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ABSTRACT: In this paper, we report an efficient nonfullerene solar cell based on
small molecules of p-DTS(FBTTh,), and bis-PDI-T. Characterization data indicate
that the nature of the acceptor aggregate is a key factor that affects the photocurrent.
There is a good relationship between the short-circuit current density (J5c) and the
phase size of the acceptor-rich domains. The phase size of the acceptor-rich domains
is tuned by both the additive types and additive content. As the kind of additive goes
from 1-chloronaphthalene (CN) to 1,8-octanedithiol (ODT) and 1,8-diiodooctane
(DIO), by this order the solubility of the acceptor in the additive is down, the phase
size significantly decreases from over 400 nm down to 30 nm. Also, the acceptor’s
domain size decreases from 80 to 30 nm as the DIO content ([DIO]) is down from
1% to 0.15%. Following this trend, less DIO remains in the wet film as residue after
the host chloroform evaporates, and thus less acceptor can be dissolved in the
residue DIO. This decreasing of DIO content acts on the film-morphology similarly
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as the additive changes down to the one having a lower solubility. Accordingly, our results indicate that it is the dissolved amount
of the organic component in the residue additive solvent of the wet film that plays a role in turning the phase size. The efficiency
from this small molecule system is significantly raised from 0.02% up to 3.7% by selecting the additive type and fine-tuning the

additive content.
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1. INTRODUCTION

In recent years, nonfullerene solar cells, which employ
nonfullerene polymer/organic small molecule as the acceptor
material, have been repaid increasing interest in the field of
organic solar cells (OSCs).'”'* The power conversion
efficiency (PCE) of the state-of-the-art nonfullerene solar cell
has been rapidly improved from below 4% to over 6%">~'¢ in
recent years, approaching the fullerene based counterparts. In
the bulk-heterojunction (BHJ) OSCs, both the donor and
acceptor are blended together at the nanoscale level, forming
the light-harvesting active layer. To enhance the light-
harvesting ability of the active layer of a nonfullerene solar
cell, one of the current strategies is to complement the
absorption spectrum of the blend nonfullerene acceptor with
that of a low bandﬁap donor material, maximizing the usage of
the solar photons.' *

Nonfullerene acceptors, such as perylene diimide (PDI)
based ones, show strong absorption in the visible wavelength
region, typically <650 nm.'”'® Exploitation of the excitons
generated by the nonfullerene acceptor is as important as that
of the donor’s for the further improvement of the cell
performance. Normally, the acceptor’s excitons are exploited
through the hole-transfer. By this path, the exciton randomly
diffuses to the donor/acceptor (D/A) interface where the hole
jumps to the donor molecule and the electron remains at the
acceptor molecule, forming the so-called binding “electron—
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hole (e-h)” pair."” Organic semiconductors normally possess a
low dielectric constant, and the exciton thus shows a large
binding energy.20 This large Coulombic attraction can,
however, lead to significant recombination loss of the excitons
during random diffusion. As a result the exciton diffusion length
is normally short, typically about 10 nm.*"** To this end,
engineering the acceptor aggregates in the blend film is the
same important as the scientific selection of donor—acceptor
system, for example, with complementary absorption spectra
and matching frontier molecular orbitals.

Compared with the fullerene based counterpart, the efficient
nonfullerene solar cell normally has a lower electron mobility
than the hole mobility''* and suffers stronger recombination
loss, particularly, the geminate recombination.”® This is likely
due to the difference in the molecular structure between the
fullerene and organic acceptors. The spherical shape of the
fullerene molecule is helpful to form beneficial alignment with
the donor molecules, affording efficient charge dissociation.
From another aspect, it is easy for the fullerene acceptor to
form interpenetrating nanoscale networks, which is available for
the charge separation and transportation. However, both the
organic donor and acceptor molecules are composed from
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Figure 1. (a) Molecular structures of the donor and acceptor. (b) Normalized absorption (solid) and fluorescence (dash) spectra of the neat
acceptor (circle) film and the absorption spectrum of the pure donor (square) film. The fluorescence spectrum is obtained upon excitation at 500
nm. (c) Diagram of the energy levels of donor and acceptor, and the electron- and hole-transfer, respectively, for the usage of the solar energy
harvested by the donor and the acceptor phases. (d) Current density—voltage (J—V) curves and (e) IPCE spectra of the four best solar cells
processing without or with additive. (f) Dependence of the Jycs with the acceptor-rich dark phase sizes estimated from the TEM images of the
relative solar cell blends. The dark squares represent the data from the CF+CN, CF+ODT, and CF+DIO, respectively, and the blue open circles are
the data obtained from films with 0.5% and 1% DIO content ([DIO]), respectively.

