdaPeQWaO cKaOOeQJeV fRU WKeLU SUacWLcaO 

aSSOLcaWLRQV. TR addUeVV WKeVe LVVXeV, PaQ\ UeceQW V\QWKeWLc effRUWV KaYe aLPed aW e[SaQdLQJ 

WKe OLbUaU\ Rf SeURYVNLWeV WRZaUdV Oead-fUee aQd/RU cKePLcaOO\ VWabOe aOO-LQRUJaQLc PeWaO KaOLde 

SeURYVNLWeV (MHPV).  

EPSOR\LQJ XOWUafaVW WeUaKeUW] (TH]) WLPe-dRPaLQ VSecWURVcRS\, WKLV WKeVLV LQYeVWLJaWeV WKe 

SKRWRe[cLWed cKaUJe caUULeU d\QaPLcV aQd cKaUJe WUaQVSRUW LQ QeZO\ deYeORSed MHPV, fRcXVLQJ 

RQ aOO-LQRUJaQLc bOacN Ȗ-SKaVe CVPbI3 aQd Oead-fUee dRXbOe SeURYVNLWe CV2AJBLBU6. We fLUVW 

XQYeLO WKaW OaUJe SROaURQV fRUP LQ bOacN Ȗ-SKaVe CVPbI3 SRO\cU\VWaOOLQe WKLQ fLOPV ZLWK a KLJK 

ORcaO PRbLOLW\ XS WR 270 � 44 cP2V-1V-1, aQd SROaURQ-ORQJLWXdLQaO RSWLcaO (LO) SKRQRQ 

LQWeUacWLRQ JRYeUQV WKe cKaUJe WUaQVSRUW (CKaSWeU 3). WLWK fXUWKeU LQcUeaVLQJ WKe SKRWRQ 

LQMecWLRQ, Ze cRQdXcW WKe fLUVW e[SeULPeQWaO TXaQWLfLcaWLRQ Rf WKe MRWW SROaURQ deQVLW\ (a1018 

cP-3) LQ Oead KaOLde SeURYVNLWeV ZKLcK LV LQ OLQe ZLWK WKeRUeWLcaO eVWLPaWLRQV baVed RQ WKe 

Fe\QPaQ SROaURQ PRdeO. TKLV effecW LV fRXQd WR be XQLYeUVaO aQd LQdeSeQdeQW Rf WKe cRQVWLWXWed 

caWLRQV aQd aQLRQV, UeSUeVeQWLQJ aQ LQWULQVLc SURSeUW\ Rf LHPV. AbRYe WKe MRWW deQVLW\, e[ceVV 

SKRWRLQMecWed caUULeUV aQQLKLOaWe TXLcNO\ ZLWKLQ WeQV WR KXQdUedV Rf SV WR fRUP a VWabOe, ORQJ-

OLYed MRWW SROaURQ VWaWe (CKaSWeU 4). IQ WKe Oead-fUee dRXbOe SeURYVNLWe CV2AJBLBU6, Ze UeYeaO 

e[ceVV eQeUJ\-deSeQdeQW KLJKO\ cRQdXcWLYe KRW caUULeUV, RULJLQaWLQJ SULPaULO\ fURP WKe TXaVL-

baOOLVWLc WUaQVSRUW Rf KRW KROeV (CKaSWeU 5). B\ cRQVWUXcWLQJ CV2AJBLBU6 dRXbOe 

SeURYVNLWe/JUaSKeQe KeWeURVWUXcWXUe, Ze acKLeYe aQ RSWLcaO cRQWURO RYeU KROe WUaQVfeU LQ bRWK 

dLUecWLRQ aQd effLcLeQc\ (CKaSWeU 6). OXU VWXdLeV aQd fLQdLQJV QRW RQO\ SURYLde a baVLc 

XQdeUVWaQdLQJ RQ WKe OaUJe SROaURQ WUaQVSRUW aQd LQWeUacWLRQV LQ aOO-LQRUJaQLc bOacN Ȗ-SKaVe 

CVPbI3, bXW aOVR VKed OLJKW RQ WKe LQWULJXLQJ KRW caUULeU WUaQVSRUW aQd cKaUJe WUaQVfeU d\QaPLcV 

(LQ SaUWLcXOaU fRU KROeV) LQ dRXbOe SeURYVNLWe CV2AJBLBU6 aQd LWV LQWeUfaceV. TKeVe fXQdaPeQWaO 

LQVLJKWV SOa\ a YLWaO UROe LQ deWeUPLQLQJ aQd RSWLPL]LQJ WKe effLcLeQc\ Rf RSWReOecWURQLcV Rf WKe 

QeZ JeQeUaWLRQ SeURYVNLWeV. 
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1 Introduction 

1.1 Metal halide perovskite 

IQ 2018, aOPRVW 80% Rf WKe ZRUOd'V WRWaO eQeUJ\ VXSSO\ cRPeV VWLOO fURP fRVVLO fXeOV VXcK aV 

cRaO, RLO aQd QaWXUaO JaV,[1] ZKLcK OeadV WR WKe LQcUeaVLQJ cRQVXPSWLRQ Rf QRQ-UeQeZabOe 

UeVRXUceV aQd VeYeUe eQYLURQPeQWaO LVVXeV. TR acKLeYe VXVWaLQabOe deYeORSPeQW aQd aQ 

eQYLURQPeQWaOO\ fULeQdO\ VRcLeW\, VeaUcKLQJ fRU UeQeZabOe aOWeUQaWLYe eQeUJ\ UeVRXUceV KaV beeQ 

WKe XOWLPaWe JRaO fRU WKe ZKROe ZRUOd. OQe Rf WKe PRVW SURPLVLQJ caQdLdaWeV LV VROaU eQeUJ\ 

fURP VXQOLJKW. IW¶V a cOeaQ aQd abXQdaQW eQeUJ\ VRXUce ZLWKRXW JUeeQKRXVe JaV ePLVVLRQV (e.J., 

CO2). TR PaNe XVe Rf VROaU eQeUJ\, SKRWRYROWaLc (PV) WecKQRORJ\, L.e., VROaU ceOOV, KaV beeQ 

deYeORSed WR cRQYeUW VXQOLJKW dLUecWO\ LQWR eOecWULcLW\ b\ SKRWRYROWaLc effecW [2,3]. TKe fLUVW 

VROLd-VWaWe SKRWRYROWaLc ceOO ZaV bXLOW b\ CKaUOeV FULWWV LQ 1883 ZLWK a VROaU-WR-eOecWULcLW\ SRZeU 

cRQYeUVLRQ effLcLeQc\ (PCE) Rf RQO\ 1% [4]. TKe PCE LV aQ LPSRUWaQW fLJXUe Rf PeULW fRU VROaU 

ceOOV deWeUPLQLQJ WKe fUacWLRQ Rf LQcLdeQW VROaU SRZeU cRQYeUWed LQWR eOecWULcLW\. AfWeU PRUe WKaQ 

100 \eaUV Rf JUeaW effRUWV LQ PaWeULaO VcLeQce aQd eQJLQeeULQJ, aV ZeOO aV LQ deYLce cRQfLJXUaWLRQ 

RSWLPL]aWLRQ, WKe cXUUeQW PCEV Rf VROaU ceOOV KaYe ULVeQ VXbVWaQWLaOO\ [5]. FRU e[aPSOe, WKe PCEV 

fRU VLQJOe-MXQcWLRQ VROaU ceOOV baVed RQ VLQJOe-cU\VWaO GaAV aQd VLQJOe-cU\VWaO VLOLcRQ aUe aURXQd 

27.8% aQd 26% LQ 2021, aSSURacKLQJ WKe WKeRUeWLcaO OLPLW Rf a33%, WKe VR-caOOed SKRcNOe\-

QXeLVVeU OLPLW [5,6]. FRU PXOWLMXQcWLRQ VROaU ceOOV, WKe PCEV KaYe eYeQ UeacKed PRUe WKaQ 40% 

[5]. TKe bRRVWed effLcLeQc\ KaV SURPRWed WKe ZRUOdZLde deSOR\PeQW Rf VROaU SaQeOV, aQd QRZ 

WKe JORbaO VROaU PV caSacLW\ LV LQcUeaVLQJ aOPRVW e[SRQeQWLaOO\ [7]. HRZeYeU, WKe cXUUeQW KLJK-

effLcLeQc\ VROaU ceOOV UeO\ RQ eLWKeU KLJK-WePSeUaWXUe SURdXced PaWeULaOV (e.J., cU\VWaOOLQe VLOLcRQ) 

RU deOLcaWe deYLce cRQfLJXUaWLRQV (e.J., PXOWLMXQcWLRQ VROaU ceOOV), ZKLcK OeadV WR a UeOaWLYeO\ 

KLJK PaQXfacWXULQJ cRVW. AV aQ aOWeUQaWLYe, WKeUe aUe ePeUJLQJ ORZ-cRVW PV WecKQRORJLeV, 

LQcOXdLQJ RUJaQLc VROaU ceOOV (OSCV), d\e-VeQVLWL]ed VROaU ceOOV (DSSCV), TXaQWXP dRW ceOOV, aQd 

VR RQ. TKe\ XVXaOO\ XVe LQe[SeQVLYe RUJaQLc RU LQRUJaQLc PaWeULaOV WKaW caQ be VROXWLRQ-

SURceVVed aW UeOaWLYeO\ ORZ WePSeUaWXUeV. TKRXJK JUeaW SURJUeVV KaV beeQ Pade, WKe UeVXOWLQJ 

PCEV fRU WKeVe ORZ-cRVW PV ceOOV aUe VWLOO OaUJeO\ OaJJed beKLQd dXe WR WKe SRRU RSWReOecWURQLc 

SURSeUWLeV Rf WKeVe PaWeULaOV cRPSaUed WR WKe abRYe-PeQWLRQed LQRUJaQLc VePLcRQdXcWRUV. FRU 

e[aPSOe, WKe beVW DSSC VR faU KaV a PCE Rf 15% [8]; WKe KLJKeVW PCE acKLeYed QRZ fRU OSCV 

LV 19.2% [9]. BeVLdeV, WKeVe ePeUJLQJ ceOOV RfWeQ e[SeULeQce VWabLOLW\ LVVXeV ZKLcK fXUWKeU OLPLW 

WKeLU aSSOLcaWLRQV [10]. SR, ORRNLQJ fRU QeZ PaWeULaOV ZLWK ORZ-cRVW, KLJK VWabLOLW\, aQd VXSeULRU 

SRZeU cRQYeUVLRQ effLcLeQcLeV LV a PXcK VRXJK-afWeU JRaO fRU acKLeYLQJ WKe PRVW cRVW-effecWLYe 

PV deYLceV. 



1.1 MeWal halide peUoYVkiWe  

2 

 

 
Figure 1.1 _ The solar cell efficiency chart. TKe ceUWLfLed SRZeU cRQYeUVLRQ effLcLeQc\ eYROXWLRQ Rf Oead 

KaOLde SeURYVNLWe VROaU ceOOV [11]. 

IQ WKe OaVW decade, WKe ZRUOd KaV ZLWQeVVed a UaSLd ULVe Rf Oead KaOLde SeURYVNLWeV (LHPV)-

baVed VROaU ceOOV ZLWK PCEV LQcUeaVLQJ dUaPaWLcaOO\ aV VKRZQ LQ Figure 1.1 [11]. IQ 2009, 

ML\aVaNa aQd cR-ZRUNeUV cRQVWUXcWed WKe fLUVW LHP-baVed VROaU ceOO ZLWK LHPV aV YLVLbOe-OLJKW 

VeQVLWL]eUV aQd acKLeYed a PCE Rf 3.8% [12]. IQ 2012, PaUN eW al. bRRVWed WKe PCE WR 9.7% b\ 

UeSOacLQJ WKe eOecWURO\WeV LQ WKe SeURYVNLWe-VeQVLWL]ed VROaU ceOOV ZLWK VROLd-VWaWe KROe WUaQVSRUW 

PaWeULaO VSLUR-MeOTAD [13]. IQ WKe VaPe \eaU, SQaLWK aQd cR-ZRUNeUV fXUWKeU LPSURYed WKe 

PCE WR 10.9% b\ XVLQJ LHP WKLQ fLOPV LQVWead Rf QaQRSaUWLcOeV aV WKe acWLYe Oa\eU [14]. SLQce 

2013, YaULRXV deSRVLWLRQ WecKQLTXeV aQd ceOO aUcKLWecWXUeV KaYe beeQ deYeORSed WR RSWLPL]e WKe 

PV SeUfRUPaQce, aQd aV a cRQVeTXeQce, LQcUeaVLQJO\ KLJKeU PCEV ZeUe acKLeYed [15,16,17]. IQ 

2021, WKe UecRUd PCE fRU LHP-baVed VLQJOe-MXQcWLRQ VROaU ceOOV Kad LQcUeaVed WR PRUe WKaQ 25% 

[18,19]. TKLV effLcLeQc\ acKLeYed ZLWKLQ VXcK a VKRUW WLPe LV aOUead\ cRPSaUabOe WR WKaW Rf WKe 

cRQYeQWLRQaO LQRUJaQLc VLQJOe cU\VWaO-baVed VROaU ceOOV, fRU e[aPSOe, VLQJOe-cU\VWaOOLQe VLOLcRQ 

VROaU ceOOV, aV PeQWLRQed abRYe. WKaW LV PRUe aSSeaOLQJ abRXW LHPV LV WKeLU ORZ-WePSeUaWXUe 

VROXWLRQ-SURceVVLQJ caSabLOLW\, ZKLcK VLJQLfLcaQWO\ UedXceV WKe PaQXfacWXULQJ cRVW. TKe LHPV 

caQ be eaVLO\ SUeSaUed aW URRP WePSeUaWXUe b\ dLffeUeQW VROXWLRQ deSRVLWLRQ WecKQLTXeV, 

LQcOXdLQJ VSLQ cRaWLQJ, bOade cRaWLQJ, VSUa\ cRaWLQJ, VORW-dLe cRaWLQJ, LQNMeW SULQWLQJ, VcUeeQ 

SULQWLQJ aQd VR RQ [20]. TKe e[ceOOeQW effLcLeQc\ SeUfRUPaQce aQd fabULcaWLRQ VLPSOLcLW\ eQdRZ 

LHPV JUeaW SRWeQWLaO aV WKe PRVW cRVW-effecWLYe OLJKW abVRUbeUV LQ PV aSSOLcaWLRQV.  

AORQJ ZLWK WKe KXJe VXcceVV LQ PV ceOOV, LHPV KaYe aOVR VKRZQ VXSeULRU SeUfRUPaQce LQ 

RWKeU SKRWReOecWULc aQd RSWReOecWURQLc aSSOLcaWLRQV VXcK aV OLJKW-ePLWWLQJ dLRdeV (LEDV), OaVLQJ, 

aQd SKRWRdeWecWRUV. FRU LQVWaQce, WKe e[WeUQaO TXaQWXP effLcLeQc\ (EQE) Rf LHPV-baVed LEDV 

KaV beeQ bRRVWed WR PRUe WKaQ 20%, aSSURacKLQJ WKe beVW effLcLeQcLeV UeaOL]ed LQ RUJaQLc LEDV 

aQd cRQYeQWLRQaO VePLcRQdXcWRU TXaQWXP dRWV-baVed LEDV [21]. FRU WKe OaVLQJ aSSOLcaWLRQ, 

LHPV VKRZed a YeU\ ORZ OaVLQJ WKUeVKROd Rf 220 QJācP-2 aQd a KLJK-TXaOLW\ facWRU Rf 3600 [22]. 

IQ addLWLRQ, cRQVLdeULQJ WKe QeaU-XQLW\ TXaQWXP \LeOd aQd ZLdeO\ WXQabOe ZaYeOeQJWK, LHPV 
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KaYe becRPe VWURQJ cRQWeQdeUV fRU QaQRSKRWRQLcV. IQ WeUPV Rf SKRWRdeWecWLRQ, X-Ua\ 

SKRWRdeWecWRUV cRQVWUXcWed ZLWK LHPV acKLeYed aQ e[WUePeO\ ORZ deWecWLRQ OLPLW Rf 0.5 PG\aLUV-

1 aQd a KLJK VeQVLWLYLW\ Rf 80 PC G\-1cP-2 [23]. TKLV SeUfRUPaQce LV eYeQ beWWeU WKaQ WKe 

dRPLQaWLQJ X-Ua\ deWecWLQJ SURdXcW D-Se, aQd eQdRZV LHPV JUeaW SRWeQWLaO WR fXUWKeU UedXce 

WKe X-Ua\ dRVe fRU PedLcaO LQVSecWLRQ aQd aLUSRUW VecXULW\ cKecN. 

1.1.1 Crystal structure 

 
Figure 1.2 _ The crystal structure. ScKePaWLc LOOXVWUaWLRQ Rf WKe W\SLcaO PeWaO KaOLde SeURYVNLWe cU\VWaO 

VWUXcWXUe ZLWK WKe cKePLcaO fRUPXOa Rf ABX3. 

AV VKRZQ LQ Figure 1.2, WKe W\SLcaO PeWaO KaOLde SeURYVNLWe cU\VWaO VWUXcWXUe, ZLWK WKe JeQeUaO 

cKePLcaO fRUPXOa ABX3, cRQVLVWV Rf cRUQeU-VKaULQJ RcWaKedUa [BX6]4- ZLWK A VLWe caWLRQV VLWWLQJ 

LQ WKe LQWeU-RcWaKedUa caYLWLeV. VeU\ RfWeQ, WKLV SeURYVNLWe OaWWLce caQ be YLeZed aV a cRPbLQaWLRQ 

Rf WZR LQWeUSeQeWUaWLQJ VXbOaWWLceV, WKaW LV, [BX6]4- VXbOaWWLce aQd A VXbOaWWLce [24]. IQ WKe 

cKePLcaO fRUPXOa, A LV a PRQRYaOeQW caWLRQ ZKLcK caQ be eLWKeU RUJaQLc (e.J., PeWK\OaPPRQLXP 

CH3NH3+ (MA+) RU fRUPaPLdLQLXP CH(NH2)2+ (FA+)) RU LQRUJaQLc (e.J., CV+, K+, Rb+). B LV a 

dLYaOeQW PeWaO caWLRQ VXcK aV Pb2+, SQ2+, RU Ge2+. APRQJ RWKeUV, Oead-baVed SeURYVNLWeV aUe WKe 

PRVW LQYeVWLJaWed PaWeULaO dXe WR WKeLU RXWVWaQdLQJ PV SeUfRUPaQce. X LV a PRQRYaOeQW KaORJeQ 

aQLRQ, e.J., CO-, BU-, aQd I-. WLWK A VLWe caWLRQV beLQJ RUJaQLc PROecXOeV, WKe UeVXOWLQJ Oead-baVed 

SeURYVNLWeV aUe RfWeQ caOOed RUJaQLc-LQRUJaQLc K\bULd LHP (OIHP); ZKLOe fRU A beLQJ LQRUJaQLc 

LRQV, WKe PaWeULaO LV aQ aOO-LQRUJaQLc LHPV. IQ addLWLRQ WR WKe VLQJOe caWLRQ RU aQLRQ LQcOXVLRQ, 

PL[ed caWLRQV LQ A VLWe (e.J., MA[FA1-[PbI3) RU PL[ed KaORJeQ aQLRQV LQ X VLWe (e.J., 

MAPbI[BU3-[) RU PL[ed bRWK KaYe beeQ e[WeQVLYeO\ e[SORUed aQd VKRZQ JUeaW SRWeQWLaO fRU 

UeaOL]LQJ VWabOe aQd effLcLeQW RSWReOecWURQLc aSSOLcaWLRQV [25]. TKRXJK WKe KLJK WXQabLOLW\, WKe 

cRPSRVLWLRQ Rf WKe cU\VWaO OaWWLce LV OLPLWed LQ YLeZ Rf WKe VWUXcWXUaO VWabLOLW\. TKe VXLWabLOLW\ Rf 

dLffeUeQW LRQV RU PROecXOeV LQcRUSRUaWed LQWR WKe SeURYVNLWe cU\VWaO VWUXcWXUe caQ be eYaOXaWed 

b\ WKe GROdVcKPLdW WROeUaQce facWRU ݐ:  

ݐ ൌ
𝑅஺ ൅ 𝑅௑

√2ሺ𝑅஻ ൅ 𝑅௑ሻ
ሺ1. 1ሻ 

HeUe, 𝑅஺, 𝑅஻ aQd 𝑅௑ aUe WKe UadLL Rf WKe A+, B2+ aQd X-, UeVSecWLYeO\. WKeQ 0.9 ൑ ݐ ൑ 1, a 

cXbLc cU\VWaO VWUXcWXUe LV e[SecWed; WKeQ 0.7 ൑ ݐ ൑ 0.9 , RcWaKedUa dLVWRUWLRQV ZLOO RccXU, 
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UeVXOWLQJ LQ ORZeU VWUXcWXUe V\PPeWULeV LQcOXdLQJ WeWUaJRQaO, RUWKRUKRPbLc eW al. FRU ݐ ൏ 0.7 

RU ݐ ൐ 1, QRQ-SeURYVNLWe VWUXcWXUeV aUe XVXaOO\ RbWaLQed [26,27]. 

BeQefLWWLQJ fURP WKe dLYeUVe cKePLcaO cRPSRVLWLRQ, WKe RSWReOecWURQLc SURSeUWLeV Rf LHPV 

caQ be UeadLO\ aQd ZLdeO\ PRdXOaWed. FRU LQVWaQce, WKe baQdJaS Rf MAPbX3 caQ be WXQed fURP 

a1.5 eV WR a3.0 eV b\ YaU\LQJ WKe KaORJeQ aQLRQ fURP I- WR CO- [28,29]. TKLV effecW OeadV WR 

ZLde-UaQJLQJ PaQaJePeQW Rf RSWLcaO abVRUSWLRQ aQd ePLVVLRQ, ZKLcK caQ beQefLW SKRWReOecWULc 

aSSOLcaWLRQV VXcK aV PXOWLMXQcWLRQ WaQdeP VROaU ceOOV [30], aQd ZLde cRORU JaPXW dLVSOa\V [31]. 

1.1.2 Basic properties 

IQ VSLWe Rf WKe facLOe V\QWKeVLV, LHPV e[KLbLW VXSeULRU RSWReOecWURQLc SURSeUWLeV, LQcOXdLQJ 

KLJK defecW WROeUaQce, OaUJe abVRUSWLRQ cReffLcLeQW, ORQJ caUULeU OLfeWLPe, PRdeVW cKaUJe PRbLOLW\, 

aQd ORQJ caUULeU dLffXVLRQ OeQJWK [32]. 

SWURQJ RSWLcaO abVRUSWLRQ LV a Ne\ facWRU cRQWULbXWLQJ WR WKe VXcceVV Rf LHPV LQ VROaU ceOOV 

aQd RWKeU RSWReOecWURQLc aSSOLcaWLRQV. AQ abVRUSWLRQ cReffLcLeQW Rf a105 cP-1 LV cRPPRQO\ 

UeSRUWed fRU LHPV, ZKLcK LV cRPSaUabOe WR RU eYeQ beWWeU WKaQ WKaW LQ WUadLWLRQaO LQRUJaQLc 

VePLcRQdXcWRUV VXcK aV GaAV, CdTe, aQd CIGS [33,34,35]. TKeRUeWLcaO caOcXOaWLRQV UeYeaO WKaW 

VXcK KLJK abVRUSWLRQ cReffLcLeQW LQ LHPV UeVXOWV fURP WKe dLUecW QaWXUe Rf WKe eOecWURQLc baQdJaS 

aQd KLJK MRLQW deQVLW\ Rf VWaWeV [33]. TKe KLJK RSWLcaO abVRUSWLRQ LV KLJKO\ deVLUabOe fRU PV ceOOV 

aQd PaNeV LW SRVVLbOe WR UedXce WKe WKLcNQeVV Rf SeURYVNLWe fLOPV VLJQLfLcaQWO\. TKe KLJK-

effLcLeQc\ SeURYVNLWe VROaU ceOOV XVXaOO\ adRSW WKe SeURYVNLWe fLOP WKLcNQeVV Rf VeYeUaO KXQdUedV 

Rf QaQRPeWeUV (QP). AV a cRPSaULVRQ, WKe WKLcNQeVV fRU cU\VWaOOLQe VLOLcRQ-baVed VROaU ceOOV LV 

aURXQd 300 XP [32]. TKe WKLQQeU fLOPV QRW RQO\ UedXce WKe SURdXcWLRQ cRVW, bXW aOVR eQabOe PRUe 

effLcLeQW cKaUJe cROOecWLRQ aV cKaUJe caUULeUV caQ QRZ WUaYeO OeVV WR PLWLJaWe WKe QRQ-UadLaWLYe 

UecRPbLQaWLRQ ORVV [32,35]. 

IQ addLWLRQ WR WKe VWURQJ abVRUSWLRQ, LHPV feaWXUe e[ceOOeQW cKaUJe WUaQVSRUW SURSeUWLeV. 

DeVSLWe beLQJ ORZ-WePSeUaWXUe VROXWLRQ-SURceVVed, LHPV aUe ZLdeO\ UeSRUWed WR SRVVeVV 

UeOaWLYeO\ KLJK cKaUJe PRbLOLW\ UaQJLQJ fURP VeYeUaO WR KXQdUedV cP2V-1V-1 [25]. FRU e[aPSOe, 

SXQdVWURP eW al. XQYeLOed baOaQced cKaUJe PRbLOLW\ Rf 25 cP2V-1V-1 LQ SRO\cU\VWaOOLQe MAPbI3 

fLOPV [36]. FRU MAPbI3 VLQJOe cU\VWaOV, e[WUePeO\ KLJK cKaUJe PRbLOLW\ Rf 500-800 cP2V-1V-1 

ZaV UeSRUWed b\ CRRNe eW al. ePSOR\LQJ bURadbaQd TH] VSecWURVcRS\ [37].  

MRUeRYeU, SKRWRJeQeUaWed cKaUJe caUULeUV LQ LHPV KaYe a UePaUNabO\ ORQJ caUULeU OLfeWLPe. 

CKeQ aQd cR-ZRUNeUV fRXQd WKe OLfeWLPe Rf a30 PV LQ MAPbX3 (ZLWK X beLQJ I- RU BU-) 

SRO\cU\VWaOOLQe fLOPV aQd a3 PV LQ VLQJOe cU\VWaOV, UeVSecWLYeO\ [38]. TKeVe OLfeWLPeV aUe eYeQ 

ORQJeU WKaQ WKRVe Rf KLJK-SXULW\ cRQYeQWLRQaO LQRUJaQLc VePLcRQdXcWRUV (e.J., GaAV). TKe ORQJ-

OLYed cKaUJe caUULeUV aUe UecRJQL]ed WR fROORZ WKe ORZ WUaS-aVVLVWed PRQRPROecXOaU 

UecRPbLQaWLRQ ZLWK a cReffLcLeQW Rf a106 V-1, aV ZeOO aV cRQVLdeUabO\ ORZ bLPROecXOaU (fUee 
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eOecWURQ-KROe) UecRPbLQaWLRQ ZLWK a cReffLcLeQW Rf a10-11-10-10 cP3V-1 [38,39]. 

BeQefLWWLQJ fURP WKe PRdeVW cKaUJe PRbLOLW\ aQd ORQJ caUULeU OLfeWLPe, LHPV VKRZ ORQJ 

baOaQced caUULeU dLffXVLRQ OeQJWK. SQaLWK aQd cR-ZRUNeUV UeSRUWed WKe eOecWURQ-KROe dLffXVLRQ 

OeQJWK e[ceedLQJ 1 PP LQ PL[ed KaOLde SeURYVNLWe MAPbI3-[CO[ WKLQ fLOPV [40]. EYeQ KLJKeU 

dLffXVLRQ OeQJWK >175 XP ZaV RbWaLQed b\ HXaQJ eW al. LQ MAPbI3 VLQJOe cU\VWaOV [41]. TKLV 

OeQJWK VcaOe LV PXcK OaUJeU WKaQ WKe fLOP WKLcNQeVV (100V Rf QP) XWLOL]ed LQ YaULRXV deYLceV. 

LRZ-WePSeUaWXUe VROXWLRQ-SURceVVed PaWeULaOV OLNe RUJaQLc VePLcRQdXcWRUV, aUe XVXaOO\ 

SRRUO\ cU\VWaOOL]ed ZLWK ORWV Rf defecWV, ZKLcK OeadV WR LQfeULRU cKaUJe WUaQVSRUW ZLWK ORZ 

PRbLOLWLeV aQd VKRUW OLfeWLPeV [42]. HRZeYeU, WKe cKaUJe caUULeU SURSeUWLeV LQ LHPV aUe 

cRPSaUabOe RU eYeQ beWWeU WKaQ WKRVe LQ KLJKO\ cU\VWaOOLQe LQRUJaQLc VePLcRQdXcWRUV. TKLV 

XQe[SecWed cKaUJe beKaYLRU KaV WKXV WULJJeUed WUePeQdRXV LQWeUeVW LQ WKe VcLeQWLfLc cRPPXQLW\ 

WR e[SORUe WKe UeOeYaQW SKRWRSK\VLcV aQd WKe XQdeUO\LQJ PecKaQLVP.  

EYeQ PRUe, LHPV e[KLbLW dLVWLQcW e[cLWed-VWaWe cKaUacWeULVWLcV. FRU LQVWaQce, UeVeaUcKeUV 

RbVeUYed e[WUePeO\ ORQJ-OLYed KRW caUULeUV LQ LHPV ZLWK a OLfeWLPe >100 SV, ZKLcK LV WZR RU 

WKUee RUdeUV Rf PaJQLWXde ORQJeU WKaQ cRQYeQWLRQaO VePLcRQdXcWRUV [43,44]. IQ addLWLRQ, ORQJ-

UaQJe KRW caUULeU WUaQVSRUW ZaV UeSRUWed LQ LHPV ZLWK WUaQVSRUW OeQJWKV cRPSaUabOe WR WKe fLOP 

WKLcNQeVV RfWeQ XVed LQ PV ceOOV [45,46]. TKeVe faQWaVWLc KRW caUULeU SURSeUWLeV cRXOd eQabOe 

PaQ\ QRYeO RSWReOecWURQLc aSSOLcaWLRQV, fRU LQVWaQce, KRW caUULeU VROaU ceOOV. TKe cRQceSW Rf KRW 

caUULeU VROaU ceOO aQd e[ceSWLRQaO KRW caUULeU SURSeUWLeV LQ LHPV ZLOO be dLVcXVVed LQ deWaLO LQ 

SecWLRQ 1.2.2.  

1.1.3 Perovskites investigated in this thesis 

SR faU, WKe PRVW effLcLeQW SeURYVNLWe-baVed PV deYLceV aUe cRQVWUXcWed fURP RUJaQLc-

LQRUJaQLc K\bULd LHPV, \eW WKe SRRU LQWULQVLc VWabLOLW\ OaUJeO\ OLPLWV WKeLU SUacWLcaO 

LPSOePeQWaWLRQV. 

DXe WR WKe LQcRUSRUaWLRQ Rf YROaWLOe, K\JURVcRSLc RUJaQLc PROecXOeV (MA+ RU FA+) aQd 

LQWULQVLc VWUXcWXUaO LQVWabLOLW\, K\bULd LHPV aUe VXVceSWLbOe WR YaULRXV e[WeUQaO VWLPXOL VXcK aV 

KeaW, PRLVWXUe, UV LUUadLaWLRQ aQd SUeVVXUe [47]. ScLeQWLVWV caPe XS ZLWK a YaULeW\ Rf deYLce 

deVLJQV aQd fXQcWLRQaO PaWeULaOV WR eQcaSVXOaWe WKe LHPV VROaU ceOOV [48]. FRU e[aPSOe, 

HabLVUeXWLQJeU eW al. XVed caUbRQ QaQRWXbe/SRO\PeU cRPSRVLWeV aV a VWabOe KROe cROOecWLRQ 

Oa\eUV WR eQKaQce WKe UeVLVWaQce Rf LHPV WR PRLVWXUe aQd KeaW ZKLOe PaLQWaLQLQJ WKe KLJK PCE 

[49]. YRX eW al. UeSOaced RUJaQLc WUaQVSRUW Oa\eUV ZLWK aOO-PeWaO-R[LdeV (NLO[ aQd ZQO) aQd 

acKLeYed VROaU ceOOV ZLWK UeWaLQed effLcLeQc\ Rf 90% afWeU 60 da\V LQ aPbLeQW aLU [50]. DaL eW al. 

LQcOXded VeOf-aVVePbOed PRQROa\eU beWZeeQ WKe eOecWURQ WUaQVSRUW Oa\eU aQd LHP WR eQKaQce 

WKe LQWeUfacLaO WRXJKLQJ, ZKLcK UeVXOWV LQ WKe eQfRUcePeQW Rf bRWK PecKaQLcaO OLabLOLW\ aQd 

RSeUaWLQJ VWabLOLW\ (PRUe WKaQ 4000 KRXUV XQdeU 1-VXQ LOOXPLQaWLRQ) [51]. 
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WLWK WKeVe JUeaW effRUWV, K\bULd LHPV aUe caSabOe Rf VKRUW-WeUP RSeUaWLRQ, bXW VWLOO faU fURP 

WKe VWaQdaUd UeTXLUePeQW Rf ORQJ-WeUP VWabLOLW\ fRU cRPPeUcLaOL]aWLRQ. CRPSaUed WR K\bULd 

LHPV, aOO-LQRUJaQLc cRXQWeUSaUWV JeW ULd Rf WKe YROaWLOe aQd ZaWeU-VROXbOe RUJaQLc cRQVWLWXeQWV, 

aQd WKXV SRVVeVV beWWeU cKePLcaO aQd WKeUPaO VWabLOLW\. IQ 2016, LLaQJ eW al. UeSRUWed WKe 

fabULcaWLRQ Rf aQ aOO-LQRUJaQLc SeURYVNLWe VROaU ceOO baVed RQ CVPbBU3 aQd VKRZed QR 

SeUfRUPaQce deJUadaWLRQ RYeU 3 PRQWKV LQ KXPLd aLU aQd e[WUePe WePSeUaWXUeV cRQdLWLRQV (100 ႏ 

aQd -22 ႏ) eYeQ ZLWKRXW aQ\ eQcaSVXOaWLRQ [52]. TKe PRVW ZLdeO\ XVed A VLWe caWLRQ fRU aOO-

LQRUJaQLc LHPV LV CV+ ZKLcK VKRZV RSWReOecWURQLc SURSeUWLeV UeVePbOLQJ LWV K\bULd RUJaQLc-

LQRUJaQLc cRXQWeUSaUWV [25]. FRU VLQJOe-MXQcWLRQ VROaU ceOOV, CVPbI3 LV WKe PRVW VXLWabOe cKRLce 

cRQVLdeULQJ LWV UeOaWLYeO\ VPaOO baQdJaS Rf a1.7 eV cRPSaUed WR CVPbBU3 aQd CVPbCO3 [31]. 

HRZeYeU, CVPbI3 LV LQ a QRQ-SeURYVNLWe RUWKRUKRPbLc SKaVe (\eOORZ G-SKaVe) aW URRP 

WePSeUaWXUe, aV VKRZQ LQ Figure 1.3. TKe SKaVe WUaQVLWLRQ fURP \eOORZ SKaVe WR WKe RSWLcaOO\ 

acWLYe bOacN cXbLc SKaVe (bOacN D-SKaVe) RccXUV aW 360 ႏ. WLWK decUeaVLQJ WePSeUaWXUe, WKe 

bOacN SKaVe XQdeUJReV fXUWKeU SKaVe WUaQVLWLRQV WR WKe WeWUaJRQaO SKaVe (E-SKaVe) aW 260 ႏ aQd 

WKeQ WR RUWKRUKRPbLc SKaVe (J-SKaVe) aW 175 ႏ, eYeQWXaOO\ UeOa[LQJ WR WKe SUefeUUed \eOORZ G-

SKaVe aJaLQ aW URRP WePSeUaWXUe [53]. TKLV SKaVe LQVWabLOLW\ KaV OaUJeO\ LPSeded WKe 

LPSOePeQWaWLRQ Rf CVPbI3 aV RSWLcaO abVRUbeUV LQ PV aSSOLcaWLRQV. ReceQWO\, YaULRXV aSSURacKeV 

KaYe beeQ aSSOLed WR VWabLOL]e WKe bOacN SKaVe aW URRP WePSeUaWXUe, VXcK aV cRPSRVLWLRQ 

eQJLQeeULQJ, VXUface SaVVLYaWLRQ, VXbVWUaWe cOaPSLQJ, aQd bLa[LaO VWUaLQ [54]. 

 
Figure 1.3 _ The phase transitions of CsPbI3. DLffeUeQW SKaVe VWUXcWXUeV aQd SKaVe WUaQVLWLRQV Rf CVPbI3. 

NRZ, WKe VWabLOLW\ Rf bOacN SKaVe CVPbI3 KaV beeQ JUeaWO\ LPSURYed, accRPSaQLed b\ VXSeULRU 

PV SeUfRUPaQce. FRU e[aPSOe, WaQJ eW al. UeSRUWed WKe bOacN SKaVe CVPbI3 -baVed VROaU ceOO 
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ZLWK a KLJK PCE Rf 18.4%, 95% Rf ZKLcK LV UeWaLQed afWeU 240 KRXUV Rf cRQWLQXXP LOOXPLQaWLRQ 

aW WKe Pa[LPXP SRZeU SRLQW LQ aLU [55].  

TKRXJK LHPV VKRZ SURPLVLQJ SeUfRUPaQce LQ RSWReOecWURQLc aSSOLcaWLRQV, WKe SRWeQWLaO Oead 

OeaNaJe LPSRVeV VWURQJ cRQceUQV ZLWK dLVWULbXWLQJ LHPV-baVed deYLceV aW OaUJe VcaOe LQ 

SUacWLcaO LPSOePeQWaWLRQV. TKe WR[Lc Oead LQ LHPV caQ be a WKUeaW WR WKe KXPaQ bRd\ aQd 

eQYLURQPeQW [56]. TR WKLV eQd, SeRSOe KaYe WULed dLffeUeQW VWUaWeJLeV WR deYeORS Oead-fUee PeWaO 

KaOLde SeURYVNLWeV (MHPV) [47]. FRU e[aPSOe, WLQ (SQ) KaOLde SeURYVNLWeV KaYe beeQ V\QWKeVL]ed 

aQd e[WeQVLYeO\ LQYeVWLJaWed fRU VROaU ceOO aSSOLcaWLRQV. HRZeYeU, WKe deYLce SeUfRUPaQce LV 

VWURQJO\ OLPLWed dXe WR WKe eaV\ R[LdaWLRQ Rf SQ2+ WR SQ4+ becaXVe Rf WKe KLJK-eQeUJ\-O\LQJ SQ 

5V2 VWaWeV [57]. AQRWKeU aSSURacK LV WR VXbVWLWXWe WZR bLYaOeQW Oead caWLRQV b\ RQe PRQRYaOeQW 

PeWaO caWLRQ Bc+ aQd RQe WULYaOeQW PeWaO caWLRQ Bs3+, fRUPLQJ WKe VR-caOOed dRXbOe SeURYVNLWe 

VWUXcWXUe ZLWK a W\SLcaO cKePLcaO fRUPXOa Rf A2BcBsX6. TKe VcKePaWLc Rf WKe dRXbOe SeURYVNLWe 

VWUXcWXUe LV VKRZQ LQ Figure 1.4a. SR faU, RQe Rf WKe PRVW SURPLVLQJ dRXbOe SeURYVNLWeV LV 

CV2AJBLBU6 ZKLcK VKRZV VXSeULRU VWabLOLW\ aJaLQVW PRLVWXUe aQd KeaW, aQd JUeaW SeUfRUPaQce 

LQ RSWReOecWURQLc aSSOLcaWLRQV. FRU LQVWaQce, PaQ eW al. ePSOR\ed CV2AJBLBU6 VLQJOe cU\VWaO fRU 

X-Ua\ deWecWLRQ aQd UeYeaOed a ORZ deWecWLRQ OLPLW ZLWK a PLQLPXP deWecWabOe dRVe UaWe Rf 59.7 

QG\aLU V-1 [58]. B\ a P\ULad Rf cKaUacWeULVWLc WecKQLTXeV, CV2AJBLBU6 LV fRXQd WR SRVVeVV  

e[ceSWLRQaO RSWReOecWURQLc SURSeUWLeV LQcOXdLQJ ORQJ caUULeU OLfeWLPe >1 PV [59], ORQJ caUULeU 

dLffXVLRQ OeQJWK >1 PP [60]. HRZeYeU, WKe beVW PCE fRU CV2AJBLBU6-baVed VROaU ceOO LV VWLOO 

OeVV WKaQ 3% deVSLWe WKe JUeaW effRUWV WR RSWLPL]e WKe fLOP TXaOLW\ aQd ceOO cRQfLJXUaWLRQ [61]. 

E[ceSW fRU a UeOaWLYeO\ OaUJe LQdLUecW baQdJaS (a2 eV) [62] aV VKRZQ LQ Figure 1.4b, UeceQW 

VWXdLeV cOaLPed WKaW WKe LQfeULRU SeUfRUPaQce RULJLQaWeV fURP WKe LQKeUeQW aQd e[WULQVLc defecW 

VWaWeV [61].  

 
Figure 1.4 _ The double perovskite. ScKePaWLc LOOXVWUaWLRQ Rf (a) dRXbOe SeURYVNLWe cU\VWaO VWUXcWXUe ZLWK 

WKe cKePLcaO fRUPXOa A2BcBsX6 aQd (b) WKe VLPSOLfLed baQd VWUXcWXUe Rf dRXbOe SeURYVNLWe CV2AJBBU6
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TKRXJK WKe JUeaW SRWeQWLaO Rf bOacN CVPbI3 aQd dRXbOe SeURYVNLWe CV2AJBLBU6 fRU 

RSWReOecWURQLc aSSOLcaWLRQV, WKeLU SKRWRSK\VLcV KaV UePaLQed OaUJeO\ XQe[SORUed cRPSaUed WR 

K\bULd LHPV. FXUWKeU LQYeVWLJaWLRQV aQd XQdeUVWaQdLQJ Rf WKe caUULeU d\QaPLcV aQd cKaUJe 

WUaQVSRUW aUe cUXcLaO fRU RSWLPL]LQJ WKeLU SeUfRUPaQce aQd e[WeQdLQJ WKeLU fXQcWLRQaOLWLeV.  

1.2 Fundamentals  

1.2.1 Polarons  

TKe e[WUaRUdLQaU\ RSWReOecWURQLc SURSeUWLeV LQ LHPV KaYe dULYeQ VcLeQWLVWV WR LQWeUURJaWe WKe 

QaWXUe Rf WKe cKaUJe caUULeUV aQd fXQdaPeQWaO e[cLWaWLRQV. IQ 2015, ZKX aQd PRd]RURY SURSRVed 

WKaW WKe cKaUJe caUULeUV LQ LHPV Pa\ be SURWecWed aV OaUJe SROaURQV, ZKLcK VKLeOd WKe LQWeUacWLRQ 

Rf cKaUJe caUULeUV ZLWK defecWV, SKRQRQV, aQd RWKeU cKaUJeV [63]. SLQce WKeQ, WKe OaUJe SROaURQ 

fRUPaWLRQ LQ LHPV ZaV ZLdeO\ dePRQVWUaWed bRWK LQ WKeRULeV aQd LQ e[SeULPeQWV. IQ WKe 

fROORZLQJ, I ZLOO bULefO\ LQWURdXce WKe fXQdaPeQWaOV Rf SROaURQ fRUPaWLRQ aQd SROaURQ WUaQVSRUW. 

AccRUdLQJ WR WKe KRKQ-SKaP deQVLW\ fXQcWLRQaO WKeRU\, WKe ScKU|dLQJeU eTXaWLRQ fRU 

eOecWURQV LQ WKe VROLd LV e[SUeVVed aV fROORZV: 

െ
ℏଶ

2݉௘
∇ଶ߰௡ ൅ 𝑉ௌ஼ி߰௡ ൌ 𝐸௡߰௡ ሺ1. 2ሻ 

IQ WKLV eTXaWLRQ, WKe fLUVW WeUP LV WKe eOecWURQ NLQeWLc eQeUJ\, aQd WKe VecRQd WeUP LV WKe 

SRWeQWLaO eQeUJ\ e[SeULeQced b\ eOecWURQV. ߰௡  aQd 𝐸௡  aUe WKe eOecWURQ eLJeQfXQcWLRQV aQd 

cRUUeVSRQdLQJ eLJeQ eQeUJ\, UeVSecWLYeO\. TKe VeOf-cRQVLVWeQW SRWeQWLaO 𝑉ௌ஼ி  cRQVLVWV Rf 

cRQWULbXWLRQV fURP RWKeU eOecWURQV aQd QXcOeL (RU LRQV). MRUe VSecLfLcaOO\, WKLV SRWeQWLaO UeadV 

[64]: 

𝑉ௌ஼ிሺ࢘ሻ ൌ െ
𝑒ଶ

଴ߝߨ4
቎෍

𝑍௝
ห࢘ െ ௝ห௝ࡾ

െ න
݊ሺ࢘ᇱሻ𝑑࢘ᇱ

|࢘ െ ࢘ᇱ| ቏ ൅ 𝑉௫௖ሾ݊ሺ࢘ሻሿ ሺ1. 3ሻ 

ZKeUe ࢘ LV WKe SRVLWLRQ YecWRU Rf WKe eOecWURQ, ࡾ௝  aQd 𝑍௝  aUe WKe SRVLWLRQ YecWRU aQd aWRPLc 

QXPbeU Rf j-WK aWRP, ݊ሺ࢘ሻ deQRWeV WKe eOecWURQ deQVLW\ aW SRVLWLRQ ࢘. OQ WKe ULJKW VLde Rf WKLV 

eTXaWLRQ, 𝑉௫௖   LV WKe e[cKaQJe aQd cRUUeOaWLRQ SRWeQWLaO aQd WKe VecRQd WeUP LV WKe HaUWUee 

SRWeQWLaO. TKe fLUVW WeUP RQ WKe ULJKW VLde deVcULbeV WKe cRXORPb SRWeQWLaO e[eUWed b\ WKe QXcOeL 

RQ WKe eOecWURQV, ZKLcK deWeUPLQeV WKe eOecWURQ-SKRQRQ LQWeUacWLRQV (EPI). A SKRQRQ LV a TXaVL-

SaUWLcOe UeSUeVeQWLQJ WKe cROOecWLYe PRWLRQ Rf aWRPV LQ a SeULRdLc, eOaVWLc VWUXcWXUe, VSecLfLcaOO\ 

LQ VROLdV. TKeUefRUe, WKe eOecWURQ eQeUJ\ LV affecWed QRW RQO\ b\ RWKeU cKaUJeV, bXW aOVR b\ WKe 

SRVLWLRQ Rf WKe QXcOeL. WKeQ eOecWURQ WUaQVLWLRQ KaSSeQV, WKe QXcOeXV ZLOO UeOa[ WR WKLV QeZ 

eOecWURQLc cRQfLJXUaWLRQ; ZKeQ WKe QXcOeXV dLVSOaceV fURP LWV eTXLOLbULXP SRVLWLRQ, WKe 

VXUURXQdLQJ eOecWURQV ZLOO aOVR adMXVW WKePVeOYeV accRUdLQJO\. 

IQ aQ LRQLc cU\VWaO, WKe SUeVeQce Rf aQ eOecWURQ ZLOO SROaUL]e WKe VXUURXQdLQJ OaWWLce aV 
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LOOXVWUaWed LQ Figure 1.5a. IRQV ZLWK SRVLWLYe cKaUJeV ZLOO be aWWUacWed WRZaUdV WKe eOecWURQ, 

ZKLOe QeJaWLYeO\ cKaUJed LRQV ZLOO be UeSeOOed aZa\ fURP WKe eOecWURQ. WKeQ WKe eOecWURQ PRYeV, 

WKe SROaUL]ed OaWWLce ZLOO PRYe ZLWK LW. TKe LQWeUacWLRQ Rf WKe cKaUJe caUULeU (eOecWURQ RU KROe) 

ZLWK WKe dLVSOaced VXUURXQdLQJ OaWWLce ZaV LQLWLaOO\ bURXJKW fRUZaUd b\ LeY LaQdaX LQ 1933 

[65]. TR addUeVV WKe UeVXOWLQJ eOecWURQLc cRPbLQaWLRQ, LQ 1946 SRORPRQ PeNeU VWaUWed deVcULbLQJ 

LW aV a TXaVL-SaUWLcOe QaPed µSROaURQ¶ LQ ZKLcK aQ eOecWURQ RU KROe LV dUeVVed b\ a YLUWXaO cORXd 

Rf SKRQRQV. DeSeQdLQJ RQ WKe VWUeQJWK Rf EPI, WKe VSaWLaO e[WeQW Rf WKe SROaURQ, cKaUacWeUL]ed 

b\ SROaURQ UadLXV, caQ YaU\ dUaPaWLcaOO\, ZKLcK OeadV WR WZR JeQeUaO cOaVVLfLcaWLRQV: OaUJe 

SROaURQV aQd VPaOO SROaURQV. FRU WKe OaUJe SROaURQ, WKe cKaUJe-LQdXced OaWWLce dLVWRUWLRQ caQ 

VSUead RYeU PaQ\ XQLW ceOOV (L.e., ORQJ-UaQJe LQWeUacWLRQ). OQ WKe cRQWUaU\, VPaOO SROaURQV 

ORcaOL]e VWURQJO\ ZLWKLQ a feZ RU eYeQ VLQJOe XQLW ceOO (L.e., VKRUW-UaQJe LQWeUacWLRQ). AVLde fURP 

WKe VL]e, OaUJe SROaURQ aQd VPaOO SROaURQ dLffeU dUaVWLcaOO\ LQ WUaQVSRUW, aV VKRZQ LQ Figure 1.5b. 

LaUJe SROaURQ feaWXUeV cRKeUeQW baQd-OLNe WUaQVSRUW ZLWK aQ LQcUeaVed effecWLYe PaVV, aQd LW KaV 

a PRdeVW PRbLOLW\ (>>1 cP2V-1V-1) ZKLcK fXUWKeU LQcUeaVeV ZLWK ORZeULQJ WKe WePSeUaWXUe. 

WKLOe dXe WR WKe VWURQJ ORcaOL]aWLRQ, VPaOO SROaURQ SURSaJaWeV b\ WKeUPaOO\ acWLYaWed LQcRKeUeQW 

KRSSLQJ ZLWK PXcK ORZeU PRbLOLW\ (<<1 cP2V-1V-1). IW KaV aQ RSSRVLWe WePSeUaWXUe deSeQdeQce 

fURP WKe OaUJe SROaURQV [66]. 

 
Figure 1.5 _ The polarons. TKe VcKePaWLc LOOXVWUaWLRQ Rf (a) SROaURQV LQ WKe LRQLc OaWWLce aQd (b) WKe 

WePSeUaWXUe-deSeQdeQW PRbLOLW\ Rf OaUJe aQd VPaOO SROaURQV.  

TKe VWUeQJWK Rf EPI caQ be eYaOXaWed b\ WKe dLPeQVLRQOeVV FU|KOLcK eOecWURQ-SKRQRQ 

cRXSOLQJ cRQVWaQW [67]: 

ߙ ൌ
𝑒ଶ

ℏߨ4
൬
1
ஶߝ

െ
1
௦ߝ
൰ඨ

݉௕
∗

2ℏ߱௅ை
ሺ1. 4ሻ 

ZKeUe ߝஶ aQd ߝ௦ aUe WKe KLJK-fUeTXeQc\ (eOecWURQLc, LRQ-cOaPSed) aQd VWaWLc (eOecWURQLc aQd 

LRQLc) dLeOecWULc cRQVWaQWV (LQ XQLWV Rf YacXXP SeUPLWWLYLW\ ߝ଴ ) UeVSecWLYeO\, ߱௅ை  LV WKe 

cKaUacWeULVWLc LO SKRQRQ fUeTXeQc\ Rf WKe cRXSOed PRdeV, aQd ℏ  LV WKe UedXced POaQcN 

cRQVWaQW. FRU 6 > ߙ, WKe SROaURQ VL]e OLeV LQ WKe OaUJe RU LQWeUPedLaWe UaQJe; ZKLOe fRU 6 < ߙ, 
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VPaOO SROaURQV aUe RfWeQ fRUPed.  

TKeRUeWLcaOO\, HeUbeUW FU|KOLcK [68] aQd TKeRdRUe HROVWeLQ [69] VeW WKe JURXQdZRUN fRU 

ULJRURXV TXaQWXP-fLeOd HaPLOWRQLaQV fRU OaUJe aQd VPaOO SROaURQV, UeVSecWLYeO\. SR, WKe OaUJe 

SROaURQ LV aOVR NQRZQ aV FU|KOLcK SROaURQ aQd VPaOO SROaURQ LV QaPed aV HROVWeLQ SROaURQ. 

OULJLQaOO\, FU|KOLcK cRQVWUXcWed WKe fLUVW TXaQWXP-fLeOd HaPLOWRQLaQ deVcULbLQJ LQdeSeQdeQW 

eOecWURQV LQWeUacWLQJ ZLWK SROaU RSWLcaO SKRQRQV [68]. SLQce WKeQ, LW KaV beeQ YeU\ cKaOOeQJLQJ 

WR RbWaLQ aQ aSSURSULaWe VROXWLRQ WKaW aSSOLeV WR aOO cRXSOLQJ UeJLRQV. IQ 1955, Fe\QPaQ XWLOL]ed 

WKe SaWK LQWeJUaO fRUPXOaWLRQ LQQRYaWLYeO\ WR caOcXOaWe WKe JURXQd VWaWe Rf a SROaURQ RQ WKe baVLV 

Rf FU|KOLcK HaPLOWRQLaQ, ZKLcK LV aSSOLcabOe fRU aUbLWUaU\ cRXSOLQJ VWUeQJWK [70]  ߙ. IQ KLV 

PRdeO, WKe HaPLOWRQLaQ LV e[SUeVVed aV a cRXSOed eOecWURQ WR a fLQLWe PaVV ZLWK a KaUPRQLc 

VSULQJ cRQVWaQW. LaWeU, ƿVaNa fXUWKeU LPSURYed Fe\QPaQ¶V aWKeUPaO YaULaWLRQaO VROXWLRQ WR fLQLWe 

WePSeUaWXUeV b\ SURYLdLQJ fLQLWe-WePSeUaWXUe fUee eQeUJLeV fRU WKe cRXSOed eOecWURQ-SKRQRQ 

V\VWeP [71]. TKe JURXQd VWaWe Rf WKe SROaURQ caQ be RbWaLQed b\ PLQLPL]LQJ WKe fUee eQeUJ\ YLa 

PRdXOaWLQJ WZR YaULaWLRQaO SaUaPeWeUV. 

AV a W\SLcaO LRQLc, SROaU VePLcRQdXcWRU, WKe LQcUedLbOe SKRWRYROWaLc SeUfRUPaQce cRPbLQed 

ZLWK WKe ORZ-WePSeUaWXUe VROXWLRQ SURceVVabLOLW\ KaV WULJJeUed SeRSOe WR aVN Lf SROaURQV aUe 

fRUPed aQd SOa\ aQ LPSRUWaQW UROe LQ LHPV [63]. DXe WR WKe OaUJe cRQWUaVW Rf WKe VWaWLc aQd KLJK-

fUeTXeQc\ dLeOecWULc cRQVWaQWV LQ LHPV [72,73], WKe caOcXOaWed cRXSOLQJ cRQVWaQW ߙ UaQJeV fURP 

1 WR 3 baVed RQ ETXaWLRQ 1.4, ZKLcK PaNeV LHPV faYRUabOe fRU OaUJe SROaURQ fRUPaWLRQ. 

FXUWKeUPRUe, WKe SROaURQ fRUPaWLRQ caQ effecWLYeO\ VcUeeQ WKe CRXORPb LQWeUacWLRQ Rf cKaUJe 

caUULeUV ZLWK defecWV, SKRQRQV aQd RSSRVLWe cKaUJeV. TKLV caQ, LQ SULQcLSOe, e[SOaLQ WKe 

XQe[SecWed RSWReOecWURQLc SURSeUWLeV LQ LHPV, LQcOXdLQJ KLJK defecW WROeUaQce, PRdeVW cKaUJe 

PRbLOLW\, ORZ bLPROecXOaU UecRPbLQaWLRQ UaWe aQd WKXV ORQJ caUULeU OLfeWLPe.  

TR cROOecW WKe eYLdeQce Rf OaUJe SROaURQ fRUPaWLRQ LQ LHPV, a YaULeW\ Rf e[SeULPeQWV KaYe 

beeQ cRQdXcWed. ML\aWa eW al. ePSOR\ed WKe WLPe-UeVROYed RSWLcaO KeUU effecW (TR-OKE) WR 

SURbe WKe SKRQRQ UeVSRQVe befRUe aQd afWeU WKe SKRWRLQdXced cKaUJe LQMecWLRQ, LQ cRPbLQaWLRQ 

ZLWK fLUVW-SULQcLSOe caOcXOaWLRQV [74]. TKe\ fRXQd WKe LQcUeaVed RYeUdaPSLQJ Rf ORZ-fUeTXeQc\ 

PRdeV fURP LQRUJaQLc VXbOaWWLce Rf [PbBU3]- XSRQ SKRWRLQMecWLRQ, ZKLcK LV PaLQO\ UeVSRQVLbOe 

fRU WKe SROaURQ fRUPaWLRQ. GX]eOWXUN eW al. YLVXaOL]ed WKe SROaURQ-LQdXced ORcaO OaWWLce VWUaLQ 

dLUecWO\ b\ PRPeQWXP-UeVROYed SKRQRQ VSecWURVcRS\ [75]. PXSSLQ eW al. RbVeUYed a50% 

eQKaQcePeQW Rf WKe KROe baQd PaVV b\ aQJOe-UeVROYed SKRWRePLVVLRQ VSecWURVcRS\ (ARPES) 

cRPSaUed WR WKe caOcXOaWLRQ fURP deQVLW\ fXQcWLRQaO WKeRU\, ZKLcK SURYLdeV a VWURQJ eYLdeQce 

Rf WKe SROaURQ-LQdXced PaVV UeQRUPaOL]aWLRQ [76]. 

AV a fLJXUe Rf PeULW LQ cKaUJe WUaQVSRUW, SROaURQ PRbLOLW\ ߤ  KaV beeQ ZLdeO\ VWXdLed 

WKeRUeWLcaOO\ aQd e[SeULPeQWaOO\. BaVed RQ WKe RbWaLQed SROaURQ VWaWe fURP Fe\QPaQ¶V PRdeO, 

WKe SROaURQ PRbLOLW\ fRUPXOa ZaV LQLWLaOO\ SURSRVed b\ Fe\PaQQ, HeOOZaUWK, IddLQJV aQd 
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POaW]PaQ (FHIP) b\ VLPSO\ cRQVLdeULQJ WKe SROaURQ ceQWeU-Rf-PaVV LQ a ZeaN fLeOd [77]: 

ிுூ௉ߤ ൌ ቀ
ݓ
ݒ
ቁ
ଷ 3𝑒
4݉௕

𝑒ఉ

ߚߙ߱ 𝑒
௩మି௪మ

௪మ௩ ሺ1. 5ሻ 

HeUe, ݓ  aQd ݒ  aUe YaULaWLRQaO SaUaPeWeUV LQ Fe\QPaQ¶V PRdeO, ݉௕  LV WKe baUe baQd 

effecWLYe PaVV, ߚ ൌ ℏఠ
௞ಳ்

  LV WKe UedXced WKeUPRd\QaPLc WePSeUaWXUe, ߱  LV WKe aQJXOaU 

fUeTXeQc\ Rf WKe SKRQRQ PRde, ߙ LV WKe eOecWURQ-SKRQRQ cRXSOLQJ cRQVWaQW.  

