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Abstract

Operation stability remains the key hurdle for the best-performed non-fullerene (NF) small
molecule acceptor (SMA) based organic photovoltaic (OPV) devices. Among all SMAs, ITIC-
derivative is the leading contender for power conversion efficiencies >14%. However, the
operation stability of the SMA-based devices under illumination is relatively inferior when
compared to BHJ cells that employ or polymeric acceptors. Here, we use a polymer acceptor
N2200 as the third component to study the device performance of the ITIC-derivative-based
PBDB-T:ITIC-M and PBDB-T-2F:IT-4F bulk-heterojunction (BHJ) solar cells, which current are
the state-of-the-art high performance OPV devices. The N2200-based ternary solar cells enjoy
significantly improved operation stability, while maintaining high power conversion efficiency
(PCE). We conducted comprehensive mechanism study on the ternary OPV systems in (i)
electronic and (ii) thermal aspects. For (i), the ternary BHJs show remarkably improved electron
transport properties. For (ii), thermal diffusivity D, is introduced into the OPV field for the first
time, and successfully correlates with the operation stability. The ternary PBDB-T:N2200:ITIC-
M BHJ exhibits improved D values, indicating heat generated from incident photons dissociates

easily in such films.

Article

Solution-processed organic photovoltaic (OPV) devices have attracted considerable attention for
their potential in fabricating flexible, low-cost, low thermal budget, and lightweight solar
panels.[1-4] Over the past decades, great efforts have been devoted for high performance organic
solar cells (OSCs). These efforts include development of new material synthesis, fine tuning the
donor:acceptor (D:A) compositions, and the optimization of fabrication process.[5-12] A key

accomplishment of these efforts is the identification of small molecule acceptors (SMAS). In
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particular, BHJs using SMAs of ITIC-based acceptors can attain both high Voc and Jsc. With fused-
ring electron acceptors (FREAS), the highest record power conversion efficiencies (PCESs) for the
single junction bulk heterojunction (BHJ) and tandem OPV devices have gone beyond 15% and

17%, respectively.[13,14] (Joule...)

Besides the efficiency, the processibility and stability are also important for industrial
applications.[15,16] However, at present, there is a general lack in understanding the operation
stability of the high efficiency SMA-based devices. To address this knowledge gap, here we first
report mechanism investigations on the bench-marked binary BHJs of PBDB-T:ITIC-M and
PBDB-T-2F:IT-4F. The BHJ uses SMA IT-4F as the acceptor and high PCEs exceeding 12% has
been reported. However, we found the photostability of their BHJs is far from satisfactory. Figure
1 shows the operation stability of the PBDB-T:ITIC-M and PBDB-T-2F:IT-4F BHJ cells. An
initial PCE of 12.3% was achieved in PBDB-T-2F:IT-4F device, but the PCE decays steadily under
continuous simulated 1-Sun illumination condition (using white LED). After about 170 hours, the
PCE drops to only about 5%. As a comparison, we replace ITIC-derivatives with a polymer
acceptor N2200 in the BHJ to form an all-polymer solar cell. Although the initial PCE of the all-
polymer device is only ~6% (half of the PBDB-T-2F:IT-4F case), the N2200-based device exhibits
much improved device stability. After 150 hours under illumination, the all polymer device’s PCE

(~5.5%) surpasses that of the PBDB-T-2F:I1T-4F device. (Scale 0-13...)

Here, aiming at addressing the stability problem, we conducted thorough mechanism investigation
of ternary OPV by incorporating (full name) N2200 as the third component. Ternary OPV devices
are known to enhance the efficiency, processibility, and stability in selected parent binary OPV
cells.[17-20] For example, Li, Yang and co-workers elucidate the importance of polymer donors’