planar organic z-moieties. Due to such similarity in molecular
structure between the nonfullerene acceptor and organic donor,
it is a big challenge to engineer the charge-separation and
transportation favorable nanoscale film-morphology, which lags
the realization of high-efficiency nonfullerene solar cells.

In this paper, our study clearly demonstrates that the film-
morphology such as the phase size of the acceptor domains and
the crystallinity of the donor phases in the solar cell blend can
be efficiently tuned by controlling the dissolved amount of the
organic components in the residue additive of the wet film. The
dissolved amount is controlled by using different kinds of
additives and different additive contents (v/v %). The afforded
BHJ all small-molecule solar cell (All SMSC)**™3! shows the
best PCE of 3.7%.

2. RESULTS AND DISCUSSION

2.1. Electric Performance of BHJ All SMSCs. Figure 1a is
the molecular structure of the selected small molecules, i.e.,
7,7’ (4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b’] dithiophene-
2,6-diyl)bis(6-fluoro-4-(5'-hexyl-[2,2'-bithiophen]-5-yl)benzo-
[c][1,2,5]thiadiazole) (p-DTS(FBTTh,),),” and 7,7'-(2,5-
thienyl) bis-perylene diimide (bis-PDI-T).*® The film absorp-
tion of this PDI acceptor is complementary to that of the donor
(Figure 1b), enhancing the usage of the solar photons by the
photoactive layer. Figure lc gives the energy levels of the
LUMO and the highest occupied molecular orbitals (HOMO)
of the donor and acceptor. The D—A combination shows
balanced energy offsets with AE; ;y0 = ELumo — Erumo = 0.6
eV and AEuomo = ERomo — Efomo = 0.7 eV, which enables
electron-transfer from the donor and eflicient hole-transfer
from the acceptor.
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The use of additive is a well-known method to improve the
performance of both the fullerene and nonfullerene solar
cells.' #2728 According to published studies, as an additive has a
higher-boiling point (T},) than the host solvent or/and it can
selectively dissolve one component of the donor and acceptor,
the use of additive may provide sufficient time for the blend
components to self-organize and to phase segregation, which
enhances the device performance.””?® Herein, we select 1-
chloronaphthalene (CN), 1,8-octanedithiol (ODT), and 1,8-
diiodooctane (DIO) as additives. As Table 1 shows, CN and

Table 1. Boiling Point of the Selected Solvent, And the
Solubility of the Donor and Acceptor in the Host and
Additive Solvents

solvent T, [°C] SpY [mg/mL] S,? [mg/mL] Sp/Sa¢
CF 61 2 3 0.7
CN 259 21 6 3.5
oDT 269 0.2 0.04 5
DIO 333 0.1 0.02 s

“The solubilities (in mg/mL) are all tested at room temperature. bSD
and S, represent the absolute solubility of the donor and the acceptor
in the neat solvent. “Sy,/S, represents the solubility ratio of the donor
and the acceptor in the same solvent.

ODT have close boiling points (T,) and slightly different
solubility differences between the donor and the acceptor, i.e.,
solubility ratios, (Sp/S,). In contrast, ODT and DIO have
different T}, but identical solubility ratios. The All SMSC solar
cell devices are fabricated with this D—A combination as the
photoactive layer, and use chloroform (CF) as the host solvent
and each of CN, ODT, and DIO as the additive. Table S1 in
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Table 2. Photovoltaic and Morphological Parameters of the Films Processed without or with Additives, And with Different DIO

“Average values from 10 devices and standard deviations are given in the braces.