HRZeYeU, FHIP PRbLOLW\ ZaV TXLcNO\ UeaOL]ed WR be SaWKRORJLcaO fRU KLJK WePSeUaWXUeV. 

SWaUWLQJ fURP WKe BROW]PaQQ eTXaWLRQ, KadaQRff aWWePSWed WR UeOeaVe WKe ORZ-WePSeUaWXUe OLPLW 

aQd deULYed a PRbLOLW\ fRUPXOa WKaW UeadV [78]: 

௄ߤ ൌ ቀ
ݓ
ݒ
ቁ
ଷ 𝑒
2݉௕

𝑒ఉ

ߙ߱ 𝑒
௩మି௪మ

௪మ௩ ሺ1. 6ሻ 

ReceQWO\, HeOOZaUWK aQd BLaJJLR JRW ULd Rf WKe SRZeU e[SaQVLRQ ZLWK ZKLcK FHIP deULYed 

WKeLU fRUPXOa, aQd SeUfRUPed WKe PRUe accXUaWe cRQWRXU LQWeJUaO fRU SROaURQ fUee eQeUJ\. TKe 

deULYed PRbLOLW\ LV e[SUeVVed beORZ [79]: 

ுߤ ൌ ቀ
ݓ
ݒ
ቁ
ଷ 3𝑒
݉௕

ߨ√ sinh ൬2ߚ൰

ߚߙ߱
ହ
ଶ

𝐾ିଵ ሺ1. 7ሻ 

LQ ZKLcK 𝐾  UeSUeVeQWV WKe LQWeJUaO Rf WKe SROaURQ UeVSRQVe WR WKe fLUVW-RUdeU cKaQJe LQ WKe 

dULYLQJ fRUce.  

FROORZLQJ WKe eVVeQce Rf WKe Fe\QPaQ-ƿVaNa YaULaWLRQaO aSSURacK, JaUYLVW MRRUe FURVW 

caOcXOaWed WKe SROaURQ PRbLOLWLeV LQ LHPV, LQcOXdLQJ bRWK K\bULd aQd aOO-LQRUJaQLc W\SeV [72]. 

QXaQWLWaWLYe aJUeePeQW ZaV fRXQd beWZeeQ WKe caOcXOaWLRQV aQd e[SeULPeQWV fURP WLPe-

UeVROYed PLcURZaYe cRQdXcWLYLW\ PeaVXUePeQWV. 

OWKeU WKaQ PRbLOLW\, WKe SROaURQ effecWLYe PaVV ݉∗  aQd SROaURQ UadLXV ݎ௣  caQ be 

aSSUR[LPaWed aV ZeOO fROORZLQJ Fe\QPaQ¶V WKeRU\ [74]: 

݉∗ ൌ ݉௕ ቆ1 ൅
ߙ
6 ൅

ଶߙ

40 ൅⋯ቇ ሺ1. 8ሻ 

௣ݎ ൌ ൬
3ℏ

2݉௥௘ௗ ∙ ݒ ∙ ߱ߨ2
൰
ଵ
ଶ

ሺ1. 9ሻ 

ZKeUe ݉௥௘ௗሺൌ ݉௕ ∙
௩మି௪మ

௩మ
ሻ LV WKe UedXced PaVV Rf WKe cRXSOed cKaUJe-KaUPRQLc RVcLOOaWRU.  

1.2.2 Hot charge carriers 

TKeRUeWLcaOO\, WKe KLJKeVW PCE WKaW caQ be acKLeYed fRU a VWaQdaUd VLQJOe-MXQcWLRQ VROaU ceOO 

XQdeU 1-VXQ LOOXPLQaWLRQ LV a 33%, ZKLcK LV WKe VR-caOOed SKRcNOe\-QXeLVVeU OLPLW (SQ OLPLW) 

[6]. TKLV OLPLWed cRQYeUVLRQ effLcLeQc\ UeVXOWV PaLQO\ fURP WZR eQeUJ\ ORVVeV: 1) TKe VROaU 

LUUadLaWLRQ ZLWK SKRWRQ eQeUJLeV beORZ WKe baQdJaS Rf WKe VePLcRQdXcWLQJ abVRUbeUV ZLOO 
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dLUecWO\ WUaQVPLW WKURXJK WKe VROaU ceOO LQVWead Rf beLQJ abVRUbed; 2) TKe eQeUJ\ ORVV fURP 

eQeUJeWLc KRW caUULeUV. TKe VROaU LUUadLaWLRQ ZLWK SKRWRQ eQeUJLeV abRYe WKe baQdJaS Rf WKe 

VePLcRQdXcWLQJ abVRUbeUV ZLOO be abVRUbed aQd JeQeUaWe cKaUJe caUULeUV ZLWK eQeUJLeV abRYe 

WKe baQd edJeV (WKe Pa[LPXP Rf WKe YaOeQce baQd RU WKe PLQLPXP Rf WKe cRQdXcWLRQ baQd), aV 

VKRZQ LQ Figure 1.6. TKeVe aUe WKe VR-caOOed KRW caUULeUV. HRZeYeU, LQVWead Rf beLQJ cRQYeUWed 

WR eOecWULcaO SRZeU, WKeVe KRW caUULeUV ZLOO TXLcNO\ ORVe WKeLU e[ceVV eQeUJ\ aV KeaW aQd UeOa[ WR 

WKe baQd edJeV. TKLV eQeUJ\ ORVV UeSUeVeQWV RQe Rf WKe PaLQ OLPLWaWLRQV WR PCEV LQ VROaU ceOOV. 

TKeUPRd\QaPLc caOcXOaWLRQV SUedLcW a a66% PCE Lf WKeVe KRW caUULeUV caQ be e[WUacWed aQd 

cROOecWed b\ WKe eOecWURdeV LQVWead Rf ORVLQJ WKeLU e[ceVV eQeUJ\ aV ZaVWed KeaW [80]. TR WKLV eQd, 

a QRYeO cRQceSW fRU a VROaU ceOO, L.e., KRW-caUULeU VROaU ceOO, KaV ORQJ beeQ SURSRVed WR JUeaWO\ 

SURPRWe WKe SRZeU cRQYeUVLRQ effLcLeQc\ b\ e[WUacWLQJ aQd XWLOL]LQJ WKeVe KRW caUULeUV [80]. TKe 

baVLc Ldea LV WKaW: afWeU WKe VROaU abVRUSWLRQ, WKeUe LV aQ effLcLeQW KRW caUULeU e[WUacWLRQ b\ eQeUJ\ 

VeOecWLYe cRQWacWV (ESCV), ZKLcK KaYe a QaUURZ eQeUJ\ UaQJe WR aYRLd fXUWKeU KRW caUULeU eQeUJ\ 

ORVV ZLWKLQ WKe cRQWacWV. TKe eQeUJ\ Rf WKLV cRQWacW LV KLJKeU WKaQ WKe baQd edJe, OeadLQJ WR a 

KLJKeU RXWSXW YROWaJe [81]. TKe SUeUeTXLVLWe fRU UeaOL]LQJ VXcK aQ effLcLeQW VROaU ceOO LV WR VORZ 

dRZQ WKe KRW caUULeU cRROLQJ SURceVV VR aV WR facLOLWaWe WKe KRW caUULeU e[WUacWLRQ b\ ESCV. IQ 

addLWLRQ, WKeVe KRW caUULeUV VKRXOd be abOe WR WUaYeO VXffLcLeQWO\ faVW aQd faU WR PLWLJaWe WKe eQeUJ\ 

ORVV dXULQJ WKe WUaQVSRUW ZLWKLQ WKe abVRUbeU. IQ WKe OaVW \eaUV, ORRNLQJ fRU PaWeULaOV ZLWK ORQJ 

KRW caUULeU OLfeWLPeV aQd e[ceOOeQW WUaQVSRUW OeQJWKV KaV beeQ a µKRO\ JUaLO¶ fRU acKLeYLQJ KRW 

caUULeU VROaU ceOOV.  

IQ addLWLRQ, KRW caUULeUV SOa\ cULWLcaO UROeV LQ PaQ\ RWKeU RSWReOecWURQLc aSSOLcaWLRQV, fRU 

LQVWaQce, SKRWRcaWaO\VLV aQd SKRWRcKePLVWU\ [82]. SR, XQdeUVWaQdLQJ aQd cRQWUROOLQJ KRW caUULeUV 

LV Rf fXQdaPeQWaO LPSRUWaQce fRU fXUWKeU effLcLeQc\ eQKaQcePeQW LQ RSWReOecWURQLc deYLceV aQd 

fRU UeaOL]LQJ KRW caUULeU-baVed LQQRYaWLYe WecKQRORJLeV. BefRUe dLVcXVVLQJ WKe KRW caUULeU VWXdLeV 

LQ LHPV, OeW¶V fLUVW UeYLeZ WKe KRW caUULeU d\QaPLcV aQd WUaQVSRUW SURSeUWLeV LQ cRQYeQWLRQaO 

VePLcRQdXcWRUV. 

 
Figure 1.6 _ Hot carrier generation and relaxation in semiconductors. TKe WePSRUaO eYROXWLRQ Rf KRW 

caUULeU SRSXOaWLRQ cUeaWed b\ WKe SKRWRe[cLWaWLRQ. 
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IQLWLaOO\, SKRWRe[cLWaWLRQV ZLWK SKRWRQ eQeUJLeV KLJKeU WKaQ WKe baQdJaS LQdXce LQWeUbaQd 

SROaUL]aWLRQ, ZKLcK LV a VXSeUSRVLWLRQ Rf JURXQd VWaWeV aQd e[cLWed VWaWeV [83]. AfWeU a VKRUW 

deSKaVLQJ WLPe, WKe cRKeUeQceV aUe deVWUR\ed b\ a YaULeW\ Rf VcaWWeULQJ SURceVVeV, aQd VRPe KRW 

eOecWURQV UePaLQ LQ WKe cRQdXcWLRQ baQd aQd eTXLYaOeQW KRW KROeV LQ WKe YaOeQce baQd. OULJLQaOO\, 

WKeVe KRW caUULeUV fROORZ QRQ-WKeUPaO dLVWULbXWLRQ WKeUPRd\QaPLcaOO\, aQd caQQRW be deVcULbed 

b\ a WePSeUaWXUe. TKe KRW caUULeUV ZLOO VXbVeTXeQWO\ e[SeULeQce XOWUafaVW eQeUJ\ e[cKaQJe YLa 

PaLQO\ caUULeU-caUULeU VcaWWeULQJ, UeVXOWLQJ LQ a FeUPL-DLUac dLVWULbXWLRQ cKaUacWeUL]ed b\ a 

WePSeUaWXUe 𝑇௖ KLJKeU WKaQ WKe OaWWLce WePSeUaWXUe 𝑇௅. TKLV SURceVV LV caOOed WKeUPaOL]aWLRQ, 

aQd LW KaV beeQ UeSRUWed WR RccXU ZLWKLQ WKe WLPeVcaOe Rf 100 fV LQ cRQYeQWLRQaO VePLcRQdXcWRUV, 

e.J., GaAV [83].  

AfWeUZaUdV, WKe WKeUPaOL]ed KRW caUULeUV dLVVLSaWe WKeLU e[ceVV eQeUJ\ WKURXJK PaLQO\ RSWLcaO 

SKRQRQ ePLVVLRQ aQd UeOa[ WR WKe baQd edJeV, becRPLQJ cROd caUULeUV. TKe QRQ-eTXLOLbULXP 

RSWLcaO SKRQRQ SRSXOaWLRQ ZLOO deca\ LQWR acRXVWLc SKRQRQV, ZKLcK fXUWKeU dLVVLSaWe aV KeaW. 

EYeQWXaOO\, WKeUPRd\QaPLc eTXLOLbULXP LV acKLeYed beWZeeQ WKe eOecWURQLc V\VWeP aQd WKe 

VXUURXQdLQJ OaWWLce, L.e., 𝑇௖=𝑇௅. TKLV SURceVV LV NQRZQ aV KRW caUULeU cRROLQJ, ZKLcK XVXaOO\ 

KaSSeQV RQ a VXb-SV WLPeVcaOe dXe WR WKe effLcLeQW caUULeU-RSWLcaO SKRQRQ LQWeUacWLRQ. FRU 

e[aPSOe, WKe PeaVXUed KRW caUULeU cRROLQJ WLPe LQ VLOLcRQ LV a350 fV XQdeU VROaU LOOXPLQaWLRQ 

[84]. 

ReJaUdLQJ WKe WUaQVSRUW, dLVWLQcW KRW caUULeU WUaQVSRUW beKaYLRU KaV beeQ RbVeUYed aV ZeOO. 

AfWeU WKeUPaOL]aWLRQ, KRW caUULeUV aUe XVXaOO\ VXbMecW WR dLffXVLYe WUaQVSRUW LQ ZKLcK KRW caUULeUV 

e[SeULeQce TXLcN VcaWWeULQJ dXULQJ dLffXVLRQ. IQ WKLV UeJLPe, KRW caUULeUV XVXaOO\ KaYe dUaVWLcaOO\ 

UedXced PRbLOLW\ cRPSaUed WR cROd caUULeUV becaXVe Rf WKe eQKaQced caUULeU-SKRQRQ LQWeUacWLRQV 

fURP WKe LQcUeaVed SKaVe VSace. Ab iniWio WKeRUeWLcaO caOcXOaWLRQV KaYe UeYeaOed a VWURQJ aQd 

SRVLWLYe cRUUeOaWLRQ beWZeeQ WKe KRW caUULeU VcaWWeULQJ UaWeV aQd eOecWURQLc deQVLW\ Rf VWaWeV 

(DOS) [85,86]. BeVLdeV, LW cRQfLUPV WKe dRPLQaQW UROe Rf KRW caUULeU-RSWLcaO SKRQRQ VcaWWeULQJ 

RYeU RWKeU VcaWWeULQJ PecKaQLVPV, e.J., caUULeU-caUULeU VcaWWeULQJ. IQ VLOLcRQ, WKe VcaWWeULQJ WLPe 

(WKe LQYeUVe Rf VcaWWeULQJ UaWe) fRU eQeUJeWLc KRW caUULeUV LV a10 fV, ZKLOe fRU cROd caUULeUV a100 

fV [85]. A VLPLOaU UeVXOW KROd fRU GaAV [86]. TKe VKRUW VcaWWeULQJ WLPe RU eTXLYaOeQWO\ OaUJe 

VcaWWeULQJ UaWe OeadV WR VXbVWaQWLaOO\ UedXced KRW caUULeU PRbLOLW\, WKXV VKRUW WUaQVSRUW OeQJWK 

(WeQV Rf QP) cRQVLdeULQJ WKe VKRUW KRW caUULeU OLfeWLPe aV ZeOO. OQ WKe RWKeU KaQd, KRW caUULeU 

WUaQVSRUW ZLWKRXW VcaWWeULQJ RU YeU\ feZ VcaWWeULQJ KaV aOVR beeQ UeSRUWed [46,87,88]. TKLV LV WKe 

VR-caOOed baOOLVWLc RU TXaVL-baOOLVWLc WUaQVSRUW. TKLV caQ RccXU ULJKW afWeU WKe KRW caUULeU 

JeQeUaWLRQ befRUe WKe fLUVW cROOLVLRQ ZLWK RWKeU cKaUJeV, RU ZKeQ KRW caUULeUV KaYe eQRXJK eQeUJ\ 

WR aYRLd RWKeU VcaWWeULQJ, e.J., defecW VcaWWeULQJ.  

SLQce WKe dLVcRYeU\ Rf WKe e[WUaRUdLQaU\ RSWReOecWURQLc SeUfRUPaQce Rf LHPV, WKe KRW caUULeU 

SURSeUWLeV LQ LHPV aUe aOVR VWXdLed e[WeQVLYeO\ b\ a YaULeW\ Rf SXPS-SURbe WecKQLTXeV. 
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SXUSULVLQJO\, WKe KRW caUULeU OLfeWLPe LQ LHPV LV fRXQd WR be WZR RU WKUee RUdeUV Rf PaJQLWXde 

ORQJeU WKaQ WKaW LQ cRQYeQWLRQaO RUJaQLc aQd LQRUJaQLc VePLcRQdXcWRUV. FRU LQVWaQce, b\ 

WUaQVLeQW abVRUSWLRQ (TA) VSecWURVcRS\, BeaUd eW al. RbVeUYed a KRW caUULeU OLfeWLPe Rf a60 SV LQ 

MAPbI3 ZLWK WKe SXPS SKRWRQ eQeUJ\ Rf 3.10 eV aQd WKe e[cLWaWLRQ fOXeQce Rf 6u1018 cP-3 [43]. 

TKe\ aWWULbXWed WKe ORQJ KRW caUULeU OLfeWLPe WR WKe KRW SKRQRQ bRWWOeQecN effecW LQ ZKLcK WKe 

effLcLeQW RSWLcaO SKRQRQ ePLVVLRQ cRPbLQed ZLWK UeWaUded RSWLcaO-WR-acRXVWLc SKRQRQ 

cRQYeUVLRQ JLYeV ULVe WR accXPXOaWed QRQ-eTXLOLbULXP RSWLcaO SKRQRQ SRSXOaWLRQV. TKeVe 

RSWLcaO SKRQRQV caQ be Ue-abVRUbed b\ LQWUabaQd cKaUJe caUULeUV, OeadLQJ WR a VORZ-dRZQ Rf QeW 

eQeUJ\ ORVV Rf KRW caUULeUV [81]. IQ addLWLRQ, AXJeU KeaWLQJ caQ be UeVSRQVLbOe fRU fXUWKeU 

VXSSUeVVLRQ Rf KRW caUULeU cRROLQJ aW eYeQ KLJKeU caUULeU deQVLWLeV abRYe a1019 cP-3 [89]. IQ WKLV 

PecKaQLVP, QRQ-UadLaWLYe eOecWURQ-KROe UecRPbLQaWLRQ WUaQVfeUV LWV eQeUJ\ WR aQRWKeU cKaUJe LQ 

WKe cRQdXcWLRQ RU YaOeQce baQd, ZKLcK UaLVeV LWV eQeUJ\ aJaLQ. YeW, dLffeUeQW fURP WKe KLJK 

SKRWRe[cLWaWLRQ VLWXaWLRQ, ZKX aQd cR-ZRUNeUV UeSRUWed ORQJ-OLYed (a100 SV) KRW caUULeUV LQ bRWK 

MAPbBU3 aQd FAPbBU3 VLQJOe cU\VWaOV aW a ORZ SXPS fOXeQce Rf 7u1016 cP-3 ePSOR\LQJ WLPe-

UeVROYed SKRWROXPLQeVceQce VSecWURVcRS\ (TRPL) [44]. MRUeRYeU, WKe\ RbVeUYed WKaW WKe KRW 

caUULeU cRROLQJ LV acceOeUaWed ZLWK LQcUeaVLQJ WKe SXPS fOXeQceV aQd ORZeULQJ WKe VaPSOe 

WePSeUaWXUe. TKLV RbVeUYaWLRQ LV LQ cRQWUaVW WR WKe KRW SKRQRQ bRWWOeQecN effecW LQ ZKLcK a KLJK 

caUULeU deQVLW\ LV QeceVVaULO\ UeTXLUed. WLWK WLPe-UeVROYed RSWLcaO KeUU effecW, WKe aXWKRUV 

aVVLJQed WKLV SKeQRPeQRQ WR WKe CRXORPb VcUeeQLQJ Rf KRW caUULeU LQWeUacWLRQ ZLWK LO SKRQRQV 

b\ faVW OaUJe SROaURQ fRUPaWLRQ. 

NRW RQO\ ORQJ OLfeWLPeV bXW aOVR WKe ORQJ-UaQJe WUaQVSRUW Rf KRW caUULeUV KaV beeQ RbVeUYed LQ 

LHPV. UVLQJ TA PLcURVcRS\, HXaQJ eW al. dLUecWO\ UecRUded WKe KRW caUULeU WUaQVSRUW OeQJWK aQd 

UeVROYed WZR dLVWLQcW WUaQVSRUW UeJLPeV fRU KRW caUULeUV [45]. IPPedLaWeO\ afWeU WKe 

SKRWRe[cLWaWLRQ, WKe KRW caUULeUV fLUVW e[SeULeQce TXaVL-baOOLVWLc WUaQVSRUW Rf a230 QP ZLWKLQ WKe 

WLPe UeVROXWLRQ Rf 300 fV. TKe ORQJ-UaQJe baOOLVWLc WUaQVSRUW ZaV aOVR UeSRUWed OaWeU b\ SXQJ eW 

al. ZKR ePSOR\ed TA PLcURVcRS\ aV ZeOO bXW ZLWK PXcK KLJKeU WePSRUaO (10 fV) aQd VSaWLaO (10 

QP) UeVROXWLRQ [46]. TKe\ RbVeUYed WKaW QRQ-WKeUPaOL]ed KRW caUULeUV SURSaJaWe baOOLVWLcaOO\ 

RYeU 150 QP ZLWKLQ WKe fLUVW 20 fV. DXULQJ WKe Qe[W WeQV Rf SV, L.e., WKe cRROLQJ SURceVV, KRW 

caUULeUV WUaYeO WKURXJK 600 QP befRUe UeacKLQJ WKe dLffXVLYe WUaQVSRUW Rf cROd caUULeUV [45].  

TKe VXbVWaQWLaOO\ VORZed KRW caUULeU cRROLQJ aQd e[ceOOeQW WUaQVSRUW UaQJe eQdRZ LHPV JUeaW 

SRWeQWLaO fRU KRW caUULeU-baVed RSWReOecWURQLc deYLceV, eVSecLaOO\ WKe KRW caUULeU VROaU ceOOV. 

1.2.3 Charge transfer 

CKaUJe WUaQVfeU (CT), RU eOecWURQ WUaQVfeU (ET) (eTXLYaOeQW WR KROe WUaQVfeU LQ WKe RSSRVLWe 

dLUecWLRQ), LV a d\QaPLc SURceVV RccXUULQJ aW WKe LQWeUface Rf WZR cRQVWLWXeQW PaWeULaOV. WKeQ 

SXWWLQJ WZR PaWeULaOV LQ cRQWacW ZLWK eacK RWKeU, cKaUJe fORZ caQ KaSSeQ fURP RQe PaWeULaO WR 
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aQRWKeU acURVV WKe LQWeUface dXe WR WKe PLVPaWcK Rf cKePLcaO SRWeQWLaOV. AV aQ e[aPSOe, WZR 

PeWaOV A aQd B, ZLWK dLffeUeQW FeUPL eQeUJLeV EF, aUe cRQQecWed dLUecWO\, aV VKRZQ LQ Figure 

1.7. 

 
Figure 1.7 _ Charge transfer between two metals with different work functions. TKe VcKePaWLc 

LOOXVWUaWLRQ Rf WKe baQd dLaJUaPV Rf WZR PeWaOV befRUe aQd afWeU WKe cRQWacW. 

DXe WR WKe dLffeUeQW cKePLcaO SRWeQWLaOV PaQLfeVWed b\ dLffeUeQW FeUPL eQeUJLeV, eOecWURQV 

ZLOO WUaQVfeU fURP PeWaO B WR PeWaO A. AV a cRQVeTXeQce, WKeUe aUe e[WUa eOecWURQV accXPXOaWLQJ 

LQ PeWaO A, ZKLcK LQdXceV a QeJaWLYe eOecWURVWaWLc SRWeQWLaO VA < 0. TKe RSSRVLWe KROdV fRU PeWaO 

B, L.e., a SRVLWLYe eOecWURVWaWLc SRWeQWLaO VB > 0. TKeUefRUe, e[WUa SRWeQWLaO eQeUJ\ (-T�VA > 0) LV 

added WR WKe eOecWURQV LQ PeWaO A, ZKLcK VKLfWV WKe ZKROe eQeUJ\ baQd XSZaUdV. TKe QeJaWLYe 

SRWeQWLaO eQeUJ\ (-T�VA < 0) VKLfWV WKe eQeUJ\ baQd Rf PeWaO B dRZQZaUdV XQWLO WKe FeUPL OeYeOV 

eTXaO eacK RWKeU. EYeQWXaOO\, aQ eTXLOLbULXP cRQdLWLRQ LV eVWabOLVKed beWZeeQ WKe WZR PeWaOV. 

TKe VaPe PecKaQLVP aOVR aSSOLeV WR PeWaO-VePLcRQdXcWRU, aQd VePLcRQdXcWRU-VePLcRQdXcWRU 

LQWeUfaceV. MRUe VSecLfLcaOO\, fRU WKe PeWaO-VePLcRQdXcWRU LQWeUface, WZR dLVWLQcW cRQWacWV caQ 

be fRUPed, aV VKRZQ LQ Figure 1.8a: ScKRWWN\ cRQWacW aQd OKPLc cRQWacW. TKe baQd beQdLQJ 

RccXUV dXe WR WKe bXLOW-LQ eOecWULc fLeOd cUeaWed aW WKe LQWeUface. TKeUe LV a OaUJe eQeUJ\ baUULeU 

Φ஻ LQ WKe ScKRWWN\ cRQWacW fRU eOecWURQ WUaQVfeU fURP PeWaO WR VePLcRQdXcWRU, bXW WKLV cRQWacW 

faYRUV WKe eOecWURQ fORZ fURP VePLcRQdXcWRU WR PeWaO. OQ WKe cRQWUaU\, eOecWURQV caQ cRQdXcW 

eaVLO\ LQ bRWK dLUecWLRQV fRU OKPLc cRQWacW becaXVe Rf WKe VPaOO eQeUJ\ baUULeU.  WKLOe fRU 

VePLcRQdXcWRU-VePLcRQdXcWRU cRQfLJXUaWLRQ, WKUee W\SeV Rf LQWeUfaceV e[LVW baVed RQ baQd 

aOLJQPeQW, aV VKRZQ LQ Figure 1.8b: VWUaddOLQJ JaS (T\Se პ), VWaJJeUed JaS (T\Se ჟ) aQd bURNeQ 

JaS (T\Se რ) [90]. NRWe KeUe, WKaW baQd beQdLQJ aOVR RccXUV LQ VePLcRQdXcWRU-VePLcRQdXcWRU 

KeWeURVWUXcWXUeV, bXW LW¶V QRW VcKePaWLcaOO\ VKRZQ LQ Figure 1.8b fRU VLPSOLcLW\.

AfWeU eVWabOLVKLQJ WKe eTXLOLbULXP cRQdLWLRQ, cKaUJe WUaQVfeU caQ be fXUWKeU WULJJeUed b\ 

e[WeUQaO VWLPXOL, fRU e[aPSOe, SKRWRe[cLWaWLRQ. IQ VePLcRQdXcWRU-VePLcRQdXcWRU 

KeWeURVWUXcWXUeV, WKe SKRWRe[cLWed eOecWURQV ZLOO accXPXOaWe LQ WKe VePLcRQdXcWRU ZLWK WKe 
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ORZeVW cRQdXcWLRQ baQd PLQLPXP 𝐸஼ெ , ZKLOe SKRWRe[cLWed KROeV ZLOO eQd XS LQ WKe 

VePLcRQdXcWRU ZLWK WKe KLJKeVW YaOeQce baQd Pa[LPXP 𝐸௏ெ . AV LQ W\Se პ VePLcRQdXcWRU-

VePLcRQdXcWRU KeWeURVWUXcWXUe, eOecWURQV aQd KROeV aOO fORZ fURP WKe OaUJeU-baQdJaS 

VePLcRQdXcWRU WR WKe VPaOOeU-baQdJaS VePLcRQdXcWRU; OQ WKe RWKeU KaQd, LQ W\Se ჟ aQd W\Se რ 

VePLcRQdXcWRU-VePLcRQdXcWRU KeWeURVWUXcWXUeV, eOecWURQV aQd KROeV aUe eYeQWXaOO\ VeSaUaWed LQ 

dLffeUeQW VePLcRQdXcWRUV.  

 
Figure 1.8 _ The band alignments of different material contacts. ScKePaWLc LOOXVWUaWLRQ Rf baQd 

aOLJQPeQW fRU (a) PeWaO-VePLcRQdXcWRU cRQWacWV aQd (b) VePLcRQdXcWRU-VePLcRQdXcWRU KeWeURVWUXcWXUeV. 

TKe aOORZed cKaUJe WUaQVfeU dLUecWLRQV aUe aOVR VKRZQ fRU WKUee dLffeUeQW W\SeV Rf baQd aOLJQPeQW. 

1.3 Outline of this thesis 

TKLV WKeVLV aLPV WR e[SORUe aQd XQdeUVWaQd WKe fXQdaPeQWaOV Rf SKRWRLQdXced XOWUafaVW cKaUJe 

caUULeU d\QaPLcV aQd cKaUJe WUaQVSRUW LQ PeWaO KaOLde SeURYVNLWeV ePSOR\LQJ TH] WLPe-dRPaLQ 

VSecWURVcRS\ (TH]-TDS). TH]-TDS LV a QRQ-cRQWacW, aOO-RSWLcaO VSecWURPeWeU WKaW eQabOeV WKe 

WLPe-UeVROYed aQd fUeTXeQc\-UeVROYed SKRWRcRQdXcWLYLW\ PeaVXUePeQWV ZLWK VXb-SV WLPe 

UeVROXWLRQ. TKeVe PeaVXUePeQWV cRXOd SURYLde LQWULQVLc PaWeULaO SaUaPeWeUV, LQcOXdLQJ caUULeU 

OLfeWLPe, cKaUJe PRbLOLW\, SKRQRQ abVRUSWLRQ, eWc., WKaW aUe e[WUePeO\ UeOeYaQW fRU RSWReOecWURQLc 

aSSOLcaWLRQV. TKe LQWeUURJaWLRQ Rf WKe SKRWRSK\VLcV LQ PeWaO KaOLde SeURYVNLWeV cRXOd dLVcORVe 

WKe VecUeWV beKLQd WKeLU XQLTXe RSWReOecWURQLc SURSeUWLeV aQd SaYe WKe Za\ fRU fXUWKeU 

RSWLPL]aWLRQ aQd LQQRYaWLRQ Rf PV deYLceV. BeORZ I bULefO\ VXPPaUL]e WKe cKaSWeUV LQ WKLV WKeVLV.  

Chapter 1: We LQWURdXce WKe cU\VWaO VWUXcWXUeV aQd baVLc RSWReOecWURQLc SURSeUWLeV Rf PeWaO 

KaOLde SeURYVNLWeV, VSecLfLcaOO\ fRcXVLQJ RQ WKe PRVW VWXdLed K\bULd RUJaQLc-LQRUJaQLc Oead 

KaOLde SeURYVNLWeV. TKeQ Ze SUeVeQW WKe QeZO\ deYeORSed aOO-LQRUJaQLc Oead KaOLde SeURYVNLWe 

CVPbI3 aQd dRXbOe SeURYVNLWe CV2AJBLBU6, ZKLcK aUe LQYeVWLJaWed LQ WKLV WKeVLV. TKe QeceVVaU\ 

fXQdaPeQWaOV UeJaUdLQJ WKe UeVeaUcK ZRUNV aUe SURYLded LQ WKe fROORZLQJ cKaSWeUV.  

Chapter 2: TKe e[SeULPeQWaO WecKQLTXe Rf TH]-TDS LV deVcULbed, LQcOXdLQJ WKe KLVWRULcaO 

deYeORSPeQW, WKe WKeRUeWLcaO SULQcLSOeV Rf TH] JeQeUaWLRQ aQd deWecWLRQ, aQd WKe e[SeULPeQWaO 

VeWXS XWLOL]ed LQ WKLV WKeVLV. TKe aSSURacKeV fRU e[WUacWLQJ WKe SKRWRcRQdXcWLYLW\ aQd WKe 
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cRUUeVSRQdLQJ WKeRUeWLcaO PRdeOV aUe aOVR SUeVeQWed.  

Chapter 3: HeUe, Ze VWXd\ SKRWRLQdXced cKaUJe WUaQVSRUW LQ aOO-LQRUJaQLc bOacN J-SKaVe LHP 

CVPbI3. TKe PeaVXUed SKRWRcRQdXcWLYLW\ VSecWUa aUe cRQVLVWeQW ZLWK WKe cOaVVLcaO DUXde PRdeO, 

ZKLcK LV a VWURQJ LQdLcaWLRQ Rf baQd-OLNe cKaUJe WUaQVSRUW. IQ addLWLRQ, WePSeUaWXUe-deSeQdeQW 

PeaVXUePeQWV UeYeaO WKaW OaUJe SROaURQ fRUPaWLRQ JRYeUQV cKaUJe caUULeU WUaQVSRUW, fROORZLQJ 

WKe Fe\QPaQ SROaURQ PRdeO. FXUWKeUPRUe, Ze e[WUacW WKe SROaURQ PRbLOLW\ Rf XS WR 270 � 44 

cP2V-1V-1, ZKLcK LV QeaUO\ RQe RUdeU Rf PaJQLWXde KLJKeU WKaQ WKaW UeSRUWed fRU K\bULd RUJaQLc-

LQRUJaQLc Oead KaOLde SeURYVNLWeV aQd aSSURacKeV WKe WKeRUeWLcaO OLPLW fRU SROaURQV VcaWWeULQJ 

fURP ORQJLWXdLQaO RSWLcaO (LO) SKRQRQV.  

Chapter 4: EVWabOLVKLQJ WKe SROaURQ QaWXUe, Ze fXUWKeU VWXd\ WKe SKRWRSK\VLcV LQ bOacN J-

CVPbI3 ZKeQ WKe SROaURQ deQVLW\ e[ceedV WKe VR-caOOed MRWW SROaURQ deQVLW\. AbRYe WKLV deQVLW\, 

WKe ZaYefXQcWLRQV Rf OaUJe SROaURQV VWaUW WR RYeUOaS. B\ TH] VSecWURVcRS\, Ze RbVeUYe caUULeU 

deQVLW\ VaWXUaWLRQ effecW afWeU SKRWRe[cLWaWLRQV. TKLV effecW LV aOVR RbVeUYed LQ MAPbI3 aQd 

CVPbBU3, dePRQVWUaWLQJ LW LV aQ LQWULQVLc SURSeUW\ Rf LHPV. We TXaQWLf\ e[SeULPeQWaOO\ WKLV 

VaWXUaWed deQVLW\ ZKLcK aJUeeV YeU\ ZeOO ZLWK WKe caOcXOaWed MRWW deQVLW\ baVed RQ WKe Fe\QPaQ 

SROaURQ PRdeO. TKe WePSeUaWXUe-deSeQdeQW PeaVXUePeQW fXUWKeU VXSSRUWV WKe MRWW SROaURQ 

VWaWe fRUPaWLRQ. IQ addLWLRQ, Ze UeYeaO PXcK-eQKaQced SROaURQ-SROaURQ VcaWWeULQJ abRYe WKe 

MRWW deQVLW\ VeWWLQJ a VWURQJ OLPLWaWLRQ RQ WKe cKaUJe PRbLOLW\, eYeQ WKRXJK WKe SROaURQV VWLOO 

fROORZ deORcaOL]ed baQd WUaQVSRUW. 

Chapter 5: HRW caUULeU d\QaPLcV LV LQYeVWLJaWed LQ CV2AJBLBU6 dRXbOe SeURYVNLWe. FROORZLQJ 

SKRWR-e[cLWaWLRQ, KRW caUULeUV JeQeUaWed ZLWK e[ceVV eQeUJ\ e[KLbLW bRRVWed PRbLOLW\, UeacKLQJ 

a 4-fROd eQKaQcePeQW cRPSaUed WR cROd caUULeUV aW aQ e[ceVV eQeUJ\ Rf a1.5 eV aQd a ORQJ-

UaQJe KRW-caUULeU WUaQVSRUW OeQJWK be\RQd 200 QP. B\ RSWLcaO SXPS-IR SXVK-TH] SURbe 

VSecWURVcRS\ aQd fUeTXeQc\-UeVROYed SKRWRcRQdXcWLYLW\ PeaVXUePeQWV, Ze SURYLde 

e[SeULPeQWaO eYLdeQce WKaW WKe cRQdXcWLYLW\ eQKaQcePeQW RULJLQaWeV SULPaULO\ fURP KRW KROeV 

ZKLcK e[SeULeQce UedXced PRPeQWXP VcaWWeULQJ cRPSaUed WR WKeLU cROd VWaWeV. We UaWLRQaOL]e 

RXU RbVeUYaWLRQ b\ cRQVLdeULQJ (TXaVL-)baOOLVWLc WUaQVSRUW Rf WKeUPaOL]ed KRW KROeV ZLWK eQeUJLeV 

abRYe aQ eQeUJeWLc WKUeVKROd LQ CV2AJBLBU6.  

Chapter 6: B\ cRQVWUXcWLQJ CV2AJBLBU6 dRXbOe SeURYVNLWe/JUaSKeQe KeWeURVWUXcWXUe, Ze 

VWXd\ WKe cKaUJe WUaQVfeU d\QaPLcV aW WKe LQWeUface. USRQ SKRWRe[cLWaWLRQV ZLWK SKRWRQ eQeUJ\ 

beORZ WKe baQdJaS Rf dRXbOe SeURYVNLWe, Ze RbVeUYe KROe WUaQVfeU fURP JUaSKeQe WR dRXbOe 

SeURYVNLWe; ZKLOe ZLWK SKRWRQ eQeUJ\ abRYe WKe baQdJaS Rf dRXbOe SeURYVNLWe, WKeUe LV KROe 

WUaQVfeU fURP dRXbOe SeURYVNLWe WR JUaSKeQe. IQ bRWK caVeV, WKe WUaQVfeU effLcLeQc\ LQcUeaVeV ZLWK 

SKRWRQ eQeUJLeV. 
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2 THz spectroscopy

2.1 Introduction  

 

 
Figure 2.1 _ The electromagnetic spectrum. EOecWURPaJQeWLc VSecWUXP aQd cRUUeVSRQdLQJ W\SLcaO 

eOecWURQLc WUaQVLWLRQV LQ dLffeUeQW fUeTXeQc\ UaQJeV, LQcOXdLQJ PROecXOaU URWaWLRQV aQd YLbUaWLRQV, LQWUabaQd 

cKaUJe PRWLRQ aQd LQWeUbaQd WUaQVLWLRQV. SSecLfLcaOO\, TH] fUeTXeQc\ UaQJe VKRZQ LQ VKaded JUe\ bULdJeV 

WKe fUeTXeQc\ VSecWUXP Rf µeOecWURQLcV¶ aQd µSKRWRQLcV¶. 

TH] UadLaWLRQ LV a VSecLfLc UaQJe Rf eOecWURPaJQeWLc (EM) ZaYeV aV VKRZQ LQ Figure 2.1, 

ZKLcK cRYeUV W\SLcaOO\ fURP 1011 H] WR 1013 H], WKaW LV, 0.1 TH] WR 10 TH]. TKe eTXLYaOeQW 

TXaQWLWLeV cRUUeVSRQdLQJ WR 1 TH] aUe: 

1 TH] = 1012 H] = 0.3 PP = 1 SV SeU c\cOe = 4.1 PeV = 33 cP-1 = 47.6 K. 

FURP WKe SeUVSecWLYe Rf WKe ZaYeOeQJWK, WKe TH] UadLaWLRQ LV aOVR caOOed VXbPLOOLPeWeU ZaYeV. 

TKe eQeUJ\ Rf TH] UadLaWLRQ LV YeU\ VPaOO (VeYeUaO WR 10V Rf PeV), VR LW PaWcKeV ZeOO ZLWK PaQ\ 

UeVRQaQW WUaQVLWLRQV Rf fXQdaPeQWaO e[cLWaWLRQV, fRU e[aPSOe, WKe PRWLRQ Rf fUee caUULeUV, 

SKRQRQV, e[cLWRQV, SOaVPRQV aQd VR RQ [91]. TKeUefRUe, TH] ZaYeV caQ be XVed aV QRQLQYaVLYe 

RSWLcaO SURbeV WR LQYeVWLJaWe PaQ\ PaWeULaO SURSeUWLeV.  

HRZeYeU, WKe aSSOLcaWLRQ Rf TH] ZaYeV KaV beeQ cKaOOeQJLQJ fRU a ORQJ WLPe dXe WR WKe OacN 

Rf effLcLeQW aQd VWabOe TH] ePLWWeUV aQd deWecWRUV. OQ RQe KaQd, WKe eOecWURQLc deYLceV WKaW 

JeQeUaWe GH] aQd MH] ZaYeV aUe QRW VXffLcLeQW WR UXQ aW TH] fUeTXeQc\. OQ WKe RWKeU KaQd, 

WKe TH] SKRWRQ eQeUJ\ LV WRR ORZ fRU eOecWURQLc WUaQVLWLRQV WKaW aUe RfWeQ XVed fRU RSWLcaO OLJKW 

JeQeUaWLRQ. AV a cRQVeTXeQce, WKe TH] UadLaWLRQ becRPeV a VSecLaO aQd XQe[SORUed EM 

fUeTXeQc\ UaQJe beWZeeQ µeOecWURQLcV¶ aQd µSKRWRQLcV¶. HLVWRULcaOO\, WKLV LV WKe VR-caOOed µTH] 
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JaS¶.  

TKe e[SeULPeQWaO LQYeVWLJaWLRQ ePSOR\LQJ TH] VSecWURVcRS\ KaV QRW beeQ SRVVLbOe XQWLO 

1970V, ZKeQ TH] JeQeUaWLRQ aQd deWecWLRQ WecKQLTXeV ZeUe deYeORSed. IQ 1971, SKeQ eW al. 

SURdXced 0.05-0.5 TH] UadLaWLRQ b\ RSWLcaO UecWLfLcaWLRQ Rf SLcRVecRQd OaVeU SXOVe LQ a QRQOLQeaU 

cU\VWaO LLNbO3 [92]. TKLV PeWKRd LV baVed RQ WKe QRQ-UeVRQaQW RSWLcaO SURceVVeV LQ ZKLcK WKe 

dLffeUeQce fUeTXeQc\ fURP aQ XOWUaVKRUW OaVeU SXOVe LV JeQeUaWed LQ a QRQOLQeaU cU\VWaO. FROORZLQJ 

WKLV aSSURacK, dLffeUeQW cU\VWaOV (e.J., ZQTe, GaP, GaSe) aQd VKRUWeU OaVeU SXOVeV aUe ePSOR\ed 

WR e[WeQd WKe TH] baQdZLdWK [93,94]. IQ 1984, aQRWKeU PeWKRd ZaV deYeORSed b\ AXVWRQ aQd 

cR-ZRUNeUV WR JeQeUaWe aQd deWecW TH] SXOVeV, WKaW LV, SKRWRcRQdXcWLYe PeWKRd [95]. IQ WKLV 

PeWKRd, aQ RSWLcaO SXOVe LV VeQW WR WKe cKaQQeO aUea Rf a VePLcRQdXcWRU beWZeeQ WZR eOecWURdeV 

WR JeQeUaWe fUee cKaUJe caUULeUV, aQd WKeQ a YROWaJe LV aSSOLed beWZeeQ WKe eOecWURdeV JeQeUaWLQJ 

a WUaQVLeQW cXUUeQW WKaW ZLOO UadLaWe TH] ZaYeV. TKe UeYeUVed SURceVV LV XWLOL]ed fRU TH] 

deWecWLRQ: afWeU WKe JeQeUaWLRQ Rf fUee caUULeUV b\ RSWLcaO SXOVe, LQcLdeQW TH] fLeOd ZLOO LQdXce a 

WUaQVLeQW cXUUeQW WKaW LV Uead RXW beWZeeQ WKe eOecWURdeV. B\ cRQWUROOLQJ WKe UeOaWLYe deOa\ 

beWZeeQ RSWLcaO SXOVe aQd TH] SXOVe, WKe WLPe-UeVROYed TH] ZaYefRUP caQ be RbWaLQed. YeW, 

WKe deWecWed TH] baQdZLdWK b\ WKLV PeWKRd LV QRW RQO\ OLPLWed b\ WKe RSWLcaO SXOVe dXUaWLRQ, 

bXW aOVR WKe VcaWWeULQJ WLPe, UecRPbLQaWLRQ OLfeWLPe aQd dULfW WLPe Rf WKe SKRWRJeQeUaWed cKaUJe 

caUULeUV LQ WKe VePLcRQdXcWRUV [91]. IQ 1996, ZKaQJ eW al. deYeORSed WKe fUee-VSace eOecWURRSWLc 

VaPSOLQJ (FEOS) fRU deWecWLQJ TH] SXOVe XWLOL]LQJ WKe PRcNeOV effecW [96]. DLffeUeQW fURP 

SKRWRcRQdXcWLYe TH] deWecWLRQ VcKePe, FEOS LV baVed RQ QRQOLQeaU cU\VWaOV LQ ZKLcK WKe 

bLUefULQJeQce caQ be LQdXced RU cKaQJed b\ WKe LQcRPLQJ TH] eOecWULc fLeOd. TKe bLUefULQJeQce 

YaULaWLRQ LQ WLPe LV WKeQ WUacNed b\ a WLPe-deOa\ed VaPSOLQJ SXOVe. WLWK WKLV PeWKRd, WKe WLPe 

UeVROXWLRQ LV, LQ SULQcLSOe, RQO\ OLPLWed b\ WKe RSWLcaO SXOVe dXUaWLRQ, aQd WKXV OaUJe baQdZLdWK 

caQ be RbWaLQed [91]. IQ WKLV WKeVLV, WKe TH] JeQeUaWLRQ aQd deWecWLRQ aUe baVed RQ RSWLcaO 

UecWLfLcaWLRQ aQd fUee-VSace eOecWURRSWLc VaPSOLQJ, UeVSecWLYeO\. 

2.2 TH] generation and detection 

2.2.1 Maxwell¶s equations in a dielectric material and its solution 

TKe eOecWURPaJQeWLc ZaYe JeQeUaWLRQ aQd SURSaJaWLRQ LQ a PedLXP ZLWKRXW PaJQeWL]aWLRQ 

LV JRYeUQed b\ WKe Ma[ZeOO¶V eTXaWLRQV: 

∇ ∙ ࡱ ൌ
ߩ
଴ߝ

ሺ2. 1ሻ 

∇ ∙ ࡮ ൌ 0 ሺ2. 2ሻ 

∇ ൈ ࡱ ൌ െ
࡮߲
ݐ߲

ሺ2. 3ሻ 

∇ ൈ ࡮ ൌ ଴ߝ଴ߤ
ࡱ߲
ݐ߲ ൅ ࡶ଴ߤ ሺ2. 4ሻ 
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ZKeUe ࡱ LV WKe eOecWULc fLeOd, ࡮ PaJQeWLc LQdXcWLRQ, ߩ cKaUJe deQVLW\, ࡶ cXUUeQW deQVLW\, ߝ଴ 

YacXXP SeUPLWWLYLW\, ߤ଴ YacXXP SeUPeabLOLW\, ݐ WLPe. ࡮ ,ࡱ, aQd ࡶ aUe aOO YecWRUV.  

IQ a PedLXP, WKe WRWaO cKaUJe deQVLW\ ߩ LV a cRPbLQaWLRQ Rf e[WeUQaOO\ added cKaUJeV ߩ௙ 

(e.J., LQcRPLQJ cXUUeQW) aQd SROaUL]aWLRQ-LQdXced cKaUJeV ߩ௣ : ߩ ൌ ௙ߩ ൅  ௣  LVߩ ,௣ . HeUeߩ

UeOaWed WR SROaUL]aWLRQ ࡼ fROORZLQJ: 

௣ߩ ൌ െ∇ ∙ ࡼ ሺ2. 5ሻ 

SLPLOaUO\, WKe WRWaO cXUUeQW deQVLW\ ࡶ LV cRPSRVed Rf cRQdXcWLRQ cXUUeQW ࡶ௙ aQd SROaUL]aWLRQ-

LQdXced cXUUeQW ࡶ௣: ࡶ ൌ ௙ࡶ ൅   :௣ caQ be e[SUeVVed LQ WeUPV Rf SROaUL]aWLRQࡶ ௣. AQdࡶ

௣ࡶ ൌ
ࡼ߲
ݐ߲

ሺ2. 6ሻ 

ASSO\LQJ WKe LdeQWLW\ ∇ ൈ ሺ∇ ൈ ሻࡱ ൌ ∇ ∙ ሺ∇ ∙ ሻࡱ െ ∇ଶࡱ , aQd NQRZLQJ ∇ ∙ ሺ∇ ∙ ሻࡱ ൌ 0 , Ze 

deULYe WKe fROORZLQJ ZaYe eTXaWLRQ: 

∇ଶࡱ െ
1
𝑐ଶ
߲ଶࡱ
߲ଶݐ ൌ ଴ߤ ቆ

௙ࡶ߲
ݐ߲ ൅

߲ଶࡼ
߲ଶݐ ቇ

ሺ2. 7ሻ 

A faU-fLeOd RQ-a[LV VROXWLRQ WR WKe ZaYe eTXaWLRQ (2.7) LV caOcXOaWed aSSUR[LPaWeO\ aV 

[97,98,99,100]:  

ሻݐሺࡱ ൎ െ
଴ߤ
ߨ4

𝑆
ݖ ቆ

௙ࡶ߲
ݐ߲ ൅

߲ଶࡼ
߲ଶݐ ቇ

ሺ2. 8ሻ 

LQ ZKLcK 𝑆 LV WKe UadLaWLRQ aUea, ݖ LV WKe dLVWaQce fURP WKe ePLWWLQJ VXUface WR WKe deWecWRU.  

TKLV VROXWLRQ LQdLcaWeV WKaW WKe WLPe-YaU\LQJ cXUUeQW deQVLW\ RU SROaUL]aWLRQ LQ a PaWeULaO caQ 

be XVed WR JeQeUaWe SURSaJaWLQJ EM ZaYeV. AccRUdLQJO\, WZR WecKQLTXeV aUe deYeORSed WR 

JeQeUaWe TH] EM ZaYe: SKRWRcRQdXcWLYe VZLWcK baVed RQ WLPe-YaU\LQJ cXUUeQW aQd RSWLcaO 

UecWLfLcaWLRQ baVed RQ faVW-cKaQJLQJ SROaUL]aWLRQ. AV LQWURdXced abRYe, TH] JeQeUaWLRQ b\ 

SKRWRcRQdXcWLYe VZLWcKeV LV UeaOL]ed b\ acceOeUaWLQJ WKe SKRWRe[cLWed cKaUJe caUULeUV LQ a 

VePLcRQdXcWRU XQdeU aQ e[WeUQaOO\ aSSOLed RU bXLOW-LQ eOecWULc fLeOd. TKXV, a WUaQVLeQW cXUUeQW LV 

fRUPed, ZKLcK LQ WXUQ ePLWV EM ZaYeV. SLQce WKe faU-fLeOd EM UadLaWLRQ LV SURSRUWLRQaO WR WKe 

fLUVW deULYaWLYe Rf WKLV WUaQVLeQW cXUUeQW, WKe TH] SXOVe dXUaWLRQ deSeQdV VWURQJO\ RQ WKe ULVe aQd 

faOO WLPe Rf WKe cXUUeQW. TKeUefRUe, WKe TH] baQdZLdWK LQ WKLV PeWKRd LV OLPLWed b\ WKe RSWLcaO 

SXOVe dXUaWLRQ, WKe caUULeU VcaWWeULQJ WLPe, WKe dULfW WLPe acURVV WKe acWLYe ePLWWLQJ aUea, aQd, 

PRUe LPSRUWaQWO\, WKe UecRPbLQaWLRQ WLPe Rf SKRWRe[cLWed cKaUJe caUULeUV [91]. IQ cRQWUaVW, TH] 

JeQeUaWLRQ YLa RSWLcaO UecWLfLcaWLRQ LV a QRQ-UeVRQaQW VecRQd-RUdeU QRQOLQeaU SURceVV WKaW UeOLeV 

RQO\ RQ WKe RSWLcaO SXOVe dXUaWLRQ.   

2.2.2 Optical rectification 

PROaUL]aWLRQ LQ PaWWeU ࡼሺ࢑,߱ሻ caQ be LQdXced LQVWaQWaQeRXVO\ b\ aQ e[WeUQaO eOecWULc fLeOd 

,ሺ࢑ࡱ ߱ሻ YLa dLeOecWULc VXVceSWLbLOLW\ ߯: 
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ሻ߱,ሺ࢑ࡼ ൌ ሺߝ െ 1ሻߝ଴ ∙ ,ሺ࢑ࡱ ߱ሻ ൌ ߯ ∙ ,ሺ࢑ࡱ ߱ሻ ሺ2. 9ሻ 

ZKeUe ߝ LV UeOaWLYe dLeOecWULc fXQcWLRQ, ࢑ LV WKe ZaYe YecWRU, ߱ LV WKe aQJXOaU fUeTXeQc\.  

E[SaQdLQJ ࡼሺ࢑,߱ሻ LQWR WKe VeULeV aV a SRZeU Rf ࡱሺ࢑, ߱ሻ: 

,ሺ࢑ࡼ ߱ሻ ൌ ሻ߱,ሺଵሻሺ࢑ࡼ ൅ ,ሺଶሻሺ࢑ࡼ ߱ሻ൅ࡼሺଷሻሺ࢑, ߱ሻ ൅ ⋯ ሺ2. 10ሻ 

ZLWK  

ሺଵሻሺ߱ሻࡼ ൌ ߯ሺଵሻ ∙ ሺ߱௜ሻࡱ ሺ2. 11ሻ 

ሺଶሻሺ߱ሻࡼ ൌ ߯ሺଶሻ ∙ ൫ࡱሺ߱௜ሻࡱ ௝߱൯ ሺ2. 12ሻ 

ሺଷሻሺ߱ሻࡼ ൌ ߯ሺଷሻ ∙ ൫ࡱሺ߱௜ሻࡱ ௝߱൯ࡱሺ߱௞ሻ ሺ2. 13ሻ 

HeUe, ߱௜,௝,௞ LV WKe dLffeUeQW fUeTXeQc\ cRPSRQeQW LQ WKe aSSOLed eOecWULc fLeOd ࡱሺ࢑, ߱ሻ. TKe 

abRYe fRUPXOaV LQdLcaWe WKaW WKe KLJK-RUdeU QRQOLQeaU VXVceSWLbLOLWLeV SURYLde PL[LQJ Rf 

fUeTXeQcLeV Rf dLffeUeQW PRQRcKURPaWLc ZaYeV.  

 
Figure 2.2 _ TH] generation by optical rectification. TKe VKRUW OaVeU SXOVe LQdXceV VecRQd-RUdeU QRQOLQeaU 

SROaUL]aWLRQ, ZKLcK UadLaWeV TH] ZaYeV. 

NRZ Ze ZLOO fRcXV RXUVeOYeV RQ WKe VecRQd-RUdeU SROaUL]aWLRQ WeUP ZKLcK UeVXOWV LQ WKe 

RSWLcaO UecWLfLcaWLRQ XSRQ SKRWRe[cLWaWLRQ aV VKRZQ LQ Figure 2.2. AVVXPLQJ WKeUe aUe WZR EM 

SOaQe ZaYeV ZLWK eOecWULc fLeOd aPSOLWXdeV Rf 𝐴ଵ , 𝐴ଶ  aQd fUeTXeQcLeV Rf ߱ଵ , ߱ଶ : 𝐸ଵሺݐሻ ൌ

𝐴ଵሺtሻcos�ሺ߱ଵ ∙ ሻݐሻ  aQd 𝐸ଶሺݐ ൌ 𝐴ଶሺtሻcos�ሺ߱ଶ ∙  ሻ , WKe VecRQd-RUdeU SROaUL]aWLRQ LV WKeQݐ

e[SUeVVed aV:  

𝑃ሺଶሻሺ߱, ሻݐ ൌ ߯ሺଶሻ𝐴ଵሺtሻ𝐴ଶሺtሻ cosሺ߱ଵ ∙ ሻݐ cosሺ߱ଶ ∙ ሻݐ ሺ2. 14ሻ 

UVLQJ WKe LdeQWLWLeV LQ WKe WULJRQRPeWULc fXQcWLRQV, RQe RbWaLQV WKe fROORZLQJ eTXaWLRQ:  

𝑃ሺଶሻሺ߱, ሻݐ ൌ
1
2߯

ሺଶሻ𝐴ଵሺtሻ𝐴ଶሺtሻ cosሺ߱ଵ ൅ ߱ଶሻݐ ൅
1
2߯

ሺଶሻ𝐴ଵሺtሻ𝐴ଶሺtሻ cosሺ߱ଵ െ ߱ଶሻݐ ሺ2. 15ሻ 

TKeUefRUe, WKe VecRQd-RUdeU SROaUL]aWLRQ cRQWaLQV WZR cRPSRQeQWV ZLWK VXm aQd diffeUence 

fUeTXeQcLeV. FXUWKeUPRUe, Lf WKe WZR SOaQe ZaYeV aUe LdeQWLcaO, WKaW LV, 𝐴ଵ ൌ 𝐴ଶ ൌ 𝐴 aQd ߱ଵ ൌ

߱ଶ ൌ ߱, WKeQ e[SUeVVLRQ ሺ2.15ሻ LV UedXced WR:  

𝑃ሺଶሻሺ߱, ሻݐ ൌ
1
2߯

ሺଶሻ𝐴ଶሺݐሻ cosሺ2߱ሻݐ ൅
1
2߯

ሺଶሻ𝐴ଶሺݐሻ ሺ2. 16ሻ 

BULQJ (2.16) bacN WR VROXWLRQ (2.8), WKe faU-fLeOd EM ZaYe LV RbWaLQed. TKe fLUVW WeUP KeUe KaV 
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a dRXbOed caUULeU fUeTXeQc\ Rf 2߱, VR LW caQ be XVed fRU Vecond haUmonic geneUaWion (SHG). 

WKLOe WKe VecRQd WeUP KaV QR fUeTXeQc\ deSeQdeQce, LW LV VXLWabOe fRU opWical UecWificaWion (OR). 

TR acKLeYe effLcLeQW OR, WKUee baVLc UeTXLUePeQWV Qeed WR be fXOfLOOed: 

1) MRdXOaWed OaVeU 

AccRUdLQJ WR VROXWLRQ (2.8), WLPe-YaU\LQJ SROaUL]aWLRQ LV Qeeded WR JeQeUaWe EM ZaYeV. SLQce 

WKe SROaUL]aWLRQ UeOLeV RQO\ RQ WKe eQYeORSe Rf WKe LQcRPLQJ OaVeU SXOVe, PRdXOaWed SXOVe ZLWK 

WLPe-YaU\LQJ aPSOLWXdeV LV QeceVVaU\. 

2) SWURQJ eOecWULc fLeOd  

HLJKeU-RUdeU QRQOLQeaU SROaUL]aWLRQV aUe RfWeQ WRR ZeaN WR JeQeUaWe aSSUecLabOe EM ZaYeV. 

