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ABSTRACT:

Very small amounts of 1,8-diiodooctane (DIO) are very effective to optimize the
performance of polymer solar cells (PSCs). So far, the underlying influences are not yet fully
understood, especially in non-fullerene PSCs. Herein, the influence of DIO on carrier dynamics
and morphology in PBDBT2CI:IT4F system were investigated in detail. We combined the
characterization of the transient dynamics with the morphology characterization of PSC devices
to explore the origin of enhanced performance. Compared to the cast device, the champion
device with 0.5% DIO revealed the maximum of current density (Jsc) and fill factor (FF). The
optimum DIO content helps to enhance carrier transport and optimize morphology while excess
of DIO produces adverse effects due to the induced intense aggregation and dilated size in blend

films. The results provide some hints of improved device performance upon the DIO as an

additive in non-fullerene PSCs.
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Bulk-heterojunction (BHJ) polymer solar cells (PSCs) based on a blend of conjugated
polymer donor and fullerene or non-fullerene derivatives have attracted enormous attention
within the last decade.l® PSCs possess some unique advantages such as low-cost, light-weight,
and solution-processed large-scale fabrication.5® The abundant and excellent advances in
material synthesis and interface engineering of PSCs have emerged, leading to the power
conversion efficiencies (PCEs) of single-junction PSCs above 14%.1%15 Especially in the
material design path-breaking chlorination atomic substitution was extensively studied on both
donors and non-fullerene acceptors. The more progress in chlorinated PSCs has been achieved,
the chlorinated polymer exhibited the better photovoltaic performance than the fluorinated
polymer in some special cases.'>'® Among the halogens, fluorine is the most electrophilic and
smallest in atom size. However, chlorine has a larger atom radius and is the second most
electrophilic candidate among the halogens. Analogously, chlorination reveals the similar
effects as fluorine in polymers and the corresponding solar cells and meanwhile the synthesis
of the chlorine-containing polymers is facile.!” Besides, empty 3d orbitals of chlorine can
accommodate lone pair electrons while fluorine does not have energetically accessible empty
orbitals for such delocalization. At last, the synthesis of the chlorinated polymers showed to be
easier with higher yield than fluorination and finally lower cost of raw materials for roll-to-roll
printing products.

Apart from the high-quality material synthesis, optimization of device processing is also
very important to performance of PSCs.*® Numerous approaches were successfully applied into
optimization of device processing, and morphology control of the active layer played a critical
role in device performance. The popular and universal measurements, such as use of additives,®

thermal annealing,® and solvent vapor annealing,?* have been widely used in neat film
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preparation. Among these methods, the use of solvent additives has demonstrated to be
particularly effective and convenient in PSCs. The proper independent and blend domain sizes
of polymer donor and small molecule acceptor could be controlled by their different solubility
to solvent additives.'® The most frequently-used solvent additive is 1,8-diiodooctane (D10) with
higher boiling point compared to conventional processing solvent. Thus, the extended time of
volatilization promotes the organized domain formation in the blend. For instance,
PTB7:PC7:BM devices with DIO treatment presented the very high performance compared to
the as-cast device. A similar behavior was also found in other efficient polymers.*®

Recently, plentiful non-fullerene (NF) acceptors with excellent photovoltaic properties
have been designed and synthesized.>® Currently, the PCE of non-fullerene PSCs goes beyond
14% exceeding the highest level of the fullerene counterparts.%-1> Although fullerene and non-
fullerene materials exhibit many differences in morphology and charge separation mechanism,
the addition of DIO is still important to device processing solvent for efficient NF-PSCs, except
that the amount of DIO was reduced in isopycnic solvent. The optimum morphology of NF-
PSCs should exhibit efficient exciton separation and charge transport within the device,
however, this is difficult to predict and to control. The active layer morphology is formed by
polymer donor, small molecular acceptor and mixed donor-acceptor (D-A) domains??. DIO as
additive can control the domains sizes, size distribution and domain purity, which are all crucial
to performance of NF-PSCs. Although the DIO amount is very small, it is effective to optimize
the blend morphology facilitating enhanced charge transport in active layer of device.'?%

A previous study reported that the use of DIO in the processing solvent of
PBDBT2CI:IT4F yielding very high PCE, which is extremely supportive for the use of
chlorinated polymers.'® The previous research was mainly focusing on the design and synthesis
of polymer. In this contribution, we systematically investigated the effect of DIO content on
the carrier dynamics and blend morphology in this system. For champion devices, the short-

circuit current (Jsc) and fill factor (FF) are obviously enhanced, but the Voc is remarkably lower
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compared to as-cast devices. To better understand the origin of enhanced device performance,
we combined the morphology investigations with transient dynamics studies.

