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ARTICLE INFO ABSTRACT

Ternary blend organic solar cells (OSCs) composed of three components in the active layer shows the potential to
achieve higher power conversion efficiency (PCE) as compared to the binary counterpart due to the wider
absorption spectrum, higher generation rate, and better morphology. However, the physical understanding of
carrier generation and transport processes in the ternary blend OSCs has been limited explored. In the work,
together with experimental studies of the two donors, one acceptor ternary blend OSCs with PCE > 12%, we
will theoretically and experimentally describe the roles of the carrier generation (including exciton transfer,
delocalization and dissociation), and carrier transport (particularly the hole transport) on the performance of
ternary blend OSCs. Through theoretical and experimental investigations, critical design rules for improving the
device performance are concluded: (1) improving the exciton delocalization ratio via donor ratio optimization
with physical understanding, (2) selecting the donors with well overlap of emission and absorption spectra to
promote a beneficial exciton transfer, (3) engineering the energy level of donors to form the blocking barrier for
reducing hole transfer into the donor with high recombination loss. The work unveils the device physics which is
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fundamentally important for designing and optimizing high-performance ternary blend OSCs.

1. Introduction

According to detailed balance theory [1,2], the dominant efficiency
loss of a solar cell lies at the spectrum loss. Only photons with energy
larger than the band gap of active semiconductor materials will be
sufficiently absorbed and converted to electron-hole pair. Thus, fully
exploiting sun spectrum in a broadband range is essential to elevate the
power conversion efficiency (PCE) of a solar cell system. Recently,
ternary blend active layer structure has been intensively investigated in
bulk-heterojunction (BHJ) organic solar cells (OSCs) for utilizing the
wide spectrally distributed solar irradiation [3-11]. Different from the
optimization designs for traditional binary donor: acceptor system,
ternary blend OSCs contain the third component in the active layer, and
the third component with the complementary absorption spectrum to
the binary one, which can be a polymer or small molecule [3,9], offer
better matching to the solar spectrum and improve the total absorption.
Furthermore, by careful material selection and device fabrication, the
incorporation of the third component can improve the morphology of
the active layer, so that higher carrier mobility and more efficient
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carrier generation can be achieved [10]. By taking such advantages,
ternary blend OSCs have reached the state-of-the-art PCE of about 14%
[12,13], highlighting their great potentials in the field.

The working mechanism of ternary blend OSCs has attracted a lot of
interest from both the theoretical and experimental researchers. Several
alternative working principles of the ternary OSCs have been proposed,
based on different assumptions including the alloy model, parallel-
linkage model or sensitizer model [10,14-16]. All of these models
qualitatively explain some of the properties of ternary blend OSCs.
However, there are still issues that cannot be clearly and quantitatively
described, such as the exciton generation, dissociation, and transfer, as
well as the carrier transport and transfer, which are critically important
in understanding and optimizing the ternary blend OSCs.

The ternary blend OSCs can be simply divided into two categories:
two donors/one acceptor (D;/D,/A) and two acceptors/one donor (A;/
A,/D) [10]. In D;/D»/A system, solar energy can be absorbed by the
three components simultaneously, and excitons will be generated in the
active layer. Then, the generated excitons will dissociate into the free
carriers at the interfaces of D;/A or D,/A subsystems. During the
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process, two important excitonic physics concepts of exciton delocali-
zation and exciton transfer are involved, which govern the unique
carrier generation mechanism in the ternary blend OSCs.

The first exciton physics is exciton delocalization [17-19]. The ex-
citon behaviors after the photon absorption should be divided into two
parts: 1) the ultrafast exciton generation will occur in a very short time
regime (< 100fs) at the interfaces between the donor and acceptor
[19,20], and the excited exciton has a very large spatial delocalization,
and thus behaves like Wannier exciton, with a large initial exciton ra-
dius. The large initial exciton radius indicates the weak Coulomb in-
teraction between the electron and hole, and thus the high dissociation
probability. However, the experimental results [18-20] showed that a
part of the delocalized excitonic states will collapse to the localized
excitonic states at the same time, which behaves like Frankel exciton. 2)
The localized excitons will continue to diffuse towards the donor/ac-
ceptor interface, forming the charge-transfer (CT) state, and finally
dissociate into free carriers. The ratio of the delocalized excitonic states
to the total excitonic states plays a very important role in achieving the
high performance OSCs [17], while it is intrinsically determined by
donor-acceptor material and morphology [20,21]. However, the study
of delocalization mechanism in ternary blend OSCs is very limited, and
the role of delocalization mechanism in the efficiency improvement of
ternary blend OSCs is still unclear.