TKe UaWLR Rf WZR VXcceVVLYe SROaUL]aWLRQ WeUPV caQ be URXJKO\ aSSUR[LPaWed aV:  

ቤ
𝑃ሺ௡ାଵሻ

𝑃ሺ௡ሻ
ቤ ൌ ቤ

߯ሺ௡ାଵሻ ∙ 𝐸
߯ሺ௡ሻ

ቤ ൎ ฬ
𝐸

𝐸௠௔௧
ฬ ሺ2. 17ሻ 

HeUe, 𝐸௠௔௧ LV WKe LQKeUeQW eOecWULc fLeOd LQVLde a PaWeULaO, ZKLcK LV W\SLcaOO\ RQ WKe RUdeU Rf 

108 V/cP. FRU OR, WKe SRZeU VcaOeV WR WKe VTXaUe Rf OaVeU LQWeQVLW\, aQd WKe SRZeU cRQYeUVLRQ 

effLcLeQc\ LV TXLWe ORZ, LQ WKe UaQJe Rf 10-6 - 10-3. TKeUefRUe, a SRZeUfXO OaVeU ZLWK a VWURQJ 

eOecWULc fLeOd LV UeTXLUed.  

3) NRQ-ceQWURV\PPeWULc PaWeULaO 

AV KLJKeU-RUdeU SROaUL]aWLRQ deSeQdV RQ LQcRPLQJ OaVeU eOecWULc fLeOd, aV ZeOO aV KLJKeU-RUdeU 

VXVceSWLbLOLW\, WKe PaWeULaO V\PPeWU\ QeedV WR be cRQVLdeUed. ߯ሺ௡ሻ LV a WeQVRU, ZKLcK cRUUeOaWeV 

VWURQJO\ ZLWK WKe LQWeUQaO V\PPeWU\ Rf WKe PaWeULaO. FRU ceQWURV\PPeWULc PaWeULaO, fRU e[aPSOe, 

VLOLcRQ, ߯ሺଶ௡ሻ ൌ 0 (݊ ൌ 1, 2, 3…). TKeUefRUe, QRQ-ceQWURV\PPeWULc PaWeULaOV aUe UeTXLUed fRU 

RSWLcaO UecWLfLcaWLRQ.  

2.2.3 Free-space electrooptic sampling (FEOS) 

TH] deWecWLRQ XWLOL]ed LQ WKLV WKeVLV LV fUee-Vpace elecWUoopWic (EO) Vampling ZKLcK LV baVed 

RQ PockelV effecW RU lineaU elecWUoopWic effecW. IQ PRcNeOV effecW, WKe UefUacWLYe LQde[ Rf a PedLXP 

caQ be PRdLfLed OLQeaUO\ b\ WKe aSSOLed eOecWULc fLeOd [91]. TKLV ZLOO LQdXce RU cKaQJe WKe 

bLUefULQJeQce LQ a QRQ-ceQWURV\PPeWULc EO cU\VWaO. IQ 1996, ZKaQJ eW al. Pade XVe Rf WKLV effecW 

aQd LQYeQWed FEOS fRU TH] deWecWLRQ [101]. IQ WKLV PeWKRd, WKe TH] fLeOd-LQdXced 

bLUefULQJeQce LV SURbed b\ PeaVXULQJ WKe SROaUL]aWLRQ cKaQJe Rf aQRWKeU OLQeaUO\ SROaUL]ed, cR-

SURSaJaWLQJ XOWUaVKRUW RSWLcaO SXOVe (L.e., VaPSOLQJ SXOVe). BecaXVe WKe SROaUL]aWLRQ cKaQJe LV 

OLQeaUO\ SURSRUWLRQaO WR WKe TH] eOecWULc fLeOd, WKe WLPe-dRPaLQ TH] ZaYefRUP caQ WKXV be 

PaSSed RXW b\ YaU\LQJ WKe UeOaWLYe deOa\ beWZeeQ WKe VaPSOLQJ SXOVe aQd WKe TH] SXOVe YLa aQ 

RSWLcaO deOa\ OLQe. TKe adYaQWaJe Rf FEOS LV WKaW WKe WLPe UeVROXWLRQ LV LQ SULQcLSOe RQO\ OLPLWed 

b\ WKe RSWLcaO SXOVe dXUaWLRQ [91]. 

Figure 2.3 VKRZV WKe FEOS deWecWLRQ VcKePe XVed LQ RXU VeWXS. We XVe �110!-RULeQWaWed 
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]LQc WeOOXULde (ZQTe) aV EO cU\VWaO. ZQTe cU\VWaO KaV a cXbLc OaWWLce, beORQJLQJ WR WKe 4ത3݉ 

V\PPeWU\ cOaVV. AV a UeVXOW, WKe UefUacWLYe LQdLceV aUe WKe VaPe LQ aOO dLUecWLRQV LQ WKe abVeQce 

Rf aQ e[WeUQaO eOecWULc fLeOd. NRZ WKe OLQeaUO\ SROaUL]ed VaPSOLQJ SXOVe ZLOO e[SeULeQce QR 

SROaUL]aWLRQ cKaQJe afWeU SURSaJaWLQJ WKURXJK WKe ZQTe cU\VWaO. TKURXJK a TXaUWeU-ZaYeSOaWe, 

WKe VaPSOLQJ SXOVe becRPe cLUcXOaUO\ SROaUL]ed aQd LV WKeQ VeSaUaWed b\ WKe WROOaVWRQ SULVP 

LQWR WZR beaPV (𝐼௦  aQd 𝐼௣ ) ZLWK OLQeaU SROaUL]aWLRQV RUWKRJRQaO WR eacK RWKeU. TKeVe WZR 

cRPSRQeQWV KaYe WKe VaPe eOecWULc fLeOd LQWeQVLW\ ZKLcK WKXV OeadV WR QR QeW cXUUeQW LQ WKe 

baOaQced SKRWRdLRdeV, WKaW LV, ∆𝐼 ൌ 𝐼௦ െ 𝐼௣ ൌ 0.  

OQ WKe RWKeU KaQd, ZKeQ TH] SXOVe LQcLdeQWV XSRQ WKe ZQTe cU\VWaO, WKe UefUacWLYe LQdLceV Rf 

WKe cU\VWaO ZLOO be PRdXOaWed WR JLYe ULVe WR bLUefULQJeQce. NRZ WKe eOecWULc fLeOd cRPSRQeQWV 

Rf WKe VaPSOLQJ SXOVe aORQJ faVW aQd VORZ RSWLcaO a[eV (ZLWK cRUUeVSRQdLQJ UefUacWLYe LQdLceV Rf 

௙݊ aQd ݊௦) ZLOO e[SeULeQce SKaVe UeWaUdaWLRQ ∆߶. MRUe VSecLfLcaOO\, WKLV SKaVe UeWaUdaWLRQ caQ 

be PaWKePaWLcaOO\ e[SUeVVed aV fROORZLQJ [102]: 

∆߶ ൌ
߱ ∙ ൫ ௙݊ െ ݊௦൯ ∙ 𝑑

𝑐 ൌ
1
2
߱ ∙ ݊଴ଷ ∙ ସଵݎ ∙ 𝑑 ∙ 𝐸்ு௭

𝑐
ሺ2. 18ሻ 

HeUe, ݊଴ ൌ 2.58 LV WKe UefUacWLYe LQde[ Rf WKe ZQTe cU\VWaO ZLWKRXW e[WeUQaO eOecWULc fLeOd 

ସଵݎ ,[103] ൌ  ,𝑉  LV WKe EO cReffLcLeQW [104], 𝑑  LV WKe WKLcNQeVV Rf WKe ZQTe cU\VWaO/݉݌�4.1

𝐸்ு௭ LV WKe eOecWULc fLeOd Rf WKe LQcLdeQW TH] SXOVe.  

 
Figure 2.3 _ TH] detection by free-space electro-optic sampling. TKe RSWLcaO eOePeQWV UeTXLUed fRU EO 

VaPSOLQJ LV VKRZQ abRYe aQd WKe cRUUeVSRQdLQJ SROaUL]aWLRQ VWaWeV Rf WKe VaPSOLQJ SXOVe afWeU eacK eOePeQW 

aUe VKRZQ beORZ fRU bRWK cRQdLWLRQV, WKaW LV, ZLWK aQd ZLWKRXW TH] LOOXPLQaWLRQ.  

DXe WR WKe SKaVe UeWaUdaWLRQ, WKe OLQeaUO\ SROaUL]ed VaPSOLQJ SXOVe ZLOO becRPe eOOLSWLcaOO\ 

SROaUL]ed aQd QRZ WKe VeSaUaWed WZR beaPV afWeU WKe WROOaVWRQ SULVP KaYe dLffeUeQW LQWeQVLWLeV. 

TKeUefRUe, a QeW SKRWRcXUUeQW LV JeQeUaWed LQ WKe baOaQced SKRWRdLRdeV ZKLcK caQ be Uead RXW 

b\ a ORcN-LQ aPSOLfLeU. IQ WKe VPaOO-VLJQaO aSSUR[LPaWLRQ, L.e., ∆߶ ≪ 1, WKe dLffeUeQWLaO cXUUeQW 
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LV SURSRUWLRQaO WR WKe TH] eOecWULc fLeOd ∆𝐼 ൌ 𝐼௦ െ 𝐼௣ ∝ 𝐸்ு௭ [105]. B\ YaU\LQJ WKe UeOaWLYe 

WLPe deOa\ beWZeeQ WKe TH] SXOVe aQd WKe VaPSOLQJ SXOVe, WKe WLPe-UeVROYed SKRWRcXUUeQW 

WUaQVLeQW caQ be UecRUded, VR WKaW RQe RbWaLQV WLPe-dRPaLQ TH] eOecWULc fLeOd. AV WKe VaPSOLQJ 

SXOVe KaV a WLPe dXUaWLRQ Rf 10V fV ZKLcK LV PXcK VKRUWeU WKaQ WKaW Rf TH] SXOVe Rf ~1 SV, WKe 

WLPe UeVROXWLRQ LQ FEOS LV PaLQO\ OLPLWed b\ WKe VaPSOLQJ SXOVe dXUaWLRQ. YeW, WKeUe aUe RWKeU 

facWRUV WKaW caQ LQfOXeQce WKe WePSRUaO aQd fUeTXeQc\ UeVROXWLRQ fRU EO VaPSOLQJ, e.J., WKe SKaVe 

PLVPaWcK beWZeeQ SKaVe YeORcLW\ Rf TH] SXOVe aQd JURXS YeORcLW\ Rf VaPSOLQJ SXOVe, WKe 

dLVSeUVLRQ Rf WKe QRQOLQeaU VXVceSWLbLOLW\, WKe fUeTXeQc\ deSeQdeQce Rf WKe abVRUSWLRQ aQd 

UefUacWLYe LQde[ Rf WKe EO cU\VWaO. 

2.3 Experimental setup 

 
Figure 2.4 _ Schematic illustration of the TH] setup.  

TKe TH] VSecWURVcRS\ VeWXS XVed fRU WKe ZRUNV LQ WKLV WKeVLV LV dULYeQ b\ a cRPPeUcLaO, 

UeJeQeUaWLYe aPSOLfLed, PRde-ORcNed WLWaQLXP-VaSSKLUe (TL: VaSSKLUe) SXOVed OaVeU ZLWK 1 NH] 

UeSeWLWLRQ UaWe, 800 QP ceQWUaO ZaYeOeQJWK aQd VXb-100 fV SXOVe dXUaWLRQ. TKe RXWSXW OaVeU LV 

VeSaUaWed LQWR WKUee SaUWV b\ beaP VSOLWWeUV aV VKRZQ LQ Figure 2.4, RQe fRU TH] JeQeUaWLRQ, 

RQe fRU VaPSOLQJ, aQd RQe fRU SKRWRe[cLWLQJ WKe PaWeULaO Rf LQWeUeVW, L.e., SXPS.  

TKe TH] SXOVe LV JeQeUaWed baVed RQ RSWLcaO UecWLfLcaWLRQ b\ VKeddLQJ 800 QP SXOVe RQ a 1 

PP WKLcN, �110!-RULeQWaWed ZQTe cU\VWaO. ZQTe cU\VWaO LV RQe Rf WKe PRVW SRSXOaU TH] 

JeQeUaWRUV, dXe WR bRWK WKe OaUJe VecRQd-RUdeU QRQOLQeaU VXVceSWLbLOLW\ (߯ሺଶሻ ൌ 1.6 ൈ 10ି଻�𝑒ݑݏ) 

aQd eOecWURRSWLc cReffLcLeQW (ݎସଵ ൌ  𝑉) aW 800 QP. BeVLdeV, LW KaV a OaUJe baQdJaS Rf/݉݌�4.04

2.28 eV, ZKLcK PaNeV LW WUaQVSaUeQW fRU 800 QP SXPS OaVeU. AfWeU WKe TH] JeQeUaWLRQ, WKe 
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WUaQVPLWWed 800 QP beaP WKURXJK ZQTe LV bORcNed b\ a WKLcN SRO\PeULc fRaP. TKe JeQeUaWed 

TH] SXOVe LV WKeQ cROOecWed, cROOLPaWed aQd eYeQWXaOO\ fRcXVed b\ 90q Rff-a[LV SaUabROLc PLUURUV 

RQ WKe deWecWLQJ PedLXP. TKe LQYeVWLJaWed VaPSOeV ZLOO be SOaced aW WKe fRcXV Rf TH] SXOVe 

beWZeeQ WZR SaUabROLc PLUURUV. SLQce WKe TH] UadLaWLRQ LV LQYLVLbOe WR QaNed e\eV, Ze XVe Ued 

OLJKW dLRdeV WR aOLJQ WKe TH] beaP.  

FRU TH] deWecWLRQ, aQRWKeU ZQTe cU\VWaO LV ePSOR\ed fRU fUee-VSace eOecWUR-RSWLc VaPSOLQJ, 

aV dLVcXVVed LQ WKe OaVW VecWLRQ. OQce WKe TH] SXOVe LQcLdeQWV XSRQ WKe ZQTe cU\VWaO, LWV eOecWULc 

fLeOd LQdXceV bLUefULQJeQce. NRZ a ZeaN 800 QP VaPSOLQJ SXOVe JReV WKURXJK a KaOf ZaYeSOaWe 

aQd a SROaUL]eU, aQd WKeQ SURSaJaWeV cROOLQeaUO\ WKURXJK ZQTe cU\VWaO. TKe LQdXced 

bLUefULQJeQce b\ TH] eOecWULc fLeOd caXVeV eOOLSWLcaO SROaUL]aWLRQ Rf WKe LQLWLaOO\ OLQeaUO\ 

SROaUL]ed VaPSOLQJ SXOVe. AfWeU a TXaUWeU ZaYeSOaWe aQd a WROOaVWRQ SULVP, WKe eOOLSWLcaOO\ 

SROaUL]ed VaPSOLQJ SXOVe LV VeSaUaWed LQWR WZR OLQeaUO\ SROaUL]ed SXOVeV. TKeVe WZR 

SROaUL]aWLRQV aUe RUWKRJRQaO WR eacK RWKeU. TKe LQWeQVLW\ Rf WZR VeSaUaWed SXOVeV LV deWecWed b\ 

a baOaQced SKRWRdLRdeV JeQeUaWLQJ a dLffeUeQWLaO YROWaJe WKaW LV SURSRUWLRQaO WR WKe WUaQVLeQW TH] 

eOecWULc fLeOd. TKLV VPaOO YROWaJe VLJQaO LV fLOWeUed RXW aQd aPSOLfLed b\ a MRdeO 7270 DSP ORcN-

LQ aPSOLfLeU. TR UeVROYe WKe WePSRUaO SURfLOe Rf TH] ZaYe, WKe aUULYaO Rf WKe VaPSOLQJ SXOVe aW 

WKe ZQTe deWecWLQJ cU\VWaO LV deOa\ed UeOaWLYe WR WKe TH] SXOVe b\ a PRWRUL]ed RSWLcaO deOa\ 

VWaJe. 

FRU VWXd\LQJ WKe TH] UeVSRQVe Rf SKRWRe[cLWed PaWeULaOV, a SXPS SXOVe LV XWLOL]ed, WKe 

ZaYeOeQJWK Rf ZKLcK caQ be PRdXOaWed b\ eLWKeU beWa-baULXP-bRUaWe (BBO) RU RSWLcaO 

SaUaPeWULc aPSOLfLeU (OPA). TKe aYaLOabOe ZaYeOeQJWK UaQJeV fURP deeS XOWUaYLROeW (UV) WR 

QeaU-LQfUaUed (IR). TR VWXd\ WKe cKaUJe caUULeU d\QaPLcV, WKe SXPS deOa\ UeOaWLYe WR WKe TH] 

SXOVe, L.e., WKe SXPS-SURbe deOa\ WLPe, LV UeaOL]ed YLa aQRWKeU RSWLcaO deOa\ VWaJe. IQ RXU VeWXS, 

WKe SXPS SXOVe SURSaJaWeV cROOLQeaUO\ ZLWK WKe TH] SXOVe WR LPSLQJe RQ WKe VaPSOe. 

2.4 Extracting conductivity  

TKeUe aUe WKUee eTXLYaOeQW cRPSOe[-YaOXed SaUaPeWeUV WR cKaUacWeUL]e WKe eOecWURQLc 

SURSeUWLeV Rf a PaWeULaO Rf LQWeUeVW: cRQdXcWLYLW\ ߪ෤ሺ߱ሻ, UefUacWLYe LQde[ ෤݊ሺ߱ሻ, aQd SeUPLWWLYLW\ 

  :ሺ߱ሻ. AOO WKeVe WKUee SaUaPeWeUV aUe UeOaWed aṼߝ

ሺ߱ሻ̃ߝ ൌ ෤݊ଶሺ߱ሻ ሺ2. 19ሻ 

෤ሺ߱ሻߪ ൌ െ𝑖 ∙ ሺ̃ߝሺ߱ሻ െ 1ሻ ∙ ଴ߝ ∙ ߱ ሺ2. 20ሻ 

LQ ZKLcK ߱ LV WKe aQJXOaU fUeTXeQc\, ߝ଴ LV WKe YacXXP SeUPLWWLYLW\, 𝑖 LV WKe LPaJLQaU\ XQLW. 

TKeUefRUe, WKeVe WKUee TXaQWLWLeV cRQWaLQ WKe VaPe RSWReOecWURQLc LQfRUPaWLRQ. IQ WKLV WKeVLV, Ze 

SULPaULO\ XVe WKe cRPSOe[ cRQdXcWLYLW\ ߪ෤ሺ߱ሻ WR deVcULbe WKe PaWeULaO UeVSRQVe LQ WKe fROORZLQJ 

TH] VSecWURVcRSLc VWXdLeV. DeSeQdLQJ RQ WKe dLffeUeQW RSeUaWLRQ PRdeV Rf TH] VSecWURVcRS\, 

Ze aUe abOe WR e[WUacW WKe VWaWLc cRQdXcWLYLW\ (ZLWKRXW SKRWRe[cLWaWLRQ) aQd SKRWRcRQdXcWLYLW\ 
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(ZLWK SKRWRe[cLWaWLRQ). 

2.4.1 THz time-domain spectroscopy (THz-TDS) 

TH]-TDS PeaVXUeV WKe TH] WUaQVPLVVLRQ WKURXJK WKe PaWeULaO Rf LQWeUeVW LQ WKe eTXLOLbULXP 

cRQdLWLRQ, L.e., ZLWKRXW SKRWRe[cLWaWLRQ. IQ a SUacWLcaO PeaVXUePeQW, a WKLQ fLOP PaWeULaO LV 

XVXaOO\ deSRVLWed RQ a fXVed VLOLca VXbVWUaWe RU VaQdZLcKed b\ fURQW aQd bacN fXVed VLOLca 

ZLQdRZV. TR accXUaWeO\ deULYe WKe cRQdXcWLYLW\, RQe QeedV WR WaNe WKe VXbVWUaWeV LQWR accRXQW, 

L.e., PeaVXUeV WKe TH] WUaQVPLVVLRQ WKURXJK RQO\ SXUe VXbVWUaWeV aV WKe UefeUeQce VLJQaO. AV 

VKRZQ LQ Figure 2.5, Ze cRQVLdeU a JeQeUaO VLWXaWLRQ ZKeUe WKe VaPSOe ZLWK a UefUacWLYe LQde[ 

Rf ෤݊௦  LV VaQdZLcKed beWZeeQ WZR dLeOecWULc ZLQdRZV ZLWK UefUacWLYe LQdLceV Rf ݊ଵ  aQd ݊ଶ . 

TKe ZKROe VaPSOe LV VXUURXQded b\ dU\ aLU RU QLWURJeQ (݊଴ ൌ 1). NRZ a TH] SXOVe ZLWK aQ 

eOecWULc fLeOd ࡱ෩૙ሺ߱ሻ LV QRUPaOO\ LQcLdeQW RQ WKe fURQW ZLQdRZ, aQd WKeQ WKe TH] WUaQVPLVVLRQ 

  :ሺ߱ሻ LV deVcULbed aV࢓ࢇ෩࢙ࡱ

ሺ߱ሻ࢓ࢇ෩࢙ࡱ ൌ ෩૙ሺ߱ሻࡱ ∙ ଴ଵݐ ∙ 𝑒௜∙ఠ∙௡భ∙௟భ ௖⁄ ∙ ଵ௦ݐ̃ ∙ 𝑒௜∙ఠ∙௡෤ೞ∙ௗ ௖⁄ ∙ ௦ଶݐ̃ ∙ 𝑀𝑅෪ ∙ 𝑒௜∙ఠ∙௡మ∙௟మ ௖⁄ ∙ ଶ଴ݐ ሺ2. 21ሻ 

FRU WKe UefeUeQce VLJQaO:  

ሺ߱ሻࢌࢋ෩࢘ࡱ ൌ ෩૙ሺ߱ሻࡱ ∙ ଴ଵݐ ∙ 𝑒௜∙ఠ∙௡భ∙௟భ ௖⁄ ∙ ଵ௦ݐ ∙ 𝑒௜∙ఠ∙ௗ ௖⁄ ∙ ௦ଶݐ ∙ 𝑒௜∙ఠ∙௡మ∙௟మ ௖⁄ ∙ ଶ଴ݐ ሺ2. 22ሻ 

TKeUeb\ WKe UaWLR Rf WKe VaPSOe VLJQaO WR WKe UefeUeQce VLJQaO UeadV aV:  

 
Figure 2.5 _ TH] transmission through thin films. FRU a JeQeUaO Oa\RXW, WKe WKLQ fLOP ZLWK WKLcNQeVV Rf d 

LV VaQdZLcKed beWZeeQ fURQW aQd bacN dLeOecWULc ZLQdRZV ZLWK WKLcNQeVVeV Rf ݈ଵ aQd ݈ଶ, UeVSecWLYeO\. 

෩ሺ߱ሻࢀ ൌ
ሺ߱ሻ࢓ࢇ෩࢙ࡱ
ሺ߱ሻࢌࢋ෩࢘ࡱ

ൌ
ଵ௦ݐ̃ ∙ ௦ଶݐ̃
ଵ௦ݐ ∙ ௦ଶݐ

∙ 𝑒௜∙ఠ∙ሺ௡෤ೞିଵሻ∙ௗ ௖⁄ ∙ 𝑀𝑅෪ ሺ2. 23ሻ 

𝑀𝑅෪  LV a facWRU Lf cRQVLdeULQJ WKe PXOWLSOe UefOecWLRQ ZLWKLQ WKe WKLQ fLOP aQd JLYeQ b\: 

𝑀𝑅෪ ൌ
1

1 െ ௦ଵݎ̃ ∙ ௦ଶݎ̃ ∙ 𝑒௜∙ଶ∙ఠ∙௡෤ೞ∙ௗ ௖⁄ ሺ2. 24ሻ 

HeUe, ݐ௫௬  aQd ݎ௫௬  aUe WKe FUeVQeO fLeOd WUaQVPLVVLRQ aQd UefOecWLRQ cReffLcLeQWV. MRUe 
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VSecLfLcaOO\, fRU LVRWURSLc, KRPRJeQeRXV VaPSOeV aQd dLeOecWULc ZLQdRZV ZLWK QeJOLJLbOe 

PaJQeWLc SURSeUWLeV, ̃ݐଵ௦ ൌ
ଶ∙௡భ
௡భା௡෤ೞ

௦ଶݐ̃ ,  ൌ
ଶ∙௡෤ೞ
௡మା௡෤ೞ

ଵ௦ݐ ,  ൌ
ଶ∙௡భ
௡భାଵ

௦ଶݐ ,  ൌ
ଶ

௡భାଵ
௦ଵݎ̃ ,  ൌ

௡భି௡෤ೞ
௡భା௡෤ೞ

௦ଶݎ̃ ,  ൌ

௡మି௡෤ೞ
௡మା௡෤ೞ

. 

SXbVWLWXWLQJ ZLWK WKe abRYe FUeVQeO cReffLcLeQWV, RQe JeWV: 

෩ሺ߱ሻࢀ ൌ
ሺ݊ଵ ൅ 1ሻ ∙ ሺ݊ଶ ൅ 1ሻ ∙ ෤݊௦

2 ∙ ሺ݊ଵ ൅ ݊ଶሻ ∙ ෤݊௦ ∙ 𝑐ݏ݋
߱ ∙ ෤݊௦ ∙ 𝑑

𝑐 െ 𝑖 ∙ 2 ∙ ሺ݊ଵ ∙ ݊ଶ ൅ ෤݊௦ଶሻ ∙ 𝑖݊ݏ
߱ ∙ ෤݊௦ ∙ 𝑑

𝑐

ሺ2. 25ሻ 

VeU\ RfWeQ, Ze deaO ZLWK YeU\ WKLQ cRQdXcWLYe fLOPV ZLWK WKLcNQeVV Rf 10V WR 100V Rf QP, eYeQ 

OeVV LQ VRPe caVeV, fRU e[aPSOe, VLQJOe RU feZ Oa\eUV Rf WZR-dLPeQVLRQaO PaWeULaOV. TKeUefRUe, 

WZR aSSUR[LPaWLRQV caQ be Pade WR VLPSOLf\ WKe daWa aQaO\VLV: 

1) TKLQ fLOP aSSUR[LPaWLRQ, WKaW LV, WKe WKLcNQeVV Rf WKe VaPSOe LV PXcK VPaOOeU WKaQ WKe TH] 

ZaYeOeQJWK: ௗ
ఒ
≪ 1, L.e., ఠ∙ௗ

௖
≪ 1. WLWK WKLV aSSUR[LPaWLRQ, WKe eTXaWLRQ LV VLPSOLfLed WR: 

෩ሺ߱ሻࢀ ൎ
ሺ݊ଵ ൅ 1ሻ ∙ ሺ݊ଶ ൅ 1ሻ

2 ∙ ሺ݊ଵ ൅ ݊ଶሻ െ 𝑖 ∙ 2 ∙ ൫݊ଵ ∙ ݊ଶ ൅ ෤݊௦ଶ൯ ∙
߱ ∙ 𝑑
𝑐

ሺ2. 26ሻ 

2) CRQdXcWLYe aSSUR[LPaWLRQ: ෤݊௦ ≫ ݊ଵ, ෤݊௦ ≫ ݊ଶ, 

෩ሺ߱ሻࢀ ൎ
ሺ݊ଵ ൅ 1ሻ ∙ ሺ݊ଶ ൅ 1ሻ

2 ∙ ሺ݊ଵ ൅ ݊ଶሻ െ 𝑖 ∙ 2 ∙ ෤݊௦ଶ ∙
߱ ∙ 𝑑
𝑐

ሺ2. 27ሻ 

IQ WKLV WKeVLV, WKe fURQW ZLQdRZ LV XVXaOO\ WKe QLWURJeQ, VR ݊ଵ ൌ 1. FRU WKLV VSecLaO caVe, Ze 

e[WUacW WKe VWaWLc cRQdXcWLYLW\ ߪ଴ሺ߱ሻ aV fROORZLQJ: 

଴ሺ߱ሻߪ ൌ
1 ൅ ݊ଶ
𝑍଴ ∙ 𝑑

∙ ൬
1
෩ࢀ
െ 1൰ ሺ2. 28ሻ 

LQ ZKLcK 𝑍଴ UeSUeVeQWV WKe fUee VSace LPSedaQce (𝑍଴ ൌ
ଵ

ఌబ∙௖
). TKLV LV WKe VR-caOOed TLQNKaP 

fRUPXOa.  

2.4.2 Optical pump - THz probe spectroscopy 

WKaW PaNeV TH] VSecWURVcRS\ UeaOO\ SRZeUfXO aQd XQLTXe LQ VWXd\LQJ PaWeULaO SURSeUWLeV LV 

LWV SXPS-SURbe cRQfLJXUaWLRQ. IQ WKLV WKeVLV, aQ RSWLcaO SXOVe fURP XOWUaYLROeW (UV) WR LQfUaUed 

(IR) LV ePSOR\ed WR SXPS WKe VaPSOe RXW Rf eTXLOLbULXP, aQd WKeQ WKe TH] SXOVe LV VeQW 

SURSaJaWLQJ WKURXJK WKe VaPSOe ZLWK a cRQWUROOed SXPS-SURbe deOa\ WLPe ݐ௉ WR SURbe WKe WLPe-

deSeQdeQW SKRWRcRQdXcWLYLW\. IQ cRQVeTXeQce, WKLV WecKQLTXe LV RfWeQ caOOed RSWLcaO SXPS - TH] 

SURbe VSecWURVcRS\ (OPTP). BeQefLWWed fURP WKe KLJK WLPe UeVROXWLRQ, OPTP LV caSabOe Rf 

deWecWLQJ XOWUafaVW caUULeU d\QaPLcV, LQcOXdLQJ KRW caUULeU WKeUPaOL]aWLRQ aQd cRROLQJ, cKaUJe 

UecRPbLQaWLRQ, cKaUJe WUaQVfeU LQ WKe KeWeURVWUXcWXUeV, aQd VR RQ. BecaXVe Rf WKe cRKeUeQW TH] 

VaPSOLQJ aSSURacK, RQe caQ PRQLWRU WKe SXPS-LQdXced TH] WUaQVPLVVLRQ cKaQJe b\ ORRNLQJ aW 

RQe VLQJOe SRLQW LQ WKe TH] ZaYe RU VcaQQLQJ WKe ZKROe TH] SXOVe. TKeUefRUe, OPTP caQ be 
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cOaVVLfLed LQWR WZR dLffeUeQW PRdeV: 1D VSecWURVcRS\ aQd 2D VSecWURVcRS\.  

FRU 1D VSecWURVcRS\, RQe fL[eV WKe VaPSOLQJ SXOVe aW a VSecLfLc SRLQW LQ WKe TH] ZaYefRUP 

aQd WKeQ UecRUdV LWV cKaQJe aV a fXQcWLRQ Rf SXPS-SURbe deOa\ WLPe ݐ௉, LQ RWKeU ZRUdV, WKe 

VaPSOLQJ deOa\ VWaJe LV fL[ed ZKLOe RQO\ WKe SXPS deOa\ VWaJe LV PRYLQJ. IQ VXcK a Za\, RQe 

caQ eaVLO\ RbWaLQ WKe WLPe-UeVROYed TH] WUaQVPLVVLRQ cKaQJe ZKLcK caQ be UeOaWed WR WKe caUULeU 

d\QaPLcV. 

 
Figure 2.6 _ Real and imaginary photoconductivity measurement in 1D OPTP configuration. WKeQ 

WKe VaPSOLQJ SXOVe LV fL[ed aW WKe TH] SeaN (Ued aUURZ), WKe SKRWRLQdXced PRdXOaWLRQ Rf WKe TH] 

WUaQVPLVVLRQ VcaOeV OLQeaUO\ ZLWK WKe UeaO SaUW Rf WKe SKRWRcRQdXcWLYLW\; WKLOe WKe LPaJLQaU\ SaUW Rf WKe 

SKRWRcRQdXcWLYLW\ LV JLYeQ b\ PeaVXULQJ WKe cKaQJe Rf WKe ]eUR-cURVVLQJ (bOXe aUURZ). 

DeSeQdLQJ RQ WKe e[acW VaPSOLQJ SRLQW LQ WKe TH] ZaYe, QRW RQO\ WKe TH] LQWeQVLW\ cKaQJe 

bXW aOVR WKe SKaVe YaULaQce caQ be UeVROYed LQ WLPe aV VKRZQ LQ Figure 2.6. 

WKeQ WKe VaPSOLQJ SXOVe LV fL[ed aW WKe SeaN Rf WKe PaLQ TH] SXOVe, RQe PeaVXUeV RQO\ WKe 

LQWeQVLW\ cKaQJe PRdXOaWed b\ SKRWRe[cLWaWLRQ, L.e., WKe UeaO SaUW Rf SKRWRcRQdXcWLYLW\. NRWe 

KeUe, WKLV PeWKRd LV YaOLd RQO\ ZKeQ WKe SKaVe PRdXOaWLRQ RU WKe UefUacWLYe LQde[ cKaQJe afWeU 

SKRWRe[cLWaWLRQ LV VXbVWaQWLaOO\ VPaOO. 

WKeQ WKe VaPSOLQJ SXOVe LV fL[ed aW WKe ]eUR-cURVVLQJ SRLQW, RQe PeaVXUeV SULPaULO\ WKe SKaVe 

cKaQJe b\ SKRWRe[cLWaWLRQ, L.e., WKe LPaJLQaU\ SaUW Rf SKRWRcRQdXcWLYLW\. IQ WKe cORVe YLcLQLW\ Rf 

WKLV cURVVLQJ SRLQW, WKe TH] eOecWULc fLeOd LV OLQeaUO\ SURSRUWLRQaO WR WKe SKaVe PRdXOaWLRQ. 

1D VSecWURVcRS\ PeaVXUeV WKe fUeTXeQc\-aYeUaJed TH] WUaQVPLVVLRQ cKaQJe aV a fXQcWLRQ Rf 

SXPS-SURbe deOa\ WLPe, VR WKe fUeTXeQc\-deSeQdeQW TH] VSecWUXP LV PLVVLQJ, ZKLcK LV 

KRZeYeU YeU\ LPSRUWaQW aQd XVefXO fRU RbWaLQLQJ LQWULQVLc PaWeULaO SURSeUWLeV. BeVLdeV, a 1D 

VcaQ LV QRW adeTXaWe aQd accXUaWe ZKeQ WKeUe LV a OaUJe cKaQJe Rf WKe UefUacWLYe LQde[ LQ WKe 

SKRWRUeVSRQVe RU WUaQVLeQW TH] SXOVe dLVWRUWLRQ [106]. FRU WKLV SXUSRVe, 2D VSecWURVcRS\ LV 

eVWabOLVKed aV a SRZeUfXO WRRO WR JaLQ PRUe LQfRUPaWLRQ abRXW WKe LQWULQVLc cKaUJe WUaQVSRUW 

SURSeUWLeV. IQVWead Rf fL[LQJ WKe VaPSOLQJ SXOVe aW RQe VSecLfLc SRLQW LQ WKe TH] ZaYefRUP, RQe 

VcaQV WKe ZKROe TH] SXOVe LQ WLPe dRPaLQ ZLWK UeVSecW WR a fL[ed SXPS-SURbe deOa\ WLPe LQ 2D 
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VSecWURVcRS\. B\ UecRUdLQJ WKe TH] eOecWULc fLeOd befRUe aQd afWeU WKe SKRWRe[cLWaWLRQ, aQd WKeQ 

aSSO\LQJ WKe FRXULeU TUaQVfRUPaWLRQ, WKe fUeTXeQc\-UeVROYed cRPSOe[ SKRWRcRQdXcWLYLW\ 

VSecWUXP caQ be acKLeYed aW YaULed SXPS-SURbe deOa\ WLPeV. HRZeYeU, LQWULQVLc cRPSOLcaWLRQV 

RccXU fRU daWa aQaO\VLV ZKeQ WKe cKaQJe Rf caUULeU d\QaPLcV LV cRPSaUabOe RU eYeQ faVWeU LQ 

WLPe WKaQ WKe dXUaWLRQ Rf WKe TH] SXOVe [107]. IQ VXcK a caVe, WKe dLffeUeQW SRLQWV LQ WKe TH] 

ZaYe µVee¶ dLffeUeQW caUULeU d\QaPLcV, e.J., dLffeUeQW caUULeU deQVLW\ RU VcaWWeULQJ eYeQWV, Lf RQe 

VLPSO\ fL[eV WKe SXPS deOa\ VWaJe aQd PRYeV WKe VaPSOLQJ deOa\ VWaJe. FXUWKeUPRUe, WKeUe aUe 

LVVXeV aW eaUO\ SXPS-SURbe deOa\ WLPeV ZKeQ WKe SXPS SXOVe aQd TH] SXOVe aUe SaUWLaOO\ RYeUOaS 

ZLWK eacK RWKeU. NRZ RQO\ WKe WUaLOLQJ eQd Rf WKe TH] SXOVe ZLOO be PRdXOaWed b\ 

SKRWRe[cLWaWLRQ [106]. TR RYeUcRPe WKLV dUaZbacN, Ze PRYe WKe deOa\ VWaJeV fRU bRWK SXPS 

aQd VaPSOLQJ VLPXOWaQeRXVO\ WR NeeS WKe SXPS-VaPSOLQJ deOa\ WLPe fL[ed. AV a UeVXOW, WKe WLPe 

UeVROXWLRQ fRU 2D VSecWURVcRS\ LV OLPLWed RQO\ b\ VaPSOLQJ SXOVe (VXb-100 fV), UaWKeU WKaQ b\ 

TH] SXOVe dXUaWLRQ (a1 SV). WLWK VXcK LPSURYed WLPe UeVROXWLRQ, PaQ\ XOWUafaVW cKaQJe caUULeU 

d\QaPLcV caQ be LQYeVWLJaWed ZLWKRXW cRPSOLcaWed daWa decRQYROXWLRQ, fRU e[aPSOe, KRW caUULeU 

cRROLQJ.  

SLPLOaU WR TH]-TDS, RQe cRXOd deULYe WKe fUeTXeQc\-UeVROYed SKRWRcRQdXcWLYLW\ baVed RQ 

WKe TH] WUaQVPLVVLRQ befRUe aQd afWeU WKe SKRWRe[cLWaWLRQ. We VWLOO cRQVLdeU a VaPSOe 

cRQfLJXUaWLRQ aV VKRZQ LQ Figure 2.5 LQ ZKLcK WKe VaPSOe ( ෤݊௦) LV VaQdZLcKed beWZeeQ WZR 

dLeOecWULc ZLQdRZV (݊ଵ aQd ݊ଶ).  

TKe TH] WUaQVPLVVLRQ befRUe SKRWRe[cLWaWLRQ LV e[SUeVVed: 

࢓ࢇ෩࢙ࡱ
ሺ߱ሻ࢖࢓࢛࢖࢔࢛ ൌ ෩૙ሺ߱ሻࡱ ∙ ଴ଵݐ ∙ 𝑒௜∙ఠ∙௡భ∙௟భ ௖⁄ ∙ ଵ௦ݐ̃ ∙ 𝑒௜∙ఠ∙௡෤ೞ∙ௗ ௖⁄ ∙ ௦ଶݐ̃ ∙ 𝑀𝑅෪ ∙ 𝑒௜∙ఠ∙௡మ∙௟మ ௖⁄ ∙ ଶ଴ݐ ሺ2. 29ሻ 

TKe TH] WUaQVPLVVLRQ afWeU SKRWRe[cLWaWLRQ LV e[SUeVVed ZLWK a dLeOecWULc fXQcWLRQ ෤݊௦∗: 

࢓ࢇ෩࢙ࡱ
ሺ߱ሻ࢖࢓࢛࢖ ൌ ෩૙ሺ߱ሻࡱ ∙ ଴ଵݐ ∙ 𝑒௜∙ఠ∙௡భ∙௟భ ௖⁄ ∙ ∗ଵ௦ݐ̃ ∙ 𝑒௜∙ఠ∙௡෤ೞ∗∙ௗ ௖⁄ ∙ ∗௦ଶݐ̃ ∙ 𝑀𝑅෪ ∗ ∙ 𝑒௜∙ఠ∙௡మ∙௟మ ௖⁄ ∙ ଶ଴ݐ ሺ2. 30ሻ 

AQd WKe TH] WUaQVPLVVLRQ aQd UefOecWLRQ WKURXJK WKe fURQW aQd bacN VXUfaceV Rf WKe VaPSOe 

aUe QRZ cKaQJed WR: ̃ݐଵ௦ ൌ
ଶ∙௡భ
௡భା௡෤ೞ∗

௦ଶݐ̃ , ൌ
ଶ∙௡෤ೞ∗

௡మା௡෤ೞ∗
௦ଵݎ̃ , ൌ

௡భି௡෤ೞ∗

௡భା௡෤ೞ∗
௦ଶݎ̃ , ൌ

௡మି௡෤ೞ∗

௡మା௡෤ೞ∗
.  

SR, WKe UaWLR Rf WKe TH] WUaQVPLVVLRQ WKURXJK SXPSed aQd XQSXPSed VaPSOe UeadV aV:  

෩∗ሺ߱ሻࢀ ൌ
࢓ࢇ෩࢙ࡱ
ሺ߱ሻ࢖࢓࢛࢖

࢓ࢇ෩࢙ࡱ
ሺ߱ሻ࢖࢓࢛࢖࢔࢛

ൌ
∗ଵ௦ݐ̃ ∙ ∗௦ଶݐ̃ ∙ 𝑀𝑅෪ ∗

ଵ௦ݐ̃ ∙ ௦ଶݐ̃ ∙ 𝑀𝑅෪
∙ 𝑒௜∙ఠ∙ሺ∆௡෤ሻ∙ௗ ௖⁄ ሺ2. 31ሻ 

HeUe, ∆ ෤݊ ൌ ෤݊௦∗ െ ෤݊௦. 

ASSO\LQJ WKe fROORZLQJ aSSUR[LPaWLRQV:  

1) TKLQ-fLOP aSSUR[LPaWLRQ: ௗ
ఒ
≪ 1; 

2) WeaN RSWLcaO abVRUSWLRQ: ߙ𝑑 ≪  ;LV WKe abVRUSWLRQ cReffLcLeQW ߙ ,1

TKe SKRWRcRQdXcWLYLW\ ∆ߪሺൌ ߪ െ   :଴ሻ caQ be deULYed aV [108]ߪ

ሺ߱ሻߪ∆ ൌ െ
݊ଵ ൅ ݊ଶ
𝑍଴ ∙ 𝑑

∙
෩ሺ߱ሻࡱ∆

࢓ࢇ෩࢙ࡱ
ሺ߱ሻ࢖࢓࢛࢖࢔࢛

ሺ2. 32ሻ 
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LQ ZKLcK ∆ࡱ෩ሺ߱ሻ ൌ ࢓ࢇ෩࢙ࡱ
ሺ߱ሻ࢖࢓࢛࢖ െ ࢓ࢇ෩࢙ࡱ

 .ሺ߱ሻ࢖࢓࢛࢖࢔࢛

FRU WKe LQWULQVLc RU VOLJKWO\ dRSed VePLcRQdXcWRUV, e.J., WKe SeURYVNLWeV LQYeVWLJaWed LQ WKLV 

WKeVLV, WKe VWaWLc cRQdXcWLYLW\ ߪ଴ (WKe cRQdXcWLYLW\ befRUe WKe SXPS) LV QeJOLJLbOe, L.e., ߪ� ≫

 .ߪ caQ be aSSUR[LPaWed WR be eTXaO WR ߪ∆ ,଴. TKeUefRUeߪ

2.5 Conductivity models 

TKe TH] cRQdXcWLYLW\ VSecWUXP caQ YaU\ dUaVWLcaOO\ accRUdLQJ WR WKe SURSeUWLeV Rf WKe 

PaWeULaOV Rf LQWeUeVW. TR JaLQ PRUe LQVLJKWV LQWR WKe cKaUJe WUaQVSRUW SURSeUWLeV, PaQ\ WKeRUeWLcaO 

PRdeOV KaYe beeQ deYeORSed WR deVcULbe WKe YaULRXV cRQdXcWLYLW\ VSecWUXP fURP dLffeUeQW 

PaWeULaOV.  

2.5.1 Drude model  

IQ PaQ\ LQRUJaQLc bXON PaWeULaOV, WKe SKRWRe[cLWed RU dRSed cKaUJe caUULeUV beKaYe OLNe fUee 

SaUWLcOe JaV, WKe cRQdXcWLYLW\ VSecWUXP Rf ZKLcK caQ be ZeOO deVcULbed b\ WKe DUXde PRdeO 

[109,110]. TKe DUXde PRdeO ZaV deYeORSed LQ 1900 baVed RQ WKe NLQeWLc WKeRU\ fRU JaVeV aQd 

aSSOLed WR e[SOaLQ WKe eOecWULcaO cRQdXcWLRQ LQ PaWeULaOV, eVSecLaOO\ LQ PeWaOV [111,112]. IW 

cRQWaLQV RQO\ RQe fUee LQWULQVLc SaUaPeWeU, VcaWWeULQJ WLPe. TKRXJK LWV VLPSOLcLW\, LW KaV beeQ 

YeULfLed RYeU a OaUJe VSecWUaO UaQJe fURP MH] WR TH] [113].  

TR deULYe WKe DUXde UeVSRQVe, VeYeUaO aVVXPSWLRQV aUe Pade:  

1) IQ WKe abVeQce Rf WKe e[WeUQaO eOecWULc fLeOd, WKe cKaUJe caUULeUV VcaWWeU UaQdRPO\ ZLWK 

cU\VWaO OaWWLce (L.e., SKRQRQ), defecWV, RWKeU cKaUJe caUULeUV aQd VR RQ, VR WKaW WKeUe LV QR 

dLUecWLRQ-SUefeUeQWLaO cKaUJe WUaQVSRUW. TKe eQVePbOe cKaUJe VcaWWeULQJ effecW LV 

UeSUeVeQWed b\ a PeaQ VcaWWeULQJ WLPe ߬  ZKLcK LV WKe aYeUaJe WLPe beWZeeQ WZR 

cRQVecXWLYe cROOLVLRQ eYeQWV; 

2) OQce a cROOLVLRQ RccXUV, WKe cKaUJeV ORVe WKeLU PRPeQWXP cRPSOeWeO\, L.e., ࡼ ൌ 0; 

3) IQ WKe SUeVeQce Rf a DC RU AC eOecWULc fLeOd, beWZeeQ WZR cROOLVLRQ eYeQWV, WKe cKaUJeV ZLOO 

be acceOeUaWed fROORZLQJ LRUeQW] fRUce aQd daPSed b\ YaULRXV VcaWWeULQJ eYeQWV aV 

PeQWLRQed abRYe.  
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Figure 2.7 _ The complex conductivity spectrum in the Drude model. ߱௖௥௢௦௦ UeSUeVeQWV WKe aQJXOaU 

fUeTXeQc\ aW ZKLcK WKe UeaO aQd LPaJLQaU\ SaUWV Rf WKe DUXde UeVSRQVe cURVV eacK RWKeU. TKLV fUeTXeQc\ LV 

WKe LQYeUVe Rf WKe VcaWWeULQJ WLPe.  

FURP WKe VcaWWeULQJ WLPe, RQe RbWaLQV WKe VcaWWeULQJ SURbabLOLW\ fRU a fUee cKaUJe caUULeU ZLWKLQ 

a WLPe LQWeUYaO 𝑑ݐ: ௗ௧
ఛ

, WKeUefRUe, WKe QRQ-VcaWWeULQJ SURbabLOLW\ LV: ሺ1 െ ௗ௧
ఛ
ሻ.  

AVVXPLQJ WKeUe LV a cKaUJe caUULeU ZLWK PRPeQWXP ࡼሺݐሻ aW WLPe ݐ. AccRUdLQJ WR NeZWRQ¶V 

OaZ 𝑑ࡼ ൌ ࡲ ∙ 𝑑ݐ aQd PRPeQWXP cRQVeUYaWLRQ, WKe cKaUJe PRPeQWXP afWeU 𝑑ݐ beWZeeQ WZR 

cROOLVLRQV UeadV aV: ࡼሺݐ ൅ 𝑑ݐሻ ൌ ሻݐሺࡼ ൅ ࡲ ∙ 𝑑ݐ . CRQVLdeULQJ WKe VcaWWeULQJ SURbabLOLW\, WKe 

aYeUaJe PRPeQWXP afWeU 𝑑ݐ  fROORZV: 〈ࡼሺݐ ൅ 𝑑ݐሻ〉 ൌ ቀ1 െ ௗ௧
ఛ
ቁ ሺࡼሺݐሻ ൅ ࡲ ∙ 𝑑ݐሻ ൅ ௗ௧

ఛ
∙ 0 . 

E[SaQdLQJ WKe ULJKW VLde Rf WKe eTXaWLRQ aQd NeeSLQJ WKe WeUPV WR WKe fLUVW RUdeU LQ 𝑑ݐ, RQe JeWV: 

𝑑ࡼሺݐሻ
𝑑ݐ

ൌ ࡲ െ
ሻݐሺࡼ
߬

ሺ2. 33ሻ 

IQ WKe SUeVeQce Rf aQ aOWeUQaWLQJ eOecWULc fLeOd ࡱሺݐሻ ൌ ଴ࡱ ∙ 𝑒ି௜ఠ௧ ZLWK aQJXOaU fUeTXeQc\ ߱ 

aQd aSSO\LQJ OKP¶V OaZ ࢐ሺݐሻ ൌ ߪ ∙  ሻ WR WKe abRYe ETXaWLRQ (2.33), RQe fLQaOO\ deULYeV WKeݐሺࡱ

e[SUeVVLRQ fRU fUeTXeQc\-UeVROYed cRQdXcWLYLW\, L.e., DUXde PRdeO:  

ሺ߱ሻߪ ൌ
߱௣
ଶߝ଴߬

1 െ 𝑖߱߬
ሺ2. 34ሻ 

HeUe, ߱௣  LV SOaVPa fUeTXeQc\ aQd KaV a fRUP Rf ߱௣ ൌ ට ௘మ∙௡
ఌబ∙௠∗  LQ ZKLcK ݊  LV WKe caUULeU 

deQVLW\, ݉∗ LV WKe effecWLYe PaVV, ߝ଴ LV WKe YacXXP SeUPLWWLYLW\, 𝑒 LV WKe eOePeQWaU\ cKaUJe.  

Figure 2.7 VKRZV a W\SLcaO cRPSOe[ DUXde UeVSRQVe dLVSeUVLRQ ZLWKLQ 3 TH], LQ ZKLcK bRWK 

UeaO aQd LPaJLQaU\ SaUWV aUe SRVLWLYe. FURP WKe e[SUeVVLRQ (2.34), DUXde PRdeO cRQWaLQV WZR 

fUee SaUaPeWeUV: VcaWWeULQJ WLPe ߬ aQd SOaVPa fUeTXeQc\ ߱௣. B\ fLWWLQJ WKLV eTXaWLRQ WR WKe 

PeaVXUed cRPSOe[ TH] cRQdXcWLYLW\, RQe caQ eaVLO\ e[WUacW WKeVe WZR SaUaPeWeUV. TKe 

VcaWWeULQJ WLPe KaSSeQV WR be WKe LQYeUVe Rf aQJXOaU fUeTXeQc\ aW WKe cURVV SRLQW Rf UeaO aQd 

LPaJLQaU\ SaUWV. If WKe effecWLYe PaVV LV NQRZQ, RQe caQ caOcXOaWe WKe cKaUJe PRbLOLW\ LQ WKe DC 

OLPLW accRUdLQJ WR ߤ ൌ ௘∙ఛ
௠∗. 
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2.5.2 Drude-Smith model 

 
Figure 2.8 _ The complex conductivity spectrum in the Drude-smith model. TKUee cRQdLWLRQV aUe SORWWed 

KeUe aV e[aPSOeV fRU c = -0.5 (VROLd OLQeV), c = -0.8 (daVKed OLQeV), c = -1.0 (dRWWed OLQeV). 

IQ PaQ\ PaWeULaOV ZLWK UedXced VL]eV WR WKe PeVRVcRSLc VcaOe, WKe fUee caUULeU UeVSRQVe 

VWURQJO\ deYLaWeV fURP WKe DUXde PRdeO, fRU e[aPSOe, JUaSKeQe QaQRULbbRQV, QaQRSaUWLcOeV aQd 

QaQRZLUeV [114,115]. IQ WKeVe PaWeULaOV, WKe ORZ-fUeTXeQc\ cRQdXcWLYLW\ LV VXSSUeVVed WR VRPe 

e[WeQW RU cRPSOeWeO\. TKLV aULVeV fURP WKe PXcK-UedXced cU\VWaOOLQe VL]e, ZKLcK LV QRZ VPaOOeU 

WKaQ WKe PeaQ fUee SaWK Rf cKaUJe caUULeUV. IQ WKLV caVe, WKe cKaUJe PRPeQWXP VcaWWeULQJ LV QR 

ORQJeU UaQdRPL]ed, OeadLQJ WR WKe bUeaNdRZQ Rf WKe DUXde PRdeO.  

TR accRXQW fRU VXcK cKaUJe cRQfLQePeQW, a PRdLfLed YeUVLRQ Rf WKe DUXde PRdeO, WKe DUXde-

SPLWK (DS) PRdeO, ZaV deYeORSed [116]: 

ሺ߱ሻߪ ൌ
߱௣
ଶߝ଴߬஽ௌ

1 െ 𝑖߱߬஽ௌ
൬1 ൅

𝑐
1 െ 𝑖߱߬஽ௌ

൰ ሺ2. 35ሻ 

TKLV PRdeO LQWURdXced aQRWKeU SaUaPeWeU 𝑐 ZKLcK LV VRPeWLPeV UefeUUed WR aV µORcaOL]aWLRQ 

SaUaPeWeU¶. 𝑐 LV defLQed RQO\ fURP -1 WR 0. FRU 𝑐 ൌ 0, WKe DS PRdeO UeYeUWV bacN WR WKe DUXde 

PRdeO. WKLOe fRU 𝑐 ൌ െ1, WKe DC cRQdXcWLYLW\ LV cRPSOeWeO\ VXSSUeVVed WR 0, aV VKRZQ LQ 

Figure 2.8, PeaQLQJ WKeUe LV QR ORQJ-UaQJe cKaUJe WUaQVSRUW. TKe cKaUJe caUULeUV aUe VWURQJO\ 

cRQfLQed ZLWKLQ a ceUWaLQ dRPaLQ. POeaVe QRWe WKaW WKe cKaUJe VcaWWeULQJ WLPe KeUe caQ be 

dLffeUeQW fURP WKaW LQ WKe DUXde PRdeO, UefeUUed WR aV DS VcaWWeULQJ WLPe ߬஽ௌ [117]. 
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2.5.3 Lorentz model 

 
Figure 2.9 _ The complex conductivity spectrum in the Lorent] model. ߱଴  UeSUeVeQWV WKe UeVRQaQW 

fUeTXeQc\ Rf aQ RVcLOOaWRU.  

IQ addLWLRQ WR WKe fUee caUULeUV, PaQ\ PaWeULaOV cRQWaLQ VWURQJO\ cRUUeOaWed cKaUJe caUULeUV, 

ZKLcK caQ fRUP TXaVL-SaUWLcOeV, fRU LQVWaQce, e[cLWRQV. EVSecLaOO\ QRZada\V, ZLWK WKe 

ePeUJeQce Rf ORZ dLPeQVLRQaO VePLcRQdXcWRUV, e.J., 2D WUaQVLWLRQ PeWaO dLcKaOcRJeQLdeV 

(TMDV), TXaQWXP dRWV, aQd Oa\eUed SeURYVNLWeV, WKe cKaUJe VSecLeV aUe SUeVeQW aV e[cLWRQV, 

eYeQ aW URRP WePSeUaWXUe. TR deVcULbe WKe RVcLOOaWRU-OLNe TXaVLSaUWLcOeV, WKe LRUeQW] PRdeO KaV 

beeQ deYeORSed.  

FRU aQ eOecWURQ WKaW LV bRXQd WR a KROe aV dLSROeV, WKe eTXaWLRQ Rf LWV PRWLRQ caQ be e[SUeVVed 

aV fROORZV fRU aQ aSSOLed e[WeUQaO eOecWULc fLeOd ࡱሺݐሻ ൌ ଴ࡱ ∙ 𝑒ି௜ఠ௧:  

݉
߲ଶ࢘
ଶݐ߲ ൅ ݉Γ

∂࢘
ݐ∂ ൅ ݉߱଴

ଶ࢘ ൌ െ𝑒ࡱ ሺ2. 36ሻ 

HeUe, Γ LV WKe daPSLQJ UaWe, ߱଴ LV WKe UeVRQaQce fUeTXeQc\, ݉ LV WKe eOecWURQ PaVV. 

ASSO\LQJ WKe FRXULeU WUaQVfRUPaWLRQ WR WKe abRYe eTXaWLRQ, WKe dLVSOacePeQW ࢘ LV VROYed: 

࢘ሺ߱ሻ ൌ െ
𝑒
݉ ∙

ࡱ
߱଴
ଶ െ ߱ଶ െ 𝑖߱Γ

ሺ2. 37ሻ 

SXbVeTXeQWO\, WKe dLSROe PRPeQW ࣆሺ߱ሻ aQd SROaUL]aWLRQ ࡼሺ߱ሻ Uead aV:  

ሺ߱ሻࣆ ൌ െ𝑒 ∙ ࢘ሺ߱ሻ ൌ
𝑒ଶ

݉ ∙
ࡱ

߱଴
ଶ െ ߱ଶ െ 𝑖߱Γ

ሺ2. 38ሻ 

ሺ߱ሻࡼ ൌ ݊ ∙ 〈ሺ߱ሻࣆ〉 ൌ
݊𝑒ଶ

݉ ∙
ࡱ

߱଴
ଶ െ ߱ଶ െ 𝑖߱Γ

ሺ2. 39ሻ 

LQ ZKLcK ݊ LV WKe dLSROe deQVLW\, 〈ࣆሺ߱ሻ〉  

SLQce ࡼሺ߱ሻ ൌ  RQe e[WUacWV WKe VXVceSWLbLOLW\ ߯ሺ߱ሻ aQd WKeQ WKe dLeOecWULc fXQcWLRQ ,ࡱ଴߯ߝ

  :ሺ߱ሻߝ

ሺ߱ሻߝ ൌ 1 ൅ ߯ሺ߱ሻ ൌ 1 ൅
߱௣
ଶ

߱଴
ଶ െ ߱ଶ െ 𝑖߱Γ

ሺ2. 40ሻ 
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TKe SOaVPa fUeTXeQc\ LV defLQed MXVW OLNe WKaW LQ WKe DUXde PRdeO: ߱௣ ൌ ට௘మ∙௡
ఌబ∙௠

. 

