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ABSTRACT: Dilute-donor (DD) organic photovoltaic (OPV) devices comprise a low
concentration of donor molecules in an acceptor matrix. The open-circuit voltage (V,.) >°

of these devices is commonly higher than their bulk heterojunction (BHJ) counterparts

and has been attributed to Schottky barrier heights between the anode and the acceptor g /O’QJ/O‘)‘E 9
matrix or reduced bimolecular recombination due to smaller donor/acceptor interfacial § 9
areas. Here, we examine the V_ of a variety of small-molecule and polymer donors, all at
S wt %, in both fullerene and non-fullerene acceptors by performing photovoltaic (PV)

lower non-radiative
X recombination

Acceptor

Dono,

)

Norm. EQE,_

and electroluminescence (EL) measurements on the same devices. We find a substantial

V., variation for different donors in the same acceptor matrix, indicating that DD V. cannot be adequately explained by the Schottky
barrier or interfacial area. V_ values of fullerene DD devices vary linearly with the band gap value as determined from the intercept
of PV external quantum efficiency and EL spectra. In contrast, the non-fullerene acceptor (NFA) DD devices show V. variation with
donors despite having the same band gap. These results show that V. of DD OPVs is predominantly determined by non-radiative
voltage loss, similar to BHJ OPVs. NFA-based DD devices show promises for low voltage loss and high charge generation.

1. INTRODUCTION

Dilute donor (DD) organic photovoltaics (OPVs), which
employ active layers consisting of a low concentration of donor
molecules—typically < 10 wt %—in an acceptor matrix, show
intriguing behaviors.'~° Notably, their short-circuit current
density (J,.) and open-circuit voltage (V,.) can be as high as or
higher than that of their bulk heterojunction (BH]J) counter-
parts.">*° Early reports found that V,. in DD OPVs with
fullerene acceptors can approach 1.0 V and be independent of
the donor concentration.””*~® While DD OPVs might not
compete with the state-of-the-art BH] OPVs based on non-
fullerene acceptors (NFAs) in terms of power conversion
efficiency (PCE), they provide a good platform to study
fundamental device physics such as morphology effects on
photocurrent generation and charge transport.” '> Further-
more, there have been only two publications on NFA DD
devices;'>'* hence, the difference between fullerene and NFA
DD devices has not been studied.

This work focuses on understanding the factors that
determine V,. in DD OPVs. Previous explanations for the
high V. in fullerene DD OPVs broadly fall into two categories:
(1) V,. corresponding to the Schottky contact barrier height
between the anode and lowest unoccupied molecular orbital
(LUMO) energy level of the acceptor””*'® or (2) lower
bimolecular recombination due to reduced donor—acceptor
interfacial areas.® However, these studies related to the
mechanism of Schottky barrier height relied solely on current
density—voltage (J—V) measurements without an in-depth
examination of the different loss mechanisms. While Vandewal

© XXXX American Chemical Society

WACS Publications

et al.® was the first to examine V. and recombination loss, the
paper focused on donor concentration dependence for a given
donor and did not explain the V__ difference for the two donors
they studied. Recently, Benduhn et al.” have performed a
comprehensive study of voltage losses in vacuum-deposited
Ceo systems; however, there has not been as much work on
solution deposited DD systems, especially on systems
employing NFAs. In this paper, we study DD systems with S
wt % of various small-molecule (SM) and polymer donors
embedded in both fullerene ([6,6]-phenyl-C71-butyric acid
methyl ester (PC,,BM)) and non-fullerene (2,2'-((2Z,2'Z)-
((12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]-
thiadiazolo[3,4-¢]thieno[2”,3":4",5" ]thieno[2’,3":4,5 ] pyrrolo-
[3,2-g]thieno[2’,3":4,5]thieno[3,2-b]indole-2,10-diyl)bis-
(methanylylidene))bis(S,6-difluoro-3-oxo0-2,3-dihydro-1H-in-
dene-2,1-diylidene) )dimalononitrile (Y6)) acceptors. By
performing electroluminescence (EL) and photovoltaic ex-
ternal quantum efficiency (EQEpy) on the same device as
recently done for BHJ systems,”'®™"® voltage loss (AV) in
these DD OPVs is examined. The broad range of solution-
processable donor and acceptor materials investigated in this
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Figure 1. Chemical structures of (a) small-molecule (NBTT-IDD and NBTT-Rho) and polymer (PBDF-FDPP, PThDPP-FVF, PM6, and P3HT)
donors and (b) acceptors (PC,;BM and Y6). (c) Energy levels of donors and acceptors based on ionization energy (IE) determined from
photoelectron spectroscopy in air (PESA) and E, from Ultraviolet—Visible measurements (Table S1).

work will complement published vacuum-deposited fullerene
work.

