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—2,10—diyl)bis(methanylylidene))bis(5,6 —difluoro—3—ox0—2,3—dihydro—1H—in
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10.9 Al &2 A3 20 mg/mL=E =9 2—Chloronapthalenes 0.5% #H7}
ST,

3te] 500 RPMO. 2 6A]7F &<t

9.1
2.2.2 22 A|F
1) CF& 7|gto 2 3 gjkx =] A=
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A 88 SA3%7] Y& source measurement (Keithley 2401)9} <18 =l
ZAF Q1 Solar simulator (K201 LAB55, McScience Inc.)E& AM 1.5G
(100mW/cm?*) 9] He] A712 243t efFux e 54 2= 9@ /pgdst, o=
AFde, Ax IS AT 28 o s 2 a & (External
Quantum Efficiency; EQE)S <olH 7] 93] YAtas =4 A1 (Oriel IQE—200B,
Newport Co.)E ©]-&3}3it}.

2) Atomic force microscopy(AFM) =4

CFel CB &llol &3t &85 £ AAY] 2 Fejo Apo] oF-5 Felajn
7] 918l AFM (Nano Cute, SII NanoTech.)& AF&3FSItE 2 pum X 2 pm WY
IS =4 ¥ o, A FHo £AS FHA3ksh7] Y8l tapping mode® 0.65

i O
Hze £22 543530t
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w
ook

&% (Absorbance) =4

FBYZ AHSE grlel mE FEE D EF 99 Aolg FAsur] A

o
33 =7 (Cary 5000 UV-Vis—NIR, Agilent Technologies Inc.)& °]&3F3ith
2l 71 9lo FFAHSW 7Yl 300 nmF-E 1100 nme| TFFI7A AL
%ﬂ\

4) Jio, Vool Light intensity dependence =74

wel A7lo] wheh gEYFO EW L O el deld] wE ARF BAL
e qel A7lel mE g, V.o WEE 54890k Solar simulatorE ©] &9
A "ol A7E AM 1.5G (100 mW/em®) 2 3kal, ©]% FS—ND J&xddH
(UV Fused Silica Metallic Neutral Density Filter Set, Newport Co.)& A}-&-3l
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of we Aste]l Guka B4 2] S8 QNRAE At 9
SA47]12 Ef(Trap) #sle] A2 % ol 54 IMPS (Intensity
modulated photocurrent Spectroscopy) <} IMVS (Intensity —Modulated
photoVoltage Spectroscopy)< ZAFFITE Adyd~ B47] (IviumStat, [VIUM
Tech.)E ©ol&3taL, Hsto] o] duds o] 5HL 9% 635 nmo A4
light emitting diode(LED) #¥& %3 0.85 mW/em®> Al71e W& 7hahH
illumination Aol A nfoloj 2~ HekE CFeF CB 22t V. %x121 0.86 V, 0.81
VE o3, FHEE 1 MHAME 1 Hokd RsAs)d gdadsas 2989, 2
sho] At ARkt o] Fell A= AR b AEielA IMHzT-E 1Hz7HA =4
shalet.

6) FTPS—EQE =4
Near—IR  (NIR)F¥ o F+5 FAstd oddA Ed& 371 9

NIRFS o 555 E SAsIAY. 54 992 NIR 999 #H9= éxég}?j\

|5 718 ZnSes ©] 833 ‘jr 712] 3l Electroluminescence (EL)7} €ojy+= 3

L& Loty Yl EL =471 (Maya 2000 PRO, Ocean Optics)Z o]-&3to] 5
Vol A4S A7bs SA A
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2.3 Ad2Aax

2.3.1 J-V EX =4 A3

CF = CB= PM6 @ Y6 F&4dT52] §v= ARgate] whe BjfdA &2atke] &
&3 J-V 54 a2 3 gRgas AaE 4 okl vEtliddit 5445
CFE &z AHE Bl A] &7te] &&o] CBE &z & &aHt o & A
oz BFHAY. Zzte 58 22E Wudrd, g9 A5 F & 47 255
mA/em® , 22.3 mA/em*2 SAL I V.o FF 27 0.873 V, 0.817 V= 57

ek @A S (External Quantum Efficiency)ES SAHHYS wjx= CF

olgsl ARE £A7 RE F 949 el CBE o

R8s

= 7= As #l HA.