AccRUdLQJ WR ETXaWLRQ (2.20), WKe cRUUeVSRQdLQJ cRQdXcWLYLW\ LV: 

ሺ߱ሻߪ ൌ
߱௣
ଶߝ଴߱

𝑖ሺ߱଴
ଶ െ ߱ଶሻ ൅ ߱Γ

ሺ2. 41ሻ 

Figure 2.9 VKRZV a W\SLcaO LRUeQW] UeVSRQVe LQ WKe TH] ZLQdRZ ZLWK a fLQLWe UeVRQaQce 

fUeTXeQc\. FURP WKLV UeVRQaQce fUeTXeQc\, RQe caQ eVWLPaWe WKe bLQdLQJ eQeUJ\ Rf WKe e[cLWRQV 

RU WKe SKRQRQ fUeTXeQc\ LQ WKe caVe Rf SKRQRQ abVRUSWLRQ.  
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3 Highly mobile large polarons in black phase 

CsPbI3

We UeSRUW WKe baQd-OLNe WUaQVSRUW Rf SKRWRJeQeUaWed cKaUJe caUULeUV ZLWKLQ aOO-LQRUJaQLc bOacN 

Ȗ-SKaVe CVPbI3 (Ȗ-CVPbI3) WKLQ fLOPV, ZLWK ORcaO PRbLOLWLeV XS WR 270 � 44 cP2V-1V-1 UecRUded 

XVLQJ TH] VSecWURVcRS\ aW URRP WePSeUaWXUe. TePSeUaWXUe-deSeQdeQW, KLJK-fUeTXeQc\ 

SKRWRcRQdXcWLYLW\ PeaVXUePeQWV LQdLcaWe WKaW OaUJe SROaURQ fRUPaWLRQ JRYeUQV cKaUJe caUULeU 

WUaQVSRUW, fROORZLQJ WKe Fe\QPaQ SROaURQ PRdeO. TKe PRbLOLW\ YaOXeV deULYed XVLQJ TH] 

VSecWURVcRS\ aUe QeaUO\ RQe RUdeU Rf PaJQLWXde KLJKeU WKaQ WKaW UeSRUWed fRU K\bULd RUJaQLc-

LQRUJaQLc Oead KaOLde SeURYVNLWeV aQd aSSURacK WKe WKeRUeWLcaO OLPLW fRU SROaURQV VcaWWeULQJ fURP 

ORQJLWXdLQaO RSWLcaO (LO) SKRQRQV. OXU UeVXOWV LdeQWLf\ Ȗ-CVPbI3 aV a faVcLQaWLQJ aOO-LQRUJaQLc 

SeURYVNLWe VePLcRQdXcWRU ZLWK KLJK cKaUJe caUULeU PRbLOLW\ fRU RSWReOecWURQLcV aQd UeYeaO WKe 

effecW Rf SROaURQ fRUPaWLRQ RQ cKaUJe WUaQVSRUW SURSeUWLeV. 

3.1 Introduction 

LRZ-cRVW, VROXWLRQ-SURceVVabOe Oead KaOLde SeURYVNLWeV (LHPV) KaYe aWWUacWed WUePeQdRXV 

aWWeQWLRQ LQ UeceQW \eaUV RZLQJ WR WKeLU VXSeULRU SKRWRYROWaLc SeUfRUPaQce ZLWK WKe UeSRUWed 

VLQJOe-MXQcWLRQ VROaU ceOO SRZeU cRQYeUVLRQ effLcLeQc\ be\RQd 25% [118]. SXcK KLJK 

SKRWRYROWaLc effLcLeQc\ RULJLQaWeV fURP WKe e[ceOOeQW RSWReOecWURQLc SURSeUWLeV Rf LHPV, 

LQcOXdLQJ KLJK abVRUSWLRQ cReffLcLeQWV [35], OaUJe caUULeU dLffXVLRQ OeQJWKV [40,41], aQd LQKeUeQW 

defecW WROeUaQce [32,119]. 

DeVSLWe WKeLU JUeaW SURPLVe, WKe YROaWLOLW\ Rf RUJaQLc caWLRQV LQ RUJaQLc-LQRUJaQLc K\bULd 

LHPV (e.J., APbX3 ZLWK A = PeWK\OaPPRQLXP (MA) RU fRUPaPLdLQLXP (FA), ZLWK X = CO, BU 

RU I) LPSRVeV VeYeUe WKeUPaO aQd cKePLcaO LQVWabLOLW\, ZKLcK LPSedeV WKe SUacWLcaO UeaOL]aWLRQ 

Rf K\bULd LHPV-baVed aSSOLcaWLRQV [53,120,121,122]. WLWKLQ WKLV cRQWe[W, ceVLXP-baVed aOO-

LQRUJaQLc LHPV (e.J., CVPbX3) aUe SURPLVLQJ aOWeUQaWLYeV fRU effLcLeQW SKRWRYROWaLcV ZLWK 

LPSURYed cKePLcaO VWabLOLW\ [53,123,124]. IQ SaUWLcXOaU, WKe RSWLcaOO\ acWLYe bOacN SKaVe Rf 

CVPbI3 SRVVeVVeV bRWK a VROaU-fULeQdO\ baQdJaS (a1.7 eV) aQd VWURQJ RSWLcaO abVRUSWLRQ LQ WKe 

UV-YLV UeJLPe, KROdLQJ JUeaW SURPLVe fRU WKe deYeORSPeQW Rf effLcLeQW aOO-LQRUJaQLc SeURYVNLWe 

SKRWRYROWaLcV [125]. DeVSLWe WKe KLJK cKePLcaO VWabLOLW\, WKe bOacN SKaVe CVPbI3 SeURYVNLWe LV 

WKeUPRd\QaPLcaOO\ XQVWabOe aW URRP WePSeUaWXUe (RT), eQeUJeWLcaOO\ SUefeUULQJ WKe fRUPaWLRQ 

Rf LWV RSWLcaOO\ LQacWLYe \eOORZ SKaVe. CRQceUWed effRUWV KaYe beeQ Pade WR VWabLOL]e WKe bOacN 

SKaVe aW RT [53,126,127,128,129,130], \eW LWV SKRWRSK\VLcaO deWaLOV UePaLQ OaUJeO\ XQe[SORUed. 
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IQLWLaO RSWLcaO VWXdLeV fRcXVed RQ XQdeUVWaQdLQJ WKe eYROXWLRQ Rf cKaUJe caUULeUV (cKaUJe 

VeSaUaWLRQ aQd UecRPbLQaWLRQ, caUULeU PXOWLSOLcaWLRQ, eWc.) RQ WKe SLcRVecRQd (SV) WLPe VcaOe 

fROORZLQJ SKRWRe[cLWaWLRQ [131,132,133,134]. WKLOe WKe LQfeUUed caUULeU OLfeWLPeV LQ WKeVe 

UeSRUWV aUe Rf JUeaW LQWeUeVW fRU deYeORSLQJ effLcLeQW deYLceV, WKe cKaUJe WUaQVSRUW SURSeUWLeV, 

VXcK aV WKe PRbLOLW\ Rf SKRWRJeQeUaWed caUULeUV, a YLWaO fLJXUe Rf PeULW fRU SKRWRYROWaLc 

aSSOLcaWLRQV, aUe \eW WR be UeYeaOed. 

DXe WR WKe ³VRfW´ aQd SROaU QaWXUe Rf Oead KaOLde SeURYVNLWe cU\VWaOV, SKRWRJeQeUaWed cKaUJe 

caUULeUV KaYe beeQ VKRZQ WR SROaUL]e WKe OaWWLce aQd LQdXce aWRPLc dLVSOacePeQW Rf WKe LRQV 

fURP WKeLU eTXLOLbULXP SRVLWLRQV [72,135]. TKe cKaUJe caUULeUV, WRJeWKeU ZLWK WKe aVVRcLaWed ORcaO 

OaWWLce defRUPaWLRQ, caQ be deVcULbed aV a SROaURQ TXaVL-SaUWLcOe [136]. SeYeUaO UeceQW 

e[SeULPeQWV KaYe SURYLded VSecWURVcRSLc eYLdeQce Rf SROaURQ fRUPaWLRQ LQ SeURYVNLWeV 

[74,75,137,138,139,140,141], b\, e.J., SURbLQJ VXb-SV OaWWLce RU YLbUaWLRQaO d\QaPLcV. PROaURQ 

fRUPaWLRQ KaV beeQ UeSRUWed WR be UeVSRQVLbOe fRU VeYeUaO Rf WKe faVcLQaWLQJ RSWReOecWURQLc 

SURSeUWLeV LQ LHPV, LQcOXdLQJ ORQJ-OLYed KRW caUULeUV aQd VORZ caUULeU UecRPbLQaWLRQ SURceVVeV 

[44,63]. E[SORULQJ WKe LQfOXeQce Rf SROaURQ fRUPaWLRQ RQ WKe SKRWRJeQeUaWed cKaUJe caUULeU 

WUaQVSRUW ZLOO be eVVeQWLaO fRU fXQdaPeQWaOO\ XQdeUVWaQdLQJ CVPbI3-baVed RSWLcaO deYLce deVLJQ 

aQd fXQcWLRQ. 

HeUe, Ze UeSRUW RQ WKe WePSeUaWXUe-deSeQdeQW WUaQVSRUW SURSeUWLeV Rf SKRWRJeQeUaWed cKaUJe 

caUULeUV LQ Ȗ-CVPbI3 WKLQ fLOPV ePSOR\LQJ XOWUafaVW WeUaKeUW] VSecWURVcRS\. TKe UePaUNabO\ KLJK 

cKaUJe caUULeU PRbLOLW\ LQ Ȗ-CVPbI3 Rf a270 � 44 cP2V-1V-1 aW URRP WePSeUaWXUe aSSURacKeV WKe 

WKeRUeWLcaO OLPLW, baVed RQ WKe Fe\QPaQ SROaURQ PRdeO Rf cKaUJe-LO SKRQRQ LQWeUacWLRQ. TKLV 

UeVXOW LQdLcaWeV WKaW JUaLQ bRXQdaULeV aQd defecWV dR QRW SOa\ cULWLcaO UROeV LQ deWeUPLQLQJ WKe 

cKaUJe PRbLOLW\ LQ RXU VaPSOeV. AV VXcK, Ze e[SecW WKe PRbLOLW\ UeSRUWed KeUe fRU a 

SRO\cU\VWaOOLQe VaPSOe WR be WKaW LQ VLQJOe Ȗ-CVPbI3 cU\VWaOV. FXUWKeUPRUe, WKLV YaOXe LV aOPRVW 

aQ RUdeU Rf PaJQLWXde KLJKeU WKaQ WKaW fRU K\bULd LHPV.  

3.2 Materials 

Black phase CsPbI3 preparation 

TKe CVI aQd PbI2 SUecXUVRU aJeQWV ZeUe dULed fRU 12 K LQ WKe YacXXP RYeQ aW 60 �C WR UePRYe 

aOO WUaceV Rf ZaWeU. A 0.2 M SeURYVNLWe SUecXUVRU VROXWLRQ ZaV SUeSaUed b\ dLVVROYLQJ aQ 

eTXLPROaU UaWLR Rf CVI (99.9%; SLJPa-AOdULcK) aQd PbI2 (99%; SLJPa-AOdULcK) LQ e[WUa dU\ 

N,N-dLPeWK\OfRUPaPLde (DMF). TKe \eOORZ SUecXUVRU VROXWLRQ ZaV fLOWeUed b\ a 0.45 ȝP 

PTFE fLOWeU aQd VSLQ-cRaWed RQWR a 5î5 PP2 fXVed VLOLca VXbVWUaWe aW 2000 USP fRU 30 V aQd 

3000 USP fRU 60 V LQ a QLWURJeQ JORYe bR[. TKe VXbVWUaWe ZaV WKeQ WUaQVfeUUed RQWR a KRWSOaWe 

fRU aQQeaOLQJ aW 160 �C fRU 60 V, \LeOdLQJ a CVPbI3 WKLQ fLOP ZLWK a WKLcNQeVV Rf a200 QP.  

TKe CVPbI3 bOacN SKaVe ZaV acceVVed WKURXJK WKeUPaO aQQeaOLQJ Rf WKe CVPbI3 WKLQ fLOP aW 
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330 �C b\ XVLQJ a LLQNaP VWaJe, fROORZed b\ LPPedLaWe WKeUPaO TXeQcKLQJ Rf WKe fLOP b\ 

TXLcNO\ WUaQVfeUULQJ WKe VXbVWUaWe WR a cROd PeWaO VOab. TKLV UaSLd cRROLQJ SURcedXUe aOORZed WR 

acKLeYe a URRP WePSeUaWXUe VWabOe bOacN Ȗ-SKaVe b\ NLQeWLcaOO\ WUaSSLQJ WKe WKLQ fLOP [53]. TKe 

Ȗ-CVPbI3 SeUVLVWV aW RT ORQJ eQRXJK WR fLQaOL]e WKe UeSRUWed VSecWURVcRSLc VWXd\ ZKeQ 

PaLQWaLQed XQdeU a QLWURJeQ aWPRVSKeUe RU XQdeU YacXXP cRQdLWLRQV ± VXSSRUWed b\ VWabOe 

SKRWRcRQdXcWLYLW\ SURSeUWLeV. 

3.3 Results and Discussion 

Comparison of optical absorption and photoconductivity dynamics of black and yellow 

phase CsPbI3 

A VcKePaWLc LOOXVWUaWLRQ Rf WKe RUWKRUKRPbLc cU\VWaO VWUXcWXUe Rf WKe Ȗ-CVPbI3 LV VKRZQ LQ 

Figure 3.1a. TKe RT UV-YLV abVRUSWLRQ VSecWUa Rf WKe VaPe VaPSOe befRUe (\eOORZ SKaVe) aQd 

afWeU (bOacN Ȗ-SKaVe) WKe WKeUPaO-dULYeQ SKaVe WUaQVLWLRQ aUe VKRZQ LQ Figure 3.1b. CRPSaUed 

WR WKe \eOORZ SKaVe, WKe Ȗ-CVPbI3 e[KLbLWV PXcK VWURQJeU abVRUSWLRQ acURVV WKe UV-YLV VSecWUXP 

ZLWK a dLUecW baQdJaS aURXQd WKe e[SecWed 1.75 eV (Figure 3.A.1 LQ WKe ASSeQdL[).  

TR LQYeVWLJaWe WKe d\QaPLcV aQd WUaQVSRUW SURSeUWLeV Rf SKRWRJeQeUaWed caUULeUV LQ 

SRO\cU\VWaOOLQe Ȗ-CVPbI3 WKLQ fLOPV, Ze ePSOR\ed XOWUafaVW RSWLcaO SXPS-TH] SURbe 

VSecWURVcRS\. IQ WKe OPTP PeaVXUePeQW, a 400 QP OaVeU SXOVe LV XVed aV SXPS WR SURPRWe 

eOecWURQV fURP WKe YaOeQce WR WKe cRQdXcWLRQ baQd. TKe SKRWRcRQdXcWLYLW\ LV caOcXOaWed baVed 

RQ ETXaWLRQ (2.32). HeUe LQ WKLV ZRUN, ݊ଵ aQd ݊ଶ aUe 1 aQd 1.95 fRU YacXXP aQd fXVed VLOLca, 

UeVSecWLYeO\. TKe fLOP WKLcNQeVV LV a200 QP. 

IQ Figure 3.1c, WKe SKRWRcRQdXcWLYLW\ d\QaPLcV aW WKe VaPe abVRUbed SKRWRQ deQVLW\ aUe 

cRPSaUed fRU \eOORZ SKaVe aQd Ȗ-CVPbI3 WKLQ fLOPV. TKe SKRWRcRQdXcWLYLW\ ULVe LQ Ȗ-CVPbI3 LQ 

WKe fLUVW 2-3 SV LV aWWULbXWed WR KRW caUULeU cRROLQJ [142]. ReOaWLYe WR WKe \eOORZ SKaVe, WKe cKaUJe 

caUULeUV LQ WKe bOacN SKaVe SRVVeVV a PXcK ORQJeU OLfeWLPe (QV YV. VXb-SV, Vee Figures 3.1c and 

3.1d) aQd a a50 WLPeV KLJKeU SeaN cRQdXcWLYLW\. TKe \eOORZ SKaVe'V faVW SKRWRcRQdXcWLYLW\ 

deca\ LV aVVLJQed WR XOWUafaVW cKaUJe WUaSSLQJ dXe WR WKe KLJK defecW deQVLW\. TKLV KLJK defecW 

deQVLW\ Pa\ be SaUWLaOO\ UeVSRQVLbOe fRU WKe ORZ SKRWRcRQdXcWLYLW\ Rf \eOORZ SKaVe CVPbI3. TKe 

cRPSaUaWLYe VWXd\ dePRQVWUaWeV WKe VXSeULRU SKRWRSK\VLcaO aQd cKaUJe WUaQVSRUW SURSeUWLeV Rf 

Ȗ-CVPbI3 aQd LWV VXLWabLOLW\ fRU SKRWRYROWaLcV. TKe daWa LQ Figure 3.1d ZeUe UecRUded aW 

VXffLcLeQWO\ ORZ e[cLWaWLRQ fOXeQce WR aYRLd KLJKeU-RUdeU UecRPbLQaWLRQ effecWV. DeWaLOed 

fOXeQce-deSeQdeQW UeVXOWV (Figure 3.A.2) aQd aQaO\VLV caQ be fRXQd LQ WKe ASSeQdL[, LQcOXdLQJ 

WKe cRUUeVSRQdLQJ cKaUJe UecRPbLQaWLRQ fLWWLQJ b\ WKe UaWe eTXaWLRQ aQd a cRPSaULVRQ Rf WKe 

UaWe cRQVWaQWV ZLWK SUeYLRXV UeSRUWV. BaVed RQ WKe aQaO\VLV (Vee Section 3.A.2 and 3.A.3), Ze 

fLQd WKaW WKe PRQR-PROecXOaU WUaSSLQJ UaWe LV eQKaQced (a40 WLPeV KLJKeU) cRPSaUed WR MAPbI3 

VaPSOeV UeSRUWed b\ HeU] [39]. TKLV LQdLcaWeV a UeOaWLYeO\ KLJK defecW deQVLW\ SUeVeQW LQ RXU 
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VaPSOeV.  

 
Figure 3.1 _ Optical absorption and photoconductivity dynamics of yellow phase and Ȗ-CsPbI3. (a) 

ScKePaWLc UeSUeVeQWaWLRQ Rf WKe bOacN Ȗ-CVPbI3 cU\VWaO VWUXcWXUe; (b) AbVRUSWLRQ VSecWUa Rf \eOORZ SKaVe 

aQd Ȗ-CVPbI3; (c) TH] SKRWRcRQdXcWLYLW\ cRPSaULVRQ fRU Ȗ-CVPbI3 aQd \eOORZ SKaVe aW WKe VaPe abVRUbed 

SKRWRQ deQVLW\ Rf 5.81u1013 cP-2. TKe VROLd OLQe UeSUeVeQWV a VLQJOe e[SRQeQWLaO fLW ZLWK aQ RffVeW; (d) 

SKRWRcRQdXcWLYLW\ d\QaPLcV Rf Ȗ-CVPbI3 aW WKe abVRUbed SKRWRQ deQVLW\ Rf 1.67u1012 cP-2. TKe VROLd OLQe LV 

aQ e[SRQeQWLaO fLW WKaW \LeOdV a deca\ WLPe Rf a2 QV.  

Extracting Drude scattering time from photoconductivity spectra of Ȗ-CsPbI3 

TR deWeUPLQe WKe cKaUJe caUULeU PRbLOLW\, aQ LPSRUWaQW fLJXUe Rf PeULW ZLWKLQ SKRWRYROWaLc 

deYLceV, Ze cRQdXcW a WLPe-dRPaLQ VSecWURVcRSLc aQaO\VLV fRU WKe Ȗ-CVPbI3 WKLQ fLOP aW a JLYeQ 

SXPS-SURbe deOa\ WLPe. TDS SURYLdeV fUeTXeQc\-UeVROYed cRPSOe[ cRQdXcWLYLW\ VSecWUa aV 

e[ePSOaULO\ VKRZQ LQ Figure 3.2a, 4 SV, 124 SV, 524 SV afWeU SKRWRe[cLWaWLRQ. 
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Figure 3.2 _ Frequency-resolved photoconductivity of black Ȗ-CsPbI3. (a) ReaO (RSeQ V\PbROV) aQd 

LPaJLQaU\ (VROLd V\PbROV) cRPSRQeQWV Rf WKe TH] fUeTXeQc\-dRPaLQ cRQdXcWLYLW\ PeaVXUed 4 SV, 124 SV, 

524 SV afWeU SKRWRe[cLWaWLRQ ZLWK a SKRWRQ deQVLW\ Rf 5.9u1012 cP-2 aW RT LQ YacXXP. TKe VROLd OLQeV 

UeSUeVeQW DUXde PRdeO fLWV; (b) ScaWWeULQJ WLPeV PeaVXUed aW dLffeUeQW SXPS-SURbe WLPe deOa\V. TKe daVKed 

OLQe LV WKe aYeUaJe Rf aOO VcaWWeULQJ WLPeV. 

BRWK WKe UeaO aQd LPaJLQaU\ SaUWV aUe SRVLWLYe aQd VKRZ QeJaWLYe aQd SRVLWLYe dLVSeUVLRQ 

ZLWKLQ WKe 0.25-1.8 TH] baQdZLdWK Rf WKe TH] SXOVe, UeVSecWLYeO\. TKe DUXde PRdeO (OLQeV LQ 

Figure 3.2a) SURYLdeV a TXaQWLWaWLYe deVcULSWLRQ Rf WKe daWa. FURP WKe JRRd aJUeePeQW, Ze LQfeU 

WKe PeaQ cKaUJe VcaWWeULQJ WLPe ߬௦ WR be 19 � 3 fV baVed RQ PeaVXUePeQWV VSaQQLQJ WLPe deOa\V 

fURP 3 WR a550 SV, aV VKRZQ LQ Figure 3.2b. RePaUNabO\, deVSLWe WKe UeOaWLYeO\ KLJK defecW 

deQVLW\ (PaQLfeVWed b\ WKe OaUJe fLUVW-RUdeU UecRPbLQaWLRQ cRQVWaQW ݇ଵ , Vee ASSeQdL[), WKe 

RbWaLQed cKaUJe VcaWWeULQJ WLPe LQ bOacN SKaVe CVPbI3 LV fRXQd WR be a5 WLPeV ORQJeU WKaQ WKaW 

LQ K\bULd LHP VaPSOeV ZLWK WKe VaPe SRO\cU\VWaOOLQe QaWXUe LQ WKe fLOP aV RXU Ȗ-CVPbI3. FRU 

e[aPSOe, a VcaWWeULQJ WLPe Rf 4 r 0.5 fV LQ MAPbI3 fLOPV KaV beeQ UeSRUWed SUeYLRXVO\ [143]. 

Temperature-dependence of carrier mobility in Ȗ-CsPbI3 

TR JaLQ addLWLRQaO LQVLJKW LQWR WKe cKaUJe caUULeU WUaQVSRUW, Ze cRQdXcWed WePSeUaWXUe (T) 

deSeQdeQW TH] cRQdXcWLYLW\ PeaVXUePeQWV beWZeeQ 77 K aQd RT. PUeYLRXV TH]-baVed 

PeaVXUePeQWV RQ K\bULd SeURYVNLWeV fRXQd a 𝑇ିଵ.ହ  deSeQdeQce Rf WKe PRbLOLW\, ZKLcK ZaV 

LQWeUSUeWed b\ fUee eOecWURQ-acRXVWLc SKRQRQ VcaWWeULQJ [143,144,145,146]. MeaQZKLOe, WKe 

fRUPaWLRQ Rf OaUJe SROaURQV (L.e., ZLWK OaWWLce dLVWRUWLRQ be\RQd VeYeUaO OaWWLce cRQVWaQWV), KaV 

VKRZQ WR RccXU RQ VXb-SV WLPe VcaOeV LQ aOO-LQRUJaQLc SeURYVNLWeV, LQcOXdLQJ CVPbI3 [142,147]. 

LaUJe SROaURQV XQdeUJR baQd-OLNe WUaQVSRUW, ZLWK WKe PRbLOLW\ decUeaVLQJ ZLWK LQcUeaVLQJ 

WePSeUaWXUe, L.e., 𝑑ߤ/𝑑𝑇� ൏ 0 . FURVW [72] KaV caOcXOaWed WKe cKaUJe PRbLOLW\ LQ SeURYVNLWeV, 

LQcOXdLQJ aOO-LQRUJaQLc CVPbI3, baVed RQ WKe Fe\QPaQ SROaURQ PRdeO, aVVXPLQJ WKe dRPLQaQW 

UROe Rf LO SKRQRQ VcaWWeULQJ fRU SROaURQ WUaQVSRUW. IQ addLWLRQ, WKe SROaURQ PRbLOLW\ LV fRXQd 

WR LQcUeaVe QRQOLQeaUO\ ZLWK ORZeULQJ T. FRU WKe T UaQJe VWXdLed KeUe, FURVW SUedLcWV WKaW: ߤ ∝

𝑇ିఉ, ZLWK ߚ a 0.5 [72].  
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Figure 3.3 _ Temperature-dependent scattering time and photoconductivity (proportional to െ∆ࡱ/ࡱ). 

IQ WKLV VWXd\, WKe LQcLdeQW SKRWRQ deQVLW\ aQd ZaYeOeQJWK fRU WKe RSWLcaO e[cLWaWLRQ SXOVe LV fL[ed (5.9u1012 

cP-2 fRU 400 QP e[cLWaWLRQ). TKe VROLd OLQeV aUe SRZeU-OaZ fLWV. 

AV VKRZQ LQ Figure 3.3, Ze SUeVeQW bRWK WKe SKRWRcRQdXcWLYLW\ Rf cKaUJe caUULeUV baVed RQ 

WKe OPTP VWXd\, aQd WKe cKaUJe VcaWWeULQJ WLPe e[WUacWed fURP WKe DUXde PRdeO, aV a fXQcWLRQ 

Rf WePSeUaWXUe. TKe JeQeUaO WUeQd fRU bRWK SaUaPeWeUV LV cRQVLVWeQW ZLWK WKe WUaQVSRUW Rf OaUJe 

SROaURQV. FRU WKe e[SeULPeQWaO daWa LQ Figure 3.3, Ze fLQd ߚ a 0.40 fRU WKe VcaWWeULQJ WLPe aQd 

 a 0.77 fRU WKe SKRWRcRQdXcWLYLW\. TKLV UeaVRQabOe aJUeePeQW beWZeeQ RXU e[SeULPeQWaO  ߚ

UeVXOWV aQd WKeRUeWLcaO SUedLcWLRQV VXSSRUWV WKe QRWLRQ Rf OaUJe SROaURQ WUaQVSRUW, OLPLWed b\ 

SROaURQ-LO SKRQRQ VcaWWeULQJ LQ Ȗ-CVPbI3. TKe OaUJe SROaURQ fRUPaWLRQ caQ aOVR e[SOaLQ WKe 

RbVeUYed KLJK defecW WROeUaQce LQ RXU VaPSOe [44,63]. 

Quantifying the polaron mobility in Ȗ-CsPbI3 

TR TXaQWLf\ WKe cKaUJe caUULeU PRbLOLW\, ߤ, fURP WKe VcaWWeULQJ WLPe XVLQJ WKe UeOaWLRQ ߤ ൌ
௘ఛೞ
௠∗ , Ze Qeed NQRZOedJe Rf WKe effecWLYe PaVV Rf WKe SKRWRJeQeUaWed cKaUJe caUULeUV ݉∗. TKLV 

caQ be RbWaLQed fURP baQd VWUXcWXUe caOcXOaWLRQV, bXW RWKeU UeQRUPaOL]aWLRQ facWRUV, e.J., 

SROaURQ fRUPaWLRQ Qeed WR be cRQVLdeUed. LaUJe SROaURQV caQ e[KLbLW baQd-OLNe WUaQVSRUW ZLWK 

aQ LQcUeaVed effecWLYe PaVV, ݉∗, UeOaWLYe WR WKe baUe baQd PaVV, ݉௕
∗ , Rf WKe VROLdV, fROORZLQJ 

ETXaWLRQ (1.8). TR caOcXOaWe WKe SROaURQ effecWLYe PaVV, WKe eOecWURQ-SKRQRQ cRXSOLQJ cRQVWaQW 

 \QeedV WR be fLUVW deWeUPLQed. NRWabO\, SUeYLRXV WKeRUeWLcaO caOcXOaWLRQV KaYe UeSRUWed YeU ߙ

VLPLOaU SURSeUWLeV fRU Į- aQd Ȗ-bOacN SKaVeV LQ WeUPV Rf eOecWURQLc VWUXcWXUe aQd eOecWURQ-SKRQRQ 

cRXSOLQJ VWUeQJWK [148,149]. TKeUefRUe, KeUe Ze eVWLPaWe WKe FU|KOLcK eOecWURQ-SKRQRQ 

cRXSOLQJ cRQVWaQW ߙ  Rf WKe Ȗ-SKaVe, XVLQJ WKe ZLdeO\ UeSRUWed dLeOecWULc SURSeUWLeV aQd 

YLbUaWLRQaO PRdeV Rf WKe Į-SKaVe (ߝ௢௣௧ = 6.1ߝ�଴, ߝ௦ = 18.1ߝ�଴, ߱௅ை = 16.15 TH], UeVSecWLYeO\), 

baVed RQ WKeRUeWLcaO VWXdLeV [72]. TKeVe YaOXeV aUe LQ OLQe ZLWK SUeYLRXVO\ UeSRUWed e[SeULPeQWaO 

UeVXOWV fRU bOacN SKaVe CVPbI3 [150,151]. We caOcXOaWe ߙ WR be 1.23. TKe VPaOO YaOXe Rf ߙ LV 

cRQVLVWeQW ZLWK WKe fRUPaWLRQ Rf OaUJe SROaURQV (ߙ ൏ 6) LQ WKe Ȗ-CVPbI3 aV ZeOO [152]. UVLQJ 
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WKe baQd effecWLYe PaVV, ݉௕
∗ , fURP DFT caOcXOaWLRQV (a0.1�݉଴, LQ ZKLcK ݉଴ LV WKe UeVW PaVV 

Rf aQ eOecWURQ [149,153]), ݉∗ LV caOcXOaWed WR be 0.124�݉଴ [154]. WLWK WKLV YaOXe, WKe cKaUJe 

caUULeU PRbLOLW\ aPRXQWV WR a270 � 44 cP2V-1V-1, ZKLcK LV QeaUO\ aQ RUdeU Rf PaJQLWXde KLJKeU 

WKaQ RWKeU K\bULd LHPV SRO\cU\VWaOOLQe WKLQ fLOPV, aV VXPPaUL]ed LQ Table 3.1. TKe KLJK 

PRbLOLW\ Rf WKe OaUJe SROaURQ RULJLQaWeV SULPaULO\ fURP WKe ORQJ cKaUJe VcaWWeULQJ WLPe. PUeYLRXV 

WKeRUeWLcaO VWXdLeV b\ ZKeQJ eW al. UeYeaOed WKaW d\QaPLc dLVRUdeU caXVed b\ WKe RUJaQLc caWLRQV 

caQ caXVe ORcaOL]aWLRQ Rf cKaUJe caUULeUV aQd WKXV UedXce WKe PRbLOLW\ Rf OaUJe SROaURQV LQ LHPV 

[135]. OXU RbVeUYaWLRQ Rf a VXbVWaQWLaO eQKaQcePeQW LQ cKaUJe caUULeU PRbLOLW\ LQ aOO-LQRUJaQLc 

SeURYVNLWeV cRPSaUed WR WKeLU RUJaQLc-LQRUJaQLc K\bULd cRXQWeUSaUWV VXSSRUWV WKLV cRQcOXVLRQ. 

FXUWKeUPRUe, baVed RQ WKe OLfeWLPe LQfeUUed fURP WKe d\QaPLcV aQd WKe eVWLPaWed PRbLOLW\, WKe 

dLffXVLRQ OeQJWK Rf SKRWRJeQeUaWed SROaURQV e[ceedV 1 PP (See Section 3.A.4 fRU WKe 

caOcXOaWLRQ). TKLV UeVXOW LOOXVWUaWeV WKe JUeaW SRWeQWLaO Rf WKe Ȗ-CVPbI3 fRU SKRWRYROWaLc 

aSSOLcaWLRQV. 

TR fXUWKeU YeULf\ WKe KLJK PRbLOLW\ Rf cKaUJe caUULeUV LQ Ȗ-CVPbI3, Ze cRQdXcWed a VecRQd 

eVWLPaWe Rf WKe PRbLOLW\ fURP WKe aPSOLWXde Rf WKe OPTP daWa aV e[KLbLWed LQ Figures 3.1c and 

3.1d (Vee Section 3.A.5 fRU PRUe deWaLOV). TKLV LV dLVWLQcW fURP WKe fLUVW PeWKRd, ZKLcK UeOLeV RQ 

WKe dLVSeUVLRQ Rf WKe cRPSOe[ SKRWRcRQdXcWLYLW\. BULefO\, െ∆𝐸/𝐸  LV SURSRUWLRQaO WR WKe 

SKRWRcRQdXcWLYLW\, ߪ, Rf WKe fUee cKaUJe caUULeUV, aQd ߤ ൌ  ሺ𝑒�݊ሻ. TKe SKRWRJeQeUaWed caUULeU/ߪ

deQVLW\, ݊, caQ be RbWaLQed fURP WKe DUXde PRdeO, VLQce ߱௣
ଶ ൌ ௘మ∙௡

ఌబ∙௠∗. TKLV eVWLPaWe UeYeaOV a 

PRbLOLW\ Rf 258 r 6 cP2V-1V-1. TKLV YaOXe LV LQ JRRd aJUeePeQW ZLWK WKe SROaURQ-baVed PRbLOLW\ 

eVWLPaWLRQ Pade fURP WKe TDS dLVSeUVLRQ aQaO\VLV, VXSSRUWLQJ WKe eVWLPaWeV Rf WKe eOecWURQ-

SKRQRQ cRXSOLQJ cRQVWaQW aQd SROaURQ effecWLYe PaVV JLYLQJ ULVe WR KLJKO\ PRbLOe OaUJe SROaURQV 

LQ bOacN SKaVe CVPbI3. 

FXUWKeUPRUe, baVed RQ WKe cRde deYeORSed b\ FURVW aQd XVLQJ WKe baQd effecWLYe PaVV (0.1�݉଴) 

JLYeQ b\ SUeYLRXV DFT VWXdLeV [149], Ze caOcXOaWe WKe Pa[LPXP SROaURQ PRbLOLW\ WR be 344 

cP2V-1V-1 aW RT fRU Ȗ-CVPbI3. TKXV, WKe e[SeULPeQWaOO\ deWeUPLQed PRbLOLW\ LQ RXU VaPSOe 

UeacKeV a80% Rf WKe WKeRUeWLcaO OLPLW. TKe UePaLQLQJ dLffeUeQce beWZeeQ WKe e[SeULPeQWaO aQd 

WKeRUeWLcaO UeVXOWV Pa\ be dXe WR WKe cRQWULbXWLRQV fURP defecW VcaWWeULQJ RU dLeOecWULc dUaJ 

effecWV LQ SeURYVNLWeV [152]. 

Table 3.1 _ CRPSaULVRQ Rf WKe PRbLOLW\ PeaVXUed LQ Ȗ-CVPbI3 ZLWK WKaW fURP caOcXOaWLRQV aQd PeaVXUePeQWV 

LQ RWKeU UeSRUWV fRU K\bULd LHPV. 

Material 
(Polycrystalline thin film) 

Mobility 
(cm2V-1s-1) Technique 

CsPbI3 (This work) 278 ± 44 THz 
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CsPbI3 344 Calculation[72] 

MAPbI3 a27 THz[143] 

MAPbI3 a20-75 TRMC[155], a 

MAPbI3 a25 THz[36] 

FAPbI3 a75 THz[156] 

FAPbI3 a27 THz[157] 

MAPbI3 (Single crystal) a620 THz[37] 

a TRMC = time-resolved microwave conductivity 

IQ cRQcOXVLRQ, Ze KaYe SeUfRUPed a V\VWePaWLc TH] VSecWURVcRSLc VWXd\ Rf Ȗ-CVPbI3 aQd 

UeYeaOed a UePaUNabO\ KLJK cKaUJe caUULeU PRbLOLW\ LQ WKe PaWeULaO, XS WR 270 � 44 cP2V-1V-1, 

ZKLcK LV QeaUO\ RQe RUdeU Rf PaJQLWXde KLJKeU WKaQ WKaW Rf cRQYeQWLRQaO K\bULd Oead KaOLde 

SeURYVNLWeV. We fXUWKeU SURYLde eYLdeQce fRU OaUJe SROaURQ fRUPaWLRQ dLcWaWLQJ WKe WUaQVSRUW 

SURSeUWLeV aQd 𝑇-deSeQdeQW cRQdXcWLYLW\ Rf WKe SKRWRJeQeUaWed caUULeUV. OXU UeVXOWV KLJKOLJKW 

WKe bOacN Ȗ-SKaVe CVPbI3 aV a faVcLQaWLQJ aOO-LQRUJaQLc SeURYVNLWe PaWeULaO cOaVV fRU effLcLeQW 

RSWReOecWURQLcV. 

3.4 Conclusions 

IQ cRQcOXVLRQ, Ze KaYe SeUfRUPed a V\VWePaWLc TH] VSecWURVcRSLc VWXd\ Rf Ȗ-CVPbI3 aQd 

UeYeaOed a UePaUNabO\ KLJK cKaUJe caUULeU PRbLOLW\ LQ WKe PaWeULaO, XS WR 278 � 44 cP2V-1V-1, 

ZKLcK LV QeaUO\ RQe RUdeU Rf PaJQLWXde KLJKeU WKaQ WKaW Rf cRQYeQWLRQaO K\bULd Oead KaOLde 

SeURYVNLWeV. We fXUWKeU SURYLde eYLdeQce fRU OaUJe SROaURQ fRUPaWLRQ dLcWaWLQJ WKe WUaQVSRUW 

SURSeUWLeV aQd 𝑇-deSeQdeQW cRQdXcWLYLW\ Rf WKe SKRWRJeQeUaWed caUULeUV. OXU UeVXOWV KLJKOLJKW 

WKe bOacN Ȗ-SKaVe CVPbI3 aV a faVcLQaWLQJ aOO-RUJaQLc SeURYVNLWe PaWeULaO cOaVV fRU effLcLeQW 

RSWReOecWURQLcV.

3.5 Appendix 

Section 3.A.1: Estimation of the direct bandgap energy in black phase CsPbI3  
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Figure 3.A.1 _ Bandgap of the black phase CsPbI3. BaQdJaS eQeUJ\ eVWLPaWLRQ fRU bOacN SKaVe CVPbI3 

b\ WKe TaXc SORW PeWKRd.  

Section 3.A.2: Recombination rate equation fitting to the photoconductivity transient 

dynamics  

 
Figure 3.A.2 _ Fluence-dependent TH] photoconductivity for Ȗ-CsPbI3. AOO LQdLcaWed fOXeQceV aUe 

abVRUbed fOXeQceV b\ WKe VaPSOe. TKe VROLd OLQeV aUe fLWV aV deVcULbed LQ WKe We[W. TKe UeVXOWLQJ UaWe cRQVWaQWV 

݇ଵ,�݇ଶ,and��݇ଷ aUe UeVSecWLYeO\ 4.42u108 V-1, 5.79u10-10 cP3V-1, aQd 2.60u10-28 cP6V-1. 

TR fXUWKeU eOXcLdaWe WKe cKaUJe caUULeU d\QaPLcV LQ bOacN Ȗ-SKaVe CVPbI3 WKLQ fLOPV, Ze 

cRQdXcW fOXeQce deSeQdeQW SKRWRcRQdXcWLYLW\ PeaVXUePeQWV aQd aSSO\ WKe UecRPbLQaWLRQ UaWe 

eTXaWLRQ WR JORbaOO\ fLW WKe d\QaPLcV fROORZLQJ [158]:  

𝑑݊ሺݐሻ
𝑑ݐ ൌ െ݇ଵ ∙ ݊ െ ݇ଶ ∙ ݊ଶ െ ݇ଷ ∙ ݊ଷ ሺ3. 1ሻ 

LQ ZKLcK ݊ሺݐሻ  LV WKe WLPe-deSeQdeQW caUULeU deQVLW\. HeUe ݇ଵ  LV WKe PRQRPROecXOaU 

UecRPbLQaWLRQ UaWe cRQVWaQW ZKLcK aULVeV fURP cKaUJe WUaSSLQJ; ݇ଶ UeSUeVeQWV WKe bLPROecXOaU 

UecRPbLQaWLRQ UaWe cRQVWaQW ZKLcK UeSUeVeQWV WKe fUee eOecWURQ-KROe SaLU UecRPbLQaWLRQ, aQd ݇ଷ 

VWaQdV fRU WKe AXJeU UecRPbLQaWLRQ UaWe cRQVWaQW.  

WKLOe LQVWead Rf PeaVXULQJ caUULeU deQVLW\ dLUecWO\ LQ RXU e[SeULPeQW, Ze PeaVXUe WKe TH] 

UeVSRQVe െ∆𝐸 𝐸⁄ , ZKLcK LV SURSRUWLRQaO WR WKe SKRWRcRQdXcWLYLW\ ߪ aV PeQWLRQed abRYe. IQ 
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SULQcLSOe, WKe SKRWRcRQdXcWLYLW\ ߪ  LV defLQed aV: ߪ� ൌ ݊ ∙ 𝑒 ∙  aUe WKe  ߤ LQ ZKLcK ݊  aQd , ߤ

caUULeU deQVLW\ aQd cKaUJe PRbLOLW\, UeVSecWLYeO\. IQ WKe daWa fLWWLQJ UaQJe, WKe cKaUJe PRbLOLW\ 

dReVQ¶W cKaQJe LQ WLPe aV dePRQVWUaWed LQ Figure 3.2b. AV a UeVXOW, WKe TH] UeVSRQVe െ∆𝐸 𝐸⁄  

caQ be dLUecWO\ OLQNed aQd OLQeaUO\ SURSRUWLRQaO WR WKe caUULeU deQVLW\ ݊, ZKLcK caQ be e[SUeVVed 

aV ݊ሺݐሻ ൌ ߶ ∙ 𝐶 ∙ ሺെ∆𝐸 𝐸⁄ ሻሺݐሻ,  ZKeUe ߶  LV WKe SKRWRQ-WR-cKaUJe TXaQWXP effLcLeQc\ 

UeSUeVeQWLQJ WKe QXPbeU Rf cKaUJeV cUeaWed SeU abVRUbed SKRWRQ aQd 𝐶 LV WKe SURSRUWLRQaOLW\ 

Rf abVRUbed SKRWRQ deQVLW\ NabV WR െ∆𝐸 𝐸⁄   aW WKe SeaN Rf WKe OPTP d\QaPLcV (L.e., 𝐶 ൌ

𝑁௔௕௦ ሺെ∆𝐸 𝐸⁄⁄ ሻ). SXbVWLWXWLQJ െ∆𝐸 𝐸⁄  LQWR WKe UaWe eTXaWLRQ aQd UeSOacLQJ െ∆𝐸 𝐸⁄  ZLWK ݔ 

WR VLPSOLf\ WKe fRUPXOa, Ze JeW WKe deULYed eTXaWLRQ aV fROORZV: 

𝑑ݔሺݐሻ
𝑑ݐ ൌ െ݇ଵ ∙ ݔ െ ݇ଶ ∙ ߶ ∙ 𝐶 ∙ ଶݔ െ ݇ଷ ∙ ߶ଶ ∙ 𝐶ଶ ∙ ଷݔ ሺ3. 2ሻ 

FLWWLQJ aOO WKe fOXeQce deSeQdeQW TH] WUaQVLeQWV JORbaOO\, aV VKRZQ LQ Figure 3.A.2 fRU WKe 

Ȗ-CVPbI3 ZLWK WKe abRYe eTXaWLRQ, \LeOdV ݇ଵ, ݇ଶ aQd ݇ଷ. AV VKRZQ LQ Figure 3.A.2, Ze fLQd 

WKaW WKe PRdeO fLWV RXU daWa YeU\ ZeOO.  

SLQce WKe UeSRUWed UaWe cRQVWaQWV aUe aOO baVed RQ WKe aVVXPSWLRQ Rf ߶ ൌ 100%, Ze adaSW 

WKLV aVVXPSWLRQ aV ZeOO WR cRQdXcW a faLU cRPSaULVRQ, aV VKRZQ LQ WKe PaLQ We[W aQd Table 3.A.2. 

HRZeYeU, TH] WLPe-dRPaLQ VSecWURVcRS\ eQabOeV XV WR e[WUacW WKe e[acW caUULeU deQVLW\ b\ WKe 

DUXde PRdeO fLWWLQJ WR WKe fUeTXeQc\-dRPaLQ cRQdXcWLYLW\, aV VKRZQ LQ Figure 3.2a. WLWK WKLV, 

Ze eVWLPaWe WKe SKRWRQ-WR-cKaUJe bUaQcKLQJ UaWLR ߶ b\ cRPSaULQJ WKe e[WUacWed caUULeU deQVLW\ 

fURP fLWWLQJ WR WKe abVRUbed SKRWRQ deQVLW\ NabV. A ߶  Rf a30% LV XWLOL]ed WR e[WUacW PRUe 

accXUaWe YaOXeV Rf ݇ଵ, ݇ଶ aQd ݇ଷ aV VKRZQ LQ Table 3.A.1 beORZ.  

Table 3.A.1 _ CRPSaULVRQ Rf UaWe cRQVWaQWV ݇ଵ , ݇ଶ  aQd ݇ଷ  Rf WKe bOacN SKaVe CVPbI3 ZLWK SKRWRQ-WR-

cKaUJe cRQYeUVLRQ effLcLeQcLeV Rf ߶ ൌ 100% aQd ߶ ൌ 30%. 

߶ 
݇ଵ 

(Ps-1) 

݇ଶ 

(10-10 cm3s-1) 

݇ଷ 

(10-28 cm6s-1) 

100% 442 5.79 2.60 

30% 442 19.29 28.92 

NRWe KeUe, WKaW WKe aSSOLcabLOLW\ Rf ETXaWLRQ (3.1) RQO\ KROdV fRU a KRPRJeQeRXV dLVWULbXWLRQ 

Rf cKaUJe caUULeUV fROORZLQJ e[cLWaWLRQ. IQ RXU caVe, WKe LQLWLaO cKaUJe deQVLW\ SURfLOe LV QRW 

KRPRJeQeRXV, aV WKe SeQeWUaWLRQ deSWK LQ WKe bOacN SKaVe CVPbI3 LV cORVe WR WKe WKLcNQeVV Rf WKe 

VaPSOe (a215QP YV. 200 QP). TKLV OeadV WR aQ LQLWLaOO\ e[SRQeQWLaO dLVWULbXWLRQ Rf cKaUJe caUULeU 

deQVLW\ fROORZLQJ SKRWRe[cLWaWLRQ LQ WKe SXPS SURSaJaWLRQ dLUecWLRQ, aQd WKXV ORcaO 

LQKRPRJeQeLW\ Rf WKe cKaUJe caUULeUV. CRQVeTXeQWO\, WKe UaWe eTXaWLRQ (3.1) dReV QRW aSSO\. FRU 

WKaW, Ze eVWLPaWe WKe dLffXVLRQ WLPe WR be 57 SV fRU WKe cKaUJe caUULeUV acURVV WKe VaPSOe fURP 
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WKe fURQW WR WKe bacN VLde (baVed RQ WKe PeaVXUed PRbLOLW\ Rf 270 cP2V-1V-1 aQd WKe fLOP 

WKLcNQeVV Rf 200 QP). CRQVeTXeQWO\, Ze VWaUW WKe fLWWLQJ fURP 60 SV RQ KeUe. 

Section 3.A.3: Comparison of recombination rate constants 

Table 3.A.2 _ CRPSaULVRQ Rf UaWe cRQVWaQWV ݇ଵ, ݇ଶ aQd ݇ଷ Rf WKe bOacN SKaVe CVPbI3 ZLWK WKaW Rf RWKeU 

K\bULd aQd aOO-LQRUJaQLc SeURYVNLWeV (b\ aVVXPLQJ ߶ ൌ 100%, Vee WKe dLVcXVVLRQ LQ WKe OaVW VecWLRQ). 

MaWeULaO TecKQLTXe 
݇ଵ 

(PV-1) 

݇ଶ 

(10-10 cP3V-1) 

݇ଷ 

(10-28 cP6V-1) 

CVPbI3 (TKLV ZRUN) TRTS 442 5.79 2.60 

CVPbBU3 TRTS[159] 1500 13 0.01 

CVPbI2BU TA[160] 865 0 0.03-1.5 

MAPbI3 TRTS[39] 14 9.2 1.3 

MAPbI3 TA[161] ----- 23 ----- 

MAPbI3 TRMC[145] 7 13 ----- 

MAPbI3 TRPL[162] 18 1.7 ----- 

MAPbBU3 TRTS[163] 102-104 ----- ----- 

MAPbI3-[CO[ TRTS[39] 12 1.1 0.23 

FAPbI3 TRTS[157] 6.7 1.1 2.2 

FAPbBU3 TRTS[157] 21 11 15 

NRWe: TRTS: WLPe-UeVROYed TH] VSecWURVcRS\; TA: WUaQVLeQW abVRUSWLRQ; TRMC: WLPe-

UeVROYed PLcURZaYe cRQdXcWaQce; TRPL: WLPe-UeVROYed SKRWROXPLQeVceQce. 

TKe e[WUacWed ݇ଶ aQd ݇ଷ Rf bOacN Ȗ-SKaVe CVPbI3 aUe YeU\ VLPLOaU WR WKaW SUeYLRXVO\ UeSRUWed 

fRU RWKeU RUJaQLc-LQRUJaQLc K\bULd LHPV: L.e., fURP WKe SeUVSecWLYe Rf LQWULQVLc caUULeU OLfeWLPe, 

WKeUe VeePV WR be QR PaMRU dLffeUeQce beWZeeQ CVPbI3 aQd RWKeU LHPV. TKe LQfeUUed ݇ଵ(a442 

�V-1), RQ WKe RWKeU KaQd, LV abRXW 2-RUdeU Rf PaJQLWXde OaUJeU WKaQ SUeYLRXVO\ UeSRUWed YaOXeV 
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(<10 �V-1). TKLV Pa\ LQdLcaWe WKe SUeVeQce Rf a UeOaWLYeO\ KLJK deQVLW\ Rf WUaS VWaWeV LQ RXU 

VaPSOeV, ZKLcK OLPLWV WKe caUULeU OLfeWLPe WR a2.1 QV (Vee beORZ). TKLV e[WULQVLc effecW caQ be 

fXUWKeU UedXced b\ LPSURYLQJ WKe cU\VWaOOLQLW\ aQd SaVVLYaWLQJ WKe defecWV [164].  

Section 3.A.4: Estimation of charge carrier lifetime and diffusion length 

TKe cKaUJe-caUULeU dLffXVLRQ OeQJWK LV caOcXOaWed fROORZLQJ WKe eTXaWLRQ [40]: 

𝐿஽ ൌ √𝐷 ∙ ߬ ൌ ඨ
𝐷

𝑅௧௢௧௔௟ሺ݊ሻ
ሺ3. 3ሻ 

ZKeUe 𝐷  LV WKe dLffXVLRQ cReffLcLeQW (𝐷 ൌ ߤ ∙ ݇஻ ∙ 𝑇 𝑒⁄  ), ߬ ൌ 1 𝑅௧௢௧௔௟ሺ݊ሻ⁄   LV WKe caUULeU 

OLfeWLPe, 𝑅௧௢௧௔௟ LV WKe caUULeU deQVLW\-deSeQdeQW WRWaO cKaUJe caUULeU UecRPbLQaWLRQ UaWe, ZKLcK 

LV defLQed b\: 

𝑅௧௢௧௔௟ሺ݊ሻ ൌ െ
1
݊
𝑑݊
𝑑ݐ ൌ ݇ଵ ൅ ݇ଶ ∙ ݊ ൅ ݇ଷ ∙ ݊ଶ ሺ3. 4ሻ 

Section 3.A.5: Mobility estimation from optical pump-TH] probe (OPTP) measurement  

AV PeQWLRQed abRYe, WKe SKRWRcRQdXcWLYLW\ ߪ caQ be LQfeUUed fURP TH] UeVSRQVe WUaQVLeQWV 

accRUdLQJ WR WKe WKLQ-fLOP aSSUR[LPaWLRQ, fURP ZKLcK WKe cKaUJe PRbLOLW\ cRXOd be caOcXOaWed 

fROORZLQJ: ߤ ൌ ߪ ሺ𝑒 ∙ ݊ሻ⁄  ZKeUe ݊�ሺൌ ߶𝑁௔௕௦ሻ LV WKe SKRWRJeQeUaWed caUULeU deQVLW\. NRUPaOO\, 

WKe caUULeU deQVLW\ LV VeW WR be WKe abVRUbed SKRWRQ deQVLW\ NabV b\ aVVXPLQJ WKe SKRWRQ-WR-

cKaUJe bUaQcKLQJ UaWLR ߶ WR be 100%. IQ UeaOLW\, WKe bUaQcKLQJ UaWLR caQ be PXcK VPaOOeU WKaQ 

100%, VR WKe eVWLPaWLRQ Rf cKaUJe PRbLOLW\ fURP OPTP UeSUeVeQWV WKe ORZeU OLPLW. IQ RXU ZRUN, 

WKe fUeTXeQc\ dRPaLQ cRQdXcWLYLW\ caQ be ZeOO fLWWed b\ WKe DUXde PRdeO aV VKRZQ LQ Figure 

3.2, VR WKe SKRWRJeQeUaWed caUULeU deQVLW\ caQ be dLUecWO\ e[WUacWed LQ WKe fLWWLQJ ZLWKRXW aQ\ 

aVVXPSWLRQ. BecaXVe Rf WKe UeOaWLYeO\ ORQJ caUULeU OLfeWLPe (a2 QV), Ze caQ VafeO\ aVVXPe WKaW 

WKe caUULeU deQVLW\ NeeSV WKe VaPe dXULQJ WKe fLUVW 10 SV. POXJJLQJ LQ WKe e[WUacWed caUULeU deQVLW\, 

Ze WKeUefRUe caOcXOaWed WKe PeaQ YaOXe Rf PRbLOLW\ fURP 5 WR 10 SV WR be 258 r 6 cP2V-1V-1.  
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4 Experimental quantification of the Mott 

polaron density in lead halide perovskites 

FUee, PRbLOe cKaUJeV LQ Oead KaOLde SeURYVNLWe (LHP) aUe NQRZQ WR fRUP SROaURQV: a 

TXaVLSaUWLcOe cRQVLVWLQJ Rf WKe cKaUJe caUULeU dUeVVed ZLWK a ORcaO OaWWLce defRUPaWLRQ. IVROaWed 

SROaURQV, aW ORZ deQVLW\, KaYe beeQ ZeOO-UeVeaUcKed, bXW aW eOeYaWed SROaURQ deQVLWLeV, PaQ\-

bRd\ LQWeUacWLRQV RccXU, UeOeYaQW fRU LHP-baVed deYLceV VXcK aV OLJKW-ePLWWLQJ dLRdeV aQd 

cRQceQWUaWRU SKRWRYROWaLcV. SSecLfLcaOO\, ZKeQ WKe SROaURQ deQVLW\ e[ceedV WKe VR-caOOed MRWW 

cULWeULRQ (L.e., MRWW SROaURQ deQVLW\), WKe SROaURQ ZaYefXQcWLRQV RYeUOaS, affecWLQJ WKe 

RSWReOecWURQLc SURSeUWLeV Rf LHPV. HRZeYeU, WKe MRWW SROaURQ deQVLW\ LQ LHPV KaV beeQ OaUJeO\ 

XQe[SORUed e[SeULPeQWaOO\. HeUe, ePSOR\LQJ XOWUafaVW WeUaKeUW] VSecWURVcRS\, Ze UeSRUW WKe fLUVW 

e[SeULPeQWaO TXaQWLfLcaWLRQ Rf WKe MRWW SROaURQ deQVLW\ LQ LHPV WR be a1018 cP-3 ZKLcK aJUeeV 

ZeOO ZLWK WKeRUeWLcaO caOcXOaWLRQV baVed RQ WKe Fe\QPaQ SROaURQ PRdeO. TKe VLJQaWXUe Rf WKe 

eOecWURQLc SKaVe WUaQVLWLRQ LQ LHPV LV fRXQd WR be XQLYeUVaO aQd LQdeSeQdeQW Rf WKe cRQVWLWXWed 

LRQV. E[ceedLQJ WKe MRWW SROaURQ deQVLW\, e[ceVV SKRWRLQMecWed cKaUJe caUULeUV aQQLKLOaWe 

TXLcNO\ ZLWKLQ WeQV WR KXQdUedV Rf SLcRVecRQdV, UeacKLQJ WKe VWabOe aQd ORQJ-OLYed MRWW deQVLW\. 

TKeVe UeVXOWV KaYe OaUJe LPSOLcaWLRQV fRU deYLce deVLJQ, bXW aOVR fRU XQdeUVWaQdLQJ e[RWLc 

SKeQRPeQa RbVeUYed LQ LHPV, LQcOXdLQJ VWURQJ AXJeU UecRPbLQaWLRQ aQd VORZ KRW caUULeU 

cRROLQJ. 

4.1 Introduction 

LRZ-WePSeUaWXUe VROXWLRQ-SURceVVed Oead KaOLde SeURYVNLWeV (LHPV) KaYe VKRZQ VXSeULRU 

SeUfRUPaQce LQ YaULRXV eOecWUR-RSWLc aSSOLcaWLRQV, VXcK aV OLJKW-ePLWWLQJ dLRdeV (LEDV) [21,165] 

aQd SKRWRYROWaLc ceOOV [18,19]. TKeVe deYLceV UeO\ RQ WKe LQWeUcRQYeUVLRQ Rf SKRWRQV aQd PRbLOe 

cKaUJe caUULeUV. DXe WR WKe LRQLc aQd VRfW QaWXUe Rf SeURYVNLWe cU\VWaO OaWWLce, WKe OaWWLce LV UeadLO\ 

SROaUL]ed aQd dLVWRUWed aURXQd aQ LQMecWed cKaUJe caUULeU. TKe cKaUJe caUULeU becRPeV dUeVVed 

b\ a ORcaO OaWWLce defRUPaWLRQ, fRUPLQJ a SROaURQ TXaVLSaUWLcOe. BecaXVe Rf WKe ZeaN-WR-

LQWeUPedLaWe eOecWURQ-SKRQRQ LQWeUacWLRQ LQ LHPV, OaUJe SROaURQV deYeORS, ZLWK WKe OaWWLce 

dLVWRUWLRQ VSaQQLQJ RYeU PXOWLSOe OaWWLce cRQVWaQWV, L.e., a feZ QaQRPeWeUV (QP). LaUJe SROaURQ 

fRUPaWLRQ KaV beeQ SURSRVed LQ LHPV WR XQdeUSLQ WKeLU faVcLQaWLQJ RSWReOecWURQLc SURSeUWLeV 

[63], LQcOXdLQJ ORQJ caUULeU OLfeWLPe [38], PRdeVW cKaUJe PRbLOLW\ [25], aQd KLJK defecW WROeUaQce 

[119]. TKe SROaUL]ed cU\VWaO VWUXcWXUe cRXOd acW aV a SURWecWLRQ µVKLeOd¶ WR effecWLYeO\ VcUeeQ WKe 

CRXORPb LQWeUacWLRQV beWZeeQ WKe cKaUJe caUULeUV aQd LRQL]ed defecWV, SKRQRQV, aQd aPRQJ 
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WKePVeOYeV. SR faU, WKe VSecWURVcRSLc aQd WUaQVSRUW VWXdLeV Rf SROaURQV LQ LHPV KaYe PaLQO\ 

fRcXVed RQ WKe ORZ SROaURQ deQVLW\ (a1016 cP-3) UeJLPe [44,143,166], UeOeYaQW fRU, fRU LQVWaQce, 

VROaU ceOO aSSOLcaWLRQV, ZKeUe OaUJe SROaURQV aUe, RQ aYeUaJe, ZeOO-VeSaUaWed. 