Because the voltage loss AV—the difference between the
device V,, and the band gap (E,) or the charge-transfer (CT)
state energy (Ecr) of the blend if Ecy < E;—is substantlally
larger in OPVs compared to inorganic photovolta1cs, " recently
there have been active research focusing on understanding the
limit of V, in OPVs.'*'®?° The first possible voltage loss arises
from the energy offset between donor and acceptor, resulting
in Ecr smaller than E, of the neat absorber, be it donor or
acceptor. For OPVs based on fullerene acceptors, it was
documented that the higher the Ecr, the higher the V.2 A
large energy offset facilitates exciton dissociation, that is, higher
Jo but with lower V_, hence the well-known V, —]. trade-oft
in fullerene BHJ OPVs.”® Recently, highly efficient OPVs with
little or no energy offsets have been reported in NFA
systems,24_27 resulting in Ecp similar to E,. Nonetheless,
other voltage losses remain.

Additional voltage losses can be separated into two parts:

radiative (AVR) and non-radiative (AVyy) contributions (eq
1)2829

ocC.

_ V rad) (Vcrad -V )

= AV + AVyy (1)

where g is the elementary charge. The radiative voltage loss is
the difference between E,/q and V. =4, the V,. when only
radiative recombination occurs.” Here, we use E to represent
the smaller Ecp or pure material’s band gap. V™ is calculated
from the device EQEpy spectrum according to eq 230

kT l q[)+m EQ-EPV(E) '¢AM1.5G(E) dE
— In

Vv rad — —
q q[;+ EQ.EPV(E)¢BB(E)dE (2)

ocC

where k is the Boltzmann constant, T is the temperature,
D am1sc(E) is the one-sun spectrum at AM1.5G, and @yp(E) is
the black-body spectrum at room temperature.

The rest of the voltage loss comes from non-radiative
contribution, which is often the most dominant factor but is
still not well understood, especially for NFA systems.'®'®*" In
eq 1, AVyy is the difference between V, ™ and device V..
Because non-radiative recombination reduces EL efliciency,
the reciprocity relationship allows us to directly obtain the
non-radiative voltage loss by measuring EL external quantum
efficiency (EQEg,) using eq 3'77%*

AVig = kT ln[ ! ]
q EQEg, (3)

Benduhn et al. showed that AVyy decreases with increase in
Ecrp in fullerene-based OPVs, which is generally referred to as
the “energy gap law” (EGL).” They attributed it to decrease in
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wave function overlap between the lowest CT state and
vibrationally excited ground state, hence reducing non-
radiative electron transfer rates. Interestingly, Saito et al
found that NFA BHJ OPVs with different AVyy showed
similar non-radiative recombination rates and proposed that
the increase in the radiative rate could lead to higher EL
efficiency and lower AVyg.'® Thus, the non-radiative
recombination rate appears inadequate to explain AVyp
completely. Recently, it has been reported that AVyp of
NFA BHJ OPVs does not follow EGL; rather, it depends on
the energy difference between CT and local exciton (LE)
states, AE; g cr. Hybridization occurs when the two energies
are similar, resulting in higher CT state oscillator strength.33
AE g cr can be estimated from the smaller of the highest
occupied molecular orbital (HOMO) or LUMO offset
(AHOMO or ALUMO). A steep drop in AVyg occurs as
AE g.cr reaches zero and CT and LE states approach
equilibrium.'”"*

Here, we examine the V_ of both SM and polymer donors at
S wt % in PC,;BM and Y6 acceptors and find a significant V.
variation for different donors in the same acceptor matrix. It is
surprising that such a low concentration of donors can affect
photovoltage so significantly. These results reveal the
inadequacy of our current understanding of the origin of DD
OPV V...