Contents
cell parameters (av.”) phase size
Solvent PCE [%] Jsc [mA-cm™] Voc [V] FF [%] bright [nm] dark [nm]

CF 0.02 (0.02 + 0.00) 0.11 (0.09 + 0.01) 0.75 (0.78 + 0.02) 27.3 (274 + 047) S S
CF+CN 0.09 (0.09 + 0.02) 0.63 (0.68 + 0.07) 0.68 (0.61 + 0.06) 222 (239 + 1.3) 40 >400
CF+ODT 2.13 (1.95 + 0.09) 6.31 (628 + 0.10) 0.72 (0.70 + 0.01) 47.0 (447 + 1.8) 40 70
CF+DIO (0.15%) 3.70 (347 + 0.13) 7.54 (731 + 023) 0.74 (0.73 + 0.00) 66.1 (653 + 2.2) 40 30
CF+DIO (0.5%) 2.09 (2.04 + 0.04) 6.32 (622 + 0.09) 0.67 (0.66 + 0.00) 49.4 (48.6 + 0.6) 40 60
CF+DIO (1%) 1.57 (1.54 + 0.04) 6.20 (6.04 + 0.16) 0.62 (0.62 + 0.01) 40.9 (41.5 + 0.6) 40 80
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Figure 2. Plots of In(JL*/V?) vs (V/L)®® extracted from the solar cell blends fabricated without additive and with different additives (a and b) or with
different [DIO]s (c and d) on the basis of the hole-only (a and c) and electron-only devices (b and d).

the Supporting Information shows the parameters of the solar
cells optimized under different content of each additive. The
best PCE appears at an intermediate content of additive, which
is a common phenomenon for the use of additive in the field of
BHJ OCSs.

Table 2 collects the photovoltaic data of the best solar cells
optimized under different conditions. We name the solar cells
and their relative blends prepared without additive (i.e., pure
CF) and with 0.3% CN, 0.4% ODT, and 0.15% DIO as CF’s,
CF+CN’s, CF+ODT’s, and CF+DIO’s, respectively. Figure 1d
is the current density (J)—voltage (V) curves from the related
best cells. The CF’s solar cell shows much inferior performance
with a PCE < 0.02%. After using additive, the best value of the
short-circuit current density (Jsc) increases from 0.63 (CF
+CN) to 6.31 (CF+ODT), and then 7.54 mA/cm? (CF+DIO),
and the fill factor (FF) increases from 22.2 to 47.0 and then
66.1%. Following this order, the best PCE significantly
increases from 0.09 to 2.13 and 3.70%. The incident photon-
to-electron conversion efficiency (IPCE) (Figure le and Table
S2 in the Supporting Information) enhances in accordance with
the increase of the Jgc. If we turn back to Table 1, we can see
that the Js¢, FF, and PCE all increase with the decrease of the
absolute solubility value of the donor (Sp) and the acceptor
(S4) in the pure additive Sy and S,.
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Both the hole and electron mobilities are estimated by the
space-charge-limited current (SCLC) method. The electron-
only and hole-only devices are ITO/TIPD/donor:acceptor/Al
and ITO/PEDOT:PSS/donor:acceptor/Au, respectively. The
electron and hole mobilities were extracted by fitting the
current density—voltage curves using the following equation
In(JL*V?) = 0.89(1/Eo)*S(V/L)®® + In(9eequ/8).>"* Figure 2
gives the plots of In(JL*/V?) vs (V/L)"° and Table S1 in the
Supporting Information collects the estimated mobility data
from the intercept value of In(9€£gu,/8). One can see that (1)
the hole mobility increases by 1 order of magnitude after use of
additive and (2) hole mobility is always higher than the
electron mobility under each condition, suggesting that the
lower electron mobility is a factor limiting the scale of the
photocurrent.

2.2. Evolution of Crystallinity. The donor is highly
crystalline and its crystallinity can be controlled by the additive
content, as reported previously.”® Change of crystallinity of the
solar cell blends are studied by two-dimensional grazing-
incidence X-ray diffraction (2D-GIXRD) (Figures S1 and S2 in
the Supporting Information). Figure 3 gives the linecut profiles
along the out-of-plane and in-plane direction from the 2D-
GIXRD images of the pure donor and acceptor films, and the
solar cell blends obtained using different kinds of additives

DOI: 10.1021/am507581w
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Figure 3. Linecut profiles along the out-of-plane and in-plane
direction, both from the 2D-GIXRD images (Figures SI and S2 in
the Supporting Information) of the neat donor and acceptor film, the
blends (a) from CF, CF+DIO, CF+CN, and CF+ODT and (b) with 0,
0.15, and 1% DIO, respectively.