The exciton transfer physics for the diffusion of localized excitons to
the interfaces is considered as the second important excitonic physics.
Between the p-type components in ternary blend (i.e. D, D5 in D;/D,/A
system), the Forster energy-transfer can occur through non-radiative
process that are confirmed from the photoluminescence (PL) and ab-
sorption spectra [22]. The exciton transfer may change the total exciton
dissociation probability afterward determined by the probabilities at
D;/A and D,/A interfaces. In addition, after the exciton dissociation,
the carrier (i.e. hole) transfer may also exist between D; and D,, and
can further influence the performance of the ternary blend OSCs. It is
because two conducting channels of D;/A and Dy/A subsystems have
different carrier transport properties including mobility, recombination
and injection/extraction barriers. Therefore, the carrier transfer be-
tween the D;/A and D»,/A subsystems will influence the total re-
combination loss and thus the device performance. However, the effects
of both exciton and carrier transfer in the ternary blend OSCs have not
yet been explored.

In this work, through both experimental and theoretical studies, the
carrier generation mechanism includes the exciton delocalization, dis-
sociation and transfer, as well as the charge transfer during the carrier
transport process in ternary OSCs, which are very limited studied, will
be discussed. The efficiency changes in the physical processes of carrier
generation, exciton transfer and hole transfer will be quantified. Our
result indicates that the main loss of ternary blend OSCs is the in-
efficient localized exciton dissociation. In addition, the carrier loss in-
troduced by the detrimental exciton transfer (i.e. exciton transfer from
the donor with more efficient exciton dissociation D/A interfaces to the
one with less efficient exciton dissociation D/A interfaces) will reduce
short-circuit current density (Jsc), while the extra recombination loss
caused by the disadvantageous hole transfer into the donor with low
mobility and high carrier recombination will reduce the open-circuit
voltage (Voc) and fill factor (FF). Based on the experimental and
modeling results, we outline the systematic design rules i.e. increase the
exciton delocalization by optimizing the donor component ratio, select
the donor materials with proper overlap of the emission and absorption
spectrum to allow beneficial exciton transfer, and engineer the energy
level of donor materials to form blocking barrier for inhibiting dis-
advantageous hole transfer. This work enables to gain the insight of
device physics for developing high-performance ternary blend OSCs,
which will contribute to promote green energy application.
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2. Experimental section
2.1. Device fabrication

The non-fullerene acceptor has the advantages including the tun-
ability of light absorption and energy level, diversity of donor-to-ac-
ceptor combination, and large-scale production of acceptor materials,
which is the hot topic of ternary blend OSCs. To gain the insights of
device physics, here we have fabricated a new type of non-fullerene
ternary blend OSCs, which comprises a wide-bandgap non-fullerene
acceptor [23] (SFBRCN), a medium bandgap polymer donor (PBDB-T:
poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b']
dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’bis(2-ethylhexyl)benzo
[17,2’-c:4’,5’-c/]dithiophene-4,8-dione))]), and a low bandgap polymer
donor (PTB7-Th). Details of device fabrication are described in this
section.

2.1.1. Materials

PTB7-Th was purchased from 1-Material, PDBD-T and SFBRCN were
synthesized according to previously reported procedures. [23,24] All
other chemicals were purchased as reagent grade and used without
further purification.

2.1.2. Devices

The device structure is ITO/ZnO/PBDB-T;.:PTB7-Th,:SFBRCN/
MoOs/Ag. Pre-patterned ITO substrates (sheet resistance = 15Q sq~ ')
were sequentially ultrasonicated in detergent, deionized water,
acetone, and isopropanol, and then UV-cleaned in a UV-Ozone chamber
for 20 min. The ZnO solution (2M in toluene, diluted by tetra-
hydrofuran) was spin-coated onto the surface of the ITO substrates at a
rate of 5000 rpm for 30s in the 20 L min-1 dry airflow, and then baked
on a hot plate at 100 °C for 10 min to form a thin layer of about 30 nm.
Ternary blend films with the fixed D: A ratio of 1:0.8 and the total
concentration of 18 mgmL ™! in chlorobenzene (adding 0.75v/v% of
1,8-Diiodooctane, DIO) were prepared by spin-coating at 2000 rpm for
60 s. The thickness of the tannery blend films is about 110 nm. A mo-
lybdenum trioxide interlayer (MoO3z, 10nm) and a silver anode (Ag
100 nm) were finally deposited onto the surface of the active layer in an
evaporation chamber under high vacuum (= 10~ % mbar). The fabri-
cation details of hole-only and electron-only devices can be found in the
Supporting Information.