Table 1. The performance parameters of PSCs with various DIO content in solvent under 100
mW cm? AM 1.5 G irradiation.

Treatments Voc [V]  Jsc [mA cm?] FF [%] PCE [%]

A: As-cast 0.94 16.79 59.38 9.41
B: 0.5% DIO+TA 0.85 20.67 74.81 13.14
C:1.0% DIO+TA 0.79 19.22 67.49 10.02

The chemical structures of polymer PBDBT2CI and IT4F are shown in Figurela. Both
substances were synthesized in our laboratory according to previous reports.t>2 We used an
inverted device structure of ITO/ZnO/PBDBT2CI:IT4F/M0O3s/Ag to study the device
performance of PSCs with different amount of DIO in the chlorobenzene solvent. The detailed
relationship between device performance with the DIO contents is summarized in Table S1 and
Figure S1. With gradually increasing DIO percent content in the solvent, the Voc of
corresponding devices steadily declines (see Figure S2). However, Jsc and FF increase first
and then decrease with a maximum at about 0.5% DIO content. To improve the device
performance, we used thermal annealing to all devices. The treatment resulted in a small decline
of Voc while Jsc and FF increased in value.

For further discussion, we select three representative devices. Device A is the as-cast
device without any treatment. Devices B and C are prepared with 0.5% and 1% DIO as additive,
respectively, and then thermal annealing of both blend films at 100°C for 10 minutes. Table 1
summarizes the performance of the investigated devices. The corresponding current density-
voltage (J-V) curves are shown in Figure 1b. Device A has a moderate PCE of 9.41% with Jsc
of 16.79 mA c¢cm and FF of 59.38%, but the Voc is rather high (0.94 V). Device B yielded a
significantly higher PCE of 13.14%, attributed to the drastically enhanced Jsc of 20.67 mA cm-

2 and FF of 74.81%. Compared to device A, the Voc of device B had negligible reduction (Voc



= 0.85 V). With further increase of DIO content (device C), the Voc reduces to 0.79 V. The
other parameters were also found to be lower than device B. From the external quantum
efficiency (EQE) spectra in Figure 1c, device A showed the response peak at 570 nm in the
main absorption region of PBDBT2CI, the response peak of device C was at 730 nm in the main
absorption region of IT4F. The normalized UV-Vis absorption spectra of PBDBT2CI and IT4F
are shown in Figure 1d. After the device processing with DIO, the EQE reposes of near the
IT4F absorption region were largely increased, highlighting the light current contribution from

IT4F, which was also observed from the normalized EQE in Figure le.
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Figure 1. (a) Chemical structures of PBDBT2Cl and IT4F; (b) J-V and (c) EQE curves of PSCs
with various DIO content; (d) the absorption of PBDBT2CI and IT4F films; (e) Normalized
EQE curves of PSCs with various DIO content.



The reduction of Voc and enhancement of Jsc and FF are very closely related to carrier
mobility for the devices with DIO processing. We used the space-charge-limited current (SCLC)
method?* and fabricated the single carrier devices to determine the mobility of hole and electron
for corresponding solar device. The J-V characteristics of single carrier devices are shown in
the Figure 2, the fitted and extracted values of mobility were listed in Table S2. The hole and

electron mobility of as-cast device were in a lower range with values of 9.6 X 10° cm? V1 S
and 6.8 X 10° cm? V1 S7, respectively. Such moderate mobility may cause charge

accumulation in the active layer, which is a restrictive factor leading to the poor Jsc and FF. In

contrast device B with 0.5% DIO content showed hole mobility was up to 3.4X10* cm? V1S
1 and the electron mobility also improved to 2.6 X 104 cm? V1 S1. As a result of the enhanced

and balanced mobility of carriers, the whole device performance sharply increased due to
significant enhancement of Jsc and FF. However, the Voc decreased to 0.85 V, which can be
attributed to shorten the quasi-Fermi levels between electrons and holes upon increased charge
carrier mobility.?® For DIO contents of about 1%, the hole and electron mobility both descended,
resulting in simultaneous reduction in every parameter to the best device. Unexpectedly, the
Voc further decreased to 0.79 V. Unlike the previous tendency, the sacrificial Voc cannot bring
about the improvement of mobility and Jsc. To get further insight the response of Jsc versus

varying light intensities (I) was tested and used to probe the charge recombination in steady
state (see Fig. S3). The relationship of Jsc and | is formulated by J, oc I“ .26 The o values
deduced from Figure S3 of device A, B and C are 0.90, 0.99 and 0.94, respectively. As expected,
the device B with best performance exhibited highest value. The reduced value for device C
indicates that the bimolecular recombination was more extensive compared to the device B.