(Figure 3a) and under three [DIO]s of 0%, 0.15% and 1%
(Figure 3b), respectively. With respect to the highly crystallinity
of the donor, the acceptor is amorphous and no relative signals
are observed from the blends. The (100), (200), and (300) as
well as the (141)** diffractions from the donor are clearly
observed and their intensity all becomes weaker and the band
becomes broader as the used additive goes from CN to ODT
and DIO. The variation in the width of the (100) peak is
related to the change of correlation lengths of the donor
crystallites, which can be estimated by the Scherrer Equation L
= KA/3 cos 6,>® where L is the correlation lengths, K is Scherrer
constants, /3 is the full width at half-maximum of the diffraction
peak in radians, 4 is the incident wavelength, and 6 is the
diffraction angle. Table S3 in the Supporting Information shows
the calculated values of the correlation length. The correlation
length becomes shorter with the additive going from CN to
ODT and DIO, by this order the solubility of the donor
decreases.

The host solvent of chloroform evaporates completely after
spin-coating and the high-boiling point additive remains in the
wet film as residue. Lower value of the solubility shown in
Table 1 as the additive goes from CN to ODT and then DIO
indicates less organic component dissolving in the residue
additive in the wet film. Similarly, a decrease of the [DIO]
indicates less DIO remains in the wet film as the residue and
less donor (acceptor) is dissolved in the residue DIO. As a
result, a decrease of the [DIO] acts on the crystallinity similarly
to the change of the additive from one with a high solubility to
another with a low solubility. Figure 3b illustrates that all the
diffractions from the donor becomes weaker and the band
becomes broader upon the decrease of the [DIO], indicating a
shorter correlation length of the crystallites (Table S3 in the
Supporting Information).
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Figure 4 displays the absorption spectra of the neat donor
film and solar cell blend films obtained under different
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Figure 4. Absorption spectra of the donor solution with a
concentration of 107 M in CF and neat donor film and the solar
cell blends casting without or with additive of 0.3% CN, 0.4% ODT,
and 0.15% DIO, respectively.

conditions. As the donor is transitioned from the dilute CF
solution to pristine crystalline film, the absorption band is
significantly red-shifted with two peaks appearing at 620 and
680 nm, respectively, suggesting the formation of the crystalline
donor film. With respect to the featureless absorption band of
the CF’s blend, emergence of the 620 and 680 nm peaks
demonstrates the formation of crystalline donor domains after
the use of additive. The intensity of the 680 nm peak becomes
weaker and the long-wavelength edge is slightly blue-shifted as
the used additive goes from CN to ODT and DIO. The
absorption spectrum changes following the same trend as the
[DIO] decreases from 0.5% to 0.1% (Figure S3 in the
Supporting Information). Taken together, the absorption
spectra demonstrate that the crystallinity of the donor phases
becomes smaller either as the additive goes from CN to ODT
and DIO or as the [DIO] decreases, which is in line with that
trend from the 2D-GIXRD data. With respect to the crystalline
nature of the donor phases, the acceptor phases are relatively
amorphous, which is in line with the data of the carrier
mobilities, i.e, the electron mobility is always lower than the
hole mobility.

2.3. Evolution of Phase Size. The use of additive is
generally followed with a change in the film-morphology.
Figure 5 shows the typical transmission electron microscopy
(TEM) images of the solar cell blends under different
conditions. The CF’s solar cell blend shows negligible phase
segregation, whereas the blends after using additive all give
contrasted white and dark domains. In these TEM images with
a D/A weight ratio of 3:1, the bright phases are more frequently
observed. When the D/A weight ratio decreases to 1:3, the dark
phases are observed more frequently (Figure S4 in the
Supporting Information). This suggests that the dark phases
are the acceptor-rich domains, whereas the bright ones are the
donor-rich phases. We should point out that such assignments
need other evidence to further confirm. The phase size of the
acceptor-rich dark domains reduces from 400 to 70 and 30 nm
as the used additive goes from CN to ODT and then DIO
(Figure Sb—d), following this order the solubility of the
acceptor in the additive decreases (Table 1). Similarly, the dark
domains changes from fiber-like to particle-like and the phase
size decreases from 80 to 60 and 30 nm when the [DIO]
decreases from 1% to 0.5% and 0.15%. In a striking contrast,
the size of the white fibrils is kept constant at 40 nm either after

