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TRIEC X 2 A HE KBS B O BRHE L A T 7 R)

Abstract of Thesis

The power conversion efficiency (PCE) of bulk heterojunction (BHJ) organic solar cells (OSCs) has improved
dramatically, approaching 20% over the past 20 years. However, determinations of the PCE and device
parameters are still not fully understood, especially from the charge transport perspective. Charge transport is
usually evaluated by charge carrier mobility (1), which is conventionally regarded as a time-independent constant
during charge transport. However, this time-independent u often fails to account for the experimental OSC
results. Recently, the z7in OSCs has been observed to be time-dependent during charge transport, decaying by as
large as six orders in a wide timescale (~10-13—-10-3 s). Therefore, measuring this z decay is vital for quantitatively
understanding charge transport and its correlation with the performance and device parameters of OSCs.
However, reports on separately measuring time-dependent electron mobility (zz) and hole mobility (zm) in OSCs at
a timescale of the typical charge extraction timescale (~10-8-10-4 s) are still rare.

In this dissertation, I focused on measuring the charge transport dynamics (time-dependent carrier mobility)
in bulk-heterojunction organic solar cells and investigated their correlation with solar cell performance and device
parameters.

In Chapter 2, I proposed a semi-empirical, quantitative formula to determine the optimum photoactive layer
thickness (Zopt) in three polymer:fullerene OSCs, based on quantifying space-charge effect, carrier diffusion
length and light absorption. A TOF-TRMC method combining simultaneous time-of-flight (TOF) and
time-resolved microwave conductivity (TRMC) measurements was used to reveal the time-dependent ze and zn in
these OSCs. The space charge effect and carrier diffusion length were quantified based on TOF-TRMC results.
Light absorption was quantified by a proposed effective absorption efficient under AM 1.5G solar irradiation. A
free-transport model was proposed to relate the above quantified results with Zopt, rendering derivation of the Lopt
formula. Using this formula, the calculated/experimental Lopt values were in a good consistency. The formula
reliability was further supported by the SCAPS simulation. Thus, a feasible Lot formula for OSCs was
demonstrated, offering guidance for enhancing the Lopt of OSCs for large-scale production.

In Chapter 3, I studied the dynamic charge transport, light absorption, band diagrams, morphology, charge
separation, and charge recombination in three brominated-ITIC:PM6 and pristine ITIC:PM6 BHJ OSCs. The
charge transport dynamics were studied by TOF-TRMC measurements, which showed little correlation with the
PCE of these OSCs. Instead, charge separation efficiency revealed by PL. and PLQY measurements showed strong
correlation with PCE. Further, the relative importance of each factor was obtained by elastic net regression
analysis, indicating that charge separation and charge recombination are more significant factors for PCE in
these NFA OSCs than charge transport. This chapter offers insights into the PCE-limiting factors of NFA OSCs.

In Chapter 4, to tackle the thick film limitation in TOF-TRMC technique, I demonstrated a new
CELIV-TRMC technique for measuring time-dependent ze and zm in thin-film OSCs from a purely experimental
basis. A slope-injection-restoration voltage profile was newly proposed to determine the injected charge density
with enhanced accuracy. Five BHJs were measured using CELIV-TRMC method, while the conventional
polymer:fullerene BHJs (PSHT:PCBM and PffBT4T:PCBM) showed a faster decaying of zm and pe than the
well-performing NFA OSCs (PM6:ITIC, PM6:IT4F, and PM6:Y6). From the time-dependent zm and g results, the
time-dependent mobility balance in these OSCs was also obtained. In particular, the high-performing PM6:Y6
exhibited a balanced dynamic ze/zm (~1.0-1.1), relatively large mobility values (~6 x 10-6 cm2 V-1s-! for both ue
and zm), which correspond with its high FF and long diffusion length. The new CELIV-TRMC method offers a path

toward a comprehensive understanding of dynamic carrier mobility and its correlation with OSC performance.
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AREHLTIE, P APREEKR Y < — & NAER S DIREG/IV 7 ~7 S (bulk heterojunction, BH)) 572 5H
KB ER  (organic solar cell, OSC) (281 2 BAEESY A I 7 2 (BERGFEEMS Y V) 7BEE) OFMicESz
YT, ZNOBKBEEMMEREICE DL 5 REEEL 52 5DICOVTHANTND, Z OFRIKESRF v U 7 BB
%, B A E R T e & ORI bR L CTRAMNT L, BEEE IS L AT WD 2 L TE T A
— X OEBEFECHEEIC OV CHEER LTV D,

91 BT, AFELET O RER TS, BHI-OSC (TEE « i « 7 L ¥ v 7 2k OKER E LCHEH
BHEOTND, ZONEEWSZ (power conversion efficiency, PCE) 13472 Z @ 10 4E[E CRIMICm L L., FEHADH
REIRD 20%ITEBNTND, EDEBFIEEZENITANT . MEBHRSIEA = XL OBRIIEE Th 523,
FHRH CAR LT B OWEICE LT PCERR A RTA—FRED L IITHBEL TV DONIEEREICITEMR S
TRV, #H, EMEERIEN Y Y U TBEE () [ZXo GGHETE 228, ZHUINEk, ERkH OREmIC
Lo TEBILLAENn—TEHlE RSN TE 7, LML, ZOBRICEFE LRV o TiE, 0SC OEREREZ TR T
TRV ENE, ITEDOHIZET, OSC F O u TFEFHKFRTH 0 | JROEE A 77— (]9 103~103F)) THK 6 #1
BWET 2 ENRBINTND, LERST, 20O u ORMBEEZNET 5 & IXBEME L ERZCEFE L, OSC O
PERERHE T /8T A—F L OMMEEMIT 21 OICEHETH S, LivL, WRIKRERHHIFEMA 77— (1 10°~10
) T OSC ORFFKAFEFBEE (ue) BEOEABEE (u) % IZHETS2HRETIT LA LR, DLEoERE
HC, KX CTOMEREL 7 7' n—F, fERB L0 ORMBRFIERIC OV TRIR LTV D,