LHPV KaYe aOVR VKRZQ JUeaW SRWeQWLaO LQ RWKeU RSWReOecWURQLc aSSOLcaWLRQV, LQcOXdLQJ LEDV 

[21], OaVLQJ [167], aQd cRQceQWUaWRU SKRWRYROWaLcV [168], ZKeUe WKe SKRWRLQMecWed caUULeU deQVLW\ 

e[ceedV 1018 cP-3. IQ WKLV KLJK-deQVLW\ UeJLPe, WKe dLVWRUWed OaWWLce SaWWeUQ fURP dLffeUeQW 

SROaURQV Pa\ VWaUW WR LQWeUfeUe aV SROaURQV aSSURacK eacK RWKeU. TKe UeVXOWaQW SROaURQ-SROaURQ 

LQWeUacWLRQ Pa\ VLJQLfLcaQWO\ LPSacW WKe RSWReOecWURQLc SURSeUWLeV, LQcOXdLQJ cKaUJe WUaQVSRUW 

aQd caUULeU OLfeWLPe. FRU e[aPSOe, VWURQJ AXJeU UecRPbLQaWLRQ LV W\SLcaO fRU LHPV, OeadLQJ WR 

aQ effLcLeQc\ UROO-Rff LQ, e.J., LEDV [169,170]. E[WUePeO\ ORQJ-OLYed KRW caUULeUV ZLWK 

OLfeWLPe >100 SLcRVecRQdV (SV) KaYe beeQ UeSRUWed LQ LHPV [43] aW caUULeU deQVLWLeV e[ceedLQJ 

1018 cP-3. FURVW eW al. aWWULbXWed WKLV deOa\ed KRW caUULeU cRROLQJ aW KLJK fOXeQce WR a MRWW 

WUaQVLWLRQ defLQed aW WKe caUULeU deQVLW\ ZKeUe SROaURQ ZaYefXQcWLRQV RYeUOaS [171]. TKLV cULWLcaO 

deQVLW\ LV aOVR UefeUUed WR aV MRWW SROaURQ deQVLW\ [24,171], beLQJ aQaORJRXV WR WKe PeWaO-

QRQPeWaO WUaQVLWLRQ WKaW LV RbVeUYed LQ dRSed VePLcRQdXcWRUV [172]. HRZeYeU, WKe VSecLfLc 

SROaURQ deQVLW\ UeJLPe KaV UePaLQed OaUJeO\ XQe[SORUed e[SeULPeQWaOO\ fRU LHPV, deVSLWe LWV 

LPSRUWaQce aQd UeOeYaQce fRU PaQ\ aSSOLcaWLRQV. 

IQ WKLV ZRUN, Ze ePSOR\ XOWUafaVW TeUaKeUW] (TH]) VSecWURVcRS\ WR TXaQWLf\ WKe MRWW SROaURQ 

deQVLW\ 𝑁ெ௢௧௧ LQ LHPV WR be a1018 cP-3, LQ OLQe ZLWK WKeRUeWLcaO eVWLPaWLRQ fURP a QXPeULcaO 

VROXWLRQ WR WKe Fe\QPaQ SROaURQ PRdeO. TKLV effecW LV fRXQd WR be XQLYeUVaO aQd LQdeSeQdeQW Rf 

WKe deWaLOed cRPSRVLWLRQ Rf LHPV, UeSUeVeQWLQJ aQ LQWULQVLc SURSeUW\ Rf LHPV. WLWK LQcUeaVLQJ 

e[cLWaWLRQ deQVLW\, WKe e[ceVV SKRWRLQMecWed cKaUJe caUULeUV be\RQd 𝑁ெ௢௧௧ aQQLKLOaWe TXLcNO\ 

ZLWKLQ WeQV WR KXQdUedV Rf SV WR fRUP a VWabOe, ORQJ-OLYed MRWW SROaURQ VWaWe.

4.2 Materials 

Synthesis of lead halide perovskites 

AOO UeaJeQWV ZeUe XVed aV UeceLYed ZLWKRXW aQ\ fXUWKeU SXULfLcaWLRQ. MeWK\OaPPRQLXP 

LRdLde >99.99% (GUeaWceOO SROaU MaWeULaOV); Lead(II) LRdLde XOWUa-dU\ 99.999% (PeWaOV baVLV) 

(TKeUPR ScLeQWLfLc�); N,N-DLPeWK\OfRUPaPLde 99.8% E[WUa DU\ RYeU MROecXOaU SLeYe 

AcURSeaO� (AcURV OUJaQLcV); CeVLXP bURPLde 99.9% (PeWaOV baVLV) (TKeUPR ScLeQWLfLc�); 

Lead (II) bURPLde �98% (SLJPa AOdULcK); MeWK\O VXOfR[Lde 99.7+% E[WUa DU\ RYeU MROecXOaU 

SLeYe AcURSeaO� (AcURV OUJaQLcV); CKORURbeQ]eQe 99+% fRU VSecWURVcRS\ (AcURV OUJaQLcV); 

Ȗ-BXW\UROacWRQe ReaJeQWPOXV� �99% (SLJPa AOdULcK); CeVLXP LRdLde 99.9% WUace PeWaOV baVLV 

(SLJPa AOdULcK). 

TKe VXbVWUaWeV fRU WKe fLOP deSRVLWLRQ cRQVLVWed Rf fXVed VLOLca VXbVWUaWeV (1 cPî1 cP) ZKLcK 

ZeUe ZaVKed ZLWK LVRSURSaQRO, dULed aQd OefW LQ aQ R]RQe UeacWRU cKaPbeU fRU 30 PLQXWeV.  
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TKLQ fLOPV Rf CH3NH3PbI3 ZeUe SUeSaUed b\ a PRdLfLed SURWRcRO accRUdLQJ WR a SUeYLRXV 

UeSRUW.1 CH3NH3I (0.0795 J) aQd PbI2 (0.2301 J) ZeUe PL[ed LQ a 1:1 VWRLcKLRPeWULc UaWLR LQ 

aQK\dURXV N,N-dLPeWK\OfRUPaPLde (1 PL) WR JLYe a 0.5 M VROXWLRQ, ZKLcK afWeU VWLUULQJ aW 

URRP WePSeUaWXUe fRU aW OeaVW 20 PLQXWeV SURdXced a cOeaU CH3NH3PbI3 VROXWLRQ. TKe VROXWLRQ 

ZaV fLOWeUed ZLWK a 0.20 �P SRUeV K\dURSKLOLc PTFE fLOWeU. TKe SeURYVNLWe fLOP deSRVLWLRQ ZaV 

SeUfRUPed XQdeU aQ LQeUW aWPRVSKeUe LQVLde a JORYebR[. TKe CH3NH3PbI3 VROXWLRQ (50 �L) ZaV 

deSRVLWed RQ WKe fXVed VLOLca JOaVV, aQd WKeQ VSLQ-cRaWed aW 5000 USP fRU 30 V. TKe VROYeQW ZaV 

eYaSRUaWed aW 100�C fRU 10 PLQ (VWLOO LQ WKe JORYebR[), UeVXOWLQJ LQ a cOeaU bURZQ fLOP. TKe PRUe 

dLOXWed CH3NH3PbI3 fLOP ZaV RbWaLQed b\ dLOXWLQJ 15 �O Rf WKe fRUPeU CH3NH3PbI3 VROXWLRQ LQ 

45 �O Rf aQK\dURXV DMF, ZKLOe NeeSLQJ WKe UeVW Rf WKe SURWRcRO WKe VaPe. TKe fLOP ZaV VWRUed 

LQ WKe daUN XQdeU LQeUW aWPRVSKeUe XQWLO fXUWKeU PeaVXUePeQWV. 

CVPbBU3 WKLQ fLOPV ZeUe SUeSaUed b\ VSLQ-cRaWLQJ a 0.5 M DMSO VROXWLRQ Rf CVBU aQd PbBU2 

(1:1 VWRLcKLRPeWULc UaWLR). TKe VROXWLRQ ZaV SUeSaUed b\ PL[LQJ CVBU (0.1064 J) aQd PbBU2 

(0.1835 J) LQ 1-1.5 PL Rf dU\ DMSO aW aURXQd 70 �C. TKe VROXWLRQ ZaV WKeQ fLOWeUed ZLWK a 

0.20 �L SRUe PTFE K\dURSKLOLc fLOWeU. FRU RbWaLQLQJ WKe WKLQ fLOP, 70 �L Rf WKe SeURYVNLWe 

VROXWLRQ ZaV VSLQ-cRaWed RQ WKe fXVed VLOLca JOaVV, LQ a JORYebR[. SXbVeTXeQW VSLQ cRaWLQJ aW 

1000 USP fRU 10 V, fROORZed b\ 60 V aW 3000 USP ZLWK WKe addLWLRQ Rf 125 �O Rf cKORURbeQ]eQe 

35 V befRUe WKe eQd Rf WKe SURJUaP, UeVXOWed LQ WKe deVLUed WKLQ fLOP afWeU VROYeQW eYaSRUaWLRQ 

(fRU 10 PLQXWeV RQ a KRW SOaWe aW 60 �C). TKe dLOXWed CVPbBU3 WKLQ fLOP ZaV SUeSaUed b\ dLOXWLQJ 

WKe fRUPeU SeURYVNLWe VROXWLRQ b\ 25% LQ YROXPe, ZKLOe UeWaLQLQJ aOO RWKeU VWeSV. BRWK WKe fLOPV 

ZeUe aQQeaOed RXWVLde WKe JORYebR[ fRU 30 PLQXWeV aW 150 �C. TKe fLOPV ZeUe VWRUed LQ WKe daUN 

XQdeU LQeUW aWPRVSKeUe XQWLO fXUWKeU PeaVXUePeQWV. 

CVPbI3 WKLQ fLOPV ZeUe SUeSaUed fURP a 1:1 VWRLcKLRPeWULc VROXWLRQ Rf CVI aQd PbI2, VLPLOaUO\ 

aV VKRZQ LQ CKaSWeU 3. TKe WZR VaOWV ZeUe PL[ed LQ a 4:1 DMSO:GBL VROXWLRQ (1 M) aW 60�C 

RYeUQLJKW aQd WKeQ fLOWeUed ZLWK a 0.20 �L SRUe PTFE K\dURSKLOLc fLOWeU. 70 �L Rf WKe cOeaU 

VROXWLRQ ZaV VSLQ cRaWed RQ WKe VXbVWUaWe XVLQJ WKe fROORZLQJ SURJUaP: 300 USP fRU 30 V, 1000 

USP fRU 20 V aQd fLQaOO\ 4000 USP fRU 60 V. TKe cRaWed VXbVWUaWe ZaV KeaWed fLUVW aW 160 �C fRU 

1 KRXU aQd WKeQ aW 320 �C fRU 15 PLQXWeV, XQWLO WKe VXbVWUaWe cKaQJed cRORXU WR WKe deVLUed bOacN 

SKaVe. TKe ZKROe SURcedXUe ZaV caUULed RXW XQdeU LQeUW aWPRVSKeUe (N2) LQ a JORYebR[. TKe 

VaPSOeV ZeUe VWRUed LQ WKe daUN XQdeU aQ LQeUW aWPRVSKeUe fRU fXUWKeU PeaVXUePeQWV. 

4.3 Results and Discussion 

IQ WKLV ZRUN, WKUee W\SeV Rf LHPV (L.e., MAPbI3, CVPbI3, aQd CVPbBU3) aUe SUeSaUed aQd VSLQ-

cRaWed RQ WKe fXVed VLOLca VXbVWUaWeV fRU TH] PeaVXUePeQWV. TKe UV-YLV abVRUSWLRQ VSecWUa aUe 

PeaVXUed aQd VKRZQ LQ Figure 4.A.1, aQd WKe LQfeUUed RSWLcaO SURSeUWLeV (e.J., baQdJaS) aUe 

cRQVLVWeQW ZLWK SUeYLRXV UeSRUWV. DXULQJ TH] PeaVXUePeQWV, WKe VaPSOeV aUe NeSW XQdeU a KLJK 
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YacXXP LQ a cU\RVWaW ZLWK a bacNJURXQd SUeVVXUe Rf a2î10-4 PbaU. We RbVeUYe QR VaPSOe 

deJUadaWLRQ dXULQJ WKe TH] PeaVXUePeQWV.  

 
Figure 4.1 _ Carrier density saturation in black Ȗ-CsPbI3. (a) TLPe-deSeQdeQW െ∆𝐸 𝐸⁄   VLJQaOV 

(UefOecWLQJ caUULeU deQVLWLeV) aW dLffeUeQW fOXeQceV, LQ bOacN Ȗ-CVPbI3 aW 78 K, ZLWK SXPS SKRWRQ eQeUJ\ Rf 

3.10 eV. TKe Ued daVKed OLQe LV a OLQeaU e[WUaSROaWLRQ Rf WKe VORZ deca\ beWZeeQ 40 SV aQd 100 SV aW WKe 

KLJKeVW fOXeQce WR ]eUR deOa\. TKe bOacN daVKed OLQe deQRWeV WKe cRUUeVSRQdLQJ VLJQaO aW WKe SeaN െ∆𝐸 𝐸⁄  

(WKe SXUSOe dRW). (b) TKe LQWeQVLW\ Rf െ∆𝐸 𝐸⁄  aW WKe SeaN aQd aW WP = 80 SV LQ (a) aV a fXQcWLRQ Rf LQLWLaOO\ 

SKRWRLQMecWed caUULeU deQVLW\. TKe Ued dRWWed OLQe LV WKe OLQeaU fLW WR SeaN െ∆𝐸 𝐸⁄  YaOXeV LQ WKe ORZ caUULeU 

deQVLW\ UeJLPe. TKe JUeeQ daVKed OLQe LV WKe cRQVWaQW fLW WR െ∆𝐸 𝐸⁄  aW WP = 80 SV LQ WKe KLJK caUULeU deQVLW\ 

UeJLPe. NcUiWical LV defLQed aV WKe caUULeU deQVLW\ aW ZKLcK SeaN െ∆𝐸 𝐸⁄  YaOXe LV WKe VaPe ZLWK WKe cURVV 

SRLQW (WKe SXUSOe dRW) LQ (a). (c) FUeTXeQc\-UeVROYed cRPSOe[ SKRWRcRQdXcWLYLW\ VSecWUa cRQVLVWLQJ Rf UeaO 

aQd LPaJLQaU\ cRPSRQeQWV PeaVXUed aW WP = 80 SV fRU LQLWLaO caUULeU deQVLW\ Rf 8.1î1017 cP-3 aQd 2.3î1018 

cP-3. TKe VROLd aQd daVKed OLQeV UeSUeVeQW WKe DUXde fLWV. 

TR LQYeVWLJaWe WKe SROaURQ d\QaPLcV LQ LHPV, Ze XVe cRQWacW-fUee RSWLcaO SXPS-TH] SURbe 

VSecWURVcRS\ aQd TH] WLPe-dRPaLQ VSecWURVcRS\. IQ Figure 4.1a, Ze VKRZ WKe fOXeQce-

deSeQdeQW OPTP d\QaPLcV LQ bOacN Ȗ-CVPbI3 aW 78 K ZLWK YaU\LQJ SKRWRLQMecWed caUULeU deQVLW\ 

𝑁  fRU RYeU QeaUO\ WZR RUdeUV Rf PaJQLWXde (fURP 6.6u1016 cP-3 WR 5.7u1018 cP-3). 𝑁  LV 

deWeUPLQed b\ WaNLQJ LQWR accRXQW WKe LQcLdeQW SKRWRQ deQVLW\ 𝑁௣௛௢௧௢௡, WKe VaPSOe abVRUSWLRQ 

𝐴 aQd WKe SKRWRQ-WR-cKaUJe TXaQWXP \LeOd Φ: 𝑁 ൌ Φ𝑁௣௛௢௧௢௡𝐴. Φ LV aURXQd 30% fRU bOacN Ȗ-

CVPbI3 [166]. AQ LQdeSeQdeQW deWeUPLQaWLRQ Rf WKe TXaQWXP \LeOd fURP WKe SOaVPa fUeTXeQc\ 

RbWaLQed fURP WKe WeUaKeUW] cRQdXcWLYLW\ VSecWUa cRQfLUPV WKLV QXPbeU (Vee Section 4.A.2). DXe 

WR WKe VLPLOaU effecWLYe PaVVeV [149], bRWK eOecWURQV aQd KROeV aUe LQcOXded KeUe aV WKe\ 

cRQWULbXWe aOPRVW eTXaOO\ WR WKe PeaVXUed SKRWRcRQdXcWLYLW\. WLWK LQcUeaVLQJ caUULeU deQVLW\ 

𝑁, dLVWLQcW feaWXUeV aSSeaU LQ WKe OPTP d\QaPLcV: LQ WKe ORZ e[cLWaWLRQ UeJLPe (𝑁 < a7u1017 

cP-3), WKe aPSOLWXde Rf WKe SKRWRcRQdXcWLYLW\ LQcUeaVeV OLQeaUO\ ZLWK e[cLWaWLRQ deQVLW\, aQd 

VKRZV OLWWOe deca\ ZLWKLQ RXU WLPe ZLQdRZ Rf a1 QV (Vee WKe LQfeUUed OLfeWLPe aW ORZ fOXeQce LQ 

Figure 4.A.3 LQ WKe ASSeQdL[). TKe RbVeUYed ORZ cKaUJe caUULeU UecRPbLQaWLRQ UaWe LV fXOO\ LQ 

OLQe ZLWK RXU SUeYLRXV UeSRUW RQ WKe caUULeU d\QaPLcV Rf Ȗ-CVPbI3 [166], aQd LV aOVR cRQVLVWeQW 

ZLWK WKe SLcWXUe Rf OaUJe SROaURQ fRUPaWLRQ, ZKLcK UeSRUWedO\ VcUeeQV WKe cKaUJe caUULeUV fURP 
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defecWV aQd RWKeU cKaUJe caUULeUV [38,74,142,166]. WKeQ WKe SROaURQ deQVLW\ LV ORZ, WKe RYeUOaS 

beWZeeQ WKeLU ZaYefXQcWLRQV LV VPaOO, WKXV OLPLWLQJ WKe bLPROecXOaU UecRPbLQaWLRQ UaWe. IQ WKe 

KLJK e[cLWaWLRQ UeJLPe (ZLWK 𝑁 > a7u1017 cP-3), a UaSLd deca\ aSSeaUV ZLWK WKe deca\ WLPe 

VSaQQLQJ fURP VeYeUaO WR WeQV Rf SV, WKeQ fROORZed b\ a ORQJ-OLYed VLJQaO aJaLQ aV LQ WKe ORZ 

e[cLWaWLRQ UeJLPe (Vee Figure 4.A.3 fRU fOXeQce-deSeQdeQW OPTP d\QaPLcV aW ORQJ WLPe VcaOe). 

TKe SeaN SKRWRcRQdXcWLYLW\ LQcUeaVeV cRQWLQXRXVO\ ZLWK SKRWRLQMecWed caUULeU deQVLW\, \eW WKe 

VLJQaOV TXLcNO\ deca\ WR WKe VaPe OeYeO, LQdeSeQdeQW Rf WKe LQLWLaO e[cLWaWLRQ deQVLW\. TKLV XQLTXe 

caUULeU deQVLW\-deSeQdeQW SKRWRcRQdXcWLYLW\ eYROXWLRQ LV VXPPaUL]ed LQ Figure 4.1b, b\ 

SORWWLQJ WKe VLJQaO aPSOLWXde aW WZR WLPe SRLQWV: aW WKe SKRWRcRQdXcWLYLW\ SeaN, aQd aW 80 SV 

afWeU SKRWRe[cLWaWLRQ. TKLV fLJXUe UeYeaOV WKe e[LVWeQce Rf a cULWLcaO cKaUJe caUULeU deQVLW\ 

𝑁௖௥௜௧௜௖௔௟: beORZ 𝑁௖௥௜௧௜௖௔௟, WKe SKRWRcRQdXcWLYLW\ LQcUeaVeV OLQeaUO\ ZLWK 𝑁, aQd LW LV ORQJ-OLYed; 

e[ceedLQJ 𝑁௖௥௜௧௜௖௔௟, WKe SeaN SKRWRcRQdXcWLYLW\ LV VWLOO LQcUeaVLQJ ZLWK 𝑁, \eW WKe cRQdXcWLYLW\ 

aW OaWeU WLPeV (e.J., WP = 80 SV) UeacKeV a SOaWeaX. NRWe WKe VOLJKW caUULeU deQVLW\ deca\ fURP a30 

SV afWeU WKe VLJQaO LV VaWXUaWed. TR accXUaWeO\ eVWLPaWe WKe cULWLcaO deQVLW\ 𝑁௖௥௜௧௜௖௔௟ , Ze 

e[WUaSROaWe WKe ORQJ-OLYed VLJQaO aW WKe KLJKeVW fOXeQce (fURP 40 SV WR 100 SV KeUe fRU Ȗ-CVPbI3) 

bacN WR SeaN െ∆𝐸 𝐸⁄   YaOXe aV VKRZQ LQ Figure 4.1a aQd WKeQ SURMecW WKLV YaOXe WR WKe 

cRUUeVSRQdLQJ caUULeU deQVLW\ 𝑁, L.e., cULWLcaO deQVLW\ 𝑁௖௥௜௧௜௖௔௟ b\ XVLQJ WKe OLQeaU UeOaWLRQ Rf 

SeaN െ∆𝐸 𝐸⁄   ZLWK 𝑁  aW ORZ fOXeQceV. FRU bOacN Ȗ-CVPbI3 LQYeVWLJaWed KeUe, Ze fLQd 

𝑁௖௥௜௧௜௖௔௟= (6.4 � 1.5)u1017 cP-3.  

TR YeULf\ WKaW WKe ORQJ-WLPe SKRWRcRQdXcWLYLW\ fRU aOO e[cLWaWLRQ fOXeQceV UeacKeV WKe VaPe 

VWaWe aQd LV deWeUPLQed b\ WKe cKaUJe caUULeU deQVLW\, aQd LV QRW affecWed b\ YaU\LQJ PRbLOLW\, 

Ze PeaVXUed fXOO SKRWRcRQdXcWLYLW\ VSecWUa aW WP = 80 SV. Figure 4.1c VKRZV WZR W\SLcaO 

cRPSOe[ SKRWRcRQdXcWLYLW\ VSecWUa XQdeU WZR dLffeUeQW e[cLWaWLRQ deQVLWLeV (ZLWK 𝑁 = 8.1u1017 

cP-3 aQd 2.3u1018 cP-3). TKe cRPSOe[ VSecWUa dLVSOa\ WKe VaPe dLVSeUVLRQ aQd LQWeQVLW\ (Vee 

PRUe daWa aQd dLVcXVVLRQ beORZ). TKLV UeVXOW LQdLcaWeV WKaW LQdeSeQdeQW Rf LQLWLaO e[cLWaWLRQ 

deQVLW\, fRU WP > 30 SV, WKe cKaUJe caUULeUV UeacK WKe VaPe VWaWe ZLWK WKe VaPe cKaUJe PRbLOLW\ 

aQd caUULeU deQVLW\, LQdeSeQdeQW Rf WKe LQLWLaO e[cLWaWLRQ deQVLW\. TKe faVW caUULeU ORVV dXULQJ WKe 

fLUVW 30 SV LV cRQVLVWeQW ZLWK AXJeU UecRPbLQaWLRQ, aV deWaLOed LQ Section 4.A.4 LQ WKe ASSeQdL[.  

AW WKe VaPe WLPe, TH]-TDS PeaVXUePeQW SURYLdeV aQ LQdeSeQdeQW Za\ WR eVWLPaWe WKe 

cULWLcaO deQVLW\, WKaW LV, WR fLW WKe SKRWRcRQdXcWLYLW\ VSecWUXP b\ WKeRUeWLcaO PRdeOV (e.J., DUXde 

PRdeO RU DUXde-SPLWK PRdeO) aQd e[WUacW WKe caUULeU deQVLW\ (Vee WKe VSecWUa aQd fLWWLQJ fRU aOO 

WKUee VaPSOeV LQ WKe ASSeQdL[). FRU bOacN Ȗ-CVPbI3, Ze fLW WKe SKRWRcRQdXcWLYLW\ VSecWUXP 

(PeaVXUed aW WP = 80 SV aW e[cLWaWLRQ fOXeQce Rf 9.35u1017 cP-3) b\ WKe DUXde PRdeO. CRUUecWLQJ 

fRU WKe VPaOO deQVLW\ deca\ RccXUULQJ XS WR 80 SV, Ze fLQd 𝑁௖௥௜௧௜௖௔௟= (7.2 � 1.4)u1017 cP-3, LQ 

JRRd aJUeePeQW ZLWK WKe YaOXe RbWaLQed fURP WKe OPTP UeVXOW. IPSRUWaQWO\, Ze fLQd WKe cULWLcaO 

deQVLW\ LV LQdeSeQdeQW Rf WKe e[cLWaWLRQ SKRWRQ eQeUJ\ (Vee a cRPSaULVRQ Rf 400 QP aQd 750 



4.3 ReVXlWV and DiVcXVVionV  

54 

 

QP e[cLWaWLRQ LQ Section 4.A.6). TKLV UeVXOW fXUWKeU cRQfLUPV WKe LQWULQVLc RULJLQ Rf WKe RbVeUYed 

cULWLcaO deQVLW\. 

 
Figure 4.2 _ TH] measurements in MAPbI3 and CsPbBr3. (a, b) TKe fOXeQce-deSeQdeQW OPTP d\QaPLcV 

LQ MAPbI3 aQd CVPbBU3 aW 78 K, ZLWK aQ e[cLWaWLRQ SKRWRQ eQeUJ\ Rf 3.10eV. IQVeWV: WKe LQWeQVLW\ Rf -ǻE/E 

aW WKe SeaN aQd aW OaWeU WLPe deOa\V (WP = 80 SV fRU MAPbI3 aQd WP = 50 SV fRU CVPbBU3) aV a fXQcWLRQ Rf 

SKRWRLQMecWed caUULeU deQVLW\. (c) TKe cRPSaULVRQ beWZeeQ WKe e[SeULPeQWaOO\ e[WUacWed cULWLcaO deQVLW\ 

NcUiWical aQd WKe caOcXOaWed MRWW SROaURQ deQVLW\ baVed RQ WKe Fe\QPaQ SROaURQ PRdeO fRU CVPbI3, MAPbI3 

aQd CVPbBU3. TKe JUeeQ V\PbROV UeSUeVeQW NcUiWical fURP OPTP PeaVXUePeQWV, ZKLOe WKe Ued V\PbROV aUe 

NcUiWical e[WUacWed fURP TH]-TDS PeaVXUePeQWV. TKe daVKed OLQe LQdLcaWeV NcUiWical = NMoWW.  

TR WeVW ZKeWKeU WKe RbVeUYed caUULeU deQVLW\ VaWXUaWLRQ LV XQLTXe fRU bOacN Ȗ-CVPbI3, Ze 

cRQdXcW PeaVXUePeQWV RQ WKe RWKeU WZR SRSXOaU LHPV, MAPbI3 aQd CVPbBU3, ZLWK eLWKeU A-

VLWe caWLRQ RU X-VLWe aQLRQ beLQJ cKaQJed LQ cRPSaULVRQ WR CVPbI3. AOWKRXJK VRPe deWaLOV abRXW 

OPTP d\QaPLcV YaU\ fRU dLffeUeQW SeURYVNLWeV (e.J., WKe caUULeU OLfeWLPe aQd VLJQaO aPSOLWXde), 

WKe VaPe caUULeU-deQVLW\ VaWXUaWLRQ SKeQRPeQRQ LV RbVeUYed LQ MAPbI3 aQd CVPbBU3 ZKeQ WKe 

caUULeU deQVLW\ e[ceedV a WKUeVKROd 𝑁௖௥௜௧௜௖௔௟, aV VKRZQ LQ Figures 4.2a and 4.2b. BaVed RQ WKLV 

RbVeUYaWLRQ, Ze caQ cRQcOXde WKaW WKLV effecW VeePV XQLYeUVaO LQ LHPV, LQcOXdLQJ RUJaQLc-

LQRUJaQLc K\bULd aQd aOO-LQRUJaQLc LHPV, LQdeSeQdeQW Rf WKe cRQVWLWXWed LRQLc cRPSRVLWLRQ. B\ 

WKe VaPe aSSURacK XWLOL]ed LQ bOacN Ȗ-CVPbI3 WR e[WUacW WKe cULWLcaO deQVLW\ fURP OPTP 

PeaVXUePeQW, WKe LQVeWV Rf Figures 4.2a and 4.2b VKRZ WKaW WKe RbWaLQed 𝑁௖௥௜௧௜௖௔௟ fRU MAPbI3 



4 E[peUimenWal qXanWificaWion of Whe MoWW polaUon denViW\ « 

55 
 

aQd CVPbBU3 aUe (5.7 � 2.2)u1017 cP-3 aQd (4.1 � 2.0)u1017 cP-3, UeVSecWLYeO\. B\ TH]-TDS, 

Ze e[WUacW WKe fLWWed 𝑁௖௥௜௧௜௖௔௟ fRU MAPbI3 aQd CVPbBU3 aUe (5.8 � 0.3)u1017 cP-3 aQd (4.7 � 

0.2)u1017 cP-3 UeVSecWLYeO\, ZLWK WaNLQJ WKe deQVLW\ deca\ LQWR cRQVLdeUaWLRQ aV ZeOO (Vee 

Section 4.A.5). 

CRQYeUWLQJ WKe cULWLcaO deQVLW\ WR WKe aYeUaJe dLVWaQce 𝑑 beWZeeQ QeLJKbRULQJ caUULeUV, Ze 

eVWLPaWe 𝑑 WR be aURXQd 10 QP. TKLV YaOXe LV VLPLOaU WR WKe SROaURQ dLaPeWeU LQ LHPV [171,173]. 

TKLV VLPSOe eVWLPaWe LQdLcaWeV WKaW WKe 𝑁௖௥௜௧௜௖௔௟ caQ be LQWeUSUeWed aV WKe MRWW SROaURQ deQVLW\ 

𝑁ெ௢௧௧ LQ LHPV LQ ZKLcK QeLJKbRULQJ SROaURQV RYeUOaS, VeWV WKe XSSeU OLPLW Rf WKe cKaUJe caUULeU 

deQVLW\ WKaW LHPV caQ VXSSRUW. TR e[aPLQe WKLV K\SRWKeVLV, LQ Figure 4.2c Ze cRUUeOaWe WKe 

e[SeULPeQWaOO\ e[WUacWed cULWLcaO deQVLW\ 𝑁௖௥௜௧௜௖௔௟  (fURP bRWK OPTP aQd TH]-TDS) WR WKe 

caOcXOaWed 𝑁ெ௢௧௧fRU aOO WKUee SeURYVNLWeV aW 78K. TKe MRWW SROaURQ deQVLW\ LV caOcXOaWed baVed 

RQ a fLQLWe WePSeUaWXUe QXPeULc VROXWLRQ WR WKe Fe\QPaQ SROaURQ PRdeO [72]. TKe SROaURQ UadLXV 

LV defLQed fROORZLQJ ScKXOW] aV WKe ZLdWK Rf WKe GaXVVLaQ SROaURQ ZaYefXQcWLRQ aQVaW] LQ WKe 

Fe\QPaQ PRdeO [174]. AVVXPLQJ fRU VLPSOLcLW\ WKaW WKe SROaURQ RccXSLeV a cXbe ZLWK VLdeV 

WZLce WKe SROaURQ UadLXV, WKe MRWW SROaURQ deQVLW\ LV WKXV LQfeUUed. TKe SaUaPeWeUV XVed fRU 

caOcXOaWLQJ 𝑁ெ௢௧௧ fRU WKe WKUee SeURYVNLWeV aUe VKRZQ LQ Table 4.A.2 LQ WKe ASSeQdL[. AV caQ 

be VeeQ LQ Figure 4.2c, a dLUecW cRUUeOaWLRQ beWZeeQ WKe e[WUacWed cULWLcaO deQVLW\ 𝑁௖௥௜௧௜௖௔௟ aQd 

WKe MRWW SROaURQ deQVLW\ 𝑁ெ௢௧௧ LV eYLdeQW fRU aOO WKUee LHPV.  

HRZeYeU, WKe YaULaWLRQ beWZeeQ NcUiWical aQd NMoWW fRU WKe dLffeUeQW LHPV LV UeOaWLYeO\ VPaOO. A 

PRUe cULWLcaO WeVW Rf WKe K\SRWKeVLV WKaW NcUiWical = NMoWW caQ be SeUfRUPed b\ YaU\LQJ WKe 

WePSeUaWXUe, VLQce LQ WKe Fe\QPaQ WKeRU\ WKe SROaURQ UadLXV, aQd WKeUeb\ NMoWW, LV VWURQJO\ 

WePSeUaWXUe (T)-deSeQdeQW. TKe SROaURQ VL]e LQcUeaVeV aV T decUeaVeV [171], aV VKRZQ 

VcKePaWLcaOO\ LQ Figure 4.3a. CRUUeVSRQdLQJO\, WKe PRdeO SUedLcWV WKaW WKe MRWW SROaURQ 

WUaQVLWLRQ deQVLW\ ZLOO LQcUeaVe ZLWK T. Figure 4.3b VKRZV WKe caOcXOaWed 𝑁ெ௢௧௧ aW dLffeUeQW T 

fRU bOacN Ȗ-CVPbI3. TKe caOcXOaWed MRWW SROaURQ deQVLW\ LQcUeaVeV b\ RYeU a facWRU Rf 4, fURP 

50 K WR 300 K. TR cKecN WKe effecW Rf T RQ WKe OPTP d\QaPLcV aQd cULWLcaO deQVLW\, Figure 4.3c 

VKRZV WKe fOXeQce-deSeQdeQW OPTP PeaVXUePeQW LQ bOacN Ȗ-CVPbI3 aW 286 K aV aQ e[aPSOe 

(Vee PRUe T-deSeQdeQW OPTP PeaVXUePeQW LQ Figure 4.A.7), aQd WKe LQVeW dLVSOa\V WKe 

e[WUacWLRQ Rf cULWLcaO deQVLW\. WLWK LQcUeaVLQJ LQLWLaO e[cLWaWLRQ deQVLW\, WKe VLJQaO VaWXUaWLRQ 

KaSSeQV aW KXQdUedV Rf SV aW 286 K, LQVWead Rf WeQV Rf SV aW 78 K. TKe e[WUacWed cULWLcaO deQVLW\ 

KeUe LV (1.47 � 0.3)u1018 cP-3 ZKLcK LV YeU\ cORVe WR WKe caOcXOaWed MRWW deQVLW\ Rf 1.67u1018 

cP-3 aW 286 K. IQ Figure 4.3d, Ze fXUWKeU VKRZ WKe LQfeUUed 𝑁௖௥௜௧௜௖௔௟ aW T YaU\LQJ fURP 78 K 

WR 286 K, ZKLcK cRUUeOaWeV ZeOO ZLWK 𝑁ெ௢௧௧ RbWaLQed fURP caOcXOaWLRQV. NRWe WKaW WKeUe LV QR 

SKaVe WUaQVLWLRQ [53] fRU bOacN Ȗ-CVPbI3 beORZ URRP T, aQd Ze RbVeUYe QeaUO\ QR cKaQJe LQ 

SKRWRQ-WR-caUULeU cRQYeUVLRQ effLcLeQc\ ZLWKLQ WKLV T UaQJe (Vee Figure 4.A.8). TKLV T-

deSeQdeQW UeVXOW fXUWKeU VXSSRUWV WKe e[LVWeQce Rf a MRWW SROaURQ WUaQVLWLRQ LQ LHPV. TKLV 
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deOa\ed VLJQaO VaWXUaWLRQ aW KLJK T LQdLcaWeV a VORZeU VWabLOL]aWLRQ aW WKe MRWW SROaURQ deQVLW\, 

ZKLcK Pa\ be dXe WR LQcUeaVed WKeUPaO dLVRUdeU (aQKaUPRQLc SKRQRQ VcaWWeULQJ) aW eOeYaWed 

WePSeUaWXUeV. TKe KLJKeU MRWW deQVLW\ LPSedeV WKeUPaO dLVVLSaWLRQ fURP KRW SROaURQV [171].  

 
Figure 4.3 _ Temperature-dependent critical density in LHPs. (a) ScKePaWLc LOOXVWUaWLRQ Rf SROaURQ VL]e 

eYROXWLRQ ZLWK ORZeULQJ WePSeUaWXUe. (b) TKe caOcXOaWed MRWW SROaURQ deQVLW\ aV a fXQcWLRQ Rf WePSeUaWXUe 

baVed RQ WKe fLQLWe WePSeUaWXUe Fe\QPaQ SROaURQ PRdeO fRU bOacN Ȗ-CVPbI3. (c) FOXeQce-deSeQdeQW OPTP 

d\QaPLcV aW 286 K LQ bOacN Ȗ-CVPbI3 ZLWK aQ e[cLWaWLRQ SKRWRQ eQeUJ\ Rf 3.10 eV. IQVeWV: WKe LQWeQVLW\ Rf -

ǻE/E aW WKe SeaN aQd aW WP = 700 SV aV a fXQcWLRQ Rf SKRWRLQMecWed caUULeU deQVLW\. TKe daVKed Ued OLQe VKRZV 

e[WUaSROaWLRQ bacN WR ]eUR SXPS-SURbe deOa\ fURP daWa beWZeeQ 500 aQd 800 SV, aW KLJK e[cLWaWLRQ deQVLW\, 

aV LQ Figure 4.1c.  (d) TKe cRPSaULVRQ beWZeeQ WKe e[SeULPeQWaOO\ (OPTP) e[WUacWed cULWLcaO deQVLW\ 

NcUiWical aQd WKe caOcXOaWed MRWW SROaURQ deQVLW\ aW dLffeUeQW WePSeUaWXUeV fRU CVPbI3. TKe daVKed OLQe 

LQdLcaWeV ZKeUe NcUiWical aQd NMoWW aUe WKe VaPe. 

AfWeU eVWabOLVKLQJ WKe MRWW SROaURQ deQVLW\, Ze cKaUacWeUL]e WKe cKaUJe WUaQVSRUW SURSeUWLeV 

beORZ aQd abRYe LW. IQ Figures 4.4a aQd 4.4b, Ze VKRZ WZR W\SLcaO SKRWRcRQdXcWLYLW\ VSecWUa 

Rf bOacN Ȗ-CVPbI3 aW 78 K fROORZLQJ WZR e[cLWaWLRQ fOXeQceV, beORZ aQd abRYe WKe MRWW deQVLW\: 

1î1017 cP-3 aQd 2.33î1018 cP-3. BRWK PeaVXUePeQWV aUe cRQdXcWed aW 80 SV fROORZLQJ RSWLcaO 

e[cLWaWLRQV WR eQVXUe WKaW MRWW SROaURQ VWaWeV aUe eVWabOLVKed fROORZLQJ e[ceedLQJ-MRWW deQVLW\ 

e[cLWaWLRQV. AV Ze caQ Vee, bRWK SKRWRcRQdXcWLYLW\ VSecWUa VKaUe WKe VaPe feaWXUe, ZLWK a 

SRVLWLYe, decUeaVLQJ UeaO SaUW aQd a SRVLWLYe, LQcUeaVLQJ LPaJLQaU\ SaUW ZLWK fUeTXeQc\. TKLV LV 

a cOeaU VLJQaWXUe Rf deORcaOL]ed baQd WUaQVSRUW aQd caQ be ZeOO fLWWed b\ DUXde PRdeO (WKe VROLd 
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aQd daVK OLQeV LQ Figures 4.4a and 4.4b). Figure 4.4c VXPPaUL]eV WKe e[WUacWed VcaWWeULQJ WLPe 

߬�aQd caUULeU deQVLW\ fURP DUXde fLWWLQJ aW dLffeUeQW fOXeQceV. WLWK LQcUeaVLQJ LQcLdeQW fOXeQce, 

WKe fLWWed caUULeU deQVLW\ JURZV UaSLdO\ aQd WKeQ VaWXUaWeV aW a caUULeU deQVLW\ Rf a6.4î1017 cP-

3, cRQVLVWeQW ZLWK WKe LQfeUUed MRWW deQVLW\ abRYe LQ Ȗ-CVPbI3 aW 78 K. OQ WKe RWKeU KaQd, WKe 

e[WUacWed VcaWWeULQJ WLPe VKRZV a VWURQJ-fOXeQce deSeQdeQW WUaQVLWLRQ, fURP aQ aOPRVW fOXeQce-

LQdeSeQdeQW KLJK VcaWWeULQJ YaOXe Rf RYeU 40 fV aW ORZ SROaURQ deQVLW\ (fRU abVRUbed SKRWRQ 

deQVLW\ beORZ a40% Rf MRWW deQVLW\) WR OeVV WKaQ 20 fV abRYe WKe MRWW deQVLW\. TKLV UeVXOW 

LQdLcaWeV WKaW eYeQ aW WKe MRWW SROaURQ deQVLW\, deORcaOL]ed baQd WUaQVSRUW VWLOO SUeYaLOV LQ LHPV, 

bXW WKaW VRPe addLWLRQaO VcaWWeULQJ SaWKZa\ KaV acWLYaWed. MRVW OLNeO\ WKLV LV caUULeU-caUULeU 

VcaWWeULQJ QRZ WKaW WKe SROaURQ ZaYefXQcWLRQV aUe RYeUOaSSLQJ. OQ WKe RWKeU KaQd, WKe eQKaQced 

caUULeU VcaWWeULQJ LQWeUacWLRQ dReV UedXce WKe cKaUJe PRbLOLW\ (ߤ ൌ 𝑒߬ ݉∗⁄  , ZLWK ݉∗  aV WKe 

effecWLYe PaVV). 

 
Figure 4.4 _ Fluence-dependent complex photoconductivity for black Ȗ-CsPbI3 measured at WP = 80 ps 

at a temperature of 78 K. (a, b) FUeTXeQc\-UeVROYed SKRWRcRQdXcWLYLW\ VSecWUa (fLOOed aQd ePSW\ cLUcOeV) 

aQd DUXde PRdeO fLWV (VROLd aQd daVKed OLQeV) aW LQLWLaO SKRWRJeQeUaWed caUULeU deQVLW\ Rf 1î1017 cP-3 aQd 

2.33î1018 cP-3. (c) TKe e[WUacWed VcaWWeULQJ WLPeV aQd caUULeU deQVLWLeV fURP DUXde fLWWLQJ aW dLffeUeQW 

LQcLdeQW fOXeQceV. 

TKe RbVeUYaWLRQ Rf MRWW SROaURQ deQVLW\ VeWV WKe XSSeU OLPLW RQ WKe aYaLOabOe OaUJe SROaURQ 

SRSXOaWLRQ WKaW LHPV caQ KRVW. TKeRUeWLcaOO\, EPLQ SUedLcWed aQ ePeUJLQJ UeSXOVLYe LQWeUacWLRQ 

acWLQJ aV aQ eQeUJ\ baUULeU beWZeeQ WKe RSSRVLWeO\ cKaUJed OaUJe SROaURQV ZKeQ WKe SROaURQ 

VeSaUaWLRQ LV VPaOO eQRXJK [175]. SXcK UeSXOVLYe SROaURQLc LQWeUacWLRQV aUe baOaQced b\ WKe 

eOecWURQ-KROe CRXORPb aWWUacWLRQ, deWeUPLQLQJ WKe VSaWLaO eQeUJ\ OaQdVcaSe Rf SROaURQ VWaWeV. 

TKeVe baOaQced LQWeUacWLRQV XQdeUOLe WKe fRUPaWLRQ Rf MRWW SROaURQ deQVLW\ LQ LHPV. BeVLdeV 

WKe ORZ WUaSSLQJ UaWe (VR-caOOed ³defecW WROeUaQce´ effecW) UeSRUWed LQ LHPV OLQNed WR WKe 

dLeOecWULc VcUeeQLQJ WKaW aOVR dULYeV OaUJe SROaURQ fRUPaWLRQ, RXU dLVcXVVLRQ KeUe caQ aOVR 

e[SOaLQ WKe ZeaN bLPROecXOaU UecRPbLQaWLRQ UaWe (L.e., fUee eOecWURQ-KROe UecRPbLQaWLRQ) aQd 

WKXV ORQJ caUULeU OLfeWLPe LQ LHPV LQ VROaU ceOO aSSOLcaWLRQV.  

AW KLJK e[cLWaWLRQ deQVLWLeV (𝑁 >1018 cP-3), XQe[SecWedO\ VWURQJ AXJeU UecRPbLQaWLRQ LQ 

LHPV LV RfWeQ dedXced fURP VSecWURVcRSLc VWXdLeV, LQcOXdLQJ TH] VSecWURVcRS\ [144,166], 
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WUaQVLeQW abVRUSWLRQ VSecWURVcRS\ [89,176]. TKe LQfeUUed AXJeU cReffLcLeQW LV aOPRVW WZR RUdeUV 

Rf PaJQLWXde KLJKeU LQ LHPV WKaQ LQ cRQYeQWLRQaO VePLcRQdXcWRUV ZLWK VLPLOaU baQdJaSV [169]. 

TKLV VWURQJ AXJeU UecRPbLQaWLRQ OeadV WR WKe effLcLeQc\ UROO-Rff LQ LEDV [170] aQd cRQceQWUaWRU 

SKRWRYROWaLcV [168] ZKeQ WKe caUULeU deQVLW\ LV abRYe a1018 cP-3. IQ addLWLRQ, e[ceSWLRQaOO\ 

acceOeUaWed d\QaPLcV deca\ LV RbVeUYed aW ORZeU WePSeUaWXUeV [144,177]. YeW, WKe XQdeUO\LQJ 

PecKaQLVP fRU WKe VWURQJ AXJeU UecRPbLQaWLRQ LQ LHPV LV VWLOO XQdeU debaWe. TKeVe 

RbVeUYaWLRQV caQ be UaWLRQaOL]ed b\ WKe MRWW SROaURQ SLcWXUe. FRU deQVLWLeV e[ceedLQJ NMoWW, WKe 

eQfRUced RYeUOaS Rf SROaURQV ZeaNeQV WKe SURWecWLRQ Rf WKe LQdXced cKaUJe [178]. TKLV UeVXOWV 

LQ eQKaQced eOecWURQ-KROe LQWeUacWLRQ aQd WKeUefRUe a faVWeU SRSXOaWLRQ aQQLKLOaWLRQ UaWe [44]. 

AW ORZeU WePSeUaWXUeV, WKe SRSXOaWLRQ UedXceV WR WKe MRWW SROaURQ deQVLW\ faVWeU, ZLWKLQ WeQV Rf 

SV, LQ OLQe ZLWK WKe eQKaQced AXJeU UecRPbLQaWLRQ aW ORZ T. 

TKe RbVeUYed MRWW deQVLW\ Pa\ aOVR be cORVeO\ UeOaWed WR WKe caUULeU deQVLWLeV aW ZKLcK ORQJ 

KRW caUULeU OLfeWLPeV KaYe beeQ UeSRUWed LQ LHPV. YaQJ eW al. UeSRUWed OLfeWLPeV XS WR 100 SV LQ 

MAPbI3 aQd FAPbI3 aW a caUULeU deQVLW\ Rf 6u1018 cP-3 aQd WKe\ aWWULbXWe WKLV RbVeUYaWLRQ WR 

KRW SKRQRQ bRWWOeQecN effecW [43]. FURVW eW al. SURSRVed WKLV VORZed KRW caUULeU cRROLQJ aW KLJK 

fOXeQce RULJLQaWeV fURP WKe SROaURQ RYeUOaS aQd VKaUed SKRQRQ VXbSRSXOaWLRQ [171]. OXU UeVXOWV 

VXSSRUW WKe OaWWeU SLcWXUe. DXe WR WKe deVWabLOL]ed SROaURQ SURWecWLRQ, WKe KRW caUULeU-LO SKRQRQ 

LQWeUacWLRQ LQcUeaVeV ZLWK fOXeQce. HRZeYeU, SROaURQ RYeUOaS LPSedeV WKe SKRQRQ dLffXVLRQ 

aZa\ fURP WKe SROaURQV, ZKLcK, LQ WXUQ, UeKeaWV WKe KRW caUULeUV.

4.4 Conclusions 

IQ VXPPaU\, Ze RbVeUYe WKe fRUPaWLRQ Rf a cULWLcaO MRWW SROaURQ deQVLW\ LQ Oead KaOLde 

SeURYVNLWeV. TKe effecW LV fRXQd WR be XQLYeUVaO aQd LQdeSeQdeQW Rf WKe cRQVWLWXWe LRQ QaWXUe. 

AbRYe WKe MRWW SROaURQ deQVLW\, WKe SKRWRLQMecWed e[ceVV caUULeUV aQQLKLOaWe dXULQJ WeQV WR 

KXQdUedV Rf SV deSeQdLQJ RQ WKe WePSeUaWXUe. QXaQWLWaWLYe aJUeePeQW LV fRXQd beWZeeQ WKe 

LQfeUUed WUaQVLWLRQ deQVLW\ (fURP RbVeUYed acceOeUaWed UecRPbLQaWLRQ) aQd WKe caOcXOaWed 

WUaQVLWLRQ deQVLW\ fURP WKe WePSeUaWXUe-deSeQdeQW Fe\QPaQ YaULaWLRQaO SROaURQ WKeRU\. OXU 

UeVXOWV aUe cUXcLaO fRU XQdeUVWaQdLQJ WKe LQWULQVLc RSWReOecWURQLc SURSeUWLeV Rf LHPV aQd VKed 

OLJKW RQ WKe SeUfRUPaQce Rf OLJKW-cRQceQWUaWed RSWReOecWURQLc deYLceV. 

4.5 Appendix  

Section 4.A.1: The UV-vis absorption spectrum and bandgap estimation 
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Figure 4.A.1 _ The UV-vis absorption spectra for MAPbI3, CsPbBr3 and black Ȗ-CsPbI3 measured at 

room temperature. TKe LQVeWV aUe WKe TaXc SORWV fRU eVWLPaWLQJ WKe baQdJaSV. TKe abVRUSWLRQ VSecWUa aQd 

WKe LQfeUUed baQdJaSV aUe cRQVLVWeQW ZLWK SUeYLRXV UeSRUWV [166,179,180].  

Section 4.A.2: Determination of photon-to-carrier quantum yield ĭ 

TR aVVeVV WKe SKRWRQ-WR-caUULeU TXaQWXP \LeOd, Ze cRQdXcWed WKe TH]-TDS WR RbWaLQ WKe 

SKRWRcRQdXcWLYLW\ VSecWUXP aQd WKeQ fLWWed LW ZLWK DUXde RU DUXde-SPLWK PRdeOV, ZKLcK aUe 

cRPPRQO\ XVed WR cKaUacWeUL]e WKe cKaUJe WUaQVSRUW LQ VROLdV [91]. 

B\ fLWWLQJ WKeVe PRdeOV WR WKe SKRWRcRQdXcWLYLW\ VSecWUa, Ze caQ e[WUacW WKe caUULeU deQVLW\ 

aQd WKXV WKe SKRWRQ-WR-caUULeU TXaQWXP \LeOd ĭ. 

 
Figure 4.A.2 _ The frequency-resolved photoconductivity spectra for MAPbI3, CsPbBr3 and black Ȗ-

CsPbI3 measured at 78 K. TKe abVRUbed SKRWRQ deQVLWLeV XVed fRU cRQdXcWLQJ WKeVe PeaVXUePeQWV aUe 

OLVWed beORZ LQ WKe TabOe 4.A.1. 

Table 4.A.1 _ TKe eVWLPaWLRQ Rf SKRWRQ-WR-caUULeU TXaQWXP \LeOd ĭ fRU WKUee SeURYVNLWeV 

SaPSOe NAbVoUbed (cP-3) NFiWWed (cP-3) ĭ (%) 

MAPbI3 8.30u1017 1.27u1017 a15 

CVPbI3 5.87u1017 1.75u1017 a30 

CVPbBU3 6.30u1017 0.51u1017 a8 

HeUe, NAbVoUbed LV WKe abVRUbed SKRWRQ deQVLW\ b\ WaNLQJ LQWR accRXQW WKe LQcLdeQW SKRWRQ deQVLW\ 

aQd VaPSOe abVRUSWLRQ, NFiWWed LV WKe e[WUacWed caUULeU deQVLW\ fURP WKe fLWWLQJ WR WKe 

SKRWRcRQdXcWLYLW\ VSecWUa.  
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Section 4.A.3: Lifetime estimation at low fluence for black Ȗ-CsPbI3  

 
Figure 4.A.3 _ OPTP dynamics at different fluences. (a) TKe fOXeQce-deSeQdeQW OPTP d\QaPLcV fRU bOacN 

Ȗ-CVPbI3 aW 78 K. (b) TKe OPTP d\QaPLcV aW a caUULeU deQVLW\ Rf 1.58u1017 cP-3. TKe bOacN VROLd OLQe LV WKe 

VLQJOe e[SRQeQWLaO fLW ZLWK WKe LQfeUUed OLfeWLPe Rf aURXQd 2.9 QV.  

Section 4.A.4: Discussion on the fast decay of OPTP dynamics 

HeUe Ze WaNe MAPbI3 aV aQ e[aPSOe fRU WKe dLVcXVVLRQ Rf faVW deca\ LQ WKe fOXeQce-deSeQdeQW 

OPTP d\QaPLcV. We aWWULbXWe WKe faVW deca\ WR AXJeU UecRPbLQaWLRQ ZLWK PRbLOLW\ cKaQJLQJ aW 

KLJK fOXeQceV. AW SKRWRLQMecWed caUULeU deQVLW\ KLJKeU WKaQ 1018 cP-3, WKe effecWLYe PaVV Rf 

cKaUJe caUULeUV ZLOO LQcUeaVe dXe WR WKe baQd-fLOOLQJ effecW [181]. AW WKe VaPe WLPe, WKeUe LV a 

UedXced VcaWWeULQJ WLPe becaXVe Rf WKe eQKaQced caUULeU-caUULeU RU caUULeU-SKRQRQ LQWeUacWLRQ 

[109,110]. SLQce WKe TH] VLJQaO െ∆𝐸/𝐸ሺݐሻ LV SURSRUWLRQaO WR WKe SKRWRcRQdXcWLYLW\ ߪ ZKLcK 

LV fXUWKeU UeOaWed WR WKe caUULeU deQVLW\ 𝑁ሺݐሻ  aQd cKaUJe PRbLOLW\ ߤሺ𝑁ሻ ൌ 𝑒 ∙ ߬ሺ𝑁ሻ ݉∗ሺ𝑁ሻ⁄  

(Vee WKe PaLQ We[W), WKe WLPe-UeVROYed TH] VLJQaO caQ be e[SUeVVed aV fROORZLQJ: 

െ∆𝐸 𝐸⁄ ሺݐሻ ൌ 𝑐 ∙ 𝑁ሺݐሻ ∙ 𝑒 ∙ ሺ𝑁ሻߤ ሺ4. 1ሻ 

𝑐 LV WKe SURSRUWLRQaOLW\ facWRU ZKLcK caQ be deWeUPLQed LQdeSeQdeQWO\ aW WKe ORZ caUULeU deQVLW\ 

UeJLPe ZKeUe WKe PRbLOLW\ LV a cRQVWaQW.  

TKe AXJeU UecRPbLQaWLRQ fROORZV WKe UecRPbLQaWLRQ UaWe eTXaWLRQ: 

𝑑𝑁ሺݐሻ 𝑑ݐ⁄ ൌ െ݇ଷ ∙ 𝑁ଷ ሺ4. 2ሻ  

݇ଷ LV WKe AXJeU UecRPbLQaWLRQ cRQVWaQW. SROYLQJ WKe dLffeUeQWLaO eTXaWLRQ, Ze RbWaLQ WKe WLPe-

deSeQdeQW e[SUeVVLRQ Rf 𝑁ሺݐሻ.  

FRU WKe caUULeU deQVLW\-deSeQdeQW effecWLYe PaVV ݉∗ሺ𝑁ሻ, Ze WaNe WKe caOcXOaWed UeVXOW fURP 

AURQ [181]. PXWWLQJ 𝑁ሺݐሻ aQd  ݉∗ሺ𝑁ሻ LQWR ETXaWLRQ (4.3), aQd WKeQ Ze fLW LW JORbaOO\ WR WKe 

fOXeQce-deSeQdeQW OPTP d\QaPLcV LQ Figure 4.A.4a. AV Ze caQ Vee, WKe fLWWLQJ LV adeTXaWeO\ 

fLQe, LQdLcaWLQJ WKe caSWXUe Rf WKe deca\ eVVeQce. FURP WKe fLWWLQJ, Ze e[WUacW WKe caUULeU deQVLW\-

deSeQdeQW PRbLOLW\ aQd VcaWWeULQJ WLPe. IQ Figure 4.A.4c, WKe caUULeU deQVLW\-deSeQdeQW 

VcaWWeULQJ WLPe LV fXUWKeU fLWWed b\ WKe ePSLULcaO CaXJKe\-TKRPaV UeOaWLRQ [110]. 
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We cRQcOXde WKaW WKe faVW deca\ caQ be ZeOO deVcULbed b\ AXJeU UecRPbLQaWLRQ ZLWK YaULed 

PRbLOLW\. TKe VLJQaO YaULaWLRQ ZLWK LQcUeaVLQJ cKaUJe caUULeU deQVLW\ LV SUedRPLQaQWO\ dXe WR a 

UedXcWLRQ LQ WKe VcaWWeULQJ WLPe (facWRU Rf 5), LQ addLWLRQ WR a VPaOO cRQWULbXWLRQ fURP aQ LQcUeaVe 

LQ effecWLYe PaVV (facWRU Rf 1.2).  

 
Figure 4.A.4 _ Auger recombination fits to the OPTP dynamics of MAPbI3. (a) TKe fOXeQce-deSeQdeQW 

OPTP d\QaPLcV fRU MAPbI3 aW 78K. TKe dRWV aUe WKe e[SeULPeQWaO daWa; WKe VROLd OLQeV aUe fLWV, aV dLVcXVVed 

abRYe. (b) TKe e[WUacWed cKaUJe PRbLOLW\ aQd c, VcaWWeULQJ WLPe fURP WKe fLWWLQJ. TKe VROLd OLQe LQ c LV WKe 

fLWWLQJ b\ CaXJKe\-TKRPaV UeOaWLRQ. 

Section 4.A.5: The extraction of critical density by TH]-TDS 

 
Figure 4.A.5 _ Frequency-domain photoconductivities and the Drude (Drude-Smith) fits. TKe 

fUeTXeQc\-UeVROYed cRPSOe[ SKRWRcRQdXcWLYLW\ VSecWUa PeaVXUed 80 SV afWeU SKRWRe[cLWaWLRQV aW 78 K fRU 

(a) CVPbI3 aW LQLWLaOO\ SKRWRLQMecWed caUULeU deQVLW\ Rf 9.35u1017 cP-3, (b) MAPbI3 aW 5u1018 cP-3, (c) 

CVPbBU3 aW 1.35u1018 cP-3. TKe VROLd aQd daVKed OLQeV aUe WKe DUXde PRdeO fLW fRU CVPbI3 aQd DUXde-SPLWK 

PRdeO fLW fRU MAPbI3 aQd CVPbBU3. 