molecular structure compatibility on BHJ morphology in ternary OPVs with multiple polymer
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donors (PCBM as acceptor).[21] Lu et al. and Bi et al reported the Forster resonance energy
transfer effects in ternary OPV devices, respectively.[22,23] Liu et al. fabricated a polymer:bi-
acceptor PM6:ITCPTC:MelC ternary solar cell achieving an overall PCE of 14.13%, with a high
FF of 78.2%, compared to 13.04% and 12.31% of their counterpart binary devices. [24] Zhang et
al. selected a small molecule donor BTR blending into the PTB7-Th:PC7:.BM BHJs, and a thick-
film (250nm) device exhibits a high PCE of 11.40%.[25] Recently, An et al. observed the ternary
PBDB-T:ITIC:N2200 BHJ solar cells, which enjoys enhanced device stability in the ambient air,
and over 80% of the normalized PCE is reserved in such a ternary device after 1000 hour.[26]

Add PKU ternary papers...

In this report, we use a polymer acceptor N2200 as a ternary component to address the problem of
the relatively low operation stability of FREA-based BHJ solar cells. Two binary BHJ systems
invested are PBDB-T:ITIC-M and PBDB-T-2F:IT-4F solar cells. The improvement of the N2200-
added ternary BHJ solar cells are mainly in two aspects: (i) improved FF and PCE of the ternary
OPV cells with only a tiny dosage (2.5 wt%) of N2200; and (ii) a 10 wt% N2200 loading
significantly stabilizes the ternary devices under the simulated 1-Sun illumination condition. The
PBDB-T:ITIC-M BHJ is selected as the model system to investigate the mechanism of the stability
improvement. We investigate both the charge transport and heat diffusion in the ternary BHJs. Our
results indicate that the ternary BHJs with N2200 show significantly improved electron mobilities
starting at a very low N2200 dosage and reduced electron energetic disorder o, than binary PBDB-
T:ITIC-M film. Photothermal deflection technique was used to measure heat diffusivities (D) in
the binary and ternary films, and the ternary PBDB-T:N2200:ITIC-M BHJ exhibits much

improved D values.



Figure 2 summarizes the chemical structures of the donor polymers (PBDB-T, PBDB-T-2F, and
PBDB-T-2F), SMAs (ITIC-M, and IT-4F), and the polymer-acceptor N2200. The device structure
is ITO/PEDOT:PSS/BHJ/PFN-Br/Ag. Figure 3(a) shows the current density — voltage (J-V)
characteristics of the binary PBDB-T:ITIC-M, PBDB-T:N2200 and the ternary PBDB-
T:N2200:ITIC-M (weight ratios of 100:2.5:97.5/100:10:90) solar cells. The PBDB-T:ITIC-M
device shows an overall PCE of 10.2%, with Jsc of 17.2 mA/cm?, FF of 65.1%, and Vo of 0.91V.
With 2.5 wt% N2200, the ternary devices exhibit enhanced PCE of 10.7%, which shows increased
FF of 70.4%. The excessive N2200 in the blending film decreases the FF and Js in the ternary
cells, and the PCE of the ternary solar cell with 10 wt% N2200 decreases to 9.3%. Figure 3(b)
displays the external quantum efficiency (EQE) spectra of the optimized binary PBDB-T:ITIC-M,
PBDB-T:N2200, and the ternary PBDB-T:N2200:1TIC-M (10 wt% N2200) solar cells. Figure 3(c-
e) plots the OPV parameters of the PBDB-T-based solar cells as a function of the N2200 weight
content. After the peak PCE 10.7% at 2.5 wt%, the PCE drops and the PBDB-T:N2200 device

shows PCE of 6.4%, with Js of 12.8 mA/cm?, FF of 62.2%, and Vo of 0.80 V.