B2 BCIX, EEEMDR, Fr ) THERE, ABNEERLTLIILICE ST, 320K v—: 7T —1L 2 0SC
BT DRl NTEMNE DOIE S (Lop) HIRET 5 RN ERE L TN D, HFEHIIRITRERH (time-of-flight, TOF) 33
KO~ A 7 v 58 E  (time-resolved microwave conductivity, TRMC) 7€ % fH A& > 7= TOF-TRMC 5 % fif
HLT, ZIH? 0SCIZH T DRFMURAFR) e BE N i ZRNET D Z LTI LTz, ZEHERIREB L OF v U THE
B R1E TOF-TRMC #ERICEASWTERM L TV D, Fio. RINUTEEIRE RS T COREMRNZIEIC L > TER
fEL T, ThbEHEIC, AR TITEMY Y 7 OEHREREET VEREL, LOMEL Lo ZBEHEAT, Lox
DR DG AT o7, ZORER. Lo DFTFAME & BRI RAF R —EE R L, BEKXOFEIMEN RSN, &5
Wy TRA AV I a2l —v a3 (SCAPS) 12X > TID Lop FEBRAX DI MOFEA/NT A —F & ffio THIEL
72 AEIZED | OSC D Lop 1] L EH D720 D Lo A B « BGEL . KRiEfE KB EMIERIZI T 2 BERGHEH %
L7z,




PEIETIE, ET7T—VETT 7 T X — (non-fullerene acceptor, NFA) DfF TH 5 ITIC [Tz, 3 FEORFE
b4y ¥ (TIC-Br) % p BISEARY <— (PM6) &IRA &7 BHI-0SC %142, ZOEMGE, LWL, N RE
AT 7T 5, BIRE, BROBR L OBRNEEASEZREMICGEHIL TV, 512, ZhbOfER%3%E T PCE & BE
ftiF. PCE @iﬁa%@ﬁﬂvﬂ ERHATND, TOFERE, TOF-TRMC & T/ LIV IR « BT S A T2 A
FDHDIE, PCE LIZEACHBITR OGN R oTz, 22T, BMTFEHET VO THHTI AT 4 v 7 Xy ME
M EATO, FWNENRT A —Z OEFEME 15T, TOFER, ¥t (photoluminescence, PL) 7 = F B L NEDEF
¥ (PL quantum yield, PLQY) #’ PCE Il b EE2 52 TV AR T THD Z LW mhotz, LIz ->T, 2T b D NFA
OSC IZH W TIL, BEMiELY & PL 7 = F (PLQY) &BIET 2 EM/MEN PCEICL o TR BEARERTHD Z
LIRENT, AREFRIZ X - T, ITIC-Br % T® NFA OSC ® PCE KRR FIx LT, AR FEL AN E LN
T3,

% 4 3T, TOF-TRMC JlEFF OB, 472bbLEBD 0SC £ DR (100~200nm) (ZH~_TEWEE (1pm) %
AW ENR G 5 R & BRMBEEHEZ M T2 Z EPRETH D & WD mETIRT 2729, # LU CELIV (Charge
extraction by linearly increasing voltage) -TRMC HI/E Z#2Z2 L T\ 5, Z @ CELIV-TRMC TIXHEH 1T & FEEED 0SC
FFERANT, FRRIF 2B 7B L OB EIE 2 EROICE TR CTH 5, S HIT, TEATEREE 2 @ 2 e
T AT, BEHEINEEIC L DAL —EEETHREFT 2 CELIVEE v 7 7 A LEREL WD, R ~v— -7
T—LrBLOFRY ~— - NFA 225725 520 BHI-OSC % CELIV-TRMC iETHIE L7ZfER., ERORY~—: 775
— 1> BHJ (P3HT : PCBM 3 J O} PAABT4T : PCBM) (I EEAED NFA OSC (PM6 : ITIC, PM6 : IT4F, 35 & X PM6 :
Y6) L0 L umBE pe DWENHNZ EDRENTZ, S5, FEENR i B L pe DFERNS, 2N HD 0SC

B DEERIF BT E N T U ARYID TR LT, FRIZETERED PM6 : Y6 1%, BN R RKFERBEIE T %
uelun (F91.0~1.1) BILOHEHRE 2BEEM (ueBL P m O TR 6 x 106 ecm2 Vs ZL, OSC /8T A —
BD—=DTHDITANT 7 7 Z—RENZ e TRETHRESINTVWDEMT Y ) 7 ORVERE L —HLTW15
Z DOF LU CELIV-TRMC ¥£1E, #IE OSC #1281 2 BIRY e B3 L ONEABEIE ORIE 4 7TREIZ L, OSC MERE
BRI OB &2 GRS T D -0 O HFIEEARIETE D,

PLED X ST, AR#m3CE BHI-OPV (286 5 Bk 7 A F 7 2 (RRRFEERF ¥ ) 7THEE) OFHhicELz
W, ENOBRKBEMMREICE D X ) REBELE X BN HOWTH I AREFL L TELZIREL TV 5, £z,
FTFORMIRERLT 4 VT 7 7 H— L OMBENS, B ONTRHIKFERN S v U 7BEE L h—1 - BTBEIENT
ADEEM.ED TH LN LTV A,
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