2. EXPERIMENTAL SECTION

2.1. Materials. Nitrogen-bridged terthiophene small
molecules (NBTT-IDD and NBTT-Rho),**** poly(4,8-bis(5-
(2-ethylhexyl)furan-2-yl)benzo| 1,2-b:4,5-b0]difuran-alt-2,5-di-
dodecyl-3,6-di(furan-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-
dione) (PBDE-FDPP),* and poly(2,5-bis(2-decyltetradecyl)-
3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,SH)-dione-
b-(E)-1,2-di(furan-2-yl)ethene) (PThDPP-FVF)*” polymers
were synthesized according to published literatures. Poly(3-
hexylthiophene) (P3HT) was purchased from Rieke Metals,
and poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-
yl)-benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1',3'-di-2-thien-
yl-5',7’-bis(2-ethylhexyl)benzo[1’,2'-c:4’,5’-¢’ | dithiophene-
4,8-dione)] (PM6), Y6, and PC,;BM were purchased from
Lumtec. Chemical structures of all donors and acceptors
investigated in this study are shown in Figure la,b.

2.2. Ultraviolet—Visible Absorption Spectroscopy.
The absorbance spectra of thin films are measured using an
Ocean Optics 4000 spectrometer with a DT-mini-2-GS light
source. E, values of neat donor and acceptor films are
determined from Tauc plots of (aE)? versus E for direct band
gap materials (Figure S1), where a is the absorbance of thin
films and E is the energy. E, is estimated from the intersection
point of the linear fits of the baseline and of the region where
(aE)? increases with increase in energy. The E, values of neat
donor and acceptor films are listed in Table S1.

2.3. Photoelectron Spectroscopy in Air. IE was
measured using PESA (RKI instruments, AC2 model) with a
deuterium lamp power of 100 nW. The resolution of PESA
measurements is approximately 0.05 eV. The IEs of neat donor
and acceptor films are listed in Table SI.

2.4. OPV Fabrication. Conventional devices are fabricated
with a structure of glass/ITO/hole transport layer (HTL)/
active layer/Ca/Al Patterned ITO-coated glass substrates
(Kintec, 15 Q/sq) were rinsed with water, isopropanol, and
acetone and then treated with UV Ozone (Procleaner Plus,
Bioforce Nanoscience) for 20 min. Poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS) (Heraeus Clevios P VP.AI 4083, batch:
9006378404) was spin-coated onto precleaned ITO substrates
at 4000 rpm for 30 s, followed by 170 °C annealing in N, for 5
min to form a 30 nm HTL. For PC,;BM DD devices, donors
and PC,; BM with a total concentration of 20 mg/mL were
dissolved overnight at 70 °C in chlorobenzene (Sigma-Aldrich)
with 5 wt % donor concentrations. The active layers were
made by spin-coating the prepared solutions at 1000 rpm for
60 s followed by annealing at 70 °C in N, for 10 min. The
thickness of the active layer is approximately 65 nm. For Y6
DD devices, 5 wt % of NBTT-Rho, PBDF-FDPP, and
PThDPP-FVF in Y6 with a total concentration of 10 mg/mL
were dissolved overnight at 50 °C in chloroform (CF) (Sigma-
Aldrich). The active layers were made by spin-coating the
prepared solutions at 1000 rpm for 60 s, resulting in an active
layer thickness of approximately 70 nm. For neat Y6 and S wt
% PM6:Y6, a total concentration of 15 mg/mL in CF was
stirred overnight at 50 °C. The active layer was made by spin-
coating the prepared solutions at 950 and 850 rpm for 60 s,
respectively, followed by annealing at 80 °C in N, for 10 min.
The thickness of neat Y6 and S wt % PM6:Y6 is approximately
100 nm. Finally, 7 nm Ca and 100 nm Al were thermally
evaporated (Angstrom Engineering) to complete the devices.

2.5. Current Density—Voltage (J-V) Measurements.

The ]J—V measurements were performed in an N,-filled
glovebox under AM1.5G 100 mW/ cm? illumination from a
Class AAA solar simulator (Abet Technologies) using a low-
noise sourcemeter (2635A, Keithley). The solar simulator
intensity was calibrated using an NIST-traceable Si photodiode
(Abet RR_227KGS). A 2.5 mm diameter aperture was placed
in front of each device to define an illuminated area of 0.049
cm?,
2.6. Photovoltaic External Quantum Efficiency Spec-
troscopy (EQEpy). EQE,y measurements were taken at short
circuit using a monochromatic light from a tungsten halogen
lamp (HORIBA TRIAX-180, grating 600 groove/mm) from
350 to 1000 nm. A chopper (Tetrahertz, C-995) was used to
modulate the monochromatic light at 199 Hz, and a lock-in
amplifier (Standard Research System, SR830) was used to
demodulate the signal. Cutoff filters at 710 and 850 nm were
used to reduce the scattered light from the light source so that
we could measure the weak sub-band gap EQEpy signals.
EQEpy measurements were quantified using an NREL-
calibrated Si photodiode.