DOI: 10.1021/am507581w
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(a) CcF

(d). CF+0.15% DIO- *

(b) CF+0.3%CN

Figure 5. TEM image of the blend films (with a D/A weight ratio of 3:1) prepared from pure CF (a) and with 0.3% CN (b), 0.4% ODT (c), 0.15%
DIO (d), 0.5% DIO (e), and 1% DIO (f), respectively. The scale bars are 400 nm.
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Figure 6. (a) Structures of the planar devices of Device I and Control I and II and their photos showing semitransparent nature of the planar devices.
(b) Depiction of the experiments regarding the excitation and fluorescence collection for Device I and Control I and II. (c) Fluorescence spectra of
Device I and Control I and I All fluorescence spectra are obtained under excitation at 530 nm and with the same instrument parameters.

the use of ODT and DIO as the additive or after the use of
different [DIO]’s (Figure Sc—f). The white fibers tend to
aggregate at a higher DIO content, forming cluster-like
domains. Atomic force microscopy (AFM) height and phase
images (Figures SS and S6 in the Supporting Information) also
reveal a decrease of the phase size and the roughness-mean-
square (rms) either when the additive changes from CN to
ODT and ODT or when the DIO content decreases.

As mentioned in sections 2.1 and 2.2, both the data of the
carrier mobility and the crystallinity suggest that the amorphous
nature of the acceptor phases is likely a factor limiting the scale
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of the photocurrent. In this part of section 2.3, the TEM data
indicates that the phase size of the acceptor-rich dark domains
is obviously affected by the additive kind and content, while the
size of the donor-rich white fibers is little varied. As Figure 1f
displays, there is a good relationship between the Js¢ value and
the dark phase size. Such a phenomenon is in agreement with
the reported observation from the dependence of the EQE
value with the phase size, in which the phase size of the
polymer donor decreases with the decrease of the solubility of
the blend polymer donor in the host solvent and the maximum
EQE value increases linearly as a result.** We kindly note that

DOI: 10.1021/am50758 1w
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Figure 7. (a) Fluorescence spectra of pristine donor and acceptor film (dash), and their blend films (solid) (b) with different kinds of additives and
(c) with the increased DIO contents. All fluorescence spectra are obtained under excitation at 530 nm and with the same instrument parameters. (d)
Schematic image of hole-transfer and energy-transfer pathways for the exciton harvesting in acceptor phase.

when the adding DIO content is less than 0.15%, the Jsc does
not follow the linear plot with the phase size. This is probably
because in these cases (including the one without additive) the
Jsc is affected not only by the acceptor phase size but also by
the phase segregation.

2.4. Possible Energy-Transfer from Nonfullerene
Acceptor to Donor in the BHJ Blend Film. As Figure 1b
shows, the fluorescence spectrum from the pure acceptor film
overlaps with the absorption spectrum of the pure donor, which
enables energy-transfer from the acceptor to the donor. There
are already some studies on the energy-transfer from
supernumerary component to the host donor/acceptor.®~>
However, energy-transfer between the host donor and
nonfullerene acceptor is still little known to us. To confirm
the energy-transfer from the acceptor to the donor in solid film,
we fabricated a double layer device with a structure of quartz
glass/acceptor (25 nm)/epoxide resin (10 nm)/donor (20 nm)
(Device I, Figure 6a), in which the intermediate layer of
epoxide resin was used to avoid possible electron and hole-
transfer between the acceptor and donor layers. Two control
device of quartz glass/acceptor (25 nm)/epoxide resin (10 nm)
and quartz glass/donor (20 nm) (Control I and II, Figure 6a)
were fabricated for comparisons. The acceptor and donor layers
of the Control I and II were prepared under the same condition
with Device I, and the film thickness of the acceptor layer in
Control I and that of the donor layer in Control II are both
identical to that of the corresponding layer in Device I. Figure
6b depicts the experiments regarding the excitation and
fluorescence collection. Figure 6¢ gives the fluorescence spectra
and detected intensity from these three planar devices. For all
the three devices, the fluorescence is excited using the 530 nm
light and collected from the top surface of the organic layer, i.e,,
from the epoxide resin surface for Control I and the top surface
of the donor layer for Control II and Device I. The epoxide
resin layer is transparent with a transmittance of 98.7% (Figure
S7 of the Supporting Information) at 530 nm. The thicknesses
of the epoxide layer in Control I and Device I are identical to
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each other (both 10 nm). The effect of the parasitic absorption
from the epoxide layer on the fluorescence of Device I over the
Control I can be ruled out. One can see from Figure 6¢ that the
fluorescence from the acceptor in Device I is significantly
quenched with respect to that from Control I (Ij, 6.9 vs 2.2 X
10* au.). One may wonder that the donor layer atop the
epoxide/acceptor one in Device I should absorb the 530 nm
light with respect to Control I, which should contributes to the
fluorescence decrease. We kindly point out that the excitation
light power for the fluorescence measurement is usually much
higher than the fluorescence intensity of the experimental
sample, for example, our cases. We can thus rule out the effect
of the light absorption from the top donor layer on the
fluorescence intensity of the epoxide capped acceptor layer.
Accordingly, the fluorescence decrease from the acceptor layer
in Device I over that from Control I indicates the presence of
energy-transfer from the acceptor layer to the donor.