Space-charge-limited current (SCLC) was performed to test the electron mobilities of BHJs with
different N2200 weight contents. The device structure of the electron-only device is

ITO/AI/BHJ/LiF/AL For a given BHJ, the SCLC mobilities of BHJs can be expressed as
9
JscLd = gfogrﬂoeXP(OBgﬁ\/ﬁ)Fz )

where Js¢;, is the density of the space-charged-limited current, d is the thickness of the BHJ film,
& IS the permittivity of a vacuum, &, is the relative permittivity, u, is the zero-field mobility, g is
the Poole-Frenkel slope, and F is the applied electric field. [27-29] After the device fabrication,

the electron-only cells were transferred into a low vacuum cryostat (~30 mbar) to measure the



electron transport signal. Figure 4(a) displays the electron current density (J) x film thickness (d)
of the PBDB-T:N2200:1TIC-M BHJs with different N2200 contents as a function of the applied
electric field. The BHJs with N2200 exhibit larger Jxd values than the PBDB-T:ITIC-M film,
especially in the low electric field condition, where the OPV cells usually operate. Fitted by Eq. 1,
the zero-field electron mobility of the control binary PBDB-T:ITIC-M BHJ is 4.7x107 cm?V-1st,
The g, improves significantly to 3.4x10° cm?V-1s™ when 10 wt% N2200 is blended into the
BHJ film, and maintains in the range of 10° - 10* cm?V-s? in BHJs with other N2200:ITIC-M
weight ratios. Figure 4(c) shows the zero-field electron mobilities at the room temperature of BHJs

shown in Figure 4(a), and Table 1 lists the electron transport parameters in this work.

Temperature-dependent electron transport measurements were performed to evaluate the electron
energetic disorders o, and the high temperature limited mobilities u,, of PBDB-T-based BHJ
films. The Gaussian disorder model (GDM) is used to analyze the temperature-dependent electron

mobilities i.e.

Ho = Hoo€XD [— (3%)2] exp(BVF) ()

where k is the Boltzmann constant, and p., is the y-intercept from the plot of u, against 1/T2.[30-
33] Figure 4(b) plots u,, of PBDB-T-based BHJs with various N2200 weight contents as a
function of the temperature. With the blending of N2200, the ternary BHJs exhibit improved
electron mobilities in different temperatures. o, can be extracted from the slope of the linear fitting
for the temperature-dependent electron mobilities. Compared to o, of 62 meV in the binary
PBDB-T:ITIC-M BHJ, the ternary BHJs with N2200 first interestingly exhibit a reduced o, at 10%

N2200 loading —57 meV, correlates well with the enhanced zero field mobility at this composition.



Further increasing N2200 loading leads to increased a,, due to the intrinsically higher o, of N2200

polymer (~100 meV). Figure 4(d) summarizes the o, of BHJ films.

From Figure 4(b), the high-temperature limited electron mobilities u., . can be extracted from the
y-intercept of the linear mobility fitting curve. In organic semiconductor materials, electrons
overcome energetic barriers and hop freely between different hopping sites when the temperature
tends to be infinitely high. Figure 4(e) compares ., . of BHJ films with different N2200:1TIC-M
compositions, and the u, . values increase gradually when more N2200 acceptor is blended into

the BHJs. u, . Can be expressed as

Hooe = Mexp (—TZOC) 3

Oe

where « is the average hopping distance, v, is the attempt-to-hop frequency, e is the elementary
charge, and L is the localized radius.[34] The hopping distance can be extracted from the crossing
point between the p, . expressed in Eq. 3 and the values from Figure 4(b). Figure 4(f) shows the
average hopping distance of the electron carriers in PBDB-T-based BHJs with different N2200
weight fractions. It is clear to observe that with the increased N2200 molecules, a decreases
consistently from 3.5 nm in pure PBDB-T:IT-M cell, to 0.83 nm in the binary all polymer PBDB-
T:N2200 BHJ device. As a fraction of electron carriers transport in long-chain polymer acceptors
in PBDB-T:N2200:ITIC-M BHJs, they exhibit reduced hopping distance («), and therefore,

significantly improved zero-field electron mobilities (ug,¢).