2.7. EL Spectroscopy. Luminance—current—voltage meas-
urements were obtained with a 760D electrochemical analyzer
from CH Instruments (Austin, TX) and a calibrated Labsphere
integrating sphere with a thermoelectric cooled Si detector.
The EL spectra were measured by an Ocean Optics model 0
Jaz spectrometer. EQEg; measurements at constant current
were obtained with a custom multiplexer testing station. This
instrument supplied a constant current and measured the
voltage with custom circuitry and simultaneously captured
radiant flux with a calibrated Hamamatsu photodiode (S2387-
1010R).

3. RESULTS AND DISCUSSION

To extract the V,_ values from the PC,;BM and Y6 DD devices
with different SM and polymer donors, we measure the -V
curves of neat PC,,BM, PC,;BM DD devices with 5 wt % of
different donors, neat Y6, and Y6 DD devices with 5 wt % of
different donors under AM1.5G one-sun illumination (Figure
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Figure 2. ]—V curves of (a) neat PC,;BM (purple) and S wt % SM donor/PC,BM devices: NBTT-IDD (red) and NBTT-Rho (black), (b) 5 wt %
polymer donor/PC,,BM devices: PBDF-FDPP (pink), PThDPP-FVF (green), PM6 (gold), and P3HT (blue), and (c) neat Y6 (maroon solid line)
and S wt % Y6 DD devices with SM donor NBTT-Rho (solid black line) and polymer donors (dashed lines): PBDE-FDPP (pink), PThDPP-FVF
(green), and PM6 (gold). These J—V curves are measured under one-sun AM1.5G 100 mW/cm? illumination and averaged over at least 5 diodes
from different runs for each type. (d) V. values of neat PC,;BM and S wt % (SM, polymer):PC,BM DD devices. (e) V. values of neat Y6 and S
wt % (SM, polymer):Y6 DD devices. V,_ values are averaged over a minimum of $ diodes from different runs, and the error bars represent standard
deviations. Solid colors represent SM donors, and hatched patterns represent the polymer donors. The color schemes used in (d,e) are the same as
in (a—c).

Table 1. Device Parameters of Neat Acceptors and 5 wt % of Different Donors in PC,;BM (Top) or Y6 (Bottom) DD Devices”

sample Voo (V) Jic (mA/cm?) FF PCE (%)
PC,;, BM neat acceptor 0.85 + 0.01 0.16 + 0.01 0.31 + 0.01 0.04 £ 0.00
NBTT-IDD 0.82 + 0.02 3.70 = 0.10 0.35 + 0.01 1.08 + 0.03
NBTT-Rho 091 + 0.01 6.07 + 0.11 0.33 + 0.00 1.86 + 0.04
PBDF-FDPP 0.77 £ 0.01 295 £ 0.11 0.63 + 0.02 1.45 £ 0.08
PThDPP-FVFE 0.65 + 0.01 2.77 £ 0.11 0.63 + 0.03 1.16 + 0.08
PM6 0.92 + 0.01 2.85 £ 0.15 0.63 + 0.03 1.67 + 0.13
P3HT 0.89 + 0.01 7.62 + 0.12 0.45 + 0.01 3.10 £ 0.08
Y6 neat acceptor 0.80 + 0.01 0.24 + 0.01 0.35 + 0.01 0.07 + 0.00
NBTT-Rho 0.71 £ 0.01 0.97 £ 0.15 0.23 + 0.01 0.16 + 0.03
PBDF-FDPP 0.64 + 0.00 5.57 £ 0.55 0.41 £ 0.02 1.50 £ 0.22
PThDPP-FVF 0.52 + 0.02 $.75 + 0.26 0.37 = 0.01 112 = 0.10
PM6 0.76 + 0.01 17.1 £ 0.5 0.49 + 0.01 6.38 + 0.33

“The standard deviations are calculated from at least S diodes from different runs.
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Figure 3. EQEpy (in log scale) vs energy of (a) neat PC;BM and PC,,BM DD devices with 5 wt % SM donors, (b) PC,;BM DD devices with
polymer donor, and (c) neat Y6 and Y6 DD devices. All color schemes used here are the same as in Figure 2. Solid lines represent neat acceptors
and SM donors, and dashed lines represent polymer donors. The blue dotted curve in Figure 3b represents Gaussian fit to the true charge-transfer
absorption in P3HT/PC,BM system with Ecp = 1.45 eV.