Upon excitation at 530 nm, the fluorescence intensity from
the pure acceptor film is stronger than that of the donor by 26-
fold (26.6 vs 1.1 a.u. per 100 nm of the film thickness) (Figure
7a). When the acceptor is blended with the donor together,
forming BHJ structure, the band shape (Figure 7b) and
intensity (Figure 7c) of the fluorescence from the CF’s blend
are both identical to those from the pure donor film. The
fluorescence from each of the CF+DIO’s, CF+ODT’s, and CF
+CN’s blends features very much like that from the pure donor
film, too (Figure 7b). These two facts from the fluorescence
spectra clearly indicate that the fluorescence from the acceptor
is totally quenched in the BHJ solar cell blends. More
interestingly, the fluorescence intensity from the blend film
increases continuously with the [DIO] (Figure 7c).

Because the energy-transfer does exist in the blend, going
from the nonfullerene acceptor to the blend donor, it should
act as complementary pathways with the hole-transfer for the
solar cell to harvest the acceptor excitons (Figure 7d),
contributing to the complete quenching of the acceptor
fluorescence and the increasing donor fluorescence. The
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Figure 8. (a) Plots of Jon V8 Vegp and light intensity dependence of the Jg¢ (b) and V¢ (c) for the devices with 0.1, 0.15, and 0.5% DIO, respectively.
The a and n are determined from the linear fitting (solid lines) to the experimental data.

donor excitons are exploited through the electron-transfer.
Although the phase size of the donor-rich fibers are kept
constant at ca. 40 nm, the formation of the cluster domains of
the donor-rich fibers should have negative effect on the charge-
transfer. In other words, the aggregation of the donor-rich
fibers upon the increase of the [DIO] is unfavorable to the
electron-transfer. The decrease of the electron-transfer and the
existence of the energy-transfer from the nonfullerene acceptor
both act on the increase of the fluorescence of the solar cell
blends.

Except for the charge-transfer appearing between the blend
donor and acceptor, other kinds of nonradiative pathways may
act on the fluorescence emission, especially for the highly
crystalline donor aggregates. The fluorescence quantum yield of
the donor is 22.71 and 1.32 in chloroform solution and in neat
film, respectively, indicating the fluorescence of the donor is
strongly quenched (by 17.2-fold) after transitioning from the
solution (molecular) to film (aggregate) state. The fluorescence
quantum yield of the acceptor is 4.01 and 2.52 in chloroform
solution and in neat film, respectively, indicating that the
aggregation-induced fluorescence quenching is very weak for
the acceptor (only by 1.59-fold). This is well consistent with
the highly crystalline nature of the donor and the amorphous
characteristics of the acceptor. As the data of the 2D-GIXRD
(Figure 3b) and absorption spectra (Figure S3 in the
Supporting Information), the crystallinity of the donor phases
in the solar cell blend gradually becomes greater and greater
with the increase of the [DIO]. The improvement of the
crystallinity of the donor phases should accompany with an
enhancement of the fluorescence quenching, due to the strong
aggregation-induced fluorescence quenching effect of the
donor. Therefore, the contribution from the nonradiative
recombinations other than the electron-transfer should become
greater and the fluorescence should be quenched more at a
higher [DIO]. However, the experimental intensity of the
fluorescence from the blend films is enhanced continuously,
following the increase of the [DIO] (Figure 7c). This suggests
that the fluorescence enhancement upon the increase of the
[DIO] might be excluded from the contribution from
nonradiative pathways (with the electron-transfer excluded).
Otherwise, the aggregation-induced fluorescence quenching
effect is weak for the acceptor. We can reasonably assume that
the acceptor domains in the BHJ solar cell blend should
photofluoresce, as the neat acceptor film does. Its intensity
should become stronger with the increase of the [DIO] because
the hole-transfer becomes weaker with the increase of the phase
size. However, the experimental fact demonstrates that no
fluorescence is detected from the blend acceptor. Taken