The optical stability under illumination is evaluated for the binary PBDB-T:ITIC-M and ternary
PBDB-T:N2200:ITIC-M (weight fraction of 100:10:90) BHJ solar cells. The BHJ solar cells are

encapsulated in the N> filled glove box, then transferred into the ambient air, and exposed under



an LED array, where the optical intensity is set equivalent to 1-Sun condition of 100 mW/cm?. As
shown in Figure 5(a,b), although the initial efficiency of the ternary device is reduced to 9.3%
comparing to the 10.2% of the control binary cell due to the loss of the Js, the ternary device
enjoys much enhanced optical stability. After illumination for 120 hours, the binary PBDB-
T:ITIC-M cell already degraded to an overall PCE of 5.8%, with significantly reduced FF of 45.5%,
whereas the ternary device with 10 wt% N2200 still maintains an efficiency of 7.8%, which
reserves ~84% of its initial device performance. Figure S1(a-c) compares the OPV parameters of
the PBDB-T:ITIC-M and PBDB-T:N2200:ITIC-M (100:10:90) devices as a function of the
elapsed time under illumination. For the decay behavior of the PBDB-T:ITIC-M solar cell, three
main characteristics are observed: (i) the performance (PCE) decay of the binary solar cell mainly
occurs in the first 72 hours; (ii) the FF is the major cause of the PCE decrease — only ~60% of the
normalized FF is reserved when the device is illuminated for 240 hours; and (iii) Vo is relatively

stable in the illumination condition.

We also fabricate the PBDB-T-2F:N2200:1T-4F ternary BHJ solar cells. With a 2.5 wt% N2200
blending, the FF of the ternary solar cell improves to 73.9% from 70.3% of the counterpart binary
device, resulting in an enhanced PCE of 12.5%. The ternary PBDB-T:N2200:1T-4F (weight ratio
of 100:10:90) solar cell is selected to evaluate the optical stability in the ambient air. Figure 5(c,d)
summarizes the J-V characteristics of the binary and ternary devices in fresh and after a 72-hour
1-Sun illumination. Similar with the PBDB-T-based system, the ternary PBDB-T-2F solar cells
with 10 wt% N2200 enjoys much better optical stability, and still show high initial PCE of 11.9%
(FF of 73.8%). After a 72-hour 1-Sun illumination, the PCE of the binary cell decays quickly to
7.5%, whereas the ternary cell still maintains PCE of 10.2% - reserving ~86% of its initial PCE

values. Figure S1(d-f) summarizes the OPV parameters of the binary PBDB-T-2F:IT-4F and
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ternary (10 wt% N2200) BHJ solar cells as a function of the elapsed time under illumination. The
ternary PBDB-T-2F-based device again exhibits improved optical stability than their counterpart

binary solar cells.

Explanation of Stability mechanism

Discussion

Thermal diffusivity D, with a S unit of m?/s, is first introduced into the OPV field, and successfully
correlates with the optical stability of BHJ solar cells. The definition of D is the ratio between the
thermal conductivity (K) to the product of mass density (p) and specific heat capacity (cp)

expressed as

K

p==X (4)

PCp

D is an important concept in the heat conduction, and the value of D reflects the rate of heat transfer
along the heat gradient in the solid materials.[35-37] For a material with higher thermal diffusivity
D, it reaches the thermal equilibrium in a short time when the heat gradient exists. Electrons in
BHJs absorb incident photons and jump into the excited states when the OPV device is in operation
under the 1-Sun illumination. The recombination process which electrons drop back to the ground
state and releases photons has the adverse effects in two aspects: (i) FFs/Jscs; and (ii) device
stability.[38,39] For (i), how the carrier recombination affects the device performance has been

well investigated and modeled elsewhere.[40-42] However, there are relatively few studies about
9



the correlation between photons generated from the electron and device stability is relatively. Here,
we evaluate the thermal diffusivity D in the neat acceptor films and their corresponding binary and
ternary BHJs. Figure 6(a) shows the photothermal deflection signal against the pump beam offset
of ITIC-M film with different modulating frequency (f). When f increases, both the central peak

of the normal deflection signal and separation between two minimums (dn) decrease. Figure 5(b)

displays the relation of d, and 1/\/7, and the slope of this plot equals to vVrD. As shown in Figure
5, the D value of the neat ITIC-M is 0.6540.09 mm?/s, which is lower than 1.0040.13 mm?/s of
the N2200 film, indicating a better heat dissociation in the polymer acceptor N2200. In the D:A
blending films, the binary all-polymer PBDB-T:N2200 BHJ exhibits a highest D value of
2.00+0.16 mm?/s, and this result is consistent with the excellent device stability in literatures.[43-
45] When the binary PBDB-T:ITIC-M BHJ with a poor D value of 0.0624-0.060 mm?/s is blended
with 10 wt% N2200, its thermal diffusivity D boosts up to 0.56 +0.08 mm?/s, indicating
significantly enhanced heat dissociation. As shown in Figure 4, the optical stability is improved in

such a ternary BHJ solar cell.