2a—c). The J—V parameters are summarized in Table 1. The
absorbance spectra show minimal differences between neat
acceptor and DD films with S wt % of donor molecules (Figure
S2), indicating that the photo-absorption is similar for all films
and the exciton generation is predominantly in the acceptor

matrix. However, Figure 2d,e shows that V. values for
PC,;BM and Y6 DD devices, respectively, with 5 wt % of
different donors vary widely. While neat PC,;BM device
produces a V,_ of 0.85 V,**® adding S wt % of NBTT-Rho and
PMS6 increases V. to above 0.9 V, while 5 wt % of PThDPP-
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Table 2. Energy and Voltage Values in Devices with Neat Acceptors and S wt % of Different Donors in PC,;BM (Top) or Y6

(Bottom)“

sample V.. (V) E™ (eV) AV (V)b Vv, (V)© AVy (V)4 AVpg (V)€

PC,,BM neat acceptor 0.85 + 0.01 1.83 0.98 1.42 + 0.00 0.41 0.56 =+ 0.00°
NBTT-IDD 0.82 + 0.02 1.62 0.80 1.35 + 0.01 0.27 0.50 + 0.01

NBTT-Rho 0.91 + 0.01 1.65 0.74 1.32 + 0.01 0.33 0.40 + 0.00

PBDF-FDPP 0.77 £ 0.01 1.53 0.76 1.21 + 0.00 0.32 0.42 + 0.01

PThDPP-FVF 0.65 + 0.01 1.50 0.85 1.13 + 0.00 0.37 0.47 + 0.01

PM6 0.92 + 0.01 1.76 0.84 1.48 + 0.00 0.28 0.54 + 0.00

P3HT 0.89 + 0.01 1.77 0.88 1.32 % 0.00 0.45 0.46 + 0.01
Y6 neat acceptor 0.80 + 0.01 1.39 0.59 1.09 + 0.00 0.30 0.28 + 0.00"
NBTT-Rho 0.71 + 0.01 1.41 0.70 1.09 + 0.00 0.32 0.36 + 0.00

PBDF-FDPP 0.64 + 0.00 1.42 0.78 1.08 + 0.00 0.34 0.42 + 0.01

PThDPP-FVF 0.52 + 0.02 1.41 0.89 1.09 + 0.00 0.32 0.54 + 0.01

PM6 0.76 + 0.01 1.40 0.64 1.08 + 0.00 0.32 0.31 + 0.00

quc standard deviations are calculated from at least five diodes. The standard deviations of V, " and AV are calculated from at least six diodes.
bEg‘“t/ q— Voo eq 2. dEg‘“‘/ q- v, ., “Apply eq 3 using the EQEg; value when injection current density equals J,. unless otherwise noted. TFor neat
PC,,BM and Y6 devices, the . is too low to observe any EL signals, so AVyy was calculated from the EQEg; value measured at an injection

current density of 18 and 46 mA/cm?, respectively.

FVEF in PC,;BM lowers the V_to 0.65 V. Outside of this work,
there was no published work on DD OPVs with solution-
processable SM donors. V_ values of various SM donors in Cg,
in vacuum-deposited DD devices are lower than those of neat
Cyo devices."”” PC,;BM DD devices with several polymer
donors were previously reported to exhibit similar V,, leading
to the proposal that V. of DD devices was determined by
Schottky barrier height.l’z’A"15 Our V, results shown in Figure
2d clearly indicate the incompleteness of previous studies.
Figure 2e shows that similar to PC,;BM DD devices, V, also
varies substantially in Y6 DD devices, with PThDPP-FVF
generating the lowest V.. (0.52 V). Also notable is that both
PC,,BM and Y6 devices with 5 wt % PM6 can deliver the
highest V. among all donors.