% il
%
rlj
aly
X
Y
f
HE
rlo
Bolr
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20 F —w=—Chioroform
10 p = Chlorobenzene
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Wavelength (nm)

0.2 0.0 0.2 04 06 08 1.0 1.2
Voltage(V)

Current density (mA/cm?)
External Quantum Efficiency (%)

[29 10] FEASA AHEd ol W& 42kl J-V 54 3 EQE 192

Ve Jse FF PCE
(V) (mA/cm?) (%) (%)
CF 0.876 25.6 71.6 16.1
CB 0.846 24.3 70.5 14.5

[¥ 1] CF¥ CBol W& 22 28
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2.3.2 oﬂ/\]E /lg g (Gmax)‘q’ _"E]g (P(E T))ﬁ]}\]_

§8 A%l mE AFUE S4e Ba ANE ALEH 28 o) Ag
o]-&3l Aitel Hakth
G _ Jsat
max qL

J
P(E,T)= J—mx 100

sat

i TAE AR g es et L
< FE4 T FAelA, J,= J—Jp=, J& llumination FEjolA e HAFEE,
Jpt Dark ZElellA o] AREEE ugitt. V=V - V,2 B V& J,7}

W T bias AHE omal 9 A& ol g3 G, 9
P(ET)E AN Ads ofdfo] 21 119 20 Yephlidnt CFo= A4 27
o G & 161x10 m’s”!, P(ET)E 98.4 % °lv CBo= A|Ze 2zt

’

G . = 147107 m3s7!, P(E,T)E 96.2 % 9t} AAXNE A& B B F

max —

CFE AHE8l AAE 2xbellM ¥ w7 SA A

AZIA S 3 FH S dEdFRE, g
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100 | 4100

- ’——'

J,, (mA/cm?)

—s— Chloroform
01k —s=— Chlorobenzene Jg.1

0.1 1
Ver (V)

[Z2% 11] effective voltage (V) ™2 Photocurrent density (J,,) L]

. . Exciton dissociation
Exciton generation rate

3 probability
Cnax (m75") P(E.T) (%)
CF 1.61 x 107 98.4
CB 1.47 x 10% 96.2
[3£ 2] CFe} CBY AMAE A& F8&
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CB, CF &wjo] w2 AA}o] A3} ol AId® H olF A7FS Lolr7] 98] ¢
U= S Xiff}ﬂ zFo]  ZARS Bkl
0.86 V, CB9] 74

% 0.81 V= AAsela A4 spgdie] "le] xAbste] %7@8}%4. 1 A3, CFY
urelo] CBO W Wt} ] 4% FEY2 ZAHYIL 0|2 T CF= A Zs Azt
el dst olFol dele AFe] A= A

S &eldlty. 18]al charge transport
time¥} recombination time= ZA}sl7] & IMPSeF IMVSE SAs|H g, AT}
= oobg) 1% 139 yehhdh et olF Alzbak AAFE A 1, = Q2nf,,)
£ ol &M 7 F Ao f .S S8 T3 I Aol s a2zt
7bg g W g guggl o)y 2 A A e Hele A el 4
I ools AJZke] A CF«] 75 0.356 us , 7. 24.8 us7t Ugken CBL 74;
0.740 us, 27.1 us®E AR ATE A3F o]F A|7He] Zol7F Y= UlS AA|3F] 2
olr 7] f&l, FIgo] WE AIHAEAE FAHE| energetic distribution of trap
density of state (tDOS)E o9l A& o]&3l] 3.