Table 4.A.2 _ TKe e[WUacWed SaUaPeWeUV fURP WKe abRYe fLWWLQJ 

SaPSOe ScaWWeULQJ WLPe 
(fV) 

CaUULeU deQVLW\ 
(1017 cP-3) PaUaPeWeU c 

CVPbI3 18 � 4 6.62 � 1.35 0 

MAPbI3 64 � 3 5.82 � 0.31 -0.66 � 0.02 

CVPbBU3 80 � 5 6.14 � 0.42 -0.65 � 0.02 
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Section 4.A.6: Extracted critical densities at different pump wavelength 

 
Figure 4.A.6 _ OPTP dynamics of MAPbI3 at different pump wavelengths. TKe fOXeQce-deSeQdeQW 

OPTP d\QaPLcV aQd WKe e[WUacWLRQ Rf cULWLcaO deQVLW\ fRU MAPbI3 aW 78K fRU e[cLWaWLRQ ZaYeOeQJWKV Rf (a, 

b) 750 QP aQd (c, d) 400 QP. TKe e[WUacWed cULWLcaO deQVLW\ fRU bRWK ZaYeOeQJWKV LV aURXQd 5u1017 cP-3, 

LQdLcaWLQJ WKe LQdeSeQdeQce Rf WKe LQfeUUed cULWLcaO deQVLW\ RQ WKe SXPS ZaYeOeQJWK. 

Section 4.A.7: Mott polaron density calculation based on Feynman polaron model 

Table 4.A.3 _ TKe PaWeULaO SaUaPeWeUV XWLOL]ed fRU caOcXOaWLQJ WKe MRWW SROaURQ deQVLW\ baVed RQ Fe\QPaQ 

SROaURQ PRdeO [72,74,76,149,173] 

SaPSOe İ0 İ� ȣLO (TH]) P* (P0) 

CVPbI3 18.10 6.1 2.57 0.10 

MAPbI3 33.5 5.0 3.38 0.10 

CVPbBU3 29.37 4.3 4.07 0.17 

HeUe, İ0 aQd İ� aUe WKe VWaWLc aQd RSWLcaO dLeOecWULc fXQcWLRQV LQ XQLWV Rf YacXXP SeUPLWWLYLW\, ȣLO 

LV WKe effecWLYe RSWLcaO SKRQRQ fUeTXeQc\, P* LV WKe effecWLYe PaVV LQ XQLWV Rf UeVW PaVV P0.  

Section 4.A.8: The extraction of critical density at different temperatures 
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Figure 4.A.7 _ Temperature-dependent OPTP dynamics of CsPbI3. TKe fOXeQce-deSeQdeQW OPTP 

d\QaPLcV aQd WKe e[WUacWLRQ Rf cULWLcaO deQVLW\ aW dLffeUeQW WePSeUaWXUeV fRU CVPbI3.  

Section 4.A.9: The photon-to-carrier conversion ratio at different temperature 

 
Figure 4.A.8 _ Temperature-dependent photon-to-carrier conversion efficiency for CsPbI3. TKe UaWLR 

Rf e[WUacWed caUULeU deQVLW\ NFiW fURP DUXde fLWWLQJ WR WKe LQcLdeQW SKRWRQ deQVLW\ N0 aW dLffeUeQW WePSeUaWXUeV 

LQ bOacN Ȗ-CVPbI3. 
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5 Highly mobile hot holes in Cs2AgBiBr6 double 

perovskite

HLJKO\ PRbLOe KRW cKaUJe caUULeUV aUe a SUeUeTXLVLWe fRU effLcLeQW KRW-caUULeU RSWReOecWURQLcV 

UeTXLULQJ ORQJ-UaQJe KRW caUULeU WUaQVSRUW. YeW KRW caUULeUV aUe W\SLcaOO\ PXcK OeVV PRbLOe WKaQ 

cROd RQeV aV a UeVXOW Rf KeLJKWeQed caUULeU-SKRQRQ VcaWWeULQJ. HeUe, Ze UeSRUW eQKaQced KRW 

caUULeU PRbLOLW\ LQ CV2AJBLBU6 dRXbOe SeURYVNLWe. FROORZLQJ SKRWR-e[cLWaWLRQ, KRW caUULeUV 

JeQeUaWed ZLWK e[ceVV eQeUJ\ e[KLbLW bRRVWed PRbLOLW\, UeacKLQJ a 4-fROd eQKaQcePeQW 

cRPSaUed WR cROd caUULeUV aW aQ e[ceVV eQeUJ\ Rf a1.5 eV aQd a ORQJ-UaQJe KRW-caUULeU WUaQVSRUW 

OeQJWK be\RQd 200 QP. B\ RSWLcaO SXPS-IR SXVK-TeUaKeUW] SURbe VSecWURVcRS\ aQd fUeTXeQc\-

UeVROYed SKRWRcRQdXcWLYLW\ PeaVXUePeQWV, Ze SURYLde e[SeULPeQWaO eYLdeQce WKaW WKe 

cRQdXcWLYLW\ eQKaQcePeQW RULJLQaWeV SULPaULO\ fURP KRW KROeV ZKLcK e[SeULeQce UedXced 

PRPeQWXP VcaWWeULQJ cRPSaUed WR WKeLU cROd VWaWeV. We UaWLRQaOL]e RXU RbVeUYaWLRQ b\ 

cRQVLdeULQJ (TXaVL-)baOOLVWLc WUaQVSRUW Rf WKeUPaOL]ed KRW KROeV ZLWK eQeUJLeV abRYe aQ eQeUJeWLc 

WKUeVKROd LQ CV2AJBLBU6. OXU fLQdLQJV UeQdeU CV2AJBLBU6 a faVcLQaWLQJ SOaWfRUP fRU VWXd\LQJ 

WKe fXQdaPeQWaOV Rf KRW caUULeU WUaQVSRUW aQd LWV e[SORLWaWLRQ WRZaUdV effLcLeQW KRW caUULeU-baVed 

RSWReOecWURQLc deYLceV. 

5.1 Introduction  

OSWLcaO e[cLWaWLRQ Rf VePLcRQdXcWRUV b\ SKRWRQV ZLWK eQeUJ\ (hȞ) e[ceedLQJ WKeLU baQdJaS 

(Eg) cUeaWeV eQeUJeWLc, ³KRW´ caUULeUV ZLWK aQ e[ceVV eQeUJ\ Ee[ = hȞ - Eg. TKeVe LQLWLaOO\ QRQ-

WKeUPaOL]ed KRW caUULeUV caQ UeacK WKeUPaOL]aWLRQ ZLWK a defLQed eOecWURQLc WePSeUaWXUe 

fROORZLQJ WKe FeUPL-DLUac dLVWULbXWLRQ YLa caUULeU-caUULeU LQWeUacWLRQV LQ WeQV WR KXQdUedV Rf 

fePWRVecRQdV (fV) [182,183,184]. TKe WKeUPaOL]ed KRW caUULeUV caQ VXbVeTXeQWO\ dLVVLSaWe WKeLU 

e[ceVV eQeUJ\ WR WKe OaWWLce, becRPLQJ ³cROd´ caUULeUV aW WKe baQd-edJe ZLWKLQ a feZ SLcRVecRQdV 

(SV) LQ PRVW cRQYeQWLRQaO VePLcRQdXcWRUV [43,85]. TKe XOWUafaVW eQeUJ\ ORVV dXULQJ KRW caUULeU 

cRROLQJ UeSUeVeQWV RQe Rf WKe PaMRU ORVV cKaQQeOV fRU VROaU ceOOV, OLPLWLQJ WKe eQeUJ\ cRQYeUVLRQ 

effLcLeQc\ WR a33.7% (VR-caOOed SKRcNOe\-QXeLVVeU OLPLW) [6,80]. HaUYeVWLQJ KRW caUULeUV befRUe 

WKeLU UeOa[aWLRQ LV a PXcK VRXJKW-afWeU JRaO fRU acKLeYLQJ effLcLeQW RSWReOecWURQLcV, VSecLfLcaOO\ 

SKRWRYROWaLcV [185,186]. OQe Rf WKe PaLQ cKaOOeQJeV LV WKe UeOaWLYeO\ VKRUW WUaQVSRUW OeQJWK Rf 

KRW caUULeUV befRUe dLVVLSaWLQJ WKeLU e[ceVV eQeUJ\ WR WKe eQYLURQPeQW. TKLV LV dXe WR WKe 

W\SLcaOO\ VKRUW KRW-caUULeU OLfeWLPeV cRPbLQed ZLWK VLJQLfLcaQWO\ UedXced PRbLOLWLeV Rf KRW 

cKaUJe caUULeUV UeVXOWLQJ fURP WKe eQKaQced PRPeQWXP VcaWWeULQJ UaWeV, aV UeSRUWed LQ 
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cRQYeQWLRQaO VePLcRQdXcWRUV (e.J., SL aQd GaAV) [85,86,187]. 

ReceQW UeSRUWV RQ UePaUNabO\ ORQJ-OLYed KRW caUULeUV (ZLWK OLfeWLPeV RYeU 100 SV) LQ Oead 

KaOLde SeURYVNLWeV KaYe aWWUacWed eQRUPRXV LQWeUeVW LQ e[SORLWLQJ KRW caUULeUV fRU fXQdaPeQWaO 

UeVeaUcK, aV ZeOO aV deYeORSLQJ effLcLeQW KRW caUULeU-baVed RSWReOecWURQLc deYLceV [43,44]. IQ 

addLWLRQ WR WKe OLfeWLPe, VRPe UeceQW XOWUafaVW VSecWURVcRSLc VWXdLeV RQ SeURYVNLWeV KaYe UeSRUWed 

faVcLQaWLQJ KRW caUULeU WUaQVSRUW SURSeUWLeV RQ (VXb-)SV WLPeVcaOeV fROORZLQJ OLJKW abVRUSWLRQ 

aQd cKaUJe JeQeUaWLRQ. FRU LQVWaQce, SXQJ eW al. [46] KaYe UeSRUWed WKaW KRW caUULeUV caQ 

SURSaJaWe RYeU 150 QP ZLWKLQ 20 fV XSRQ SKRWRQ abVRUSWLRQ LQ a PeWK\OaPPRQLXP Oead LRdLde 

V\VWeP aSSO\LQJ WUaQVLeQW abVRUSWLRQ PLcURVcRS\, SURYLdLQJ e[SeULPeQWaO eYLdeQce fRU baOOLVWLc 

WUaQVSRUW (L.e., cKaUJe WUaQVSRUW ZLWKRXW VcaWWeULQJ) Rf KRW caUULeUV RQ a VXb-20 fV WLPe VcaOe. FRU 

WKe WUaQVSRUW Rf UeOaWLYeO\ ORQJ-OLYed KRW caUULeUV fURP VXb-SV WR WeQV Rf SV, dLffeUeQW aQd eYeQ 

cRQWUadLcWRU\ VSecWURVcRSLc UeVXOWV KaYe beeQ UeSRUWed. FRU LQVWaQce, XVLQJ WKe VaPe WecKQLTXeV 

aV SXQJ eW al. [46] ZLWK KRZeYeU a ORZeU WLPe UeVROXWLRQ (RYeU 300 fV), GXR eW al. [45] RbVeUYed 

a TXaVL-baOOLVWLc WUaQVSRUW LQ MAPbI3 RYeU 200 QP LQ WKe fLUVW 300 fV, fROORZed b\ a dLffXVLYe 

WUaQVSRUW UeJLPe Rf QRQeTXLOLbULXP KRW caUULeUV SeUVLVWLQJ fRU WeQV Rf SV RYeU a dLVWaQce Rf 600 

QP. SXcK XOWUafaVW, ORQJ-UaQJe WUaQVSRUW VeePV WR LPSO\ KLJKeU PRbLOLW\ fRU KRW caUULeUV WKaQ fRU 

cROd RQeV. OQ WKe RWKeU KaQd, cRPbLQLQJ WUaQVLeQW abVRUSWLRQ (TA) aQd TeUaKeUW] (TH]) 

VSecWURVcRS\, MRQWL eW al. [188] UeSRUWed WKaW, ZKLOe KRW caUULeUV LQdeed VKRZ a ORQJ OLfeWLPe 

RYeU 100 SV LQ a PL[ed Pb-SQ KaOLde SeURYVNLWe aV RbVeUYed b\ TA, WLPe-UeVROYed TH] 

VSecWURVcRS\ VKRZV QR dLffeUeQce LQ SKRWRcRQdXcWLYLW\ beWZeeQ KRW aQd cROd caUULeUV. TKLV Oed 

WR WKe cRQcOXVLRQ WKaW KRW caUULeUV dLVSOa\ PRbLOLWLeV VLPLOaU WR cROd caUULeUV. COeaUO\, KRW caUULeU 

WUaQVSRUW SURSeUWLeV LQ PeWaO KaOLde SeURYVNLWeV, eVSecLaOO\ WKe WUaQVLeQW KRW caUULeU PRbLOLW\, 

KaYe VR faU UePaLQed eOXVLYe aQd PeULW fXUWKeU LQYeVWLJaWLRQ. 

APRQJ WKe PeWaO KaOLde SeURYVNLWeV, CV2AJBLBU6 dRXbOe SeURYVNLWe KaV ePeUJed aV a 

SURPLVLQJ aOWeUQaWLYe WR WR[Lc, XQVWabOe Oead KaOLde SeURYVNLWeV fRU YaULRXV RSWReOecWURQLc 

aSSOLcaWLRQV RZLQJ WR LWV RXWVWaQdLQJ cKePLcaO VWabLOLW\, QRQWR[LcLW\, aQd RXWVWaQdLQJ 

RSWReOecWURQLc SURSeUWLeV, e.J., ORQJ caUULeU OLfeWLPeV [59,189], aQd OaUJe caUULeU dLffXVLRQ OeQJWKV 

[60,190]. IQ SaUWLcXOaU, CV2AJBLBU6 dRXbOe SeURYVNLWe KaV VKRZQ e[ceSWLRQaO SeUfRUPaQce fRU 

KLJK-eQeUJ\ SKRWRQ deWecWLRQ aSSOLcaWLRQV: fRU LQVWaQce, LW e[KLbLWV e[ceOOeQW X-Ua\ deWecWLRQ 

ZLWK a ORZ deWecWLRQ OLPLW [58,140,189]. TKeUefRUe, a VWXd\ Rf KRW caUULeU WUaQVSRUW LQ 

CV2AJBLBU6 dRXbOe SeURYVNLWeV fROORZLQJ KLJK-eQeUJ\ SKRWR-e[cLWaWLRQV LV Rf JUeaW 

fXQdaPeQWaO LQWeUeVW aQd cRXOd SURYLde LQVLJKWV LQWR WKeLU fXUWKeU RSWReOecWURQLc aSSOLcaWLRQV.  

HeUe, ePSOR\LQJ RSWLcaO SXPS-TH] SURbe (OPTP) VSecWURVcRS\, Ze RbVeUYe aQRPaORXVO\ 

KLJK WUaQVLeQW PRbLOLW\ Rf KRW caUULeUV ZLWKLQ WKe fLUVW a3 SV afWeU SKRWR-LQMecWLQJ KRW caUULeUV LQ 

CV2AJBLBU6 dRXbOe SeURYVNLWeV. TKLV cRQWUaVWV ZLWK cRQYeQWLRQaO VePLcRQdXcWRUV, ZKeUe KRW 

caUULeUV SRVVeVV ORZeU PRbLOLWLeV WKaQ WKRVe Rf baQd-edJe VWaWeV dXe WR eQKaQced eOecWURQ-
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SKRQRQ VcaWWeULQJ. B\ RSWLcaO SXPS-IR SXVK-TH] SURbe (PPP) VSecWURVcRS\, Ze SURYLde fXUWKeU 

e[SeULPeQWaO eYLdeQce WKaW KLJKO\ PRbLOe KRW KROeV, UaWKeU WKaQ KRW eOecWURQV, aUe SULPaULO\ 

UeVSRQVLbOe fRU WKe RbVeUYed KLJK WUaQVLeQW PRbLOLW\ LQ CV2AJBLBU6 dRXbOe SeURYVNLWeV. 

FXUWKeUPRUe, fUeTXeQc\-UeVROYed SKRWRcRQdXcWLYLW\ PeaVXUePeQWV UeYeaO WKaW WKe KLJK PRbLOLW\ 

Rf cKaUJe caUULeUV LQ WKe KRW VWaWeV RULJLQaWeV fURP UedXced PRPeQWXP VcaWWeULQJ eYeQWV, L.e., 

ORQJeU VcaWWeULQJ WLPe. We UaWLRQaOL]e RXU RbVeUYaWLRQ b\ LQcOXdLQJ (TXaVL-)baOOLVWLc WUaQVSRUW Rf 

WKe WKeUPaOL]ed KRW KROeV ZLWK VXffLcLeQW NLQeWLc eQeUJ\ LQ CV2AJBLBU6. OXU UeVXOWV UeQdeU 

CV2AJBLBU6 dRXbOe SeURYVNLWeV aQ LQWeUeVWLQJ SOaWfRUP fRU KRW-caUULeU VWXdLeV fRU bRWK 

fXQdaPeQWaO SK\VLcV aQd deYLce aSSOLcaWLRQV, e[SORLWLQJ WKeLU KLJK PRbLOLW\. 

5.2 Materials 

Double perovskite Cs2AgBiBr6 preparation and characteri]ation  

CV2AJBLBU6 VLQJOe cU\VWaOV ZeUe JURZQ YLa cRQWUROOed cRROLQJ. A PL[WXUe Rf 1.0 PPRO Rf 

BLBU3 (�98%, SLJPa-AOdULcK) aQd 2.0 PPRO Rf CVBU (99.9%, SLJPa-AOdULcK) LQ 10 PL Rf HBU 

(�99.99%, 48 Z%, HRQe\ZeOO FOXNa) LQ a 40 PL YLaO ZaV VRQLcaWed fRU 5 PLQ. AfWeU addLQJ 1.0 

PPRO AJBU (�99%, CKeP-Lab), WKe VXVSeQVLRQ ZaV VRQLcaWed fRU 5 PLQ aQd WKeQ KeaWed WR 

120 �C WR RbWaLQ a VXSeUVaWXUaWed VROXWLRQ. TKe PL[WXUe ZaV cRROed accRUdLQJ WR WKe fROORZLQJ 

SURWRcRO: FLUVW, LW ZaV NeSW aW 120 �C fRU 3 K, WKeQ cRROed b\ 2 �C Kí1 WR 100 �C, aQd fXUWKeU b\ 

a ORZeU cRROLQJ UaWe Rf 1 �C Kí1 WR 50 �C. AfWeU WKaW, PP-VL]ed VLQJOe cU\VWaOV cRXOd be cROOecWed 

fURP WKe PL[WXUe b\ fLOWUaWLRQ. TKe cU\VWaOV ZeUe ZaVKed ZLWK LVRSURSaQRO (HPLC JUade, SLJPa-

AOdULcK) aQd WKeQ dULed LQ a YacXXP RYeQ aW 60 �C. TKe V\QWKeVLV ZaV SeUfRUPed XQdeU aPbLeQW 

aWPRVSKeULc cRQdLWLRQV. FRU WKe RSWLcaO PeaVXUePeQWV, a 0.5 M VROXWLRQ Rf WKe cU\VWaOV LQ 

dLPeWK\OVXOfR[Lde (DMSO) ZaV VSLQ-cRaWed RQ WRS Rf fXVed VLOLca VXbVWUaWeV (1 cP ×1 cP), 

UeVXOWLQJ LQ XQLfRUP fLOPV ZLWK a WKLcNQeVV Rf a200 QP. TKe VaPSOeV aUe cKaUacWeUL]ed b\ UV-

YLV VSecWURVcRS\, X-Ua\ dLffUacWLRQ, aQd aWRPLc fRUce PLcURVcRS\. 

5.3 Results and Discussion 

A VcKePaWLc LOOXVWUaWLRQ Rf WKe CV2AJBLBU6 dRXbOe SeURYVNLWe cU\VWaO VWUXcWXUe LV VKRZQ LQ 

Figure 5.1a. AW URRP WePSeUaWXUe, CV2AJBLBU6 SRVVeVVeV a cXbLc SKaVe, LQ ZKLcK WKe 

PRQRYaOeQW AJ+ aQd WULYaOeQW BL3+ caWLRQV aUe ceQWeUed aOWeUQaWeO\ LQ eacK Rf WKe RcWaKedUa WKaW 

cRQVLVW Rf VL[ PRQRYaOeQW BU- aQLRQV [191]. TKe CV+ caWLRQV aUe VLWXaWed LQ WKe cRUQeU-VKaUed 

cXbRcWaKedUaO caYLWLeV. Figure 5.1b LOOXVWUaWeV WKe X-Ua\ dLffUacWLRQ (XRD) SaWWeUQ Rf WKe 

SUeSaUed CV2AJBLBU6 dRXbOe SeURYVNLWe WKLQ fLOP. AOO SeaNV aUe LQ JRRd aJUeePeQW ZLWK 

WKeRUeWLcaO caOcXOaWLRQV aQd SUeYLRXV e[SeULPeQWaO UeVXOWV fRU CV2AJBLBU6, UXOLQJ RXW WKe 

SUeVeQce Rf RWKeU SKaVeV aQd XQUeacWed SUecXUVRUV LQ WKe V\QWKeVL]ed VaPSOe [192,193]. 
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Figure 5.1 _ Sample characteri]ation and TH] spectroscopy setup. (a) AWRPLc VWUXcWXUe aQd (b) XRD 

SaWWeUQ Rf WKe CV2AJBLBU6 dRXbOe SeURYVNLWe; (c) E[SeULPeQWaO Oa\RXW fRU RSWLcaO SXPS - TH] SURbe (OPTP), 

RU RSWLcaO SXPS - IR SXVK - TH] SURbe (PPP) VSecWURVcRS\. TKe SXVK SXOVe (PaUNed LQ Ued LQ WKe daVKed 

bR[) caQ be VeOecWLYeO\ VZLWcKed RQ aQd Rff deSeQdLQJ RQ WKe PeaVXUePeQW PRde. FRU WKe OPTP VWXdLeV 

(b\ bORcNLQJ WKe SXVK SXOVe), WKe VeWXS PeaVXUeV WKe SXPS (WKe SXUSOe SXOVe) LQdXced TH] fLeOd abVRUSWLRQ 

WR TXaQWLf\ WKe SKRWRcRQdXcWLYLW\ d\QaPLcV Rf WKe e[cLWed cKaUJe caUULeUV b\ cRQWUROOLQJ WKe SXPS-SURbe 

deOa\ WP. TKe eOecWULc fLeOd Rf WKe WUaQVPLWWed TH] SXOVe WKURXJK WKe VaPSOe (WKe bOXe daVKed SXOVe) LV 

PeaVXUed YLa fUee-VSace eOecWUR-RSWLc VaPSOLQJ LQ a ZQTe cU\VWaO (WKe RUaQJe UecWaQJOe) b\ a WKLUd VKRUW 

SXOVe (a800 QP, ZLWK a dXUaWLRQ Rf a100 fV; WKe WRS Ued SXOVe), cRQWUROOLQJ WKe deOa\ beWZeeQ WKe VaPSOLQJ 

aQd WKe WUaQVPLWWed TH] SXOVe WS. FRU WKe PPP VWXdLeV, WKe SXVK SXOVe (bRWWRP Ued) LV VZLWcKed RQ aW a 

cRQWUROOed SXPS-SXVK deOa\ WLPe WPP WR Ue-e[cLWe WKe V\VWeP. 

TR LQYeVWLJaWe WKe d\QaPLcV aQd WUaQVSRUW SURSeUWLeV Rf KRW caUULeUV fROORZLQJ RSWLcaO 

e[cLWaWLRQ, Ze ePSOR\ XOWUafaVW, cRQWacW-fUee TH] VSecWURVcRS\, aV LOOXVWUaWed LQ Figure 5.1c, WR 

dLUecWO\ PRQLWRU WKe SKRWRcRQdXcWLYLW\ Rf WKe cKaUJe caUULeUV ZLWK a200 fV WLPe UeVROXWLRQ. TKe 

VeWXS caQ be RSeUaWed LQ WZR PeaVXUePeQW PRdeV: WKe QRUPaO PRde fRU OPTP VSecWURVcRS\, 

aQd a cXVWRPL]ed PRde fRU PPP VSecWURVcRS\ b\ LQWURdXcLQJ a VecRQd e[cLWaWLRQ beaP (L.e., 

SXVK) aW a WXQabOe SXPS-SXVK deOa\ WPP. FRU WKe PPP e[SeULPeQW, a SXVK SXOVe LQ WKe QeaU-IR 

UaQJe (1.55 eV KeUe) Ue-e[cLWeV WKe cKaUJe caUULeUV fURP WKe cROd VWaWeV aW WKe baQd-edJe WR KRW 

VWaWeV, aW a cRQWUROOed SXPS-SXVK deOa\ WLPe ݐ௉௉. 

Observing highly conductive hot carriers by OPTP measurements  

IQ Figure 5.2a, Ze VKRZ WKe UV-YLV abVRUSWLRQ VSecWUXP Rf a CV2AJBLBU6 cU\VWaOOLQe WKLQ 

fLOP XVed fRU TH] VSecWURVcRS\ VWXdLeV ZLWK a WKLcNQeVV Rf aSSUR[LPaWeO\ 200 QP cKaUacWeUL]ed 
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b\ aWRPLc fRUce PLcURVcRS\ (Vee Figure 5.A.1). CV2AJBLBU6 LV aQ LQdLUecW VePLcRQdXcWRU ZLWK 

a baQd-edJe abVRUSWLRQ LQYROYLQJ aQ X-L WUaQVLWLRQ LQ WKe PRPeQWXP VSace [62,194]. UVLQJ a 

TaXc SORW, Ze LQfeU aQ LQdLUecW baQdJaS Rf a2.17 eV (Vee Figure 5.A.2), faOOLQJ LQWR WKe UaQJe 

Rf SUeYLRXVO\ UeSRUWed YaOXeV (fURP 1.83 eV WR 2.25 eV) [139,195]. TKe TH] WUaQVPLVVLRQ 

WKURXJK WKe XQSXPSed VaPSOe LV VKRZQ LQ Figure 5.A.3. TKe VeOecWed SXPS ZaYeOeQJWKV fRU 

OPTP PeaVXUePeQWV aUe deQRWed ZLWK daVKed OLQeV LQ WKe abVRUSWLRQ VSecWUXP LQ Figure 5.2a, 

VSaQQLQJ fURP WKe QeaU baQd-edJe (ZLWK hȞ a2.43 eV) WR WKe KLJK eQeUJeWLc VWaWeV LQ WKe 

cRQdXcWLRQ/YaOeQce baQd (ZLWK hȞ XS WR a3.65 eV). TR aYRLd KLJKeU-RUdeU UecRPbLQaWLRQ 

SURceVVeV (e.J., AXJeU UecRPbLQaWLRQ), Ze e[cLWe WKe VaPSOe ZLWK UeOaWLYeO\ ORZ fOXeQce (a1013 

SKRWRQV/cP2). WLWKLQ WKe aSSOLed UaQJe Rf fOXeQceV, WKe SKRWRcRQdXcWLYLW\ VKRZV a OLQeaU 

deSeQdeQce RQ WKe fOXeQce, aV VKRZQ LQ Figure 5.A.4. 

 
Figure 5.2 _ Photon energy- and temperature-dependent photoconductivity dynamics. (a) AbVRUSWLRQ 

VSecWUXP Rf CV2AJBLBU6. TKe YeUWLcaO daVKed OLQeV LQdLcaWe WKe SXPS ZaYeOeQJWKV XVed LQ WKe OPTP 

PeaVXUePeQWV. (b) PXPS SKRWRQ eQeUJ\ (hȞ)-deSeQdeQW SKRWRcRQdXcWLYLW\ ߪ , dLYLded b\ WKe abVRUbed 

SKRWRQ deQVLW\, NabV, aV a fXQcWLRQ Rf SXPS-SURbe deOa\ WLPe WP fRU WKUee e[ePSOaU\ e[cLWaWLRQ eQeUJLeV. (c) 

TKe SKRWRcRQdXcWLYLW\ aW WP = 0.4 SV (aW ZKLcK WKe SKRWRcRQdXcWLYLW\ UeacKeV a Pa[LPXP fRU abRYe-2.76 

eV e[cLWaWLRQV LQ FLJXUe 2b) (OefW a[LV aQd Ued daWa SRLQWV) aQd WKe aYeUaJe YaOXe fURP 6 WR 10 SV fRU eacK 

SKRWRQ eQeUJ\ (ULJKW a[LV aQd bOXe daWa SRLQWV), aV a fXQcWLRQ Rf WKe SXPS SKRWRQ eQeUJ\ (bRWWRP a[LV) aQd 

e[ceVV eQeUJ\ (WRS a[LV). TKe daVKed OLQeV aUe JXLdeV WR WKe e\eV. TKe eUURU baU UeSUeVeQWV WKe XQceUWaLQW\ 

LQ WKe fOXeQce PeaVXUePeQWV fRU TXaQWLf\LQJ WKe abVRUbed SKRWRQ deQVLW\ aQd WKe PeaVXUePeQW QRLVe OeYeO. 
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(d) TePSeUaWXUe-deSeQdeQW SKRWRcRQdXcWLYLW\ d\QaPLcV, fROORZLQJ e[cLWaWLRQ aW 3.1 eV ZLWK a fOXeQce Rf 

2.91u1014 cP-2. 

TR XQYeLO WKe UROe Rf WKe e[ceVV eQeUJ\ RQ KRW caUULeU d\QaPLcV, Ze cRPSaUe WKe 

SKRWRcRQdXcWLYLW\ Rf CV2AJBLBU6 dLYLded b\ WKe abVRUbed SKRWRQ deQVLW\, NabV, fROORZLQJ 

RSWLcaO e[cLWaWLRQV ZLWK dLffeUeQW SKRWRQ eQeUJLeV. HeUe WKe UeaO SaUW Rf WKe SKRWRcRQdXcWLYLW\ LV 

PeaVXUed b\ PRQLWRULQJ WKe SXPS-LQdXced abVRUSWLRQ aW WKe SeaN Rf WKe TH] fLeOd [106,196]. 

IQ SULQcLSOe, WKe WLPe-UeVROYed SKRWRcRQdXcWLYLW\ ߪሺݐ௉ሻ LV deWeUPLQed b\ WKe SURdXcW Rf WKe 

caUULeU deQVLW\ nሺݐ௉ሻ  (ZLWK nሺݐ௉ ൌ 0ሻ ∝  NabV) aQd cKaUJe PRbLOLW\ �ሺݐ௉ሻ  LQ WKe VaPSOe: 

௉ሻݐሺߪ ൌ e ∙ ݊ሺݐ௉ሻ ∙  ௉ሻ.  AV VKRZQ LQ Figures 5.2b aQd 5.2c, Ze UeYeaO aQ LQWULJXLQJݐሺߤ

dLffeUeQce beWZeeQ d\QaPLcV fRU e[cLWaWLRQV ZLWK SKRWRQ eQeUJLeV abRYe aQd beORZ 2.76 eV 

(Vee aOO WKe SKRWR-e[cLWaWLRQV LQ Figure 5.A.5). WKeQ WKe SXPS SKRWRQ eQeUJ\, hȞ, LV beORZ 

a2.7 eV (e.J., fRU e[cLWaWLRQV aW 2.43 aQd 2.54 eV), WKe SKRWRcRQdXcWLYLW\ VKRZV a JUadXaO 

LQcUeaVe dXULQJ WKe fLUVW 2-3 SV, fROORZed b\ a SOaWeaX fRU 10V Rf SV. We QRWe WKaW WKe ULVe LQ 

SKRWRcRQdXcWLYLW\ LV PXcK VORZeU WKaQ WKe WLPe UeVROXWLRQ Rf WKe VeWXS (a 200 fV). SLPLOaU 

SKRWRcRQdXcWLYLW\ d\QaPLcV LQ Oead KaOLde SeURYVNLWeV fROORZLQJ cORVe-WR-baQd-edJe 

e[cLWaWLRQV KaYe SUeYLRXVO\ beeQ aVVLJQed WR SROaURQ fRUPaWLRQ [142,166], dXULQJ ZKLcK WKe 

cKaUJe VcaWWeULQJ UaWe LV UedXced. IQ OLQe ZLWK VXcK aVVLJQPeQW, UeceQW VWXdLeV KaYe aOVR UeSRUWed 

SROaURQ fRUPaWLRQ LQ CV2AJBLBU6 dRXbOe SeURYVNLWeV LQ WKe fLUVW feZ SV [192,193]. DXULQJ 

SROaURQ fRUPaWLRQ, WKe effecWLYe PaVV Rf cKaUJe caUULeUV LV e[SecWed WR LQcUeaVe, ORZeULQJ WKe 

cKaUJe PRbLOLW\. SLPXOWaQeRXVO\, WKe PRPeQWXP VcaWWeULQJ WLPe Rf WKe cKaUJe caUULeU caQ be, 

KRZeYeU, VXbVWaQWLaOO\ LQcUeaVed dXe WR WKe VcUeeQLQJ SURWecWLRQ Rf WKe SROaURQ VWaWeV, baOaQcLQJ 

RXW WKe effecW Rf WKe eQKaQced effecWLYe PaVV RQ WKe cKaUJe caUULeU PRbLOLW\ [44,63,197]. TKe 

VORZ ULVe Rf WKe SKRWRcRQdXcWLYLW\ LQdLcaWeV WKaW WKe fRUPed SROaURQV aUe PRUe PRbLOe WKaQ WKe 

QaVceQW caUULeUV QeaU WKe baQd-edJe, SULPaULO\ dXe WR WKe VXbVWaQWLaOO\ UedXced VcaWWeULQJ UaWe. 

OQ WKe RWKeU KaQd, fRU hȞ > 2.7 eV, WKe SKRWRcRQdXcWLYLW\ e[KLbLWV a VZLfW ULVe ZLWKLQ a feZ 

KXQdUed Rf fV, dURSSLQJ LQ WKe fROORZLQJ a2-3 SV WR a cRQVWaQW cRQdXcWLYLW\. IQ Figure 5.2c, Ze 

VXPPaUL]e WKe SKRWRcRQdXcWLYLW\ aPSOLWXde aW a 0.4 SV (aW ZKLcK SKRWRcRQdXcWLYLWLeV ZLWK hȞ > 

2.7 eV VKRZ a SeaN), aQd WKe aYeUaJed SOaWeaX YaOXe fURP 6-10 SV, aV a fXQcWLRQ Rf SKRWRQ 

eQeUJ\ hȞ aQd e[ceVV eQeUJ\ Ee[. RePaUNabO\, deVSLWe WKe dLVWLQcWLYe d\QaPLcV LQ WKe fLUVW 3 SV, 

WKe SKRWRcRQdXcWLYLW\ XOWLPaWeO\ UeacKeV, ZLWKLQ e[SeULPeQWaO XQceUWaLQW\, WKe VaPe YaOXe fRU 

aOO e[cLWaWLRQ ZaYeOeQJWKV. TKe LdeQWLcaO ఙ
ேೌ್ೞ�

 YaOXe (∝ ݊ሺݐ௉ሻ ∙  ௉ሻ) fURP 3 WR 10 SV VXJJeVWVݐሺߤ

WKaW SKRWR-e[cLWed cKaUJe caUULeUV dR QRW UecRPbLQe LQ WKe fLUVW 3 SV YLa, e.J., cKaUJe WUaSSLQJ. 

IQVWead, WKe UeVXOW LQdLcaWeV WKaW (L) WKe SKRWRQ-WR-cKaUJe cRQYeUVLRQ effLcLeQc\, L.e., WKe TXaQWXP 

effLcLeQc\ Rf cKaUJe JeQeUaWLRQ, LV LQdeSeQdeQW Rf e[cLWaWLRQ ZaYeOeQJWK; (LL) WKe cKaUJe caUULeUV 

UeacK WKe VaPe fLQaO SROaURQ VWaWeV a3 SV afWeU e[cLWaWLRQ; (LLL) abRYe a SKRWRQ eQeUJ\ WKUeVKROd 
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Rf a2.7 eV, a VKRUW-OLYed eQKaQced SKRWRcRQdXcWLYLW\ LV RbVeUYed, LQcUeaVLQJ LQ aPSOLWXde ZLWK 

LQcUeaVLQJ SKRWRQ eQeUJ\. TKe LQWULJXLQJ cKaUJe caUULeU d\QaPLcV WUaQVLWLRQ aW a2.7 eV LV 

dUaVWLcaOO\ dLffeUeQW fURP SUeYLRXVO\ UeSRUWed SKRWRcRQdXcWLYLW\ d\QaPLcV fRU Oead-baVed KaOLde 

SeURYVNLWeV, LQ ZKLcK WKe cKaUJe caUULeU d\QaPLcV aUe cRQVLVWeQWO\ cKaUacWeUL]ed b\ a faVW, VXb-

SV WR SV ULVe fROORZed b\ a ORQJ-OLYed SKRWRcRQdXcWLYLW\ SOaWeaX [142,166] (VLPLOaU WR WKe 

d\QaPLcV fROORZLQJ 2.54 eV e[cLWaWLRQ aV VKRZQ LQ Figure 5.2b). 

AfWeU eVWabOLVKLQJ WKaW SROaURQV aUe fRUPed LQdeSeQdeQW Rf WKe e[cLWaWLRQ SaWKZa\V, Ze QRZ 

WXUQ WR WKe LQLWLaOO\ eQKaQced SKRWRcRQdXcWLYLW\ deca\LQJ ZLWKLQ 3 SV. AV WKe cKaUJe SRSXOaWLRQ 

UePaLQV XQcKaQJed LQ WKLV WLPe ZLQdRZ, RXU UeVXOW VXJJeVWV a KLJKeU PRbLOLW\ Rf KRW caUULeUV 

WKaQ WKaW Rf WKe fLQaO SROaURQ VWaWeV. AV SORWWed LQ Figure 5.2c, WKe SeaN PRbLOLW\ Rf KRW caUULeUV 

LQcUeaVeV ZLWK WKe SXPS e[ceVV eQeUJ\, LQdLcaWLQJ a cRUUeOaWLRQ beWZeeQ KLJK eQeUJ\ VWaWeV aQd 

WKe KLJK PRbLOLW\ Rf KRW caUULeUV. FRU hȞ = 3.65 eV (e[ceVV eQeUJ\ Rf a1.5 eV), WKe SeaN PRbLOLW\ 

Rf WKe KRW caUULeUV UeacKeV aQ aOPRVW 4 WLPeV KLJKeU YaOXe WKaQ WKaW Rf cROd caUULeUV. IQ 

cRQYeQWLRQaO VePLcRQdXcWRUV, KRW caUULeUV e[SeULeQce eQKaQced PRPeQWXP VcaWWeULQJ aQd WKXV 

SRVVeVV a ORZeU PRbLOLW\ [85,86,187]. TR fXUWKeU cRQfLUP WKe cRQdXcWLYe QaWXUe Rf KRW caUULeUV 

LQ CV2AJBLBU6 dRXbOe SeURYVNLWe, Ze cRQdXcW WePSeUaWXUe-deSeQdeQW SKRWRcRQdXcWLYLW\ 

PeaVXUePeQWV aV VKRZQ LQ Figure 5.2d. HeUe Ze OLPLW WKe PeaVXUePeQW UaQJe fURP 150 WR 300 

K, WR aYRLd WKe SKaVe WUaQVLWLRQ Rf CV2AJBLBU6 aW 122 K [191]. AW ORZ WePSeUaWXUe, Ze RbVeUYe 

a KLJKeU SeaN SKRWRcRQdXcWLYLW\ dXe WR a VORZdRZQ Rf KRW caUULeU WKeUPaOL]aWLRQ aQd cRROLQJ 

(TXaQWLfLed LQ Figure 5.A.6). We caQ UXOe RXW WKe WePSeUaWXUe-LQdXced abVRUSWLRQ cKaQJeV aV 

WKe SULPaU\ RULJLQ fRU WKe RbVeUYed eQKaQced SKRWRcRQdXcWLYLW\ aW ORZ WePSeUaWXUe, aV SUeYLRXV 

VWXdLeV UeSRUWed PLQRU cKaQJeV LQ WKe baQdJaS Rf dRXbOe SeURYVNLWeV ZKLOe ORZeULQJ WKe 

WePSeUaWXUe dRZQ WR cU\RJeQLc WePSeUaWXUeV. FXUWKeUPRUe, WR SURYLde dLUecW VXSSRUW fRU VXcK a 

cOaLP, Ze PeaVXUe aQd aQaO\]e fUeTXeQc\-UeVROYed SKRWRcRQdXcWLYLW\ aW 5 SV fROORZLQJ RSWLcaO 

e[cLWaWLRQ, aV VKRZQ LQ Figure 5.A.8. TKe cKaUJe caUULeU deQVLW\ LV fRXQd WR be QeaUO\ LdeQWLcaO 

baVed RQ DUXde-SPLWK aQaO\VLV fRU bRWK 300 aQd 150 K (PaQLfeVWed b\ WKe LdeQWLcaO SOaVPa 

fUeTXeQc\ LQ Table 5.A.1). FURP WKe ORQJ-WLPe (a10 SV) VLJQaO, LW LV eYLdeQW WKaW WKe cRQdXcWLYLW\ 

Rf eTXLOLbUaWed SROaURQV LV WePSeUaWXUe-LQdeSeQdeQW RYeU WKe ePSOR\ed WePSeUaWXUe UaQJe, 

SRVVLbO\ dXe WR LPSXULW\ VcaWWeULQJ.  
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Figure 5.3 _ PPP spectroscopy. (a) ScKePaWLc LOOXVWUaWLRQ Rf PPP PeaVXUePeQWV. TKe SKRWRQ eQeUJLeV fRU 

SXPS aQd SXVK SXOVeV aUe 3.1 eV aQd 1.55 eV, UeVSecWLYeO\. (b) PXPS-SXVK LQdXced SKRWRcRQdXcWLYLW\ 

WUaQVLeQW ZLWK WKe cRUUeVSRQdLQJ LQcLdeQW SKRWRQ deQVLW\ Rf 0.1u1015 cP-2 aQd 0.8u1015 cP-2. TKe SXVK SXOVe 

aUULYeV a8.2 SV afWeU WKe SXPS SXOVe. (c) TKe SXVK-fOXeQce-deSeQdeQW dRXbOe-dLffeUeQWLaO SKRWRcRQdXcWLYLW\ 

ZLWK a fL[ed LQcLdeQW SXPS SKRWRQ deQVLW\ Rf 0.1u1015 cP-2. TKe JUe\ OLQe VKRZV WKe SXVK-RQO\ 

SKRWRcRQdXcWLYLW\ WUaQVLeQW ZLWKRXW a SXPS bXW ZLWK a SXVK SKRWRQ deQVLW\ Rf 1.6u1015 cP-2.   

Highly mobile hot holes revealed by the PPP spectroscopy  

TR XQaPbLJXRXVO\ cRQfLUP WKe KLJK PRbLOLW\ Rf KRW caUULeUV ZLWK SKRWRQ eQeUJ\ abRYe 2.76 

eV aQd WR fXUWKeU dLVeQWaQJOe WKe cRQdXcWLYLW\ cRQWULbXWLRQV fURP KRW eOecWURQV aQd KROeV, Ze 

cRQdXcW RSWLcaO SXPS-IR SXVK-TH] SURbe (PPP) e[SeULPeQWV [198]. IQ WKeVe e[SeULPeQWV, Ze 

SKRWR-JeQeUaWe cKaUJe caUULeUV fROORZLQJ 3.1 eV e[cLWaWLRQV. AfWeU WKe KRW caUULeU cRROLQJ aQd 

UeOa[aWLRQ LQWR WKe SROaURQ VWaWeV (ZLWKLQ 3 SV), Ze Ue-e[cLWe WKe cROd caUULeUV b\ aQ IR SXOVe 

ZLWK a SKRWRQ eQeUJ\ beORZ WKe baQdJaS Rf CV2AJBLBU6 (2.17 eV). BaVed RQ WKe SUeYLRXVO\ 

UeSRUWed baQd VWUXcWXUe, WKe cRQdXcWLRQ baQd SRVVeVVeV a JLJaQWLc baQd VSOLWWLQJ (RYeU 1.8 eV aW 

WKe L SRLQW, WKe cRQdXcWLRQ baQd PLQLPXP), dXe WR VWURQJ VSLQ-RUbLW cRXSOLQJ LQ CV2AJBLBU6, 

ZKLOe QR VXcK VSOLWWLQJ LV RbVeUYed LQ WKe YaOeQce baQd. FXUWKeUPRUe, WKe deQVLW\ Rf eOecWURQLc 

VWaWeV LQ WKe YaOeQce baQd LV PXcK KLJKeU aQd PRUe e[WeQded WKaQ WKaW Rf WKe cRQdXcWLRQ baQd 

[62,199]. HeUe, Ze VeOecW 1.55 eV e[cLWaWLRQ aV WKe SXVK SXOVe WR VeOecWLYeO\ Ue-e[cLWe RQO\ cROd 

KROeV, aV VKRZQ VcKePaWLcaOO\ LQ Figure 5.3a. IQ Figure 5.3b, fROORZLQJ WKe SXVK e[cLWaWLRQ aW 

a8.2 SV afWeU WKe SXPS SXOVe, Ze RbVeUYe a WUaQVLeQW LQcUeaVe Rf SKRWRcRQdXcWLYLW\. TKe 

cRQdXcWLYLW\ eQKaQcePeQW b\ WKe SXVK LQcUeaVeV ZLWK WKe fOXeQce Rf SXVK SXOVeV, aW a cRQVWaQW 

LQcLdeQW SXPS fOXeQce Rf 1u1014 cP-2, aV LOOXVWUaWed LQ Figure 5.3c. TKe OLfeWLPe Rf WKe LQcUeaVed 

SKRWRcRQdXcWLYLW\ LV cRQVLVWeQW ZLWK WKe KRW caUULeU cRROLQJ WLPe fROORZLQJ WKe fLUVW e[cLWaWLRQ. 

We e[cOXde WKe cRQWULbXWLRQ Rf WZR-SKRWRQ abVRUSWLRQ WR WKe SKRWRcRQdXcWLYLW\ LQ RXU VWXd\ b\ 

bORcNLQJ WKe fLUVW 3.1 eV SXPS: ZLWK RQO\ WKe SXVK SXOVe aV WKe e[cLWaWLRQ, Ze dR QRW RbVeUYe 

aQ\ SKRWRcRQdXcWLYLW\ VLJQaO (ZLWK a fOXeQce Rf a 1.6u1015 cP-2), aV VeeQ LQ Figure 5.3c. AV 
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RQO\ cROd KROeV caQ be Ue-e[cLWed b\ WKe SXVK SXOVe, Ze cRQcOXde WKaW KRW KROeV KaYe KLJKeU 

PRbLOLW\ WKaQ WKe cRUUeVSRQdLQJ cROd RQeV. CRPbLQed ZLWK WKe baQd VWUXcWXUe, WKLV UeVXOW caQ 

e[SOaLQ WKe RbVeUYed SKRWRcRQdXcWLYLW\ WUaQVLWLRQ aW hY > 2.7 eV. TKe fLUVW dLUecW baQd WUaQVLWLRQ 

(aW WKe X V\PPeWU\ SRLQW) LQ dRXbOe SeURYVNLWeV LV aURXQd 2.8 eV [194,200,201]. WKeQ e[cLWLQJ 

WKe VaPSOe ZLWK hY = 2.43 eV aQd 2.54 eV, WKe e[ceVV eQeUJ\ Rf WKe SKRWRQV ZLOO SULPaULO\ eQd 

XS LQ WKe KRW eOecWURQV dXe WR WKe UeOaWLYeO\ fOaW fLUVW cRQdXcWLRQ baQd. TKe RbVeUYed VORZ ULVe 

Rf WKe SKRWRcRQdXcWLYLW\ LPSOLeV WKaW (ZLWK a UeOaWLYeO\ ORZ e[ceVV eQeUJ\ Rf a 0.4 eV), KRW 

cKaUJe caUULeUV aUe OeVV PRbLOe WKaQ WKe cROd RQeV. FRU hY > 2.7 eV, dXe WR WKe cRQWLQXRXV, KLJK 

deQVLW\ Rf KROe VWaWeV LQ WKe YaOeQce baQd, e[ceVV eQeUJ\ LQ SXPS SKRWRQV ZLOO SUedRPLQaQWO\ 

JR LQWR KRW KROeV. TKLV OeadV WR a WUaQVLeQW eQKaQcePeQW Rf SKRWRcRQdXcWLYLW\ dXe WR WKe KLJKO\ 

PRbLOe KRW KROeV.  

 
Figure 5.4 _ Frequency-resolved TH] photoconductivity spectra. (a) PVeXdRcRORU UeSUeVeQWaWLRQ Rf WKe 

WZR-WLPe UeVROYed TH] eOecWULc fLeOd cKaQJe െ∆𝐸, ZLWK a SXPS e[cLWaWLRQ ZaYeOeQJWK Rf 400 QP, aQd aQ 

abVRUbed SKRWRQ deQVLW\ Rf a1.02u1014 cP-2. AOO daWa aUe PeaVXUed aW a fL[ed SXPS-VaPSOLQJ deOa\ WLPe 

b\ PRYLQJ WKe SXPS aQd VaPSOLQJ VWaJeV VLPXOWaQeRXVO\ (See VXSSOePeQWaU\ PaWeULaO fRU PRUe deWaLOV). 

TKe JUe\ OLQe LQ WKe XSSeU SaQeO VKRZV aQ e[aPSOe Rf െ∆𝐸 aW a fL[ed ݐ௉,�cRUUeVSRQdLQJ WR WKe JUe\ dRWWed 

OLQe LQ WKe bRWWRP SaQeO. TKe bOacN OLQe LV WKe WUaQVPLWWed TH] eOecWULc fLeOd WKURXJK WKe XQe[cLWed VaPSOe. 

(b) TKe cRPSOe[ fUeTXeQc\-UeVROYed SKRWRcRQdXcWLYLW\ PeaVXUed aW YaULRXV SXPS-SURbe deOa\ WLPeV ݐ௉ 

(aW 0.8 SV, 1.0 SV, 2.4 SV, aQd 8.4 SV, UeVSecWLYeO\). TKe Ued aQd bOXe dRWV UeSUeVeQW WKe UeaO aQd LPaJLQaU\ 

cRPSRQeQWV, UeVSecWLYeO\, Rf WKe PeaVXUed cRPSOe[ SKRWRcRQdXcWLYLW\; WKe cRUUeVSRQdLQJ VROLd OLQeV 

UeSUeVeQW WKe DUXde-SPLWK deVcULSWLRQ aV dLVcXVVed LQ WKe PaLQ We[W. (c, d) TKe LQfeUUed cKaUJe UeOa[aWLRQ 

WLPe W aQd VTXaUe Rf WKe SOaVPa fUeTXeQc\ aQd SaUaPeWeU c, UeVSecWLYeO\, fURP WKe DUXde-SPLWK PRdeO aV a 

fXQcWLRQ Rf WP. TKe daVKed OLQeV VeUYe aV a JXLde WR WKe e\e. 

Significantly reduced scattering rate of hot carriers demonstrated by frequency-resolved 

photoconductivity spectra 

TR JaLQ PRUe LQVLJKW LQWR WKe KLJKO\ PRbLOe KRW caUULeUV LQ dRXbOe SeURYVNLWeV, Ze fXUWKeU 
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aQaO\]e WKe WLPe eYROXWLRQ Rf KRW caUULeU WUaQVSRUW SURSeUWLeV b\ UecRUdLQJ SKRWRcRQdXcWLYLW\ 

VSecWUa aW YaULRXV deOa\ WLPeV (Vee Section 5.A.7 LQ ASSeQdL[). SLQce WKe SKRWRcRQdXcWLYLW\ 

cKaQJe LV faVWeU WKaQ WKe TH] SXOVe dXUaWLRQ LQ RXU caVe, e[WUa caUe QeedV WR be WaNeQ WR WUacN 

WKe SXPS-LQdXced TH] cKaQJeV LQ WKe WLPe dRPaLQ [106,114]. HeUe WR cRQdXcW WLPe-dRPaLQ 

VSecWURVcRS\ (TDS) LQ RXU UaSLdO\ deca\LQJ SKRWRcRQdXcWLYLW\ d\QaPLcV (LQ WKe fLUVW 2-3 SV), 

Ze UecRUd WKe WLPe eYROXWLRQ Rf WKe SURbLQJ TH] SXOVe b\ PRYLQJ WKe SXPS aQd VaPSOLQJ VWaJeV 

VLPXOWaQeRXVO\, aW a JLYeQ SXPS-SURbe deOa\. IQ WKLV Za\, RQe caQ eQVXUe WKaW dLffeUeQW SaUWV Rf 

WKe WeUaKeUW] SXOVe µVee¶ WKe VaPe WUaQVLeQW SKRWRcRQdXcWLYLW\. IQ WKe ASSeQdL[, Ze deWaLO WKLV 

PeaVXUePeQW SURWRcRO aQd dLVcXVV LWV SURV aQd cRQV RYeU WKe TDS PeaVXUePeQW SURWRcRO LQ 

ZKLcK RQO\ WKe VaPSOLQJ SXOVe deOa\ VWaJe LV PRYed. Figure 5.4a VKRZV WKe eaUO\ WLPe eYROXWLRQ 

Rf WKe WLPe-UeVROYed TH] eOecWULc fLeOd cKaQJe -¨E LQdXced b\ 3.1 eV SKRWR-e[cLWaWLRQ ZLWK aQ 

abVRUbed SKRWRQ deQVLW\ Rf a1.02u1014 cP-2. TKe bXLOdXS Rf WKe SV fUee caUULeU cRQdXcWLYLW\ LV 

VWabLOL]ed LQ SKaVe aW a0.7 SV, ZKLOe cKaQJLQJ RQO\ LQ LQWeQVLW\ afWeUZaUd. AV a UeSUeVeQWaWLYe 

e[aPSOe, Figure 5.4b VKRZV a VeULeV Rf UeaO aQd LPaJLQaU\ cRPSRQeQWV Rf WKe cRPSOe[ 

SKRWRcRQdXcWLYLW\ aW dLffeUeQW SXPS-SURbe deOa\ WLPeV. OQe SRWeQWLaO OLPLWaWLRQ Rf RXU TDS 

PeaVXUePeQW SURWRcRO LV WKaW WKe VaPSOe cRQdXcWLYLW\ VKRXOd QRW be VWURQJO\ dLVSeUVed, WR 

eQVXUe WKaW WKe UeVSRQVe caQ be aSSUR[LPaWed b\ a deOWa-fXQcWLRQ LQ WKe WLPe dRPaLQ [202]. FRU 

KLJKO\ dLVSeUVLYe SKRWRcRQdXcWLYLW\, WKe TH] SXOVe SaVVLQJ WKURXJK WKe SKRWR-e[cLWed VaPSOeV 

Pa\ becRPe dLVWRUWed, L.e., dLffeUeQW fUeTXeQc\ cRPSRQeQWV ZLOO be deOa\ed LQ WLPe UeOaWLYe WR 

RQe aQRWKeU. FRU WKLV UeaVRQ, Ze cRQVWUaLQ RXU daWa aQaO\VLV fURP 0.8 SV RQZaUdV, ZKeUe WKe 

dLVSeUVLRQ LQ WKe SKRWRcRQdXcWLYLW\ LV OLPLWed. IQ WKe ASSeQdL[, Ze fXUWKeU MXVWLf\ RXU cKRLce Rf 

WKe WLPe UaQJe fRU daWa aQaO\VLV ZLWK e[WeQded dLVcXVVLRQV. TKe fUeTXeQc\-UeVROYed 

SKRWRcRQdXcWLYLW\ caQ be ZeOO SaUaPeWeUL]ed b\ WKe DUXde-SPLWK (DS) PRdeO. 

AV dePRQVWUaWed LQ Figure 5.4b, WKe SKRWRcRQdXcWLYLW\ dLVSeUVLRQ eYROYeV beWZeeQ 1-3 SV. 

TKe DUXde-SPLWK SaUaPeWeUL]aWLRQ aOORZV TXaQWLf\LQJ WKLV WUeQd b\ dLVSOa\LQJ WKe SaUaPeWeU c 

aQd WKe DS UeOa[aWLRQ WLPe ߬ LQ Figures 5.4c-d. TKe dLVSeUVLRQ Rf WKe cRQdXcWLYLW\ cKaQJeV 

VWURQJO\ fURP c�ൎ�-1 aQd ߬ ൎ150 fV fRU KRW caUULeUV aW 0.8 SV fROORZLQJ WKe e[cLWaWLRQ WR c�ൎ�-

0.63 aQd ߬ ൎ�50 fV fRU cROd caUULeUV (eVWabOLVKed afWeU a2 SV). NRWe WKaW WKe DS UeOa[aWLRQ WLPe 

߬ LV dLffeUeQW fURP WKe PRPeQWXP VcaWWeULQJ WLPe ߬஽�fROORZLQJ WKe DUXde PRdeO [117]. OQ WKe 

RWKeU KaQd, ߬ aQd ߬஽ aUe SRVLWLYeO\ cRUUeOaWed [117], VR WKaW ߬ UefOecWV WKe WUeQd Rf WKe WLPe 

eYROXWLRQ Rf WKe cKaUJe PRPeQWXP VcaWWeULQJ WLPe. COeaUO\, WKe KLJKeU PRbLOLW\ Rf KRW caUULeUV 

LV SULPaULO\ dXe WR WKe RYeUaOO ORQJeU VcaWWeULQJ WLPe Rf WKe cKaUJed VSecLeV. IQWeUeVWLQJO\, Ze 

RbVeUYe WKaW WKe YaOXe Rf SaUaPeWeU c LV cORVe WR -1 fRU LQLWLaO KRW caUULeUV e[KLbLWLQJ a ORQJ 

cKaUJe VcaWWeULQJ WLPe. TKLV RbVeUYaWLRQ caQ be XQdeUVWRRd aV fROORZV: KRW caUULeUV caQ WUaYeUVe, 

beWZeeQ VcaWWeULQJ eYeQWV, a UeOaWLYeO\ ORQJ dLVWaQce cRPSaUabOe WR RU e[ceedLQJ WKe JUaLQ VL]e 

RU fLOP WKLcNQeVV (bRWK aURXQd 200 QP). AV VXcK, WKe SURbabLOLW\ fRU SUefeUeQWLaO bacNVcaWWeULQJ 
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Rf KRW caUULeUV LV OaUJeU WKaQ WKaW Rf cROd RQeV, e[SOaLQLQJ WKe YaULaWLRQ LQ WKe c SaUaPeWeU. TKLV 

aOVR LQdLcaWeV WKaW WKe KRW caUULeU WUaQVSRUW OeQJWK caQ be OaUJeU WKaQ 200 QP. TKe LQfeUUed SOaVPa 

fUeTXeQc\ ߱௣� LV cRQVWaQW ZLWKLQ e[SeULPeQWaO XQceUWaLQW\, LQdLcaWLQJ QR VXbVWaQWLaO WLPe-

deSeQdeQW YaULaWLRQ LQ effecWLYe PaVV. DeVcULbLQJ WKe cRQdXcWLYLW\ ZLWK a fL[ed ߱௣
ᇱ \LeOdV QR 

cKaQJe LQ WKe JeQeUaO WUeQd fRU Ĳ (Vee Figure 5.A.8). TKe UaWLR Rf cKaUJe UeOa[aWLRQ WLPeV 

beWZeeQ KRW aQd cROd caUULeUV cRLQcLdeV ZLWK WKe a3-fROd KLJKeU PRbLOLW\ Rf KRW caUULeUV WKaQ 

cROd RQeV, aV VKRZQ LQ Figure 5.2c fRU a SXPS ZaYeOeQJWK Rf 400 QP, L.e., SKRWRQ eQeUJ\ Rf 

3.1 eV. TKeUefRUe, bRWK WKe aPSOLWXde aQd dLVSeUVLRQ Rf WKe KRW caUULeU cRQdXcWLYLW\ LQdLcaWe 

KLJKeU PRbLOLW\ Rf KRW caUULeUV cRPSaUed WR cROd RQeV LQ WKLV dRXbOe SeURYVNLWe dXe WR a UedXced 

VcaWWeULQJ UaWe e[SeULeQced b\ KRW caUULeUV. AVVXPLQJ ߬஽ ൎ  ߬  ൌ 150 fV aQd ݉∗  = 0.35݉଴ 

[140], Ze eVWLPaWe a UePaUNabO\ KLJK WUaQVLeQW KRW caUULeU PRbLOLW\ Rf 750 cP2V-1V-1.  