To study the voltage losses in these devices, EQEpy spectra
provide the necessary information for determining the
maximum achievable V,, that is, V,, according to eq 2.
Figure 3 shows the EQEpy spectra for devices made of neat
acceptors as well as S wt % DDs. For PC, BM DD devices,
adding donors produces EQEpy signals below the E, of
PC,;BM (~1.75 eV, Table S1) with the exception of PM6.
However, only the P3HT DD device exhibits a clear CT state
feature (blue curves in Figure 3b). In contrast, the
PMé6:PC, BM DD device and all Y6 DD devices display
negligible absorption features below the acceptor band gap in
the EQEpy spectra.

Instead of fitting the EQE,y spectra below the band gap with
a Gaussian peak to determine Ecp,”'® it was argued that a
more accurate method to determine the Eqr value is from the
intersection point of Gaussian fits to the normalized EQEpy
and EL spectra.”®” We apply this method to our PC,,BM
(Figure S3) and Y6 (Figure S4) DD devices and name the
energy values at the intersection as E/™ (Table 2).”****” For
Y6 DD devices, because the drop-oft of the EQE,y signal is
very steep (Figure 3c) with no discernible sub-band gap
features, there are not as many decades in the EQEypy data for
accurate fitting. Therefore, we determine the characteristic
energy values using three methods: the intersection method
described above, the energy at half of EQEpy maximum, and
the energy at the maximum of the derivative of EQEpy. Figure
S4 shows that while there are systematic differences associated
with the method used, the differences are small (£ 0.04 eV).

Most importantly, all donors produce similar characteristic
energy values (difference < 0.02 eV) when the data are
analyzed using the same method. In Table 2, Egint values are
determined using the intersection method for all devices.
However, the Egint values for these DD systems are not Ecr.
The clearest evidence is seen in the S wt % P3HT:PC,;BM
device. Figure 3b shows a clear EQEpy shoulder at 1.5 eV (blue
curve). Fitting this region produces an Ecy value of 1.45 eV
(blue dotted curve), which agrees with the published Ecp
result for P3HT:PC,,BM with different amounts of P3HT"
and is different from the 1.77 eV E,™ value obtained from the
intersection method (Figure S3f). Thus, the EQEpy signals
below PC;BM E, are not due to CT state absorption, but due
to charge generation from excitons generated in the donor with
a smaller band gap. For PC; BM systems, all donors except
P3HT and PM6 have band gaps lower than or comparable to
that of the acceptor. For Y6 DD devices, because Y6 is the
smaller band gap (1.35 eV) component, we find the E," value
in these DD systems similar to the smaller E, value of the neat
donor or acceptor film (Table S1), that is, the energy
difference between the ground state and the lowest singlet
excited state. The circles in Figure 4 show a linear relationship
between E,™ and the smaller E; value of the neat donor or
acceptor (gleft y-axis). The solid black line in Figure 4

S
2 [
uP 16F «— =
5 =
S 12 -11.2
c/E) Y6 PC,,BM ]
] 2T e E
[l qu\'—tru——_' ’ 3
vva,)
1 A e 1 1 1 H0.4
1.3 14 15 1.6 1.7 1.8
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Figure 4. Smaller E, of the neat donor or acceptor (circles, left y-axis)
taken from Table S1 and V. (squares, right y-axis) as a function of
Egi“t for PC,;BM (blue) and Y6 (red) DD devices, determined from
Figures S3 and S$4, respectively. Solid (open) symbols represent SM
(polymer) donors. The solid black line is E;™ = smaller E, and the
dashed black line is V. = E;™/q — 0.80 V. The dashed red ellipse
highlights the V. Y6 DD devices.
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represents Egint = smaller E; and describes all PC;BM and Y6
DD devices well. This is because the lower band gap
component dominates the EL emission. We do not see
emissions from the CT state. It could be because the donor—
acceptor interfacial area is so low that CT emission is too weak
to be observed. However, we do observe emissions from the
smaller-band gap donors in the PC, BM devices despite the
concentration of donor materials being very low, suggesting
that energy transfer from excitons created in PC;BM (larger
band gap component) to the donor (smaller band gap
component) is efficient in fullerene-based systems. Thus, the
characteristic energy in these DD devices, as measured by the
intersection of EQEpy and EL spectra, is the energy gap of the
neat component with the smaller band gap.