6468

together, the analyses on the aggregation-induced fluorescence
quenching of both the donor and acceptor again suggest that
the energy-transfer contributes to the fluorescence increase of
the blend films, accompanying with the increase of the [DIO],
as shown in Figure 7c.

Taken together, the above data demonstrates that the
electron-, hole-, and energy-transfer are all related to the
increase of the fluorescence of the solar cell blends.
Unfortunately, the data in hands cannot allow us to
quantitatively determine the contributions from the three
pathways, ie, energy-, hole-, and electron-transfer, to the
fluorescence emission of the blend films. This is particularly due
to the complexity of the distribution of the donor and acceptor
phases, the formation of the nanoscale interpenetrating
networks in the BHJ blend film and the unclear structure of
the donor—acceptor interfaces.

2.5. Carrier Generation, Collection and Recombina-
tion Loss. The photocurrent is scaled by the photogenerated
carrier concentration, which is related to several factors such as
the maximum e-h pair generation rate (G,,,) of solar cell,
collection, and recombination loss. To see the effects of the
phase size on the recombination of the mobile carriers for this
small molecule system, we hereafter select three DIO contents
as examples because the above results clearly indicate that the
decrease of the DIO content acts on the phase size in a similar
way with the change of the additive type from CN to ODT and
DIO. Figure 8a plots the photocurrent (J,;,) vs effective applied
voltage (V) at three [DIO]s, in which ], = J; — Jp, where J;,
and Jp, are the current measured under illumination (J;) and in
the dark (Jp), respectively, and V4 = V, — Vippr Vapp 15 the
applied voltage, V, is the compensation voltage, which is
defined as the voltage when ], = 0 mA/ cm? At the low Vg
range, where V,, is close to V;, implying a small electric field in
the device, J,;, the photocurrent increases linearly with the
effective voltage, whereas at the high V4 range, J;, enters the
saturation regime, where almost all the photogenerated bound
e-h pairs are dissociated, forming free charge carriers, and are
drifted to the right electrode.™ As a result, the saturated
photocurrent (J,,.,) can be expressed by G, with J, o =
eLG,,., where e is the electric charge and L is the thickness of
the active layer.**"** As shown in Figure 8a, the Joh,sat increases
from 0.1% (6.24 mA cm™2) to 0.15% DIO (7.98 mA cm™2), but
decreases at 0.5% DIO (6.72 mA cm™2). The calculated G,
changes from 4.6 to 5.6 and to 5.0 X 107 m™ 57!, which
increases first and then turn down as the [DIO] is over 0.15%.

The monomolecular/bimolecular recombination losses were
studied by the incident light power dependent J—V character-
istics. At short-circuit where the Vg is large, the photogenerated
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electrons and holes are efficiently swept out of the device prior
to recombination. This recombination is described using Jsc &
P (Figure 8b). The fitting value of « is 0.958, 0.998, and 0.983,
respectively, as the DIO content is 0.1, 0.15, and 0.5%. All
values are close to unity, indicating the monomolecular
dominates the recombination loss at short-circuit.**** At
open-circuit where all of the photogenerated free carriers
recombine, recombination mechanism can be reflected by the
formula: Vo & nkT/qln(P) (Figure 8c), where k, T, and q are
the Boltzmann constant, temperature in Kelvin, and the
elementary charge, respectively.** The value of fitting n is
1.07, 1.11, and 2.04, respectively. The V¢ exhibits stronger
light power dependence in the device as the [DIO] is 0.5% than
0.1 and 0.15%. The n value deviating from unity means that the
monomolecular recombination is involved and a larger n value
indicates more serious loss.***° Accordingly, the recombina-
tion data suggests that a higher [DIO] than 0.15% leads to
more serious loss of the free carriers. This may be related with
the formation of clusters of the donor-rich fibers and larger
acceptor-rich dark domains, both of which are yielded by a
higher [DIO] (Figure S). The slight decrease of the Jy is
consistent with the larger n value as the [DIO] is over 0.15%.