TKe RbVeUYaWLRQ Rf KLJKO\ PRbLOe KRW caUULeUV ZLWK UedXced VcaWWeULQJ UaWeV LQ dRXbOe 

SeURYVNLWeV caQ be accRXQWed fRU b\ (TXaVL-)baOOLVWLc WUaQVSRUW Rf WKeUPaOL]ed KRW caUULeUV ZLWK 

VXffLcLeQWO\ KLJK NLQeWLc eQeUJLeV. HRW caUULeU WKeUPaOL]aWLRQ LQ Pb-baVed RUJaQLc-LQRUJaQLc 

SeURYVNLWeV KaV beeQ UeSRUWed WR RccXU LQ aQ XOWUafaVW, VXb-150 fV WLPe VcaOe dXe WR effLcLeQW 

caUULeU-caUULeU VcaWWeULQJ [184]. IQ SULQcLSOe, WKe WKeUPaOL]aWLRQ SURceVV LQ SeURYVNLWeV LV 

JRYeUQed b\ effLcLeQW caUULeU-caUULeU VcaWWeULQJ, aQd LWV VcaWWeULQJ UaWe LV e[SecWed WR VcaOe ZLWK 

1/İ2 (ZLWK İ aV WKe RSWLcaO dLeOecWULc cRQVWaQW). AV İ fRU bRWK cRQYeQWLRQaO Pb-baVed RUJaQLc-

LQRUJaQLc SeURYVNLWeV aQd CV2AJBLBU6 faOOV LQWR a VLPLOaU UaQJe (a5-7) [184,192], QR VXbVWaQWLaO 

dLffeUeQce LQ WKeUPaOL]aWLRQ WLPe fRU bRWK V\VWePV LV e[SecWed. TKeUefRUe, RQe PLJKW e[SecW a 

SKRWRcRQdXcWLYLW\ SeaN fROORZLQJ WKe WKeUPaOL]aWLRQ SURceVV 100-200 fV afWeU RSWLcaO 

e[cLWaWLRQV. IQ RXU TH] VWXdLeV, Ze SURbe WKe aYeUaJed SKRWRcRQdXcWLYLW\, VcaWWeULQJ, aQd WKXV 

PRbLOLW\ Rf cKaUJe caUULeU eQVePbOeV (LQcOXdLQJ bRWK eOecWURQ aQd KROe cRQWULbXWLRQV) dXULQJ 

WKe cRROLQJ SURceVV. FRU eOecWURQV, Ze e[SecW WKe VaPe SKRWRcRQdXcWLYLW\ ULVe aV RbVeUYed fRU 

RWKeU cOaVVeV Rf SeURYVNLWeV [142,188]. TKe VOLJKWO\ deOa\ed ³aSSaUeQW´ SKRWRcRQdXcWLYLW\ SeaN 

aW 400 fV Pa\ be UaWLRQaOL]ed b\ WaNLQJ LQWR accRXQW WKe WLPe-deSeQdeQW SKRWRcRQdXcWLYLW\ 

cRQWULbXWLRQV fURP bRWK KRW eOecWURQV aQd KROeV. TKe KLJK cRQdXcWLYLW\ Rf WKe eaUO\ cKaUJe 

VSecLeV fROORZLQJ e[cLWaWLRQ aQd LQWeUQaO caUULeU WKeUPaOL]aWLRQ, RULJLQaWeV fURP a KLJKO\ 

eQeUJeWLc KRW caUULeU SRSXOaWLRQ ZLWK VXffLcLeQWO\ KLJK NLQeWLc eQeUJ\, ZKLcK caQ XQdeUJR 

(TXaVL-)baOOLVWLc WUaQVSRUW [45,46]. WLWK LQcUeaVLQJ SXPS SKRWRQ eQeUJ\, fRU a JLYeQ abVRUbed 

SKRWRQ deQVLW\ aV VKRZQ LQ Figure 5.2b, WKe fUacWLRQ Rf KRW caUULeUV abRYe aQ e[ceVV eQeUJ\ 

³WKUeVKROd´ fRU (TXaVL-)baOOLVWLc WUaQVSRUW LQcUeaVeV, OeadLQJ WR aQ LQcUeaVe LQ WKe WUaQVLeQW KRW 

caUULeU cRQdXcWLYLW\. SXcK a SKRWRcRQdXcWLYLW\ eQKaQcePeQW JUadXaOO\ UeacKeV VaWXUaWLRQ (aV 

VKRZQ LQ Figure 5.2c), ZKLcK Pa\ be aWWULbXWed WR WKe VaWXUaWLRQ LQ WKe eOecWURQ WePSeUaWXUe b\ 

LQcUeaVLQJ WKe SXPS SKRWRQ eQeUJLeV (See VecWLRQ 5.A.10 LQ WKe ASSeQdL[). DXULQJ WKe cRROLQJ 

SURceVV (ZLWKLQ 2-3 SV), WKe deQVLW\ Rf KLJKO\ eQeUJeWLc KRW caUULeUV fRU baOOLVWLc WUaQVSRUW 
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decUeaVeV, aQd WKe SKRWRcRQdXcWLYLW\ dURSV cRUUeVSRQdLQJO\ fURP WKe SeaN WRZaUd WKe cROd 

caUULeU cRQdXcWLYLW\. OXU dLVcXVVLRQ LV aOVR LQ OLQe ZLWK GXR¶V ZRUN RQ e[ceVV eQeUJ\-deSeQdeQW 

ORQJ-UaQJe KRW-caUULeU WUaQVSRUW LQ MAPbI3 VWXdLed b\ TA PLcURVcRS\ ZLWKLQ WKe fLUVW feZ SV 

[45]. B\ dLUecWO\ PeaVXULQJ WKe WeUaKeUW] SKRWRcRQdXcWLYLW\, Ze aUe fXUWKeU abOe WR SURYLde 

PecKaQLVWLc LQVLJKWV LQWR WKe SURceVV: LW LV UedXced cKaUJe VcaWWeULQJ, UaWKeU WKaQ UedXced 

effecWLYe PaVV WKaW JLYeV ULVe WR WKe KLJK PRbLOLW\. MRUeRYeU, Ze LdeQWLf\ WKe dRPLQaQW 

cRQWULbXWLRQ Rf KRW KROeV WR WKeLU eQKaQced PRbLOLW\. IQ SULQcLSOe, bRWK eOecWURQV aQd KROeV ZLWK 

VXffLcLeQWO\ KLJK e[ceVV eQeUJ\ caQ XQdeUJR baOOLVWLc WUaQVSRUW. TKe dRPLQaQW UROe Rf KRW KROeV 

LQ JRYeUQLQJ WKe KRW caUULeU PRbLOLW\ LQ CV2AJBLBU6 Pa\ OLe LQ a SecXOLaU feaWXUe LQ WKe baQd 

VWUXcWXUe: WKe QaUURZ eQeUJ\ UaQJe LQ WKe fLUVW cRQdXcWLRQ baQd Rf dRXbOe SeURYVNLWeV OLPLWV WKe 

eQeUJeWLcV Rf KRW eOecWURQV fROORZLQJ OLJKW abVRUSWLRQ. AV VXcK, fRU SKRWR-e[cLWaWLRQ, LQ 

SaUWLcXOaU ZLWK SKRWRQV ZLWK eQeUJLeV be\RQd dLUecW baQd e[cLWaWLRQ (aW a 2.8 eV), WKe e[ceVV 

eQeUJLeV Rf KRW caUULeUV dLVWULbXWe aV\PPeWULcaOO\ ZLWK PXcK PRUe eQeUJ\ LQWR KROeV, OeadLQJ WR 

faYRUabOe (TXaVL-)baOOLVWLc WUaQVSRUW cRQdLWLRQV fRU KRW KROeV. 

5.4 Conclusions 

TR cRQcOXde, Ze RbVeUYe aQ e[ceVV eQeUJ\-deSeQdeQW KRW caUULeU PRbLOLW\ LQ CV2AJBLBU6 

dRXbOe SeURYVNLWe ePSOR\LQJ TH] VSecWURVcRS\. USRQ e[cLWaWLRQ b\ SKRWRQV ZLWK aQ e[ceVV 

eQeUJ\ be\RQd a0.5 eV, KRW caUULeUV e[KLbLW KLJKeU PRbLOLW\ WKaQ cROd caUULeUV. EPSOR\LQJ 

SXPS-SXVK-SURbe VSecWURVcRS\ aQd fUeTXeQc\-UeVROYed SKRWRcRQdXcWLYLW\ PeaVXUePeQWV, Ze 

SURYLde e[SeULPeQWaO eYLdeQce WKaW VXcK a PRbLOLW\ eQKaQcePeQW RULJLQaWeV SULPaULO\ fURP KRW 

KROeV WKaW e[SeULeQce UedXced PRPeQWXP VcaWWeULQJ cRPSaUed WR WKeLU cROd VWaWeV. We 

UaWLRQaOL]e RXU RbVeUYaWLRQ b\ (TXaVL-)baOOLVWLc WUaQVSRUW Rf WKeUPaOL]ed KRW KROeV abRYe aQ 

eQeUJeWLc WKUeVKROd LQ CV2AJBLBU6. OXU fLQdLQJV UeQdeU CV2AJBLBU6 dRXbOe SeURYVNLWe aV a 

faVcLQaWLQJ SOaWfRUP fRU VWXd\LQJ WKe fXQdaPeQWaOV Rf KRW caUULeU WUaQVSRUW aQd LWV e[SORLWaWLRQ 

WRZaUdV effLcLeQW KRW caUULeU-baVed RSWReOecWURQLc deYLceV.

5.5 Appendix 

Section 5.A.1: AFM characteri]ation 
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Figure 5.A.1 _ AFM characteri]ation on the Cs2AgBiBr6 double perovskite thin film. (a) AFM LPaJe 

RQ CV2AJBLBU6 dRXbOe SeURYVNLWe fLOP aQd (b) cRUUeVSRQdLQJ WKLcNQeVV PeaVXUePeQW aORQJ WKe bOXe OLQe LQ 

Figure 5.A.1a. 

Section 5.A.2: Bandgap estimation  

 
Figure 5.A.2 _ Estimation of the Cs2AgBiBr6 double perovskite bandgap. BaQdJaS Rf CV2AJBLBU6 

dRXbOe SeURYVNLWe eVWLPaWed b\ TaXc SORW. 

Section 5.A.3: TH] transmission through unpumped Cs2AgBiBr6 

 
Figure 5.A.3 _ Static TH] transmission. TH] WUaQVPLVVLRQ WKURXJK XQSXPSed CV2AJBLBU6 dRXbOe 

SeURYVNLWe. 
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Section 5.A.4: Fluence-dependent OPTP dynamics in Cs2AgBiBr6 

 
Figure 5.A.4 _ Fluence-dependent OPTP dynamics. (a) FOXeQce-deSeQdeQW OPTP d\QaPLcV PeaVXUed 

fRU a SXPS ZaYeOeQJWK Rf 400 QP (3.10 eV SKRWRQ eQeUJ\). (b) PeaN LQWeQVLW\ aV a fXQcWLRQ Rf fOXeQce. 

Section 5.A.5: Pump photon energy-dependent OPTP dynamics normali]ed to the 

absorbed photon density 

 
Figure 5.A.5 _ Photon energy-dependent OPTP dynamics. PXPS SKRWRQ eQeUJ\-deSeQdeQW 

SKRWRcRQdXcWLYLW\ d\QaPLcV QRUPaOL]ed WR WKe abVRUbed SKRWRQ deQVLW\ 

Section 5.A.6: Temperature-dependent hot carrier lifetime 

 
Figure 5.A.6 _ Temperature-dependent photoconductivity dynamics and inferred hot carrier lifetime. 

(a) SLQJOe e[SRQeQWLaO fLWWLQJ WR WKe WePSeUaWXUe-deSeQdeQW KRW caUULeU SKRWRcRQdXcWLYLW\ deca\ (ZLWK a 

cRQVWaQW RffVeW). (b) E[WUacWed deca\ WLPe aV a fXQcWLRQ Rf WePSeUaWXUe. TKe daVKed OLQe LV a JXLde WR WKe 
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e\e. (c) NRUPaOL]ed WePSeUaWXUe-deSeQdeQW faVW deca\ d\QaPLcV aQd LWV fLWWLQJ WR a VLQJOe e[SRQeQWLaO 

fXQcWLRQ. TR cOeaUO\ dePRQVWUaWe WKe cKaQJe LQ WKe eaUO\ WLPe, Ze KaYe QRUPaOL]ed aQd WKeQ fLWWed WR WKe 

d\QaPLcV (aV VKRZQ LQ Figure 5.A.6a), VXbWUacWLQJ WKe ORQJ-OLYed RffVeW. 

Section 5.A.7: Frequency-domain TH] spectra  

SLQce WKe SKRWRcRQdXcWLYLW\ cKaQJe LV faVWeU WKaQ WKe TH] SXOVe dXUaWLRQ LQ RXU caVe, e[WUa 

caUe QeedV WR be WaNeQ WR WUacN WKe SXPS-LQdXced TH] cKaQJeV LQ WKe WLPe dRPaLQ [106,107]. 

CRQYeQWLRQaOO\, TH] WLPe-dRPaLQ VSecWURVcRS\ (TH]-TDS) LV SeUfRUPed b\ PRYLQJ RQO\ WKe 

deOa\ VWaJe Rf WKe VaPSOLQJ beaP. TKe YaOLdLW\ Rf WKLV aSSURacK UeTXLUeV WKaW WKe cKaUJe caUULeUV 

UeacK a VWead\ VWaWe LQ ZKLcK WKe SKRWRcRQdXcWLYLW\ UePaLQV cRQVWaQW RQ WKe WLPeVcaOe Rf WKe 

TH] SXOVe dXUaWLRQ. FRU UaSLdO\ deca\LQJ SKRWRcRQdXcWLYLW\ d\QaPLcV dXe WR cKaUJe 

UecRPbLQaWLRQ, WKLV Za\ Rf PeaVXUePeQW Pa\ VWLOO be YaOLd, bXW WKe e[WUacWLRQ Rf fUeTXeQc\-

UeVROYed SKRWRcRQdXcWLYLW\ becRPeV PRUe cRPSOLcaWed, aV WKe OeadLQJ SaUW aQd WUaLOLQJ SaUW Rf 

a SURbLQJ TH] SXOVe LQWeUacW ZLWK dLffeUeQW aPRXQWV Rf cKaUJe caUULeUV. OQe caQ eQVXUe WKaW 

dLffeUeQW SaUWV Rf WKe WeUaKeUW] SXOVe µVee¶ WKe VaPe WUaQVLeQW SKRWRcRQdXcWLYLW\ b\ cRQdXcWLQJ 

WKe TH] VSecWURVcRS\ LQ VXcK a Za\ WKaW WKe VaPSOLQJ SXOVe (WKe RQe XVed fRU eOecWUR-RSWLc 

deWecWLRQ) aQd WKe SXPS SXOVe (WKe RQe XVed fRU WKe SKRWRe[cLWaWLRQ) aUe aW a fL[ed WLPe deOa\: 

L.e., WKe deOa\ VWaJeV fRU SXPS SXOVe aQd VaPSOLQJ SXOVe PRYe VLPXOWaQeRXVO\. AV WKeUe aUe WKUee 

beaPV LQYROYed LQ WKe VeWXS (TH] SXOVe, SXPS SXOVe, aQd VaPSOLQJ SXOVe), WKLV Za\ Rf deWecWLRQ 

LV eTXLYaOeQW WR deOa\LQJ RQO\ WKe TH] SXOVe, VR WKaW WKe WLPe deOa\ beWZeeQ WKe SXPS aQd 

VaPSOLQJ SXOVeV LV fL[ed, fRU aQ\ JLYeQ RSWLcaO SXPS - TH] SURbe deOa\.  

TKeUe aUe, KRZeYeU, WZR dLVWLQcW OLPLWaWLRQV LQ WKLV Za\ Rf SeUfRUPLQJ TH]-TDS 

PeaVXUePeQWV. FLUVWO\, WKe aSSURacK RQO\ ZRUNV fRU a WePSRUaOO\ cRQVWaQW, RU PRQRWRQRXVO\ 

decUeaVLQJ caUULeU deQVLW\. WKeQ WKe deQVLW\ LQcUeaVeV dXULQJ WKe VaPSOLQJ SeULRd, WKe aSSURacK 

LV QR ORQJeU YaOLd, aQd RQe caQQRW XQaPbLJXRXVO\ LQfeU WKe VaPSOe UeVSRQVe fURP WKe UecRUded 

TH] WLPe WUaceV [203,204]. A VecRQd UeTXLUePeQW LV WKaW WKe VaPSOe cRQdXcWLYLW\ VKRXOd be 

dLVSeUVLRQOeVV, VR WKaW WKe UeVSRQVe caQ be aSSUR[LPaWed b\ a deOWa-fXQcWLRQ LQ WKe WLPe dRPaLQ 

[202]. FRU KLJKO\ dLVSeUVLYe SKRWRcRQdXcWLYLW\, WKe TH] SXOVe SaVVLQJ WKURXJK WKe SKRWRe[cLWed 

VaPSOeV ZLOO becRPe dLVWRUWed: L.e., dLffeUeQW fUeTXeQc\ cRPSRQeQWV ZLOO be deOa\ed LQ WLPe 

UeOaWLYe WR RQe aQRWKeU, VR WKaW RXU aSSURacK (b\ VaPSOLQJ aW a fL[ed SXPS-SURbe deOa\ WLPe) 

Pa\ faLO. IQ RXU caVe, WKe SKRWRcRQdXcWLYLW\ VSecWUa LQ Figure 5.4b VKRZ YeU\ OLPLWed dLVSeUVLRQ, 

LQ SaUWLcXOaU fRU WKe WLPe VcaOe afWeU 1.0 SV. TKe d\QaPLcV aW 0.8 SV PLJKW, WR VRPe e[WeQW, be 

affecWed dXe WR VRPe dLVSeUVLRQ VKRZQ LQ WKe VSecWUa. OQ WKe RWKeU KaQd, LWV LPSacW Pa\ be 

OLPLWed. SXcK a cOaLP LV SaUWLaOO\ VXSSRUWed b\ WKe RbVeUYaWLRQ WKaW WKe LQfeUUed DUXde-SPLWK 

UeOa[aWLRQ WLPe VKRZV a YeU\ VLPLOaU VcaOLQJ (a3-4 WLPeV) aV WKe SKRWRcRQdXcWLYLW\ UaWLR beWZeeQ 

WKe SeaN (aW a0.8 SV) aQd SOaWeaX (aW a3 SV) LQ WKe OPTP d\QaPLcV LQ Figures 5.2b and 5.2c. 
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Section 5.A.8: Comparison of plasma frequency between 300K and 150K 

 
Figure 5.A.7 _ Frequency-domain photoconductivity and Drude-Smith model fitting at different 

temperatures. FUeTXeQc\-UeVROYed SKRWRcRQdXcWLYLW\ fRU 300 K aQd 150 K PeaVXUed 5 SV afWeU WKe 

SKRWRe[cLWaWLRQ (400 QP). TKe OLQeV aUe fLWV baVed RQ WKe DUXde-SPLWK PRdeO. 

Table 5.A.1 _ IQfeUUed SaUaPeWeUV baVed RQ WKe DUXde-SPLWK PRdeO. 

TePSeUaWXUe (K) 
POaVPa fUeTXeQc\ 

(H]) 

ScaWWeULQJ WLPe 

(fV) 
PaUaPeWeU c 

300 (2.07r0.16)u1013 57r9 -(0.59r0.03) 

150 (2.04r0.11)u1013 73r7 -(0.67r0.02) 

 

Section 5.A.9: Comparison of Drude-Smith fitting with and without fixing the plasma 

frequency 
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Figure 5.A.8 _ Drude-Smith fitting to the frequency-domain photoconductivity and extracted 

parameters at different pump-probe delay times. (a) CRPSaULVRQ Rf DUXde-SPLWK fLWWLQJ WR WKe 

fUeTXeQc\-dRPaLQ cRQdXcWLYLW\ PeaVXUed aW SXPS-SURbe deOa\ WLPeV Rf 0.8SV, 1.0SV, 2.4SV aQd 8.4SV ZLWK 

(bOacN daVKed OLQe) aQd ZLWKRXW (bOacN VROLd OLQe) fL[LQJ WKe SOaVPa fUeTXeQc\. PORWV Rf WKe e[WUacWed (b) 

VcaWWeULQJ WLPe aQd (c) SaUaPeWeU c fURP WKe fLWWLQJ ZLWK fL[LQJ WKe SOaVPa fUeTXeQc\ (bOacN daVKed OLQe). 

Section 5.A.10: Extended discussions on the photoconductivity saturation effect 

IQ Figure 5.2c LQ WKe PaQXVcULSW, WKe SeaN PRbLOLW\ Rf WKe KRW caUULeUV LQcUeaVeV b\ LQcUeaVLQJ 

SKRWRQ eQeUJ\ aQd VeePV WR VaWXUaWe aW KLJK eQRXJK SKRWRQ eQeUJLeV. We aWWULbXWe WKe VaWXUaWLRQ 

effecW LQ WKe SeaN PRbLOLW\ WR WKe VaWXUaWLRQ Rf WKe eOecWURQLc WePSeUaWXUe Rf KRW caUULeUV ZLWK 

LQcUeaVLQJ SXPS SKRWRQ eQeUJ\. NRWe WKaW WKe eQeUJ\ UeOa[aWLRQ UaWe Rf KRW caUULeUV cULWLcaOO\ 

deSeQdV RQ, aQd VcaOeV QRQOLQeaUO\ ZLWK WKe e[ceVV eQeUJ\ Rf KRW caUULeUV: WKe KLJKeU WKe e[ceVV 

eQeUJ\, WKe faVWeU WKe eQeUJ\ dLVVLSaWLRQ dXe WR (1) eQKaQced deQVLW\ Rf cKaUJe VWaWeV, aQd (2) 

effLcLeQW RSWLcaO SKRQRQ ePLVVLRQV befRUe KRW caUULeUV UeacK fXOO WKeUPaOL]aWLRQ. TKLV effecW 

OLPLWV WKe effecWLYe eOecWURQLc WePSeUaWXUe LQ WKeUPaOL]ed KRW caUULeUV b\ LQcUeaVLQJ WKe SXPS 

SKRWRQ eQeUJ\ aQd WKXV WKe SeaN KRW caUULeU cRQdXcWLYLW\.
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6 Optical switching of hole transfer in double 

perovskite/graphene heterostructure

S\QeUJLcaOO\ cRPbLQLQJ WKe XOWUaKLJK cKaUJe PRbLOLW\ aQd VWURQJ OLJKW abVRUSWLRQ, JUaSKeQe 

(GU)/VePLcRQdXcWRU KeWeURVWUXcWXUeV aUe SURPLVLQJ bXLOdLQJ bORcNV fRU effLcLeQW RSWReOecWURQLcV, 

LQ SaUWLcXOaU SKRWRdeWecWRUV. CKaUJe WUaQVfeU (CT) acURVV WKe KeWeURVWUXcWXUe LQWeUface SOa\V a 

Ne\ UROe LQ deWeUPLQLQJ deYLce effLcLeQc\ aQd fXQcWLRQaOLW\. HeUe Ze UeSRUW WKaW KROe WUaQVfeU 

SURceVVeV dRPLQaWe WKe XOWUafaVW CT acURVV VWURQJO\ cRXSOed dRXbOe SeURYVNLWe 

CV2AJBLBU6/JUaSKeQe (DP/GU) KeWeURVWUXcWXUeV fROORZLQJ RSWLcaO e[cLWaWLRQV. WKLOe KROeV aUe 

WKe SULPaU\ cKaUJeV fORZLQJ acURVV LQWeUfaceV, WKeLU WUaQVfeU dLUecWLRQ, aV ZeOO aV effLcLeQc\, 

VKRZV a UePaUNabOe deSeQdeQce RQ WKe e[cLWaWLRQ ZaYeOeQJWK. FRU e[cLWaWLRQ ZLWK SKRWRQ 

eQeUJ\ beORZ WKe baQdJaS Rf DPV, WKe SKRWRe[cLWed KRW KROeV LQ JUaSKeQe caQ cRPSeWe ZLWK WKe 

WKeUPaOL]aWLRQ SURceVV aQd LQMecW LQWR WKe LQ-JaS defecW VWaWeV LQ DPV. IQ cRQWUaVW, fRU e[cLWaWLRQV 

be\RQd WKe baQdJaS Rf DP, WKe KROe WUaQVfeU dLUecWLRQ LV UeYeUVed, OeadLQJ WR KROe WUaQVfeU fURP 

WKe YaOeQce baQd Rf DPV WR GU. We fXUWKeU SURYLde VROLd e[SeULPeQWaO eYLdeQce WKaW WKe KRW 

KROeV eQKaQce CT WUaQVfeU effLcLeQc\ fRU bRWK beORZ- aQd abRYe-baQdJaS SKRWRe[cLWaWLRQ 

UeJLPeV. TKe SRVVLbLOLW\ Rf VZLWcKLQJ WKe KROe WUaQVfeU dLUecWLRQ aQd WKXV WKe LQWeUfacLaO 

SKRWRJaWLQJ fLeOd b\ SKRWRe[cLWaWLRQV SURYLdeV a QRYeO NQRb WR cRQWURO WKe LQWeUfacLaO cKaUJe 

fORZ acURVV a DP/GU KeWeURMXQcWLRQ fRU QRYeO RSWReOecWURQLcV. 

6.1 Introduction  

GUaSKeQe (GU)/VePLcRQdXcWRU KeWeURVWUXcWXUeV KaYe ePeUJed aV SURPLVLQJ bXLOdLQJ bORcNV 

fRU RSWReOecWURQLcV dXe WR WKe XQLTXe cRPbLQaWLRQ Rf XOWUaKLJK cKaUJe PRbLOLW\ >105 cP2V-1V-1 

[205,206] LQ GU aQd VWURQJ RSWLcaO abVRUSWLRQ Rf VePLcRQdXcWRUV [207]. IQ SaUWLcXOaU, effLcLeQW 

cRQYeUVLRQ Rf OLJKW WR eOecWULcaO VLJQaOV fRU, e.J., SKRWRdeWecWRUV, KaV beeQ e[SeULPeQWaOO\ 

dePRQVWUaWed LQ GU-baVed KeWeURVWUXcWXUeV ZLWK YaULRXV W\SeV Rf VePLcRQdXcWRUV aV WKe OLJKW 

abVRUbeUV, LQcOXdLQJ cROORLdaO TXaQWXP dRWV [208,209], WZR-dLPeQVLRQaO WUaQVLWLRQ PeWaO 

dLcKaOcRJeQLdeV (TMDV) [210] aQd bXON cU\VWaOV [211]. FXQdaPeQWaOO\, WKe deYLce SeUfRUPaQce 

cULWLcaOO\ UeOLeV RQ bRWK WKe LQWeUfacLaO cKaUJe WUaQVfeU (CT) aQd UecRPbLQaWLRQ SURceVVeV acURVV 

WKe K\bULd LQWeUfaceV. WKLOe WKe fRUPeU deWeUPLQeV WKe SRSXOaWLRQ Rf cKaUJe caUULeUV acURVV WKe 

LQWeUfaceV (L.e., WKe CT effLcLeQc\), WKe OaWWeU LPSacWV WKe dXUaWLRQ Rf WKe LQWeUfacLaO eOecWULcaO 

fLeOd LQdXced b\ WKe cKaUJe VeSaUaWLRQ WKaW JaWeV RU PRdXOaWeV WKe cRQdXcWLYLW\ Rf GU: WKe ORQJeU 

WKe cKaUJe VeSaUaWLRQ, WKe KLJKeU WKe SKRWRcRQdXcWLYe JaLQ fRU WKe OLJKW deWecWLRQ (VR-caOOed 
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µSKRWRJaWLQJ¶ PecKaQLVP) [208].  

FURP WKLV SeUVSecWLYe, XQdeUVWaQdLQJ aQd eYeQWXaOO\ acKLeYLQJ cRPSOeWe cRQWURO Rf 

LQWeUfacLaO cKaUJe caUULeU d\QaPLcV, e.J., WKe cKaUJe VeSaUaWLRQ SaWKZa\V aQd effLcLeQc\, WKe 

dLUecWLRQ Rf WKe LQWeUfacLaO JaWLQJ fLeOd, aV ZeOO aV WKe OLfeWLPe Rf cKaUJe VeSaUaWLRQ, LV Rf 

fXQdaPeQWaO VLJQLfLcaQce fRU LPSURYLQJ WKe SKRWRdeWecWLRQ caSabLOLWLeV Rf GU-baVed 

KeWeURVWUXcWXUeV. CRPbLQLQJ TH] aQd WUaQVLeQW abVRUSWLRQ VSecWURVcRSLeV, FX eW al. LQYeVWLJaWed 

WKe XOWUafaVW CT SURceVV acURVV GU/WS2 KeWeURVWUXcWXUeV b\ YaU\LQJ WKe e[cLWaWLRQ SKRWRQ 

eQeUJLeV [212]. TKe aXWKRUV VKRZed WKaW bRWK WKe CT UaWe aQd PecKaQLVP caQ be cRQWUROOed b\ 

WKe e[cLWaWLRQ eQeUJ\ Rf OaVeU SXOVeV: ZKeQ RQO\ GU LV SKRWRe[cLWed, WKe eQeUJeWLc WKeUPaOL]ed 

KRW eOecWURQV caQ be ePLWWed RYeU WKe LQWeUfacLaO eQeUJ\ baUULeUV aQd LQMecWed LQWR WS2 (VR-caOOed 

SKRWR-WKeUPLRQLc ePLVVLRQ). OQ WKe RWKeU KaQd, a dLUecW e[cLWaWLRQ WR WKe WS2 Oa\eU UeVXOWV LQ 

WKe WUaQVfeU Rf µcROd¶ eOecWURQV fURP WKe YaOeQce baQd Rf GU WR WKe SKRWRJeQeUaWed KROe VWaWeV LQ 

WKe YaOeQce baQd Rf WS2 (ZKLcK LV eTXLYaOeQW WR a KROe WUaQVfeU SURceVV fURP WS2 WR GU). SXcK 

aQ LQWeUfacLaO cKaUJe WUaQVfeU PecKaQLVP KaV aOVR beeQ UeSRUWed b\ SUeYLRXV ZRUN baVed RQ 

GU/WSe2/GU YaQ deU WaaOV (YdW) KeWeURVWUXcWXUeV [213], aQd a UeceQW VWXd\ b\ TURYaWeOOR eW 

al. ePSOR\LQJ WUaQVLeQW abVRUSWLRQ VSecWURVcRS\ [214]. WKLOe WKe e[cLWaWLRQ cRQdLWLRQV caQ 

PRdXOaWe WKe CT SaWKZa\ aQd effLcLeQc\, WKe dLUecWLRQ Rf SKRWRe[cLWed cKaUJe WUaQVfeU LV XVXaOO\ 

fL[ed. IQ WKe caVe Rf WKe GU/WS2 LQWeUface abRYe, GU ORVeV eOecWURQV WR WS2 WKURXJKRXW WKe eQWLUe 

e[cLWaWLRQ eQeUJ\ UaQJe. ReaOL]aWLRQ Rf VZLWcKLQJ Rf WKe CT dLUecWLRQ b\ e[WeUQaO VWLPXOL (e.J., 

OLJKW RU eOecWULcaO JaWLQJ) caQ SURYLde a QRYeO deJUee Rf fUeedRP WR WXQe bRWK WKe CT effLcLeQc\, 

aV ZeOO aV WKe dLUecWLRQ Rf WKe ORcaO JaWLQJ fLeOd fRU OLJKW deWecWLRQ aSSOLcaWLRQV. US WR QRZ, 

e[WeUQaO VZLWcKLQJ Rf CT aQd SKRWRJaWLQJ fLeOd dLUecWLRQ KaV QRW beeQ UeSRUWed aQd UePaLQV WR 

be deYeORSed.  

IQ WKe OaVW decade, WKe ZRUOd KaV ZLWQeVVed WKe UaSLd ULVe Rf ORZ-WePSeUaWXUe VROXWLRQ-

SURceVVed Oead KaOLde SeURYVNLWeV (LHPV) aV RQe Rf WKe PRVW cRVW-effecWLYe RSWLcaO abVRUbeUV fRU 

SKRWRYROWaLcV ZLWK WKe UecRUd OLJKW-WR-eOecWULcLW\ SRZeU cRQYeUVLRQ effLcLeQc\ Rf PRUe WKaQ 25% 

fRU VLQJOe-MXQcWLRQ VROaU ceOOV [18]. GU/LHP KeWeURVWUXcWXUeV KaYe aOVR beeQ e[SORUed aQd KaYe 

VKRZQ VXSeULRU SKRWRdeWecWLRQ SeUfRUPaQce ZLWK aQ XOWUa-bURadbaQd SKRWRUeVSRQVe [215,216] 

aQd XOWUaKLJK SKRWRUeVSRQVLYLW\ [215,216]. HRZeYeU, WKe Oead WR[LcLW\ aQd cKePLcaO LQVWabLOLW\ 

Rf LHPV KaYe OaUJeO\ LPSeded WKeLU SUacWLcaO aSSOLcaWLRQ aQd cRPPeUcLaOL]aWLRQ. B\ 

aOWeUQaWLYeO\ VXbVWLWXWLQJ WZR bLYaOeQW Oead caWLRQV Pb2+ ZLWK PRQR- ([Bc]+) aQd WULYaOeQW ([Bs]3+) 

PeWaO caWLRQV, WKe VR-caOOed dRXbOe SeURYVNLWe (DP) ZLWK WKe cKePLcaO fRUPXOa A2BcBsX6 KaV 

beeQ VXcceVVfXOO\ V\QWKeVL]ed ZLWK e[WUaRUdLQaU\ cKePLcaO VWabLOLW\ aQd RSWReOecWURQLc 

SURSeUWLeV. APRQJ WKeP, RQe Rf WKe PRVW SURPLVLQJ DPV LV WKe aOO-LQRUJaQLc CV2AJBLBU6 

feaWXULQJ VWURQJ RSWLcaO abVRUSWLRQ (fURP WKe UV-YLV WR WKe X-Ua\ VSecWUXP UaQJe) [58,189,199], 

ORQJ caUULeU OLfeWLPe [59,140,217] aQd OaUJe caUULeU dLffXVLRQ OeQJWK [60]. CKaUacWeUL]aWLRQ Rf 
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LQWeUfacLaO eOecWURQLc cRXSOLQJ aQd cKaUJe WUaQVfeU d\QaPLcV LQ DP/GU KeWeURVWUXcWXUeV LV cUXcLaO 

WR SURYLde WKe fXQdaPeQWaOV fRU UeaOL]LQJ KLJK-SeUfRUPaQce RSWReOecWURQLcV (e.J., bURadbaQd 

SKRWRdeWecWRUV fURP WKe LQfUaUed (IR) WR WKe UV UaQJe) aQd e[SORULQJ QeZ fXQcWLRQaOLWLeV, e.J., 

QeZ deYLce VcKePeV fRU X-Ua\ deWecWLRQ. 

IQ WKLV ZRUN, Ze LQYeVWLJaWe WKe LQWeUOa\eU eOecWURQLc cRXSOLQJ aQd SKRWRLQdXced cKaUJe 

WUaQVfeU SURceVVeV LQ a DP/GU KeWeURVWUXcWXUe cRPbLQLQJ RaPaQ VSecWURVcRS\, NeOYLQ SURbe 

fRUce PLcURVcRS\ (KPFM), aQd XOWUafaVW WLPe-UeVROYed WeUaKeUW] (TH]) VSecWURVcRS\. We UeSRUW 

WKaW KROe WUaQVfeU acURVV WKe LQWeUfaceV dRPLQaWeV WKe CT PecKaQLVPV fROORZLQJ 

SKRWRe[cLWaWLRQV, bXW LWV dLUecWLRQ cULWLcaOO\ UeOLeV RQ WKe e[cLWaWLRQ SKRWRQ eQeUJLeV. AV 

LOOXVWUaWed VcKePaWLcaOO\ LQ Figure 6.1, ZKeQ WKe SKRWRQ eQeUJ\ LV beORZ WKe baQdJaS Rf DP 

(L.e., RQO\ WKe GU Oa\eU LV e[cLWed), WKe SKRWRe[cLWed KRW KROeV aUe WUaQVfeUUed fURP GU WR WKe DP. 

OQ WKe RWKeU KaQd, ZKeQ WKe KeWeURVWUXcWXUe LV e[cLWed b\ SKRWRQV ZLWK eQeUJ\ KLJKeU WKaQ WKe 

baQdJaS Rf DP, WKe KROe WUaQVfeU dLUecWLRQ LV UeYeUVed, WaNLQJ SOace fURP WKe YaOeQce baQd Rf 

DP WR GU. TKe WUaQVLWLRQ LQ WKe KROe WUaQVfeU dLUecWLRQ UeVXOWV LQ VZLWcKLQJ WKe SKRWRJaWLQJ fLeOd 

dLUecWLRQ aV ZeOO aV LQ a cKaQJe Rf WKe LQWeUOa\eU cKaUJe caUULeU UecRPbLQaWLRQ WLPe. We fXUWKeU 

SURYLde e[SeULPeQWaO eYLdeQce WKaW b\ LQcUeaVLQJ WKe eQeUJeWLcV Rf WKe SKRWRJeQeUaWed KROeV, 

WKe KROe WUaQVfeU effLcLeQc\ LV eQKaQced LQ bRWK beORZ- aQd abRYe-baQdJaS SKRWRe[cLWaWLRQ 

UeJLPeV. TKe XQLTXe dLUecWLRQaO VZLWcKLQJ Rf KROe WUaQVfeU aQd LWV effLcLeQc\ PRdXOaWLRQ b\ 

YaU\LQJ WKe RSWLcaO e[cLWaWLRQ SURYLdeV a QRYeO NQRb WR cRQWURO WKe LQWeUfacLaO cKaUJe fORZ acURVV 

a DP/GU KeWeURMXQcWLRQ fRU QRYeO RSWReOecWURQLcV. 

 
Figure 6.1 _ Schematic illustration of optically controlled hole transfer dynamics in a DP/Gr 

heterostructure in both real (upper panel) and momentum (lower panel) spaces. (a) FRU WKe 

SKRWRe[cLWaWLRQ ZLWK SKRWRQ eQeUJLeV beORZ WKe baQdJaS Rf DP, WKe SKRWRe[cLWed KRW KROeV LQ GU aUe 
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WUaQVfeUUed WR WKe DP. (b) FRU WKe SKRWRe[cLWaWLRQ ZLWK SKRWRQ eQeUJLeV abRYe WKe baQdJaS Rf DP, KROe 

WUaQVfeU fURP DP WR GU dRPLQaWeV WKe WUaQVfeU SURceVV. 

6.2 Materials 

Sample preparation 

TKe DP/GU KeWeURVWUXcWXUe LV SUeSaUed b\ fLUVW ZeW-WUaQVfeUULQJ a cKePLcaO YaSRU-deSRVLWed 

(CVD) PRQROa\eU GU RQWR fXVed VLOLca, aQd WKeQ WKe GU VXUface LV WUeaWed b\ UV-O]RQe fRU 30 

PLQXWeV. We ZLOO VKRZ OaWeU WKaW WKe UV-O]RQe WUeaWPeQW LV cULWLcaO WR UeaOL]e WKe VWURQJ 

cRXSOLQJ aQd cKaUJe WUaQVfeU beWZeeQ DP aQd GU Oa\eUV. FLQaOO\, Ze VSLQ-cRaW WKe dRXbOe 

SeURYVNLWe VROXWLRQ RQ GU WR cRQVWUXcW WKe DP/GU KeWeURVWUXcWXUeV. TKe dRXbOe SeURYVNLWe 

VaPSOe LV SUeSaUed VLPLOaUO\ aV VKRZQ LQ CKaSWeU 5. A 0.5 M VROXWLRQ Rf PP-VL]ed CV2AJBLBU6 

VLQJOe cU\VWaOV [140,218] LQ dLPeWK\OVXOfR[Lde (DMSO) ZaV VSLQ-cRaWed RQ WRS Rf WKe JUaSKeQe 

Oa\eU RQ WKe fXVed VLOLca VXbVWUaWe UeVXOWLQJ LQ a XQLfRUP cRYeUaJe ZLWK a WKLcNQeVV Rf a200 QP. 

6.3 Results and Discussion 

Strong DP/Gr interlayer coupling revealed by Raman and KPFM characteri]ations 

TR acKLeYe KLJKO\ effLcLeQW CT acURVV WKe K\bULd LQWeUface fROORZLQJ RSWLcaO e[cLWaWLRQ, VWURQJ 

LQWeUOa\eU eOecWURQLc cRXSOLQJ LV UeTXLUed. We fLUVW cKaUacWeUL]e WKe eOecWURQLc cRXSOLQJ beWZeeQ 

GU aQd DP Oa\eUV b\ PRQLWRULQJ WKeLU VWaWLc cKaUJe eTXLOLbULXP acURVV LQWeUfaceV (L.e., ZLWKRXW 

SKRWRe[cLWaWLRQ) b\ cRPSOLPeQWaULO\ cRPbLQLQJ RaPaQ VSecWURVcRS\ aQd KPFM. WKLOe WKe 

FeUPL eQeUJ\ 𝐸ி LQ GU caQ be UeadLO\ PRQLWRUed b\ RaPaQ VSecWURVcRS\, WKe VXUface SRWeQWLaO 

aQd WKXV WKe ZRUN fXQcWLRQ Rf WKe DP caQ be WUacNed b\ KPFM PeaVXUePeQWV.  

AV VKRZQ LQ Figure 6.2a, WZR cKaUacWeULVWLc RaPaQ PRdeV ceQWeUed aW aURXQd 1580 cP-1 aQd 

2650 cP-1 LQ baUe GU aUe aVVLJQed WR WKe G-baQd aQd 2D-baQd [219,220]. TKe abVeQce Rf Oa\eU-

bUeaWKLQJ PRdeV aW aURXQd 1500 cP-1 aQd 1740 cP-1 LV LQdLcaWLYe Rf PRQROa\eU GU [219]. IQ 

addLWLRQ, WKeUe LV QR defecW-acWLYaWed D-baQd (a1350 cP-1) RbVeUYed LQ WKe GU Oa\eU befRUe aQd 

afWeU WKe DP deSRVLWLRQ [219], VXJJeVWLQJ WKe KLJK-TXaOLW\ Rf GU PRQROa\eU fROORZLQJ WKe UV-

O]RQe WUeaWPeQW aQd DP deSRVLWLRQ. USRQ WKe deSRVLWLRQ Rf DP RQWR GU, bRWK WKe G-baQd aQd 

2D-baQd Rf GU aUe bOXe-VKLfWed UeOaWLYe WR SXUe GU, ZKLcK LV cRQfLUPed LQ Figures 6.2b and 

6.2c b\ VcaQQLQJ RYeU 36 VSRWV ZLWKLQ aQ aUea Rf 1 PP u1 PP. G-baQd aQd 2D-baQd SRVLWLRQV 

aUe UeSRUWed WR be VeQVLWLYe WR WKe caUULeU deQVLW\ aQd cKaUJe VSecLeV (L.e., eOecWURQ RU KROe) LQ GU 

[219,220]. WKLOe WKe bOXe-VKLfWed G-baQd SRVLWLRQ LPSOLeV aQ LQcUeaVe LQ WKe WRWaO cKaUJe caUULeU 

deQVLW\, WKe bOXe VKLfW LQ WKe 2D-baQd LQdLcaWeV a KROe SRSXOaWLRQ LQcUeaVe LQ GU [220]. GLYeQ 

WKe LQLWLaO S-dRSLQJ QaWXUe Rf CVD-JURZQ GU WUaQVfeUUed RQWR fXVed VLOLca (FS) VXbVWUaWeV 

[212,221], WKe RaPaQ UeVXOWV LQdLcaWe WKaW WKe FeUPL OeYeO 𝐸ி Rf GU VKLfWV fXUWKeU aZa\ fURP 
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WKe DLUac SRLQW, b\ ORVLQJ eOecWURQV WR WKe DPV. EPSOR\LQJ WKe ePSLULcaO UeOaWLRQ beWZeeQ G-

baQd SRVLWLRQ aQd FeUPL eQeUJ\ 𝐸ி  [220]: ߱ீ െ 1580�𝑐݉ିଵ ൌ 42�𝑐݉ିଵ𝑒𝑉ିଵ ∙ |𝐸ி| , Ze 

eVWLPaWe WKe 𝐸ி  VKLfWV dRZQZaUdV VXbVWaQWLaOO\ RYeU 330 PeV (RU a WRWaO eOecWURQ ORVV Rf 

a8.47u1012 cP-2) fURP -50 PeV (cRUUeVSRQdLQJ WR a fUee KROe deQVLW\ Rf 1.24u1011 cP-2) WR -

380 PeV (eTXLYaOeQW WR a KROe deQVLW\ Rf 8.59u1012 cP-2) beORZ WKe DLUac SRLQW. TKe eOecWURQ 

fORZ fURP GU WR WKe DP LQfeUUed fURP RaPaQ VSecWURVcRS\ LV fXUWKeU caSWXUed b\ KPFM VWXdLeV. 

Figures 6.2d-6.2f VKRZ WKe PaSSLQJ aQd dLVWULbXWLRQ Rf WKe VXUface SRWeQWLaO Rf DP deSRVLWed 

RQ eLWKeU fXVed VLOLca (DP/FS) RU GUaSKeQe (DP/GU). AV Ze caQ Vee, LQ bRWK caVeV WKe YaOXe 

RbWaLQed fRU WKe aUea cRYeUed b\ WKe SeURYVNLWe fLOP LV ORZeU WKaQ LQ WKe caVe Rf WKe baUe 

VXbVWUaWe. TKe WRSRJUaSK\ Rf WKe VaPSOe ZaV UeJLVWeUed VLPXOWaQeRXVO\ WR WKe PaSSLQJ Rf WKe 

VXUface SRWeQWLaO (Figure 6.A.1 LQ WKe ASSeQdL[), VKRZLQJ a WKLcNQeVV Rf aURXQd 100-200 QP 

fRU bRWK fLOPV. IQ Figure 6.2f Ze caQ RbVeUYe WKe dLVWULbXWLRQ fRU WKe VXUface SRWeQWLaO RQ DP/GU 

(Ued) aQd DP/FS VaPSOeV (RUaQJe). AV LW caQ be VeeQ, WKe VXUface SRWeQWLaO fRU WKe DP/GU VaPSOeV 

aUe VKLfWed WR ORZeU YaOXeV ZKeQ cRPSaUed WR WKe DP/FS VaPSOeV. BaVed RQ WKLV UeVXOW, Ze 

cRQcOXde WKaW WKe VXUface SRWeQWLaO aQd WKXV WKe ZRUN fXQcWLRQ Rf DP RQ GU LV UedXced LQ 

cRPSaULVRQ WR WKe DP RQ LQVXOaWLQJ VLOLca VXbVWUaWeV: L.e., WKe eOecWURQ deQVLW\ LQ DP LQcUeaVeV 

fROORZLQJ LQWeUfacLaO cKaUJe eTXLOLbULXP. GLYeQ WKe OaUJe aPRXQW Rf cKaUJe fORZ acURVV WKe 

DP/GU LQWeUface, WKe cRPbLQed RaPaQ aQd KPFM daWa LQdLcaWe a VWURQJ LQWeUfacLaO eOecWURQLc 

cRXSOLQJ. 

 
Figure 6.2 _ Characteri]ation of the interlayer Gr-DP electronic coupling by Raman spectroscopy and 

KPFM. (a) RaPaQ VSecWUa Rf SXUe GU (XSSeU SaQeO) aQd DP/GU KeWeURVWUXcWXUe (ORZeU SaQeO). TKe VROLd 

bOacN OLQeV UeSUeVeQW WKe LRUeQW] SeaN fLWWLQJV. SSaWLaO PaSSLQJ Rf WKe (b) G-baQd aQd (c) 2D-baQd ZLWKLQ 
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aQ aUea Rf 1 PP u1 PP fRU SXUe GU aQd DP/GU. TKe daVKed OLQeV UeSUeVeQW WKe aYeUaJe YaOXe fRU eacK daWa 

VeW. SXUface SRWeQWLaO LPaJeV Rf (d) DP RQ fXVed VLOLca VXbVWUaWe (DP/FS) aQd (e) DP RQ GU (DP/GU). (f) 

DLVWULbXWLRQ Rf WKe VXUface SRWeQWLaO Rf DP/FS aQd DP/GU. 

Optical switching of hole transfer processes across DP/Gr interfaces 

TR XQYeLO WKe SKRWR-LQdXced cKaUJe WUaQVfeU d\QaPLcV LQ DP/GU KeWeURVWUXcWXUeV, Ze ePSOR\ 

cRQWacW-fUee, RSWLcaO SXPS-TH] SURbe VSecWURVcRS\ aV deSLcWed LQ Figure 6.3a ZLWK VXb-

SLcRVecRQd (SV) WLPe UeVROXWLRQ. TKe VWUeQJWK Rf OPTP VSecWURVcRS\ fRU WUacNLQJ WKe CT acURVV 

GU-baVed KeWeURVWUXcWXUeV UeOLeV RQ WKe e[WUePeO\ KLJK cKaUJe caUULeU PRbLOLW\ ȝ Rf GU. TKLV 

OeadV WR a VXbVWaQWLaO cKaQJe LQ cRQdXcWLYLW\ XSRQ eOecWURQ JaLQ RU ORVV (∆𝑁) LQ GU fROORZLQJ 

CT [209,212,222]. 

We fLUVW cKaUacWeUL]e WKe SKRWRcRQdXcWLYLW\ UeVSRQVe fURP LQdLYLdXaO Oa\eUV XQdeU WKe VaPe 

SXPS SKRWRQ eQeUJ\ Rf 3.10 eV (KLJKeU WKaQ WKe LQdLUecW baQdJaS 𝐸௚a2.1 eV Rf DP) aQd WKe 

VaPe SXPS fOXeQce Rf 60.9 ȝJ cP-2. AV VKRZQ LQ Figure 6.3b, SKRWRe[cLWaWLRQ Rf GU UeVXOWV LQ 

a WUaQVLeQW UedXcWLRQ LQ SKRWRcRQdXcWLYLW\, L.e., QeJaWLYe SKRWRcRQdXcWLYLW\. SXcK RbVeUYaWLRQ 

KaV beeQ ZeOO dePRQVWUaWed SUeYLRXVO\ fRU dRSed GU [223,224], aQd WKe UedXced cRQdXcWLYLW\ 

LV aVVLJQed WR WKe decUeaVe Rf cKaUJe PRbLOLW\. IQ WKLV VceQaULR, KRW caUULeUV JeQeUaWed b\ 

SKRWRe[cLWaWLRQ aUe VXbMecW WR a PXcK-eQKaQced PRPeQWXP VcaWWeULQJ effecW LQ cRPSaULVRQ WR 

cROd caUULeUV dXe WR WKe UedXced VcUeeQLQJ WR WKe VcaWWeULQJ ceQWeUV (e.J., defecWV) [225]. 

FROORZLQJ WKe cRROLQJ SURceVV Rf KRW caUULeUV LQ VeYeUaO SV [226], WKe V\VWeP JReV bacN WR WKe 

LQLWLaO eTXLOLbULXP cRQdLWLRQ. OQ WKe RWKeU KaQd, e[cLWaWLRQ LQWR WKe DP UeVXOWV LQ WKe JeQeUaWLRQ 

Rf fUee caUULeUV aQd WKXV SRVLWLYe SKRWRcRQdXcWLYLW\. IQ OLQe ZLWK RXU UeVXOWV, WKe ORQJ-OLYed 

caUULeU OLfeWLPe Rf PRUe WKaQ 1 ȝV LQ CV2AJBLBU6 KaV beeQ SUeYLRXVO\ UeSRUWed [59]. NRWe KeUe, 

RZLQJ WR WKe PXcK KLJKeU cKaUJe caUULeU PRbLOLW\, WKe abVROXWe YaOXe Rf SKRWRcRQdXcWLYLW\ LQ 

baUe GU LV aOPRVW aQ RUdeU Rf PaJQLWXde OaUJeU WKaQ WKaW fRU WKe baUe DP XSRQ WKe VaPe SXPS 

fOXeQce. FRU WKe VaPe UeaVRQ, WKe GU¶V SKRWRcRQdXcWLYLW\ cKaQJe fROORZLQJ RSWLcaO e[cLWaWLRQ 

aQd LQWeUfacLaO CT LV e[SecWed WR dRPLQaWe WKe SKRWRUeVSRQVe Rf WKe V\VWeP, aQd WKXV caQ be 

XVed aV a VeQVLWLYe SURbe WR WUacN WKe CT SURceVV acURVV WKe DP/GU LQWeUface. 
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Figure 6.3 _ Photoinduced charge transfer in DP/Gr heterostructures with varying incident pump 

photon energies. (a) ScKePaWLc Rf OPTP PeaVXUePeQWV. (b) TKe OPTP d\QaPLcV fRU SXUe GUaSKeQe (GU, 

JUe\ OLQe) aQd dRXbOe SeURYVNLWe (DP, \eOORZ OLQe), SXPSed ZLWK a 400 QP (SKRWRQ eQeUJ\ Rf 3.10 eV) OaVeU 

SXOVe aW a fL[ed fOXeQce Rf 60.9 ȝJ cP-2. (c) FOXeQce-deSeQdeQW OPTP d\QaPLcV fRU WKe DP/GU 

KeWeURVWUXcWXUe XSRQ 800 QP SKRWRe[cLWaWLRQ. TKe fOXeQce LQcUeaVeV fURP 24.5 ȝJ cP-2 WR 233 ȝJ cP-2. (d) 

FOXeQce-deSeQdeQW OPTP d\QaPLcV fRU WKe DP/GU KeWeURVWUXcWXUe XSRQ 400 QP SKRWRe[cLWaWLRQ. TKe 

fOXeQce LQcUeaVeV fURP 9.8 ȝJ cP-2 WR 147 ȝJ cP-2. (e) OPTP VLJQaO aV a fXQcWLRQ Rf abVRUbed SKRWRQ deQVLW\ 

fRU dLffeUeQW SXPS SKRWRQ eQeUJLeV. FRU SKRWRQ eQeUJLeV beORZ WKe baQdJaS Rf DP (a2.17 eV), WKe OPTP 

daWa aUe e[WUacWed aW 50 SV afWeU SKRWRe[cLWaWLRQ; fRU SKRWRQ eQeUJLeV abRYe WKe baQdJaS Rf DP, WKe OPTP 

daWa aUe WaNeQ aW a SXPS-SURbe deOa\ WLPe Rf 800 SV. TKe daVKed OLQeV aUe JXLdeV WR WKe e\e. (f) TKe UeOaWLYe 

CT effLcLeQc\ (SURSRUWLRQaO WR�െ∆𝐸/𝐸/𝑁௔௕௦) aV a fXQcWLRQ Rf SXPS SKRWRQ eQeUJ\. TKe YeUWLcaO daVKed OLQe 
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LQdLcaWeV WKe baQdJaS Rf DP.  

TR XQYeLO WKe CT SaWKZa\V aQd PecKaQLVPV, Ze cRQdXcW SXPS SKRWRQ eQeUJ\-deSeQdeQW 

aQd fOXeQce-deSeQdeQW OPTP PeaVXUePeQWV WR WKe VWURQJO\ cRXSOed GU-DP K\bULdV. IQ Figures 

6.3c-6.3d, Ze SUeVeQW WKe fOXeQce-deSeQdeQW OPTP d\QaPLcV XSRQ 1.55 eV aQd 3.10 eV 

SKRWRe[cLWaWLRQ aV WZR e[ePSOaU\ VWXdLeV. TKeVe WZR e[cLWaWLRQ eQeUJLeV aUe MXdLcLRXVO\ cKRVeQ 

WR UeSUeVeQW aQd cRPSaUe WKe d\QaPLcV beORZ aQd abRYe WKe baQdJaS 𝐸௚ Rf WKe DP. IQ bRWK 

caVeV, WKe SKRWRUeVSRQVe Rf GU dRPLQaWeV aW WKe VKRUW WLPe VcaOe (L.e., WKe VKRUW-OLYed QeJaWLYe 

SKRWRcRQdXcWLYLW\ LQ WKe fLUVW feZ SV). OQ WKe RWKeU KaQd, WKe VLJQ Rf WKe ORQJ-OLYed 

SKRWRcRQdXcWLYLW\ (10 SV afWeU e[cLWaWLRQ aQd be\RQd) LQdXced b\ CT cULWLcaOO\ deSeQdV RQ WKe 

SXPS-SKRWRQ eQeUJ\: fRU beORZ-𝐸௚ e[cLWaWLRQ LQ Figure 6.3c, L.e., ZKeQ RQO\ GU LV e[cLWed, Ze 

RbVeUYe a QeJaWLYe SKRWRcRQdXcWLYLW\ ZLWK a deca\ WLPe Rf RYeU 100 SV, VXbVWaQWLaOO\ ORQJeU 

WKaQ WKe VXb-10 SV KRW caUULeU cRROLQJ WLPe LQ baUe GU. CRQVLdeULQJ WKe LQLWLaO VWURQJ S-dRSLQJ 

Rf GU LQ cRQWacW ZLWK DP (ZLWK aQ 𝐸ி Rf -380 PeV), WKe ORQJ-OLYed QeJaWLYe SKRWRcRQdXcWLYLW\ 

LQdLcaWeV a KROe ORVV (e.J., eOecWURQ JaLQ) LQ WKe GU Oa\eU, LQ RWKeU ZRUdV, a KROe WUaQVfeU SURceVV 

fURP GU WR DP. IQ VWaUN cRQWUaVW, abRYe- 𝐸௚  e[cLWaWLRQ UeVXOWV LQ a ORQJ-OLYed SRVLWLYe 

SKRWRcRQdXcWLYLW\ Rf ZKLcK WKe LQWeQVLW\ LQcUeaVeV ZLWK LQcUeaVLQJ e[cLWaWLRQ fOXeQce aV VKRZQ 

LQ Figure 6.3d. DXe WR WKe LQcUeaVed OLfeWLPe aQd PXcK KLJKeU LQWeQVLW\ cRPSaUed WR WKe VLJQaO 

Rf baUe DP (Vee Figure 6.A.2 LQ WKe ASSeQdL[ fRU WKe dLUecW cRPSaULVRQ Rf OPTP d\QaPLcV aW 

WKe VaPe fOXeQce fRU DP, GU aQd DP/GU), Ze cRQfLUP WKe ORQJ-OLYed SRVLWLYe SKRWRcRQdXcWLYLW\ 

VWePV PaLQO\ fURP WKe CT-LQdXced cRQdXcWLYLW\ cKaQJeV. FXUWKeUPRUe, WKe SRVLWLYe 

SKRWRcRQdXcWLYLW\ LPSOLeV a KROe JaLQ SURceVV LQ GU, L.e., SKRWRJeQeUaWed KROe WUaQVfeU fURP WKe 

YaOeQce baQd Rf WKe DP WR WKe YaOeQce baQd Rf GU. TKeUefRUe, WKe UeVXOW SUeVeQWed LQ Figures 

6.3c-6.3d XQYeLOV a UePaUNabOe WUaQVLWLRQ LQ WKe KROe WUaQVfeU dLUecWLRQ, fURP a GU-WR-DP KROe 

WUaQVfeU fRU beORZ-𝐸௚ e[cLWaWLRQV WR a DP-WR-GU KROe WUaQVfeU fRU abRYe-𝐸௚ e[cLWaWLRQV. 