S ihd

V,,dCw
NT( w) =
gWdwkzT
Wy
E = kBTln(—)
w

q71A V= UF A9, Ce AUANEZE, o - EF, g A, ke BT
e, TE 2EolH wyv attempt—to—escape Xl-sFoltt. CFZ} CB &vjo] w&
F2dd5e tDOSE AR oy F3E Aolx glo] F &v] E5F Hx
tDOSe] X5 7FA L YA 2eu, L FikgE g oA ®Beks i, CBo] H
2 APARA A S 7HA = AS F2dlt}. o= shallow trape] CB= A &gk 4%}
oA T Wo] EAgth= S ou| gt

[-;l

=
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asef an
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« ,‘ § e 128 ] ’
4 ossf W 1819 L
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& 00 o g =7 S . R 2
8 (218 5 et " -
& 1E8; 1E18 e e o
o3 - o #e *
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[29 14] CF¥} CBe A#AlE 2 54 A3 (a) Mott—Schottky plot.
(b)F oo & ARAE = 54 (¢) tDOS X 1=



2.3.4 FT5% 54L& o]&3% Urbach oA AL

Efo] digt F7HAQ A HAdE S 2FEHS o83 FTFEE 5S4 F
Urbach AlUA|E ALt Urbach oy A= 23} G| o3| F&d5o dslrt
Ao} energetic disorder’} S7Fste] LASH=E oUA 2, W= HT G S
oA Urbach taileldt &8+ S5= ?%‘ —/F 2lt}. Urbach tailo]g} ¥ ZAo]X]
T Free ol 2o ooz gdenl!

E—E
a(E) = ayexp( E, )

714, ay= E,°1 4 optical absorption coefficient®]™ FE,= Urbach lHA& 2
ngit}, o] 28 o] gate] F &uE o] &3le] A|e Axte] Urbach UAE o}
#lo] 2 153 o] F4n e HE3le] PRl Urbach dUxS +
HEE , CBE AZ AN £& F#28 7He 2S FUAH. o|=5H,
CFE A &gk Az2R Y CBZ A&k &2xF o] @2 o Efo] EA3s &

}}\ AN T;}
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Absorption coefficient (10* cm™)

Chloroform
20
[ ——Absorption E, / 148
Expotential fit
[ Ej:1.43eV 116
I E,:0.0305 meV 114
+ 112
- 110
+ 18
- 16
L 14
3 12
L L L L 0
32 134 136 138 1.40 142 144

Energy (eV)

Chlorobenzene

—— Absorption
Expotential fit
E;:1.41eV

4l Eu:0.107 mev

(,wa,04) ['3/("3-3)]dxa3, 0=0

D 1 1 1 1
130 1.32 134 136 1.38
Energy (eV)

Absorption coefficient (10°cm”)

T >xo] A-8% Urbach tail
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2.3.5 Jio, Vool light intensity dependence 57 A%}

wk(

e el Al7Tel wldEste] Frksk g o (5,,)" (@ <1)¢] #AE 7HT 771
AR A o« S 19 7ML= bimolecular recombination®] %A ot}
© YuE THAed, B A7l mE ol A¥E SAsE A otde] 19
o} o] CF# CBY a@ta A9 #4dsith. wekA| bimolecular recombination
Sl Blo= SIS Trap recombination €Ql& 98l V. =3 2
WAl o2 SAEH QT Light—intensity dependent V.9 49 In (Ihght)gl 7]
T3l trap—assisted Shockley—Read—Hall (SRH) recombination®] AHEZE
kel Fem 71879 gol  2kpT/qol  7MHE= trap—assisted
recombination®] BE7} A= S UERATE AVA kpe =R A, T
=, g Aatgo|glV Ay JJr CB9l 7]&7] gke] CFET} 0.10 kT/q e E
UTE o= CB= A2 &xp Wil o W2 Esio] EAjal o2 <& Aol
o] gzl Ao= FA L

o

aly

7]

ot o o = o &
2k

ot

rfo

_23_



-
o
T
i

Jsc (mA cm?)