In this report, a polymer acceptor N2200 is introduced as a ternary component to address the
problem of the relatively low operation stability of ITIC-based BHJ solar cells involving PBDB-
T:ITIC-M and PBDB-T-2F:1T-4F devices. Both the charge transport and heat diffusion in the
binary and ternary BHJs are investigated, and the results suggest that the ternary BHJs with N2200
show significantly improved electron mobilities starting at a very low N2200 dosage and reduced
electron energetic disorder o, than binary PBDB-T:ITIC-M film. Meanwhile, photothermal
deflection technique was used to measure heat diffusivities (D) in the binary and ternary films, and

the ternary PBDB-T:N2200:1TIC-M BHJ exhibits much improved D values.
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Figure 1. PCEs of the optimized SMA PBDB-T:ITIC-M and all-polymer PBDB-T:N2200 BHJ

solar cells as a function of the illumination time.
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Figure 2. Chemical structures of the donor polymers PBDB-T and PBDB-T-2F, the small

molecule acceptors ITIC-M and IT-4F, and the polymer acceptor N2200.

17



| 1
~ (@) / 2 (c)
~ 0 10
£ —#—PBDB-TATC-M /
ﬁ ~@—PBDB-T:TIC-M:N2200 (2.5 wt%) | @ ok
£ ~®—PBDB-T:ITIC-M:N2200 (10 wt%) <
E S5 < PBDB-T:N2200 w 8k \
= , O )
Iy (a 7= \
510 |- @
)
o) / 6
E A . —A———&*‘—‘b"-&/v
.15
3
(&)

1 1
0.0 0.3 0.6
Voltage (V)

300 450 600 750 900 0 25 50 75 100
Wavelength (nm) N2200 Weight Fraction (%)
Figure 3. (a) The JV characteristics of the binary PBDB-T:ITIC-M, PBDB-T:N2200 and ternary
PBDB-T:N2200:ITIC-M (weight fractions of 100:2.5:97.5/100:10:90) BHJ solar cells; (b) EQE
spectra of PBDB-T:ITIC-M, PBDB-T:N2200 and PBDB-T:N2200:ITIC-M (2.5/10 wt% N2200)

devices; (c) PCE; (d) FF; and (e) Jsc of PBDB-T:N2200:1TIC-M solar cells as a function of the

N2200 weight fraction.
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Figure 4. Electron carrier transport results for the binary PBDB-T:ITIC-M, PBDB-T:N2200, and
ternary PBDB-T:N2200:1TIC-M BHJs with different N2200 weight fractions: (a) Jxd as a
function of the applied electric field; (b) zero-field electron mobilities in different temperatures;
(c) zero-field electron mobilities at the room temperature; (d) energetic disorders of electron
carriers; (e) high-temperature limited electron mobilities; and (f) hopping distances of electron

carriers.
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Figure 5. JV characteristics of binary PBDB-T:ITIC-M; PBDB-T-2F:1T-4F and ternary PBDB-
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Figure 6. Experimental normal component of the probe beam deflection under different pump-
probe beam offsets and modulating frequency; and the plot of experimental d, against 1/\/7 for
(a,b) neat ITIC-M film; (c,d) neat N2200 film; (e,f) binary PBDB-T:ITIC-M BHJ; (g,h) binary
PBDB-T:N2200 BHJ; and (i,k) ternary PBDB-T:N2200:1TIC-M BHJ with the optimized weight

fraction of 100:10:90.
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