It should be noted that as the [DIO] is over 0.15%, the Jqc
only slightly decreases with the value down from 7.54 to 6.20
mA/cm” (Table 2) even as the [DIO] reaches 1%. This is
strikingly different from that observed from the PC,;BM based
cells with the same molecule as the donor and using similar
device structures, in which the device performance is
progressively increased and followed by a rapid deterioration
as the DIO content is over 0.4%.>> The slight decrease of the
Jsc at [DIO] > 0.15% could be an evidence for the participation
of the energy-transfer, which complements the decrease of
hole-transfer to exploit the acceptor excitons at a higher DIO
content level, as the acceptor’s phase size becomes larger.

Evidence also comes from the comparisons of the EQE
spectrum of the solar cell and the absorption spectrum of the
corresponding blend (Figure S3 in the Supporting Informa-
tion), both are obtained at a [DIO] of 0.1, 0.15, and 0.5%,
respectively. It can be seen that in the absorption spectra of the
three blends, the absorption around 520 nm are always much
weaker than those around 650 nm (Asyg nmiAeso nm = 0.4),
whereas the EQE response at the absorption wavelength region
of the acceptor (around 520 nm) are comparable with those at
absorption region of donor (around 650 nm)
(EQEs0 nm:EQEgso nm = 0.8). It can be seen that the EQE
response ratio is 2 times the absorption ratio of the acceptor
and donor. This again demonstrates that the energy-transfer
may contribute to the EQE response, and, further the
photocurrent. However, it is hardly to quantity the contribution
from energy-transfer. In fact, the obtained maximum photo-
current in device with an intermediate content of DIO is a
result of fine-turned phase-segregation and phase size, which
compromise the electron-, hole-, and energy-transfer, and also
the charge transportation.

3. CONCLUSIONS

An efficient all small-molecule BH]J solar cell with a PCE of
3.7% is obtained from a unique nonfullerene small molecule
system of p-DTS(FBTTh,), and bis-PDI-T. The phase size of
the donor-rich fiber is kept constant, whereas that of the
acceptor-rich domains is reduced by reducing the dissolved
amount of the organic component in the residue additive in the
wet film after spin-coating. The reduction of the dissolved
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amount of the organic component is achieved by either
changing the used additive from one having a high solubility to
another one with a lower solubility of the component, or by
decreasing the additive content (by which the residue additive
in the wet film becomes less and the dissolved amount of
component thus becomes less). It is clear that the amorphous
acceptor-rich domains play a key role in scaling the photo-
current and there is a good relationship between the Js and the
phase size of the acceptor-rich domains.

4. EXPERIMENTAL SECTION

Device Construction and Measurement. Indium tin oxide
(ITO) coated substrates were precleaned and treated with UV—0; to
further remove the organic residues. Then they were coated with
PEDOT:PSS (poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate)) (ca. 30 nm) and annealed in oven at 150 °C for
1S min. After that, active layers of p-DTS(FBTTh,),:bis-PDI-T were
spin-coated on the substrate from a CHCI; solution at a total
concentration of 12 mg mL™". Finally, Ca (ca. 20 nm) and Al (ca. 80
nm) were thermally evaporated on top of the organic layer to make
the sandwiched structure ITO/PEDOT:PSS/active layers/Ca/Al The
active area of the device was 0.06 cm® and the thickness of the
photoactive layers was about 100 nm. The current—voltage measure-
ments were carried out in the dark as well as under simulated 100 mW
cm™* AM1.5G light source, using a computer-controlled Keithley 2400
Source Measure Unit. The EQE measurements of devices were
performed in air with oriel IQE 200 (Newport) with a scanning rate of
20 nm per datum point.
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