TR fXUWKeU cRUURbRUaWe WKe VZLWcKLQJ LQ WKe KROe-WUaQVfeU dLUecWLRQ b\ e[cLWLQJ WKe 

KeWeURVWUXcWXUe acURVV WKe 𝐸௚  Rf WKe DP aQd VKed OLJKW RQ WKe VWaWeV LQYROYed LQ WKe CT 

PecKaQLVP, Ze cRQdXcWed fOXeQce-deSeQdeQW PeaVXUePeQWV fRU fLYe addLWLRQaO SKRWRQ eQeUJLeV 

cRYeULQJ a ZLde UaQJe fURP 1.20 WR 3.65 eV (Vee Figure 6.A.3 LQ WKe ASSeQdL[). We VXPPaUL]e 

WKe fOXeQce-deSeQdeQW CT-LQdXced SKRWRcRQdXcWLYLWLeV LQ Figure 6.3e. FRU WKe ORQJ-OLYed 

QeJaWLYe SKRWRcRQdXcWLYLW\ (beORZ-𝐸௚ SKRWRe[cLWaWLRQV), Ze WaNe WKe YaOXe aW 50 SV WR eQVXUe 

WKeUe LV QR cRQWULbXWLRQ fURP WKe LQWULQVLc KRW caUULeU d\QaPLcV fURP GU (ZKLcK VKRXOd KaYe 

deca\ed ZLWKLQ 10 SV). FRU ORQJ-OLYed SRVLWLYe SKRWRcRQdXcWLYLW\ (abRYe-𝐸௚ SKRWRe[cLWaWLRQV), 

Ze e[WUacW WKe YaOXe aW 800 SV. AV Ze caQ Vee, WKeVe daWa fXOO\ VXSSRUW RXU cOaLP Rf KROe WUaQVfeU 

dLUecWLRQ VZLWcKLQJ b\ e[cLWLQJ WKe KeWeURVWUXcWXUe acURVV WKe baQdJaS Rf WKe DP. TR WKe beVW Rf 

RXU NQRZOedJe, WKLV RbVeUYaWLRQ UeSUeVeQWV WKe fLUVW cRQWURO LQ CT dLUecWLRQ LQ 2D K\bULdV b\ 
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e[WeUQaO VWLPXOL, e.J., e[cLWaWLRQ b\ SKRWRQV Rf dLffeUeQW eQeUJ\ LQ WKLV VWXd\. MRUe LPSRUWaQWO\, 

WKe VZLWcKLQJ Rf WKe KROe WUaQVfeU dLUecWLRQ UeVXOWV LQ a SKRWRJaWLQJ fLeOd fOLSSLQJ aW LQWeUfaceV 

b\ WXQLQJ SXPS SKRWRQ eQeUJLeV, ZKLcK cRXOd SURfRXQdO\ LPSacW WKe SKRWRdeWecWLRQ PecKaQLVP 

LQ DP/GU. AORQJ ZLWK WKe VZLWcKLQJ LQ WKe KROe WUaQVfeU dLUecWLRQ, Ze fLQd a cOeaU fOXeQce 

deSeQdeQce WUaQVLWLRQ fURP OLQeaU WR VXbOLQeaU fRU beORZ- aQd abRYe- 𝐸௚  SXPSV. TKLV 

RbVeUYaWLRQ fXUWKeU VXSSRUWV WKe WUaQVLWLRQ LQ WKe CT PecKaQLVP ZKLOe WXQLQJ WKe e[cLWaWLRQ 

eQeUJ\.  

IQ WKLV VecWLRQ, Ze dLVcXVV WKe VWaWeV LQYROYed LQ WKe WZR KROe-WUaQVfeU UeJLPeV. FRU abRYe-𝐸௚ 

e[cLWaWLRQV, aV WKe KROeV aUe PaLQO\ SKRWRJeQeUaWed LQ WKe YaOeQce baQd Rf WKe DP, LW LV RbYLRXV 

WKaW KROe WUaQVfeU WaNeV SOace fURP WKe YaOeQce baQd Rf DP WR WKe YaOeQce baQd Rf GU. A UeceQW 

VSecWURVcRSLc VWXd\ Rf a GU/WS2 KeWeURMXQcWLRQ KaV SURSRVed a VLPLOaU KROe WUaQVfeU PecKaQLVP 

b\ WLPe- aQd aQJOe-UeVROYed SKRWRePLVVLRQ VSecWURVcRS\ [227] aQd b\ a cRPbLQed 

TH]/WUaQVLeQW abVRUSWLRQ VSecWURVcRSLc VWXd\ [212]. OQ WKe RWKeU KaQd, fRU WKe KROe WUaQVfeU 

fURP GU WR DP, WKeUe LV QR cOeaU LQdLcaWLRQ Rf WKe QaWXUe Rf WKe acceSWLQJ VWaWeV LQ WKe DP (WKe 

YaOeQce baQd RU defecW VWaWeV), aQd Lf WKeUPaOL]ed (e.J. YLa SKRWR-WKeUPLRQLc ePLVVLRQ [213]) RU 

QRQ-WKeUPaOL]ed (KRW) KROeV aUe LQYROYed LQ WKe dRQRU VWaWeV. FLUVW, Ze caQ UXOe RXW WKe LQMecWLRQ 

Rf WKeUPaOL]ed KRW KROeV fURP GU WR DP aV WKe PaLQ CT PecKaQLVP. IQ WKaW caVe, WKe eQeUJeWLc 

WKeUPaOL]ed KRW caUULeUV (fROORZLQJ WKe FeUPL-DLUac dLVWULbXWLRQ) ZLWK eQeUJLeV be\RQd WKe 

SKRcNOe\ baUULeU caQ be ePLWWed fURP GU WR DP. A VXSeUOLQeaU deSeQdeQce beWZeeQ WKe CT 

effLcLeQc\ aQd e[cLWaWLRQ fOXeQce LV e[SecWed fRU VXcK a µSKRWR-WKeUPLRQLc ePLVVLRQ¶ SLcWXUe 

[212,213] ZKLcK LV LQ cRQWUaVW WR WKe RbVeUYed OLQeaU deSeQdeQce KeUe. AV VXcK, Ze cRQcOXde 

WKaW LQ WKe beORZ-𝐸௚ e[cLWaWLRQ UeJLPe, WUaQVfeU Rf QRQ-WKeUPaOL]ed KRW KROeV dRPLQaWeV WKe CT 

SURceVV. FRU WKLV VceQaULR, WKe CT caQ WaNe SOace RQO\ ZKeQ WKe e[ceVV eQeUJ\ Rf µQaVceQW¶ KRW 

KROeV LQ GU JReV be\RQd WKe LQWeUfacLaO ScKRWWN\ baUULeU, aQd WKe fLQaO effLcLeQc\ Rf WKe KRW KROe 

WUaQVfeU LV JRYeUQed b\ WKe cRPSeWLWLRQ beWZeeQ WKe KRW KROe LQMecWLRQ UaWe aQd caUULeU 

WKeUPaOL]aWLRQ UaWe. BaVed RQ WKe eQeUJeWLcV Rf WKe DP aQd GU, WKe ScKRWWN\ baUULeU Rf KROe 

LQMecWLRQ fURP GU WR DPV LV eVWLPaWed WR be a1.0 eV (e.J., WKe dLffeUeQce beWZeeQ WKe FeUPL OeYeO 

Rf JUaSKeQe aQd WKe YaOeQce baQd Pa[LPXP Rf DPV; Vee dLVcXVVLRQ LQ WKe ASSeQdL[). TKLV 

LQdLcaWeV WKaW QR KRW KROe LQMecWLRQ LV e[SecWed fRU SXPS SKRWRQ eQeUJLeV beORZ 2.8 eV, ZKLcK 

cRQWUaVWV RXU RbVeUYaWLRQ. AV VXcK, LQ-JaS defecW VWaWeV ZLWK PXcK ORZeU LQMecWLRQ baUULeUV aUe 

e[SecWed WR SOa\ a cULWLcaO UROe aV WKe KROe acceSWRUV fRU beORZ-𝐸௚ e[cLWaWLRQ. TKLV cRQcOXVLRQ 

cRPeV aV QR VXUSULVe: LQ RXU cRPbLQed VWaWLc RaPaQ aQd KPFM VWXdLeV, Ze UeYeaOed aV PXcK 

aV a8.5u1012 cP-2 eOecWURQV KaYe beeQ LQMecWed WR LQLWLaOO\ S-dRSed DP fROORZLQJ VWaWLc cKaUJe 

eTXLOLbULXP, OeadLQJ WR a UedXcWLRQ LQ WKe VXUface SRWeQWLaO (aQd WKXV ULVe LQ FeUPL OeYeO) LQ WKe 

DP. TKeVe fLOOed defecWV fROORZLQJ LQWeUfacLaO cKaUJe eTXLOLbULXP aQd RWKeU LQLWLaO VKaOORZ 

defecWV (fLOOed defecW VWaWeV cORVe WR WKe YaOeQce baQd, Lf aQ\) caQ VeUYe aV KROe acceSWRUV fRU WKe 
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CT.  

We fXUWKeU QRWe WKaW WKe VZLWcKed KROe LQMecWLRQ dLUecWLRQ b\ e[cLWLQJ WKe KeWeURVWUXcWXUe 

acURVV WKe 𝐸௚ aOVR OeadV WR dLffeUeQW cKaUJe UecRPbLQaWLRQ SaWKZa\V aQd, WKeUefRUe, OLfeWLPeV. 

A cOeaU UecRPbLQaWLRQ WLPe MXPSV fURP a100 SV fRU beORZ-𝐸௚  e[cLWaWLRQV WR RYeU 1 QV fRU 

abRYe-𝐸௚  e[cLWaWLRQV LV cOeaUO\ RbVeUYed. IQ eacK e[cLWaWLRQ aQd KROe WUaQVfeU UeJLPe, WKe 

UecRPbLQaWLRQ WLPe LV fRXQd WR be SXPS eQeUJ\ aQd fOXeQce LQdeSeQdeQW. TKLV RbVeUYaWLRQ LV LQ 

cOeaU cRQWUaVW WR WKe CT d\QaPLcV LQ GU/TMDV LQWeUfaceV. TKeUe, aOWKRXJK WKe CT effLcLeQc\ 

aQd SaWKZa\V aUe PRdXOaWed b\ e[cLWaWLRQ eQeUJLeV (SKRWR-WKeUPLRQLc ePLVVLRQ fURP GU WR 

TMDV fRU VXb-baQdJaS e[cLWaWLRQ aQd dLUecW KROe WUaQVfeU fURP TMDV WR GU fRU abRYe-baQdJaS 

e[cLWaWLRQ), WKe fLQaO cKaUJe VeSaUaWLRQ VWaWe aQd WKXV WKe UecRPbLQaWLRQ OLfeWLPe LV RbVeUYed WR 

be LdeQWLcaO WKURXJKRXW WKe ZKROe e[cLWaWLRQ UaQJe.  

The energetics of the hot holes impact the hole transfer efficiency 

AfWeU eVWabOLVKLQJ WKe RSWLcaO VZLWcKLQJ Rf WKe KROe WUaQVfeU SURceVV (aQd WKXV WKe SKRWRJaWLQJ 

fLeOd dLUecWLRQ aQd LQWeUOa\eU UecRPbLQaWLRQ OLfeWLPe) aW DP/GU LQWeUfaceV, Ze LQYeVWLJaWe WKe 

effecW Rf SXPS SKRWRQ eQeUJ\, RU WKe eQeUJeWLcV Rf KRW caUULeUV, LQ dLcWaWLQJ WKe KROe WUaQVfeU 

effLcLeQc\. HeUe Ze defLQe WKe effLcLeQc\ b\ WKe VORSe LQ WKe fOXeQce-deSeQdeQW 

SKRWRcRQdXcWLYLW\ SORW aV VKRZQ LQ Figure 6.3e, aQd VXPPaUL]e WKe daWa LQ Figure 6.3f (Ze 

NeeS WKe VLJQ Rf WKe VORSe WR dLVWLQJXLVK WKe KROe WUaQVfeU dLUecWLRQ). FRU abRYe-𝐸௚ e[cLWaWLRQ, 

Ze RbVeUYe a VXbOLQeaU deSeQdeQce Rf WKe SKRWRcRQdXcWLYLW\ RQ fOXeQce, aQd Ze defLQe WKe 

effLcLeQc\ b\ a OLQeaU fLW WR WKe fLUVW 3 daWa SRLQWV LQ WKe ORZ fOXeQce UeJLPe. BaVed RQ Figures 

6.3e and 6.3f, LW LV cOeaU WKaW WKe KROe WUaQVfeU effLcLeQc\ LV PXcK eQKaQced aV WKe SKRWRQ eQeUJ\ 

LQcUeaVeV fRU bRWK beORZ- aQd abRYe-𝐸௚ SKRWRe[cLWaWLRQ. TKLV UeVXOW SURYLdeV VWURQJ eYLdeQce 

Rf a KRW caUULeU-LQYROYed CT SURceVV. FRU beORZ-𝐸௚ e[cLWaWLRQ, b\ LQcUeaVLQJ WKe SXPS SKRWRQ 

eQeUJ\ fURP 1.20 WR 2.07 eV, WKe KROe WUaQVfeU effLcLeQc\ LV bRRVWed b\ aOPRVW aQ RUdeU Rf 

PaJQLWXde. TKe eQKaQced KRW KROe WUaQVfeU effLcLeQc\ ZLWK LQcUeaVLQJ KRW KROe eQeUJeWLcV caQ 

be TXaOLWaWLYeO\ XQdeUVWRRd aV a cRPbLQed cRQVeTXeQce Rf WKe eQKaQced KRW KROe WUaQVfeU UaWe 

(dXe WR WKe eQKaQced dULYLQJ fRUce aQd WKe cRXSOLQJ VWUeQJWK fRU CT) [228], aQd WKe UedXced KRW 

caUULeU UeOa[aWLRQ UaWe fURP WKe LQLWLaO eQeUJeWLcV WR beORZ WKe CT eQeUJ\ baUULeU. FRU abRYe-𝐸௚ 

e[cLWaWLRQ (L.e., ZKeQ WKe KROeV aUe PaLQO\ JeQeUaWed LQ WKe DP), beVLdeV WKe faYRUabOe UaWe 

cRPSeWLWLRQ fRU KRW KROe LQMecWLRQ, WKe UeceQWO\ UeSRUWed PXcK eQKaQced KRW KROe WUaQVSRUW 

SURSeUWLeV (e.J., eQKaQced PRbLOLW\) [218] cRXOd faYRU WKe KRW caUULeU dLffXVLRQ WRZaUdV WKe 

LQWeUface fRU cKaUJe VeSaUaWLRQ aW DP/GU LQWeUfaceV.  

FLQaOO\, WR TXaQWLWaWLYeO\ aVVeVV WKe CT effLcLeQc\ fRU bRWK beORZ- aQd abRYe-baQdJaS 

SKRWRe[cLWaWLRQV, Ze cRQdXcW WLPe-dRPaLQ TH] VSecWURVcRS\ aW WKe WLPe VcaOe ZKeUe WKe cKaUJe 

VeSaUaWLRQ UeacKeV a TXaVL-eTXLOLbULXP VWaWe fROORZLQJ CT (Vee deWaLOV LQ WKe ASSeQdL[). BaVed 
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RQ WKLV PeaVXUePeQW, Ze e[WUacW WKe fUeTXeQc\-UeVROYed SKRWRcRQdXcWLYLW\ ZKLcK LV dRPLQaWed 

b\ WKe GU¶V fUee caUULeU UeVSRQVe. FLWWLQJ WKe daWa b\ DUXde PRdeO, Ze e[WUacW WKe caUULeU deQVLW\ 

cKaQJe n LQ GU ZLWK aQd ZLWKRXW SKRWRe[cLWaWLRQ (RU CT). TKe abVROXWe CT effLcLeQc\, defLQed 

aV WKe UaWLR Rf WKe WUaQVfeUUed caUULeU deQVLW\ (∆𝑁 ൌ 𝑁௣௨௠௣ െ 𝑁଴ ) WR WKe abVRUbed SKRWRQ 

deQVLW\ ݊௔௕௦: ߟ ൌ ∆𝑁 ݊௔௕௦⁄ , LV WKeUefRUe RbWaLQed. FRU 3.10 eV e[cLWaWLRQ, Ze eVWLPaWe a a1% 

KROe WUaQVfeU effLcLeQc\ fURP DP WR GU. BaVed RQ WKe fLUVW-RUdeU aSSUR[LPaWLRQ (WKaW WKe CT 

TXaQWXP \LeOd LV SURSRUWLRQaO WR WKe UeOaWLYe CT effLcLeQc\ VKRZQ LQ Figure 3f), Ze caQ eVWLPaWe 

WKe KLJKeVW CT effLcLeQc\ fRU beORZ-baQdJaS e[cLWaWLRQ aW a2 eV WR be aURXQd 6%.

6.4 Conclusions 

IQ VXPPaU\, fXOO RSWLcaO cRQWURO Rf WKe KROe WUaQVfeU PecKaQLVP aQd UecRPbLQaWLRQ SURceVVeV 

KaV beeQ acKLeYed LQ VWURQJO\ cRXSOed DP/GU KeWeURVWUXcWXUeV b\ VLPSO\ WXQLQJ WKe e[cLWaWLRQ 

SKRWRQ eQeUJ\. We XQYeLOed WKe LPSRUWaQW UROe Rf LQ-JaS defecW VWaWeV aQd SXPS SKRWRQ eQeUJ\ 

LQ WXQLQJ WKe LQWeUfacLaO KROe WUaQVfeU SURceVVeV: Ze fLQd WKaW WKe QaVceQW KRW KROeV LQ GU caQ be 

LQMecWed LQWR LQ-JaS defecWV Rf DP fRU beORZ-𝐸௚ e[cLWaWLRQV ZKLOe KROe WUaQVfeU fURP WKe YaOeQce 

baQd Rf WKe DP WR WKe YaOeQce baQd Rf GU RccXUV fRU abRYe-𝐸௚  e[cLWaWLRQ. We SURYLde 

e[SeULPeQWaO eYLdeQce WKaW LQcUeaVLQJ WKe KRW KROe eQeUJeWLcV facLOLWaWeV LQWeUfacLaO KROe WUaQVfeU 

effLcLeQc\ fRU bRWK beORZ- aQd abRYe-𝐸௚  e[cLWaWLRQ UeJLPeV. OXU UeVXOWV QRW RQO\ XQYeLO 

fXQdaPeQWaO SKRWRSK\VLcV JRYeUQLQJ LQWeUfacLaO CT, bXW aOVR SURYLde a QeZ NQRb fRU cRQWUROOLQJ 

CT acURVV DP/GU KeWeURVWUXcWXUeV LQ RSWReOecWURQLc aSSOLcaWLRQV (e.J., bURadbaQd 

SKRWRdeWecWRUV cRYeULQJ WKe TH] XS WR WKe X-Ua\ VSecWUaO UaQJe). IQ addLWLRQ, WKe LQWULJXLQJ 

RSWLcaO VZLWcKLQJ Rf KROe WUaQVfeU eQdRZV DP/GU KeWeURVWUXcWXUeV a QeZ deJUee Rf fUeedRP fRU, 

e.J., PaQLSXOaWLQJ WKe ORcaO JaWLQJ fLeOd fRU QeZ fXQcWLRQaOLWLeV VXcK aV aQ RSWLcaO SXPS-LQdXced 

PePRU\ effecW LQ GU. 

6.5 Appendix 

Section 6.A.1: Topographic and surface potential images 
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Figure 6.A.1 _ Topographic and surface potential images. LaUJe WRSRJUaSKLc LPaJeV fRU (a) DP/FS aQd 

(b) DP/GU. TKe VXUface-SRWeQWLaO LPaJeV fRU (c) DP/FS aQd (d) DP/GU. 

Section 6.A.2: Comparison of OPTP dynamics 

 
Figure 6.A.2 _ Comparison of OPTP dynamics. OPTP d\QaPLcV fRU JUaSKeQe (GU, Ued OLQe), dRXbOe 

SeURYVNLWe (DP, \eOORZ OLQe), dRXbOe SeURYVNLWe RQ GU ZLWKRXW UV-O]RQe WUeaWPeQW (DP&GU, JUeeQ OLQe) 

aQd dRXbOe SeURYVNLWe RQ GU ZLWK UV-O]RQe WUeaWPeQW (DP/GU, bOXe OLQe). AOO PeaVXUePeQWV aUe cRQdXcWed 

LQ dU\ N2 aWPRVSKeUe, aQd WKe VaPSOeV aUe SXPSed ZLWK 400 QP (SKRWRQ eQeUJ\ Rf 3.10 eV) OaVeU XQdeU WKe 

VaPe LQcLdeQW SKRWRQ deQVLW\ Rf 1.23u1014 cP-2. 

NRWe KeUe, WKaW WKe OPTP d\QaPLcV Rf DP&GU LV VLPSO\ a VXSeUSRVLWLRQ Rf SXUe DP aQd SXUe 

GU, ZKLcK LQdLcaWeV WKeUe LV QR cKaUJe WUaQVfeU aW WKe LQWeUface. TKLV daWa dePRQVWUaWeV WKe 

LPSRUWaQce Rf a cOeaQ LQWeUface beWZeeQ DP aQd GU WR UeaOL]e CT LQ WKLV KeWeURVWUXcWXUe. 



6 OpWical VZiWching of hole WUanVfeU in « 

95 
 

Section 6.A.3: Fluence-dependent OPTP dynamics for DP/Gr heterostructure upon 

different pump photon energies 

 
Figure 6.A.3 _ Fluence-dependent OPTP dynamics for DP/Gr heterostructure upon different pump 

photon energies. PKRWRe[cLWaWLRQV ZLWK SKRWRQ eQeUJLeV (a-c) beORZ WKe baQdJaS Rf DP, aQd (d-e) abRYe 

WKe baQdJaS Rf DP. 

Section 6.A.4: Band alignment of DP and Gr 

FURP SUeYLRXV PeaVXUePeQWV, WKe cRQdXcWLRQ baQd PLQLPXP aQd YaOeQce baQd Pa[LPXP Rf 

dRXbOe SeURYVNLWe CV2AJBLBU6 OLe aW a4 eV aQd a6 eV [217,229,230] aV VcKePaWLcaOO\ VKRZQ 

beORZ LQ Figure 6.A.4. TKe DLUac SRLQW Rf JUaSKeQe KaV beeQ PeaVXUed WR be aURXQd -4.6 eV 

[231]. AfWeU WKe cRQVWUXcWLRQ Rf DP/GU KeWeURVWUXcWXUe, Ze KaYe RbVeUYed b\ RaPaQ 

VSecWURVcRS\ WKaW WKe FeUPL OeYeO Rf JUaSKeQe VKLfWV dRZQZaUdV WR 380 PeV beORZ WKe DLUac 

SRLQW. 

 
Figure 6.A.4 _ ETXLOLbULXP baQd aOLJQPeQW Rf DP aQd GU.  



6.5 Appendi[  

96 

 

Section 6.A.5: Quantifying CT efficiency  

TR TXaQWLf\ WKe CT effLcLeQc\ aW WKe TXaVL-eTXLOLbULXP cRQdLWLRQ afWeU CT, Ze cRQdXcWed TH] 

WLPe-dRPaLQ VSecWURVcRS\ fRU DP/GU KeWeURVWUXcWXUe aW 600 SV afWeU SKRWRe[cLWaWLRQ ZLWK SXPS 

ZaYeOeQJWK Rf 400 QP aQd abVRUbed SKRWRQ deQVLW\ Rf 7.32î1013 cP-2. AV VKRZQ LQ Figure 

6.A.2, WKe SKRWRUeVSRQVe aW 600 SV LV dRPLQaWed b\ WKe FeUPL OeYeO VKLfW LQ GU ZLWK QeJOLJLbOe 

cRQWULbXWLRQV fURP DP. B\ FRXULeU WUaQVfRUPaWLRQ, Ze RbWaLQ WKe fUeTXeQc\-UeVROYed 

SKRWRcRQdXcWLYLW\ aV VKRZQ beORZ LQ Figure 6.A.5. We fLW WKe SKRWRcRQdXcWLYLW\ VSecWUa b\ 

DUXde PRdeO [212,223] WR e[WUacW WKe WUaQVfeUUed caUULeU deQVLW\. TKe DUXde UeVSRQVe Rf fUee 

caUULeUV LQ GU LV RfWeQ fRUPXOaWed LQ WKe fRUP Rf ETXaWLRQ (6.1):  

ߪ ൌ
𝐷
ߨ

1
ሺΓ െ 𝑖߱ሻ

ሺ6. 1ሻ 

HeUe,� Γ LV WKe VcaWWeULQJ UaWe. 𝐷 LV WKe DUXde ZeLJKW WKaW cKaUacWeUL]eV WKe PaJQLWXde Rf 

DUXde UeVSRQVe. SSecLfLcaOO\, 𝐷 ൌ ሺ߭ி𝑒ଶ ℏ⁄ ሻሺߨ|𝑁|ሻଵ/ଶ ZKeUe ߭ி LV WKe FeUPL YeORcLW\, 𝑁 LV 

WKe caUULeU deQVLW\. B\ WaNLQJ WKe dLffeUeQWLaO Rf ETXaWLRQ (6.1), RQe RbWaLQV WKe 

SKRWRcRQdXcWLYLW\ Rf GU. FURP WKLV fLWWLQJ, Ze e[WUacW WKe WUaQVfeUUed caUULeU deQVLW\ Rf abRXW 

1î12 cP-2. TKeUefRUe, Ze eVWLPaWe WKe CT effLcLeQc\ WR be a1.4%. 

 
Figure 6.A.5 _ The frequency-resolved photoconductivity and Drude fitting for DP/Gr heterostructure. 

TKe Ued aQd bOXe dRWV aUe WKe UeaO SaUW aQd LPaJLQaU\ SaUW Rf fUeTXeQc\-UeVROYed SKRWRcRQdXcWLYLW\ fRU 

DP/GU SXPSed aW 400 QP ZLWK abVRUbed SKRWRQ deQVLW\ Rf 7.32×1013 cP-2. TKe bOacN VROLd aQd daVKed OLQeV 

aUe WKe DUXde fLWWLQJ. 𝐺଴ ൌ 2𝑒ଶ ℎ⁄  LV WKe TXaQWXP cRQdXcWaQce. 
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Summary

IQ WKe OaVW decade, ORZ-WePSeUaWXUe VROXWLRQ-SURceVVed, RUJaQLc-LQRUJaQLc K\bULd Oead KaOLde 

SeURYVNLWeV (LHPV) KaYe ePeUJed aV SURPLVLQJ bXLOdLQJ bORcNV fRU effLcLeQW RSWReOecWURQLcV 

(e.J., VROaU ceOOV aQd OLJKW-ePLWWLQJ dLRdeV) WKaQNV WR WKeLU e[ceSWLRQaO SURSeUWLeV VXcK aV VWURQJ 

RSWLcaO abVRUSWLRQ, ORQJ caUULeU OLfeWLPe, OaUJe cKaUJe dLffXVLRQ OeQJWK, aQd KLJK defecW WROeUaQce. 

YeW, WKe cKePLcaO LQVWabLOLW\ aQd Oead WR[LcLW\ Rf K\bULd LHPV LPSRVe VXbVWaQWLaO OLPLWaWLRQV RQ 

WKe cRPPeUcLaOL]aWLRQ Rf SeURYVNLWe-baVed RSWReOecWURQLc deYLceV. CKePLcaOO\ PRUe VWabOe aOO-

LQRUJaQLc Oead KaOLde SeURYVNLWeV aQd QeZO\ deYeORSed Oead-fUee dRXbOe SeURYVNLWeV (DPV) 

SURPLVe WR RYeUcRPe WKeVe OLPLWaWLRQV. TR aVVeVV WKe SRWeQWLaO Rf WKeLU RSWReOecWURQLc SURSeUWLeV 

aQd fXUWKeU RSWLPL]e WKe deYLce SeUfRUPaQce, a fXQdaPeQWaO XQdeUVWaQdLQJ Rf SKRWR-LQMecWed 

cKaUJe caUULeU d\QaPLcV aQd cKaUJe WUaQVSRUW SURSeUWLeV LV cUXcLaO. IQ WKLV WKeVLV, I ePSOR\ 

XOWUafaVW TeUaKeUW] (TH]) VSecWURVcRS\ WR VKed OLJKW RQ WKe fRUPaWLRQ, WUaQVSRUW SURSeUWLeV aQd 

PaQ\-bRd\ LQWeUacWLRQV Rf OaUJe SROaURQV, eQeUJeWLc KRW caUULeU WUaQVSRUW, aQd cKaUJe WUaQVfeU 

acURVV WKe UeOeYaQW LQWeUfaceV LQ aOO-LQRUJaQLc LHP CVPbI3 RU Oead-fUee DP CV2AJBLBU6. 

TKe WKeVLV VWaUWV b\ LQWURdXcLQJ cU\VWaO VWUXcWXUeV aQd baVLc RSWReOecWURQLc SURSeUWLeV Rf PRVW 

LQYeVWLJaWed K\bULd LHPV, LQcOXdLQJ VWURQJ OLJKW abVRUSWLRQ, KLJK defecW WROeUaQce, ORQJ caUULeU 

dLffXVLRQ OeQJWK, ORZ UecRPbLQaWLRQ UaWe, aQd PRdeVW caUULeU PRbLOLW\. TKLV LV fROORZed b\ a 

dLVcXVVLRQ Rf VWabLOLW\ aQd WR[LcLW\ LVVXeV Rf K\bULd LHPV aQd aQ LQWURdXcWLRQ Rf PaWeULaOV XVed 

LQ WKLV WKeVLV: aOO-LQRUJaQLc RUWKRUKRPbLc SKaVe CVPbI3 (L.e., bOacN J-CVPbI3) aQd Oead-fUee 

dRXbOe SeURYVNLWe CV2AJBLBU6. We WKeQ SURYLde WKe fXQdaPeQWaOV Rf VROLd-VWaWe SK\VLcV aQd 

OLWeUaWXUe LQYeVWLJaWLRQV, fRcXVLQJ RQ SROaURQV, KRW caUULeUV, aQd cKaUJe WUaQVfeU effecWV aV 

QeceVVaU\ bacNJURXQd LQfRUPaWLRQ fRU WKe UePaLQdeU Rf WKLV WKeVLV. 

Chapter 2 SUeVeQWV WKe WKeRUeWLcaO baVLV Rf TH] VSecWURVcRS\ UeJaUdLQJ bRWK TH] JeQeUaWLRQ 

aQd deWecWLRQ. TKe TH] VSecWURPeWeU XWLOL]ed fRU cRQdXcWLQJ WKe WKeVLV ZRUNV LV dLVcXVVed LQ 

deWaLO. FXUWKeUPRUe, WKe daWa aQaO\VLV fRU e[WUacWLQJ WKe VWaWLc aQd SKRWR-LQdXced cRQdXcWLYLW\ 

LV SUeVeQW. AW OaVW, Ze LQWURdXce WKeRUeWLcaO PRdeOV WR fLW WKe cRQdXcWLYLW\ VSecWUXP, fURP ZKLcK 

Ze LQfeU fXQdaPeQWaO cKaUJe WUaQVSRUW SaUaPeWeUV VXcK aV fUee caUULeU VcaWWeULQJ WLPe, e[cLWRQ 

bLQdLQJ eQeUJ\, eWc. 

IQ Chapter 3, Ze VWXd\ WKe cKaUJe WUaQVSRUW LQ bOacN J-CVPbI3 ZKeUe Ze RbVeUYe DUXde-OLNe 

baQd WUaQVSRUW Rf SKRWRe[cLWed cKaUJe caUULeUV. TKe baQd WUaQVSRUW QaWXUe KaV beeQ fXUWKeU 

cRUURbRUaWed b\ WePSeUaWXUe-deSeQdeQW PeaVXUePeQW LQ ZKLcK WKe SKRWRcRQdXcWLYLW\ LV fRXQd 

WR decUeaVe dUaVWLcaOO\ ZLWK LQcUeaVLQJ WePSeUaWXUe. We VKRZ WKaW WKe RbVeUYed WePSeUaWXUe-

deSeQdeQW SKRWRcRQdXcWLYLW\ caQ be ZeOO deVcULbed b\ WKe fRUPaWLRQ aQd WUaQVSRUW Rf OaUJe 
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SROaURQV fROORZLQJ WKe Fe\QPaQ SROaURQ PRdeO. TKe eVWLPaWed SROaURQ PRbLOLW\ Rf 270 � 44 

cP2V-1V-1 LQ bOacN J-CVPbI3 LV QeaUO\ RQe RUdeU Rf PaJQLWXde KLJKeU WKaQ LQ K\bULd cRXQWeUSaUWV. 

BeVLdeV, WKLV YaOXe aSSURacKeV WKe WKeRUeWLcaO OLPLW b\ cRQVLdeULQJ WKe SROaURQ VcaWWeULQJ ZLWK 

ORQJLWXdLQaO RSWLcaO SKRQRQV. TKLV ZRUN XQaPbLJXRXVO\ XQYeLOV WKe KLJK PRbLOLW\ LQ J-CVPbI3, 

aQd VKedV OLJKW RQ WKe XQdeUO\LQJ WUaQVSRUW PecKaQLVP (L.e., OaUJe SROaURQ fRUPaWLRQ aQd 

cRQdXcWLRQ). 

AfWeU eVWabOLVKLQJ WKe OaUJe SROaURQ QaWXUe LQ bOacN J-CVPbI3, Chapter 4 LQYeVWLJaWeV WKe 

cKaUJe caUULeU d\QaPLcV aQd WUaQVSRUW fROORZLQJ KLJK SKRWRe[cLWaWLRQV acURVV WKe MRWW SROaURQ 

deQVLW\ aW ZKLcK WKe SROaURQ ZaYefXQcWLRQ LV e[SecWed WR VWaUW RYeUOaSSLQJ. B\ XOWUafaVW TH] 

VSecWURVcRS\, Ze RbVeUYe WKe SKRWRcRQdXcWLYLW\ VaWXUaWLRQ effecW abRYe WKe MRWW SROaURQ 

deQVLW\ LQ bOacN J-CVPbI3. TKe MRWW SROaURQ deQVLW\ LV TXaQWLfLed WR be aURXQd a1018 cP-3 ZKLcK 

aJUeeV YeU\ ZeOO ZLWK WKe WKeRUeWLcaO caOcXOaWLRQV baVed RQ WKe Fe\QPaQ SROaURQ PRdeO. TKe 

VLJQaWXUe Rf MRWW SROaURQ deQVLW\ LV fXUWKeU fRXQd LQ MAPbI3 aQd CVPbBU3, VXJJeVWLQJ WKaW WKLV 

effecW LV XQLYeUVaO aQd LQdeSeQdeQW Rf WKe cRQVWLWXWed LRQV. AbRYe WKe MRWW SROaURQ deQVLW\, 

e[ceVV SKRWRLQMecWed cKaUJe caUULeUV aQQLKLOaWe TXLcNO\ ZLWKLQ WeQV WR KXQdUedV Rf SLcRVecRQdV, 

deSeQdLQJ RQ WKe WePSeUaWXUe. BeVLdeV, Ze UeYeaO WKe deORcaOL]ed baQd WUaQVSRUW eYeQ aW MRWW 

SROaURQ deQVLW\ ZLWK KRZeYeU PXcK-UedXced VcaWWeULQJ WLPe (a20 fV) cRPSaUed WR WKe SROaURQ 

WUaQVSRUW aW ORZ deQVLWLeV (a40 fV). OXU UeVXOWV eVWabOLVK a UePaUNabO\ VWabOe MRWW SROaURQ 

deQVLW\ LQ Oead KaOLde SeURYVNLWeV ZLWK LPSOLcaWLRQV fRU WKe e[RWLc SKeQRPeQRQ RbVeUYed LQ 

LHPV VXcK aV VWURQJ AXJeU UecRPbLQaWLRQ aQd ORQJ KRW caUULeU OLfeWLPeV. 

IQ Chapter 5, Ze VWXd\ WKe KRW caUULeU d\QaPLcV LQ dRXbOe SeURYVNLWe CV2AJBLBU6, a W\SLcaO 

Oead-fUee aOWeUQaWLYe WR LHPV. B\ YaU\LQJ WKe LQcLdeQW SKRWRQ eQeUJ\, Ze RbVeUYe dLVWLQcW KRW 

caUULeU d\QaPLcV acURVV SKRWRQ eQeUJ\ Rf a2.8 eV. NRUPaOL]LQJ WKe SKRWRcRQdXcWLYLW\ WR WKe 

abVRUbed caUULeU deQVLW\, RXU daWa LQdLcaWe WKaW WKe KRW caUULeUV aUe PRUe cRQdXcWLYe WKaQ cROd 

caUULeUV, UeacKLQJ a 4-fROd eQKaQcePeQW ZKeQ WKe SKRWRQ eQeUJ\ LV 1.5 eV abRYe WKe baQdJaS. 

TKLV bRRVWed KRW caUULeU PRbLOLW\ UeVXOWV LQ a ORQJ-UaQJe KRW caUULeU WUaQVSRUW Rf PRUe WKaQ 200 

QP. B\ fXUWKeU ePSOR\LQJ RSWLcaO SXPS - LQfUaUed SXVK - TH] SURbe WecKQLTXe aQd fUeTXeQc\-

UeVROYed SKRWRcRQdXcWLYLW\ PeaVXUePeQW, Ze LQfeU WKe eQKaQced PRbLOLW\ RULJLQaWeV PaLQO\ 

fURP WKe KRW KROeV ZLWK PXcK-UedXced PRPeQWXP VcaWWeULQJ UaWe. TKLV cRQcOXVLRQ caQ be 

UaWLRQaOL]ed b\ cRQVLdeULQJ WKe (TXaVL-)baOOLVWLc WUaQVSRUW Rf eQeUJeWLc KRW KROeV abRYe a ceUWaLQ 

eQeUJ\ WKUeVKROd. 

IQ Chapter 6, Ze LQYeVWLJaWe WKe cKaUJe WUaQVfeU (CT) SURceVV aW WKe LQWeUface Rf CV2AJBLBU6 

dRXbOe SeURYVNLWe/GUaSKeQe (DP/GU) KeWeURVWUXcWXUe UeOeYaQW fRU bURadbaQd SKRWRdeWecWLRQ 

fURP TH] WR X-Ua\. HeUe Ze UeSRUW a fXOO RSWLcaO cRQWURO Rf KROe WUaQVfeU LQ VWURQJO\ cRXSOed 

DP/GU KeWeURVWUXcWXUe b\ UeadLO\ PRdXOaWLQJ e[cLWaWLRQ SKRWRQ eQeUJLeV. FRU e[cLWaWLRQV beORZ 

WKe baQdJaS Rf DP, Ze RbVeUYe KROe WUaQVfeU fURP SKRWRe[cLWed GU WR DP (YeU\ OLNeO\ WR LQ-JaS 
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defecW VWaWeV LQ DP). OQ WKe RWKeU KaQd, fROORZLQJ e[cLWaWLRQV e[ceedLQJ WKe baQdJaS Rf DP, a 

UeYeUVed KROe WUaQVfeU fURP WKe YaOeQce baQd Rf DP WR WKe YaOaQce baQd Rf JUaSKeQe RccXUV. 

FXUWKeUPRUe, Ze VKRZ WKaW LQcUeaVLQJ SKRWRQ eQeUJLeV fXUWKeU eQKaQceV WKe WUaQVfeU effLcLeQc\ 

Rf SKRWRe[cLWed KROeV LQ bRWK e[cLWaWLRQ UeJLPeV. TKeVe UeVXOWV XQYeLO fXQdaPeQWaO 

SKRWRSK\VLcV JRYeUQLQJ LQWeUfacLaO CT aW WKe LQWeUface Rf DP/GU aQd SURYLde QeZ LQVLJKWV LQWR 

cRQWUROOLQJ CT effLcLeQc\ aQd dLUecWLRQ acURVV DP/GU KeWeURVWUXcWXUeV LQ RSWReOecWURQLc 

aSSOLcaWLRQV. 

AOO LQ aOO, RXU VWXdLeV dLVcORVe Ne\ aVSecWV Rf WKe caUULeU d\QaPLcV aQd cKaUJe WUaQVSRUW 

SURSeUWLeV LQ PeWaO KaOLde SeURYVNLWeV, SaUWLcXOaUO\ WKe cKePLcaOO\ VWabOe aOO-LQRUJaQLc Oead 

KaOLde SeURYVNLWe CVPbI3 aQd WKe QeZO\ deYeORSed Oead-fUee dRXbOe SeURYVNLWe CV2AJBLBU6. 

TKeVe UeVXOWV eVWabOLVK bOacN J-CVPbI3 aQd CV2AJBLBU6 aV SURPLVLQJ bXLOdLQJ bORcNV fRU 

RSWReOecWURQLc deYLceV, ZKLOe VLPXOWaQeRXVO\ SURYLde QeZ LQVLJKWV LQWR WKe SKRWRSK\VLcV LQ 

PeWaO KaOLde SeURYVNLWeV. 
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Samenvatting

IQ KeW OaaWVWe deceQQLXP ]LMQ LQ-RSORVVLQJ-YeUZeUNWe RUJaQLVcK-aQRUJaQLVcKe K\bULde 

ORRdKaORJeQLde SeURYVNLeWeQ (LHPV) QaaU YRUeQ JeNRPeQ aOV YeeObeORYeQde bRXZVWeQeQ YRRU 

effLcLsQWe RSWR-eOeNWURQLca (bLMY. ]RQQeceOOeQ eQ OLcKWePLWWeUeQde dLRdeV) daQN]LM KXQ 

XLW]RQdeUOLMNe eLJeQVcKaSSeQ, ]RaOV VWeUNe RSWLVcKe abVRUSWLe, OaQJe OeYeQVdXXU YaQ de 

OadLQJVdUaJeUV, JURWe OadLQJVdLffXVLeOeQJWe, eQ KRJe defecWWROeUaQWLe. De cKePLVcKe LQVWabLOLWeLW 

eQ KeW JLfWLJe NaUaNWeU YaQ ORRd YaQ K\bULde LHP'V OeJJeQ ecKWeU aaQ]LeQOLMNe beSeUNLQJeQ RS 

aaQ de cRPPeUcLaOLVeULQJ YaQ RS SeURYVNLeW JebaVeeUde RSWR-eOeNWURQLVcKe cRPSRQeQWeQ. 

CKePLVcK VWabLeOeUe YROOedLJ aQRUJaQLVcKe ORRdKaORJeQLde SeURYVNLeWeQ eQ QLeXZ RQWZLNNeOde 

ORRdYULMe dXbbeOe SeURYVNLeWeQ (DPV) NXQQeQ de]e beSeUNLQJeQ RYeUNRPeQ. OP de SRWeQWLe 

YaQ KXQ RSWR-eOeNWURQLVcKe eLJeQVcKaSSeQ We beRRUdeOeQ eQ de SUeVWaWLeV YaQ SeURYVNLeWeQ 

YeUdeU We RSWLPaOLVeUeQ, LV eeQ fXQdaPeQWeeO beJULS YaQ fRWR-JewQMecWeeUde OadLQJVdUaJeUV eQ 

KXQ d\QaPLVcKe WUaQVSRUWeLJeQVcKaSSeQ YaQ cUXcLaaO beOaQJ. IQ dLW SURefVcKULfW PaaN LN 

JebUXLN YaQ XOWUaVQeOOe TeUaKeUW] (TH]) VSecWURVcRSLe RP OLcKW We ZeUSeQ RS de YRUPLQJ, 

WUaQVSRUWeLJeQVcKaSSeQ eQ ]JQ. PaQ\-bRd\ LQWeUacWLeV YaQ JURWe SROaURQeQ, eQeUJeWLVcK 

OadLQJVWUaQVSRUW YaQ KeWe OadLQJeQ, eQ OadLQJ VRYeUdUacKW RYeU UeOeYaQWe LQWeUfaceV LQ 

aQRUJaQLVcKe LHP CVPbI3 Rf ORRdYULMe DP CV2AJBLBU6. 

HeW SURefVcKULfW beJLQW PeW de LQWURdXcWLe YaQ NULVWaOVWUXcWXUeQ eQ RSWR-eOeNWURQLVcKe 

eLJeQVcKaSSeQ YaQ de PeeVWe RQdeU]RcKWe K\bULde LHP'V, ZaaURQdeU VWeUNe OLcKWabVRUSWLe, 

KRJe defecWWROeUaQWLe, OaQJe OadLQJV dLffXVLeOeQJWeV, OaJe UecRPbLQaWLeVQeOKeLd, eQ beVcKeLdeQ 

OadLQJV PRbLOLWeLW. DLW ZRUdW JeYROJd dRRU eeQ beVSUeNLQJ YaQ VWabLOLWeLWV- eQ 

WR[LcLWeLWVSURbOePeQ YaQ K\bULde LHP'V eQ eeQ LQWURdXcWLe YaQ de PaWeULaOeQ dLe LQ dLW 

SURefVcKULfW ZRUdeQ JebUXLNW: de aQRUJaQLVcKe RUWKRUKRPbLVcKe faVe CVPbI3 (]JQ. ]ZaUWe J-

CVPbI3) eQ de ORRdYULMe dXbbeOe SeURYVNLeW CV2AJBLBU6. VeUYROJeQV beVSUeNeQ Ze de 

JURQdVOaJeQ YaQ de YaVWeVWRff\VLca eQ eeQ OLWeUaWXXUVWXdLe, PeW de QadUXN RS SROaURQeQ, KeWe 

OadLQJeQ, eQ OadLQJV-RYeUdUacKWV effecWeQ aOV acKWeUJURQdLQfRUPaWLe YRRU de UeVW YaQ dLW 

SURefVcKULfW. 

Hoofdstuk 2 SUeVeQWeeUW de WKeRUeWLVcKe baVLV YaQ TH] VSecWURVcRSLe PeW beWUeNNLQJ WRW 

]RZeO TH] JeQeUaWLe aOV deWecWLe. De TH] VSecWURPeWeU dLe JebUXLNW ZRUdW YRRU KeW XLWYReUeQ 

YaQ KeW SURefVcKULfW ZRUdW LQ deWaLO beVSURNeQ. VeUdeU ZRUdW de daWa-aQaO\Ve YRRU de e[WUacWLe 

YaQ de VWaWLVcKe eQ fRWR-JewQdXceeUde JeOeLdbaaUKeLd JeSUeVeQWeeUd. TeQVORWWe LQWURdXceUeQ Ze 

WKeRUeWLVcKe PRdeOOeQ RP KeW JeOeLdbaaUKeLdVVSecWUXP We SaVVeQ, ZaaUXLW Ze fXQdaPeQWeOe 

OadLQJVWUaQVSRUWSaUaPeWeUV afOeLdeQ, ]RaOV de YeUVWURRLLQJVWLMd YaQ YULMe OadLQJeQ, de e[cLWRQ 

bLQdLQJVeQeUJLe, eQ]. 
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IQ hoofdstuk 3 beVWXdeUeQ Ze KeW OadLQJVWUaQVSRUW LQ ]ZaUWe J-CVPbI3 ZaaU Ze DUXde-acKWLJ 

baQdWUaQVSRUW ZaaUQePeQ YaQ fRWRe[cLWeeUde OadLQJVdUaJeUV. HeW W\Se baQdWUaQVSRUW LV YeUdeU 

beYeVWLJd dRRU WePSeUaWXXUafKaQNeOLMNe PeWLQJeQ ZaaUbLM de fRWRJeOeLdbaaUKeLd dUaVWLVcK bOLMNW 

af We QePeQ PeW WReQePeQde WePSeUaWXXU. WLM WRQeQ aaQ daW de ZaaUJeQRPeQ 

WePSeUaWXXUafKaQNeOLMNe fRWRJeOeLdbaaUKeLd JRed NaQ ZRUdeQ beVcKUeYeQ dRRU de YRUPLQJ eQ 

KeW WUaQVSRUW YaQ JURWe SROaURQeQ YROJeQV KeW Fe\QPaQ SROaURQeQPRdeO. De JeVcKaWWe 

SROaURQeQPRbLOLWeLW YaQ 270 � 44 cP2V-1V-1 LQ ]ZaUWe J-CVPbI3 LV bLMQa eeQ RUde YaQ JURRWWe 

KRJeU daQ LQ K\bULde WeJeQKaQJeUV. BRYeQdLeQ beQadeUW de]e ZaaUde de WKeRUeWLVcKe OLPLeW dRRU 

de YeUVWURRLLQJ YaQ SROaURQeQ PeW ORQJLWXdLQaOe RSWLVcKe fRQRQeQ aaQ We QePeQ. DLW ZeUN 

RQWKXOW RQdXbbeO]LQQLJ de KRJe PRbLOLWeLW LQ J-CVPbI3, eQ ZeUSW OLcKW RS KeW RQdeUOLJJeQde 

WUaQVSRUWPecKaQLVPe (d.Z.]., JURWe SROaURQYRUPLQJ eQ JeOeLdLQJ). 

Na KeW YaVWVWeOOeQ YaQ de JURWe SROaURQeQ LQ ]ZaUWe J-CVPbI3, beVcKULMfW Hoofdstuk 4 de 

OadLQJVdUaJeU d\QaPLeN eQ WUaQVSRUW bLM KRJe fRWRe[cLWaWLe dLcKWKedeQ. We beVcKULMYeQ de MRWW 

SROaURQ dLcKWKeLd ZaaUbLM de SROaURQ JROffXQcWLe beJLQW We RYeUOaSSeQ. MeW XOWUaVQeOOe TH] 

VSecWURVcRSLe RbVeUYeUeQ Ze KeW YeU]adLJLQJVeffecW YaQ de fRWRJeOeLdbaaUKeLd bRYeQ de MRWW 

SROaUeQdLcKWKeLd LQ ]ZaUWe J-CVPbI3. De MRWW SROaURQ dLcKWKeLd LV RQJeYeeU a1018 cP-3, ZaW 

]eeU JRed RYeUeeQNRPW PeW de WKeRUeWLVcKe beUeNeQLQJeQ RS baVLV YaQ de Fe\QPaQ SROaURQ 

PRdeO. MRWW SROaURQ dLcKWKedeQ ZRUdeQ YeUdeU JeYRQdeQ LQ MAPbI3 eQ CVPbBU3, ZaW 

VXJJeUeeUW daW dLW effecW XQLYeUVeeO LV eQ RQafKaQNeOLMN YaQ de LRQeQ dLe KeW URRVWeU RSPaNeQ. 

BRYeQ de MRWW SROaURQ dLcKWKeLd aQQLKLOeUeQ RYeUWROOLJe fRWR-JewQMecWeeUde OadLQJVdUaJeUV VQeO, 

bLQQeQ WLeQWaOOeQ WRW KRQdeUdeQ SLcRVecRQdeQ, afKaQNeOLMN YaQ de WePSeUaWXXU. BRYeQdLeQ OaWeQ 

Ze JedeORNaOLVeeUd baQdWUaQVSRUW ]LeQ, ]eOfV bLM MRWW SROaUeQdLcKWKedeQ PeW YeeO NRUWeUe 

YeUVWURRLLQJVWLMdeQ (a20 fV) YeUJeOeNeQ PeW KeW SROaURQWUaQVSRUW bLM OaJeUe dLcKWKedeQ (a40 fV). 

OQ]e UeVXOWaWeQ VWeOOeQ eeQ RSPeUNeOLMN VWabLeOe MRWW SROaURQeQ dLcKWKeLd YaVW LQ ORRdKaOLde 

SeURYVNLeWeQ PeW LPSOLcaWLeV YRRU de e[RWLVcKe feQRPeQeQ ZaaUJeQRPeQ LQ LHP'V ]RaOV VWeUNe 

AXJeU UecRPbLQaWLe eQ OaQJe KeWe OadLQJV OeYeQVdXUeQ. 

IQ hoofdstuk 5 beVWXdeUeQ Ze de d\QaPLca YaQ KeWe OadLQJVdUaJeUV LQ dXbbeO SeURYVNLeW 

CV2AJBLBU6, eeQ W\SLVcK ORRdYULM aOWeUQaWLef YRRU LHP'V. DRRU de LQNRPeQde fRWRQeQeUJLe We 

YaULsUeQ, ]LeQ Ze eeQ RYeUJaQJ LQ de d\QaPLeN YaQ de ZaUPe OadLQJeQ bLM eeQ fRWRQeQeUJLe YaQ 

a2.8 eV. NRUPaOLVaWLe YaQ de fRWRJeOeLdbaaUKeLd QaaU de JeabVRUbeeUde OadLQJVdLcKWKeLd, OaaW 

]LeQ daW de ZaUPe OadLQJeQ PeeU JeOeLdeQd ]LMQ daQ NRXde dUaJeUV; WRW 4-NeeU VQeOOeU ZaQQeeU 

de fRWRQ eQeUJLe 1.5 eV bRYeQ de baQdJaS LV. De]e YeUKRRJde PRbLOLWeLW YaQ ZaUPe OadLQJeQ 

UeVXOWeeUW LQ WUaQVSRUW YaQ ZaUPe dUaJeUV RYeU afVWaQdeQ YaQ PeeU daQ 200 QP. DRRU YeUdeU 

JebUXLN We PaNeQ YaQ RSWLVcKe-SRPS � LQfUaURRd-dXZ � TH]-SURbe WecKQLeN eQ fUeTXeQWLe-

RSJeORVWe fRWRJeOeLdLQJVPeWLQJ, OeLdeQ Ze af daW de YeUKRRJde PRbLOLWeLW YRRUQaPeOLMN 

afNRPVWLJ LV YaQ de KeWe JaWeQ PeW YeUPLQdeUde PRPeQWXP-YeUVWURRLLQJVVQeOKeLd. We ]LeQ KeW 
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(TXaVL-)baOOLVWLVcKe WUaQVSRUW YaQ eQeUJeWLVcKe KeWe JaWeQ bRYeQ eeQ beSaaOde eQeUJLedUePSeO. 

IQ hoofdstuk 6 RQdeU]ReNeQ Ze KeW OadLQJVRYeUdUacKW (CT) SURceV aaQ KeW JUeQVYOaN LQ eeQ 

CV2AJBLBU6 dXbbeOe SeURYVNLeW/GUafeeQ (DP/GU) KeWeURVWUXcWXXU. ZRµQ KeWeURVWUXcWXXU  LV 

UeOeYaQW LV YRRU bUeedbaQd fRWRdeWecWLe, YaQ TH] WRW R|QWJeQeQeUJLesQ. HLeU UaSSRUWeUeQ ZLM 

YROOedLJe RSWLVcKe cRQWUROe RYeU JaWeQRYeUdUacKW LQ eeQ VWeUN JeNRSSeOde DP/GU 

KeWeURVWUXcWXXU dRRU de e[cLWaWLe-fRWRQeQeUJLe We YaULsUeQ. VRRU e[cLWaWLeV RQdeU de baQdJaS YaQ 

DP, RbVeUYeUeQ ZLM JaWeQRYeUdUacKW YaQ fRWRe[cLWeeUd GU QaaU DP (]eeU ZaaUVcKLMQOLMN QaaU 

defecWWReVWaQdeQ LQ de baQdJaS YaQ DP). AQdeU]LMdV WUeedW eU Qa e[cLWaWLeV dLe de baQdJaS YaQ 

DP RYeUVcKULMdeQ eeQ RPJeNeeUde JaWeQRYeUdUacKW RS YaQ de YaOeQWLebaQd YaQ DP QaaU de 

YaOaQWLebaQd YaQ JUafeeQ. We WRQeQ bRYeQdLeQ aaQ daW KeW YeUKRJeQ YaQ de fRWRQeQeUJLe de 

RYeUdUacKWVeffLcLsQWLe YaQ fRWRe[cLWeeUde JaWeQ LQ beLde e[cLWaWLeUeJLPeV YeUdeU YeUKRRJW. De]e 

UeVXOWaWeQ RQWKXOOeQ fXQdaPeQWeOe fRWRf\VLca dLe OadLQJVRYeUdUacKW UeJeOW RS KeW JUeQVYOaN YaQ 

DP/GU eQ YeUVcKaffeQ QLeXZe LQ]LcKWeQ LQ KeW cRQWUROeUeQ YaQ OadLQJVRYeUdUacKW-effLcLsQWLeV eQ 

-ULcKWLQJ LQ DP/GU KeWeURVWUXcWXUeQ YRRU RSWR-eOeNWURQLVcKe WReSaVVLQJeQ. 

AO PeW aO RQWKXOOeQ RQ]e VWXdLeV beOaQJULMNe aVSecWeQ YaQ de OadLQJVd\QaPLeN eQ 

OadLQJVWUaQVSRUWeLJeQVcKaSSeQ LQ PeWaaOKaORJeQLde-SeURYVNLeWeQ, LQ KeW bLM]RQdeU LQ de 

cKePLVcK VWabLeOe, YROOedLJ aQRUJaQLVcKe ORRdKaORJeQLde-SeURYVNLeW CVPbI3 eQ de QLeXZ 

RQWZLNNeOde ORRdYULMe dXbbeOe SeURYVNLeW CV2AJBLBU6. De]e UeVXOWaWeQ beYeVWLJeQ ]ZaUWe 

CVPbI3 eQ CV2AJBLBU6 aOV YeeObeORYeQde bRXZVWeQeQ YRRU RSWR-eOeNWURQLVcKe aSSaUaWeQ, eQ 

YeUVcKaffeQ WeJeOLMNeUWLMd QLeXZe LQ]LcKWeQ LQ de fRWRf\VLca YaQ PeWaaOKaORJeQLde-SeURYVNLeWeQ. 
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RffLce, RU eYeQ ZKeQ \RX aUe aW KRPe. IW dReVQ¶W PaWWeU Lf LW¶V a ZRUNda\ RU RQ WKe ZeeNeQd. I 
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I¶P JUaWefXO WR KaYe cORVe LQ-KRXVe cROOabRUaWLRQ ZLWK DU. CKaUXVKeeOa RaPaQaQ aQd EVWKeU deO 
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fLUVW WLPe Ze PeW. XLaR\X, \RX aUe WUXO\ RQe Rf WKe VPaUWeVW SeRSOe I NQRZ. I KaYe OeaUQed a ORW 

fURP \RX abRXW WKe PaJLc JUaSKeQe. WeQKaR aQd SKXaL, ZKaW caQ I Va\? We OeaUQ fURP eacK 
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ZRQdeUfXO fULeQdV LQVLde aQd RXWVLde Rf MPIP. I ZaQW WR fLUVW WKaQN P\ RffLcePaWeV fRU WKeLU 
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