W Chloroform o= 1.018
@ Chlorobenzene o= 1.021

<o
-

1 10 _360
Light intensity (mW cm ")

1-0 1 ¥
09} .
<08 -
2,« '/-/
S o7} .
>
0.6} -
» CF 1.088 kTig
& CB 1.207 kTlg
0-5 PEPEPIPE 1 PSSP |
1 10 100

Light intensity (mW cm™)
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2.3.6 FTPS—EQEE o] &3t oyx] &4 54
71 HFAAANA Voo &4 24aE AAE AF 2 E2(AE), AHE A2
(o]

(AE)3 W] A AZFHAE)S] o8] BAyshe olux &dg Fahcn 2
FHES bl Felshgr

faloss = Algl + AEQ + A£?3

B Aol dAsh= oA £ FEE Lohlr] faid= 99 44 3744 &
sl 9%y EAE detsiul= Aol dasit ¢4, &4 el Sl
ELS =748l 23 CF3 CBEl peak HA7F th& e &A1 o Stk 14

w, lyA W= e Ea 76 AOH ofef ¥ 179 EQEE W3 1=
(b)E ot A& o] gate] 3t

/EP
| P&,

A7A, Ei= dlvA MEYolal  P(E v oux] W= £25 ofusit), 9]
21 o]83 Ay} CF¥} CBY M= 0.02 eV X9 Aolwt & o T4
gEA f5s AP Aol Eg& ol &8 AR, AE,  AEE 7% ZIE o}
g ®20l  YEIAT.  AE S AEES eyl g8l Aew vidE
Shockley —Queisser ©] &2 AR&3to] 3131 Vocrae 2248 EL& SA9 W
Ab(emission) Z~FEHOE 1o FTPS—EQEoﬂ Ageto] Tk AtA A=
oz o] 3o HErHOH, AA A olyA] &AL CBE AFESF Aol A 0.03 eV
AE FRA ol A J-V FHORHYE A Vo Apolet vz AE;9]

;

Apol7b 2 AL HokE W, HPEARY Al ofd £ HFol w9k7] Wie
= A
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wl
w ——Chloroform E = 1.43 eV
0.2 } ——Chiorobenzene E =141 eV
600 700 800 Sm 1000 1100 12 13 14 15 1.6
Wavelength (nm) Band gap (eV)
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z ' z
o310 f N
uf m m
3.
w 1v = M
102 . . . 1 1 1 107 AL 1 1 1
LE 2 % 44 A TE 1T 11 12 13 14 15 16 1.7
Energy (V) Energy (V)
[1H 17] CF9} CBE ol&3f A|#gk &z (a) EL 54 23 (b) Band gap

=
energy (c) , (d) EL—Black Body radiation L2}~

EY Voo V& ABy Vil ABE;  AB; B
CF 1.43 0.88 1.19 0.24 1.02 0.17 0.15 0.56
CB 1.41 0.85 1.17 0.24 1.04 0.13 0.22 0.59

[3£3] CFe} CBE Al2Hst
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237 5% 54 4%

CF & CBS &= ALg 245 FFEE obdie] 1§18e YEWAT

adukdg oz PM69 F4 99uE= 500-700 nmelil, Y69 FTF J9uE

600—1000 nmoltH®, F4ns 43 F 432 FAHRES o], donor EZ

PM6ol A o] F &uff TFell F5%¢ F A9t Aol7t A gles &+ UM

A9k, acceptor EA<Ql Y62 49 CBE &ulst F&d Folx F4=7F CFET
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A al
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o ot
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=
uj i FEd S ¥HS SA3 topography ARSI
3k FEaAFo] FwHel RMS AZ7|= 1.452 nm , CFY A5
e W ARV Y 55 99T A} E=gh
Ao R PM6 Y6 7Fe] aggregation @ dolHs & F AU, AAH
o2 F g rel FHT Aol= YERYA] ot