This is also a possible factor for the origin of reduced device performance.
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Figure 2. J-V characteristics of hole-only (a) and electron-only (b) devices under dark

conditions. The bold lines with a slope of 2 mark the SCLC regions.

To further obtain detailed insight into recombination processes, the carrier density and
lifetime were determined by charge extraction (CE).?” and transient photovoltage (TPV)?
methods under various Voc conditions as adjusted by light bias, respectively. The function of
Voc versus illumination intensities (1) was also determined in Figure S4, the Voc of three
devices revealed similar variation trend under the varying illumination. The relationship

between the extracted carrier density from CE and Voc is presented in Figure 3a. According to

— —pVoc
=Ty © T

TAn An . . . . . . . . .
f , 0 is carrier lifetime without illumination and g is a

the function o
constant, respectively.?®-30 The fitted S values of devices A, B and C are 8.97, 11.54 and 9.89

V-1, respectively. Device B exhibited the highest decay order. Moreover, the function of charge

\/oc
=n.e’
density versus varying Voc can be depicted by 0 , Where no is the charge carrier
density under dark and v is a constant, respectively.3! The experimental results are presented

in Figure 3b. From the deduced data, no is 8.8 X 10* cm™ and vy is 4.40 V! for the device A, no
is 3.4X10% cm3 and y is 3.57 V! for the device B, nois 9.6X10% ¢cm=2and y is 3.88 V! for

the device C, respectively. Based on the above device parameters, although the Voc of device
B and C are lower compared to device A, the charge density is obviously enhanced both in dark
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and operation conditions generating the high Jsc. The extracted parameters are summarized in
Table S3. Combining the determined carrier lifetime and carrier density, the function of them
was shown in Figure 3c, the function of extracted lifetime vs charge density exhibited power
law dependence. At the same carrier density condition, the lifetimes of devices were in the
sequence A> C> B. In addition, the non-geminated recombination rate coefficient®?
K. (n)=1/(1+ é)nrAn

could also be calculated, the Figure 3d showed the characteristic
curves of carrier density versus krec. Although having the lowest carrier density, the krec Of
device A was highest among of them. The optimal device B possessed the lowest krec and
highest carrier density. Even if at the same carrier density condition, the krec Of devices were
also in the sequence A> C> B in Figure 3d. As described formerly, the improved mobility and
weakened krec can enhance the carrier transport and restrain the non-geminate recombination,
realizing the highest Jsc and FF in the device B with optimal DIO content. 3 Hence, there is a
close correlation between the carrier dynamics and the content of DIO. To fabricated the high-

performance device, the DIO concentration is carefully modulated.



(a) ®  A: Cast p=8.97 (b) M A Cast v=4.40
00 ¢ B:0.5%DIO+TA p=11.54 - e B:0.5% DIO+TA y=3.57
10091 4 €. 1.0% DIO+TA p=9.89 e A C:1.0%DIO+TA y=3.88
§ L
by 2
:
E 104 3101?_
a o
=
©
0
0.6 0.7 0.8 0.9 0.6 0.7 0.8 0.9
Voc (V) Voc (V)
(c) (d)
® A Cast 10”4 ® A: Cast
100+ e B 0.5%DIO+TA o B:0S%DIOTA _ m | .a
. e A C:10%DIO+TA - A C:1.0%DIO+TA p 4
_S_ " a . :m - R "
2 . § - 4
= A @ ~ ] A L
2 104 A N B
a X -
mi A “
- ®
‘a ®
x‘ 107" 4
107 10"
Carrier density (cm™) Carrier density (cm™)

Figure 3. Extracted carrier lifetime (a) and carrier density (b) of devices under different Voc
conditions by adjusted light bias; the carrier lifetime (c) and krec (d) versus the carrier density

for the investigated devices.