Blue squares in Figure 4 represent the V. of PC,;BM DD
devices (right y-axis), which show a linear dependence on E,™
with a unity slope (black solid lines). In contrast, the V. values
of Y6 DD devices (red squares inside dashed ellipse in Figure
4) vary with donors despite all having the same Egint values.
The black dashed line in Figure 4 represents V. = Eg"“/ q—038
V. The offset between V. and Eg"lt in our results is larger than
that between V,. and Ecr reported in Benduhn et al,” most
likely due to E,™ values being larger than Ec values. Figure SS
shows AVyy versus Egint for all DD devices. PC,,BM DD
devices (blue symbols) exhibit a weak positive linear trend,
while EGL would have predicted a negative linear
correlation.”'®* Y6 DD devices (red symbols) show a large
AVyy variation for the same Egi“t. Thus, we do not observe the
EGL for either acceptor system. Again, this is most likely
because Egint in our work is not Ecr.

Using EQEpy spectra in Figure 3 and eq 2, V, ! values are
calculated for all DD OPVs (Table 2). AVy values for most
PC,;BM DD devices are similar, ~0.3 V; however, PC,;BM
DD devices with PThDPP-FVF and P3HT donors exhibit
higher AV (0.37 and 0.45 V, respectively). In contrast, AV
values are similar in neat Y6 and Y6 DD devices. There is no
trend between AVy and E/™ (Figure S6). Thus, the V.
variation for different donors in the same acceptor cannot be
explained by AVy.

Next, we examine non-radiative voltage losses. By perform-
ing EQEg; measurements as a function of injection current
density (Figure Sab), we obtain non-radiative voltage loss
(AVygr) according to eq 3. Very strikingly, a minute amount of
donor (S wt %) in the same acceptor matrix can alter the EL
efficiency by almost 4 orders of magnitude. AVyy values in
Table 2 are determined for injected current density equal to J.
under one-sun illumination.”” For PC,BM DD devices,
NBTT-Rho and PBDF-FDPP produce high EQEg; and
hence a small AV of ~0.4 V. PC,,BM DD devices with
P3HT and PThDPP-FVF polymer donors and NBTT-IDD
SM donor exhibit lower EL, hence higher AVyg of ~0.5 V.
PM6 is an outlier; while it has the largest AVyy in PC, BM
(0.54 V) because its Egint is large (1.76 eV) and AV is small
(0.28 V), its V.. is not significantly suppressed. For Y6 DD
devices, the EL efficiency (Figure Sb) directly reflects the DD
OPV V,. with the highest PM6 and the lowest PThDPP-FVF.

To examine whether V. of DD devices is governed by non-
radiative voltage loss for all DD systems, we normalize the V.
(y-axis) and EQEy; (x-axis) of the DD devices by those of the
corresponding neat acceptor because the neat-acceptor devices
have different V. and EQEg;. Figure Sc shows that the two
normalized quantities exhibit a linear correlation (dashed black
line), signaling that V,_ is determined by AVyy. Thus, similar
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Figure 5. EQEy, vs injected current density of (a) PC,;BM and (b)
Y6 DD devices with S wt % donors; SM donors are represented by
filled symbols and polymer donors by open symbols. The color
schemes used here are the same as in Figure 2. Circles in (a,b)
indicate the EQEg; values at which the injected current density is
equal to the J,. of the device under one-sun illumination. (c)
V,.(DD)/V,. (neat acceptor) as a function of the EQEg ratio
between DD and the neat acceptor for all PC,;BM and Y6 DD
devices. Error bars represent standard deviations over at least six

diodes.

to BHJ OPVs, non-radiative voltage loss is the determining
factor for V,. in DD OPVs.”*' This result is independent of
the acceptor being fullerene or non-fullerene. Figure Sc
indicates that the previous attribution of DD V. to Schottky
junction barrier height is misguided. Some factors might have
contributed to this flawed explanation. First, early works
examined limited numbers of donors."”"® For example, if one
only examined our results for SM donors in PC,BM (Figure
2d), they would think V. is independent of donors. For donor
materials with similar structures or chemistry, they will interact
similarly with the acceptor, leading to comparable charge
recombination rates and non-radiative voltage loss; therefore,
V,. values would appear independent of donors. Furthermore,
for many fullerene acceptor systems, for example,
P3HT:PC,,BM, BHJ V. is much lower than that for DD
OPVs for the same donor—acceptor pair.”*** Thus, compared
to BHJ, the V. variation in DD OPVs seems to be negligible.
By examining a wider variety of donors in fullerene and NFA
acceptors, we show here that a low concentration of donors
does affect V. quite significantly, largely determined by non-
radiative loss.