2.3.9 Grazing Incidence Wide—Angle X—ray Scattering (GIWAXS)ZE o] &3t 11
AR g =kek

GIWAXSE =3 T &) 7F PM6 : Y6 FEAd=9 F2 o|E ol ot}
J5 = AS s, gl 2

578 A3 ofge] 19 209 22 34 "] A
3, % &v) 2% Out—Plane (OP)olA 1.74A "' o A% (0 1 0) Z2AH 3
o] dojyktt. o] 3 AL face—on WFOoE UYdAH PM6¢ Y69 n—mn stacking
o] <3t 3] doln, CF&uolAl intensity’} o & AL #2130t} In—Plance (IP)
o Aol F &vulol Aol7k EASEATE. CFel A-tel= (0 2 0), (1 1 0),
(1 1-1) 24AA sldo] Z+zF 0.22 A1, 029 A1, 044 A '] 90
A At whH CBe A (1 1 0)9] AAHAA T 523 peak?} A=A
o CF (02 )3 (11-1) 3ld& RS dlf, Y6 A= face—on &Fe] nljgf
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Abstract

Effect of casting solvent on the performance of non—fullerene

polymer solar cells
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Organic solar cells (OSCs) have received great attention as the energy
source of future mobile electronic devices because of advantages such as
transparency and flexibility. However, the low efficiency and low stability of
OSCs still remains an obstacle that must be overcome for commercialization.
Selecting an appropriate solvent is important to induce better morphology of
the photoactive layer to enhance the performance of OSCs. Chloroform (CF)
and Chlorobenzene (CB) are typically used solvents in OSCs fabrication. CF
has excellent dissolving power, but it is highly volatile at room temperature.
Thus, in order to obtain a thin photoactive layer having a uniform morphology,
skilled techniques and careful attention are required. Contrastively, CB can
easily apply to various thin film deposition processes due to low volatility, but
dissolving power is a little lower than that of CF. In general, there is no
performance difference between these solvents in fullerene—based OSCs.
However, in the case of a non—fullerene—based solar cell, there is a
significant difference in performance between the device fabricated using CB
solvent and the device fabricated with CF solvent.

In this study, we have investigated the performance difference caused by
CB and CF in PBDB—T—-2F (PM6) : BTP—4F (Y6) non—fullerene—based solar
cells. The PM6:Y6 solar cells with CF solvent yielded a PCE of 16.1 % with a
Joe of 25.6 mA/ecm?® a V.. of 0.876, a FF of 71.6%. PM6:Y6 solar cells with
CB solvent yielded a PCE of 14.5% with a J. of 24.3 mA/cm?, a V.. of 0.846,
a FF of 70.5%. Analysis of photo—current density versus effective voltage
showed the difference of exciton generation rate and dissociation rate were

8.7% and 2.2% for the CF and CB solvent, respectively. Charge transport
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property and recombination time via impedance measurement showed that
charge transport time were 3.56 us, 7.40 ws and charge recombination time
were 24.8 us, 27.1 ups, for the CF and CB solvent, respectively. Capacitance
measurement versus frequency showed the shallow trap density was higher in
the device processed with CB. Urbach energy was higher in CB (0.107 meV)
than that of device with CF (0.0305 meV). Light—intensity dependent J, Ve
results also showed that the trap—assisted recombination was more actively
occurred in device processed with CB solvent. The energy losses analysis by
FTPS—EQE and EL showed that the voltage loss caused by non-—radiative
recombination in CB devices are larger than that of CF devices.

In general, it is known that the performance difference in polymer solar
cell depending on the solvent is significantly affected by the morphology
change of the photoactive layer. Although no significant difference in
macroscopic morphology was not observed in AFM study, microscopic
morphology obtained by GIWAXS measurement exhibited a difference in
molecular orientation of Y6 between the device with CB and the device with
CF. Thus, the performance difference between the device processed with CB
and the device processed with CF was attributed to the difference in charge

recombination and voltage loss caused by structural difference of Y6.
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