The generation and separation of excitons, charge transport and recombination are strongly
linked with the morphology of BHJ film* 22 . To explore the influence of the DIO content on
the microstructure of PBDBT2F:IT4F blend films, we employed the grazing incidence wide-
angle X-ray scattering (GIWAXS) technique to obtain information about the molecular packing
and ordering.3* Diffraction patterns and deduced line-cuts of the blend films are presented in
Figure 4. For the as-cast film it was difficult to find an apparent —= (010) stacking peak at
required region and prohibited the mixed orientation of “edge-on” and “face-on”. In contrast,
the film from device B showed apparent n—r (010) stacking peak at ¢ = 1.77 AL, The calculated
- stacking distance is 3.55 A in the out-of-plane (OOP) direction, the prominentface-on” in

the mixed orientation was also observed from the diffraction pattern. The largely enhanced
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proportion of “face-on” packing is considered to facilitate the charge transport in vertical

direction in keeping with the build-in field direction, improving the effective transport and thus
to reduce the probability of carrier recombination and other loss modes. Upon further increasing
the DIO amount in the solvent, the film from device C also exhibited the n—= stacking peak at
q = 1.80 AL, the n-n stacking distance reduced to 3.48 A. The shortened stacking distance is
also a factor to the reduction of Voc in the device C. In addition, the “face-on” proportion in the
mixed orientation was lowered compared to the film of device B. The non-uniform packing
behavior is poor for the charge transport, generating the decrease of Jsc and FF in device C.
On the other hand, the all the blend films had lamellar (100) diffraction peaks with g = 0.30 A
in the in-plane (IP) direction, but the peaks shapes were narrowed along with increase of DIO
content. The full width at half-maximum (fwhm) of the diffraction peaks (fwhm-A = 0.054 A2,
fwhm-B = 0.027 A%, and fwhm-C = 0.017 A2, respectively) imply that the crystallite sizes of
blend films were in the sequence A < B < C.3* The advisable enlarged size is helpful to promote
charge transport, consistent with the determined carrier mobility of the devices. Combining the
structural information with the device performance, we may speculate that higher DIO contents
induce the stronger aggregation and extended domains in the blend films, which could produce
the tortuosity in the molecule packing. To support to this conjecture, atomic force microscopy
(AFM) in tapping mode was performed to investigate the surface morphology of these films.
From the Figure S5, the degree of aggregation was enhanced upon increase of DIO content.
Especially film C showed intense aggregation and higher root-mean-square roughness (RMS)
with a value of 3.19 nm. The coarser film hinders the charge transport and collection in the
device in agreement with the above device performances.®® Thus, the addition of DIO to the
solventis a feasible approach to optimize the film morphology, however, the content needs to

controlled accurately.

-11 -



(d)

Log(/)

(e

Log(/)

—a— A: Cast
—e—B: 0.5% DIO+TA
—&—(C: 1.0%DIO+TA

06 09

12 15 18 21 24
q,(A")

—&— A: Cast
—eo—B: 0.5%DIO+TA
—a— (C: 1.0% DIO+TA

02

-12 -

0.4 06 0.8
q,(A")

Figure 4. GIWAXS patterns of PBDBT2CI:T4F films with various DIO content processing (a,b

¢); the corresponding line-cuts in the out-of-plane (d) and in-plane (e) directions.

In this work, the impact of DIO on carrier dynamics and morphology in PBDBT2CI:IT4F
system were investigated comprehensively. The Voc of devices were monotonous declined by
gradually increasing DIO content, while Jsc and FF showed maximum values at 0.5% DIO
content. The champion devices were obtained by using 0.5% DIO resulting in a PCE of 13.14%.
Through steady and transient dynamics tests, we could show that aDIO content of 0.5%
improves the hole and electron mobility. Thus, the quasi-Fermi levels between electrons and
holes shorten, while the non-geminate recombination of carriers was also restrained at high

carrier density condition. In addition, the film with 0.5% DIO processing showed favorable



“face-on” orientation as derived from GIWAXS patterns. The advisable enlarged crystallite-

sizes was also formed by desired DIO content. However, excess DIO content produced intense
aggregation and dilated size of domains in the blend films causing tortuosity in the molecule
packing thus reducing carrier transport and intensive recombination of carriers in devices. This
study evidences that the required DI1O content can produce positive effects on performance of
device, giving a fundamental guideline into the use of DIO additives on carrier dynamics and

morphology of non-fullerene PSCs.
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