J-V results (Figure 2b and Table 1) show that P3HT
generates the highest J,. (7.62 mA/cm*) among PC,,BM DD
devices, and PM6 generates the highest J,. (17.1 mA/cm?)
among Y6 DD devices. Both systems exhibit high V. (0.89 V
for P3HT in PC,;BM and 0.76 V for PM6 in Y6). The J,.
variation cannot be explained by variation in the donor—
acceptor interfacial area because the donor concentration is
kept fixed at S wt % or photo-absorption because all donors in
the same acceptor exhibit similar absorption spectra (Figure
$2). While P3HT:PCBM has been extensively studied,™ *°
PM6:Y6 is new and intriguing. BHJ studies indicated that there
is little or no energy offset between donors and Y6.'***” As
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shown above, Egi“t values are the same for all Y6 devices
because their EQEpy and EL spectra exhibit the same shape
(Figures 3c and S4), which are determined by Y6 (the smaller
band gap component) and are independent of the donor’s
chemical or electronic properties. Thus, V,*® and the radiative
loss for the different Y6 DD OPVs are all similar. However,
they do exhibit different V. values and different AVyy
(Figures 2e and Sb and Table 2). For example, 5 wt %
PThDPP-FVF in Y6 produces a V. 0.24 V lower than 5 wt %
PM6 in Y6, 0.52 V versus 0.76 V, clearly deviating from the
EGL (Figure 4). AVyg for PThDPP-FVF:Y6 is 0.54 V, and for
PM6:Y6 it is 0.31 V. These results indicate that the
intramolecular morphology and interaction, which are not
accounted for in the analysis so far, might play a critical role in
determining both non-radiative voltage loss and charge
generation. Karki et al. argued that the PM6:Y6 system has a
well-defined interface and no contact between Y6’s acceptor
moieties and PM6’s backbones, which could explain the
reduced recombination rate.”® Recently, it has been argued
that the non-radiative voltage loss is related to the hybrid-
ization of CT and LE states in NFA systems.” Figure 6
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Figure 6. AVyy vs AE ;o1 (Table S2, smaller AHOMO or ALUMO
between donor and Y6) for Y6 devices. The AVyy values from this
work are shown in red pentagons (DD) and brown diamonds (BH]J).
The data with green triangles and blue squares are obtained from the
literature."®® Dashed red lines denote the AVyy for neat Y6 obtained
from this work (0.28 V). Dashed blue (0.24 V)*® and green (0.19
V)'® lines are from the literature.

displays AVyy values for our Y6 DD devices versus AE; g cr
along with those of the Y6 BHJ devices taken from this work
and the literature."®*® We use the smaller AHOMO or
ALUMO between the donor and Y6, with energy level values
determined from cyclic voltammetry measurements of neat
materials, to represent AE;g cr, which is the practice in the
literature."”'® The same general trends of AV versus
AE; ;. cr between BHJ and DD indicate that the hybridization
between CT and LE states is responsible for V,. OPVs based
on Y6 NFA.

4. CONCLUSIONS

By examining a wide variety of SM and polymer donors in both
PC,;BM and Y6 acceptors, we find that a low concentration (5
wt %) of donors can affect the V,, greatly. Consequently, the
previously proposed Schottky junction formation as the
explanation for high V. observed in fullerene DD systems
was flawed. Through combined photovoltaic and EL studies,
our results unambiguously show that V.. of DD OPVs is
dictated by non-radiative voltage loss, similar to BHJ OPVs.
While V. values of the PC,; BM-based DD systems follow the
EGL, those of the Y6-based NFA DD systems do not. Hence,
for PC,;BM-based DD OPVs, V,_ can be increased by using a

larger band gap donor. Going beyond fullerene systems to
NFA-based DD OPVs, the strategies to maximize DD V. are
similar to those for BHJ OPVs: applying molecular design to
optimize the pairing of donor and acceptor for low bimolecular
recombination and matching CT and LE energy levels. The
simultaneous high V. and J,. observed for S wt % PM6:Y6 DD
devices show great promises in exploring NFA DD systems.
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