2.1.3. Device measurement

The thickness of the each layer was screened by using a Dektak 6 M
surface profilometer. The device area was fixed at 4.0 mm? The J-V
characterization of the devices was carried out on a computer-con-
trolled Keithley 2400 source meter with an Air Mass 1.5 Global (AM
1.5G) solar simulator (XES-70S1, SAN EI Co., Ltd.) as the light source
with an irradiation intensity of 100 mW cm ~ 2, which was calibrated by
using a standard silicon solar cell. The EQE values were tested with a
Newport Model 77890 (Newport Co. Ltd.) during the illumination with
a monochromatic light from a xenon lamp. The refractive indices (n, k)
of perovskite were performed under a dark ambient environment by
using spectroscopic ellipsometry (Woollam). All fabrication and char-
acterization processes, except for the refractive indices and EQE mea-
surements, were conducted in a glove box filled with argon atmosphere
(< 0.1 ppm O, and H,0).

2.2. Device modeling

Since a systematic device model to describe carrier generation and
transport processes in the ternary blend OSCs has not been explored in
details, we will develop a new model together with the series of ex-
periment for studying the carrier and exciton dynamics of ternary blend
OSCs. Different to the existing works like the alloy or cascade model
[10,14-16], a more realistic assumption is applied to this parallel-like
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model, coupled with our experiments: the three components in the
ternary blend can perform independently and contact with another
components individually, which not only enables the analysis of the
different carrier generation and transport in two subsystems, but also
did not exclude the discussion of carrier and energy transfer between
the donors. The external quantum efficiency (EQE) results of the
ternary blend OSCs under different component ratios, as shown in Fig.
S1, are similar to the weighted sums of the EQEs of the two D/A sub-
systems. This indicates that the two D/A subsystems have the almost
independent responses, so the parallel-like assumption is valid for our
study. The new model is based on the augmented drift-diffusion model,
including 1) the augmented continuity equations for electrons in ac-
ceptor A and holes in both donor D; and D, 2) the Poisson's equation
for potential distribution, and 3) the diffusion-dissociation equations
for localized exciton. We modified the hole transport through the
coupled continuity equations and then proposed the hole transfer in Dy
and D, by introducing the hole transfer rate terms (See Egs. (A2)-(A4)
in Appendix A). According to the Onsager-Braun theory [25,26], the
dissociation probabilities of the localized excitons at the D;/A and D,/A
interfaces are different, therefore we will model the exciton diffusion
and dissociation by introducing another two equations. The localized
exciton transfer between the donors is taken into account by introdu-
cing the localized exciton transfer rate (See Egs. (A8) and (A9) in
Appendix A). Since the free carrier generation by delocalized exciton
occurs in the ultrafast timescale, which is much shorter than the carrier
transport and exciton diffusion, the delocalization ratio (ratio of delo-
calized exciton to the total exciton) is introduced in the model to de-
scribe the free carrier generation by the delocalized exciton as a direct
generation.

The overall physical processes during the ternary blend OSCs op-
eration can be described by this model, and thus we can obtain the
theoretical photovoltaic performance. After photon absorption, the
delocalized exciton will be generated, while part of which then directly
separate into free carriers. The other part of delocalized exciton will
collapse into localized exciton. Once the localized excitons are formed,
they will diffuse to D;/A or D,/A interfaces and form the CT state to
separate. During the diffusion, the exciton transfer between D; and D,
will also happen [10]. After the dissociation of localized excitons at the
interfaces, the electrons will transport in the accepter domain and the
holes will transport in the two donor domains respectively. Meanwhile,
the hole transfer between the two donors D, and D5 occurs [27]. After
the transport in the active layer, the carriers (holes and electrons) will
travel through the corresponding charge transport layers (MoOs; and
Zn0), and finally arrive their respective electrodes. The details of the
governing equations and modeling parameters can be referred in
Appendix A. It should be noted that, the energetic disorder and the
specific morphological problems like interpenetration are not included
in our model, which should be important in the binary blend OSCs
[28-31]. That is because the morphological problem in our study can be
sufficiently discussed by the parallel-like model, and to our knowledge,
there is still no clear evidence that the energetic disorder will have
special effects on ternary blend OSCs, compared to the cases of binary
blend ones.

3. Result and discussion

The two polymer donors have the complementary absorption
spectrum, as shown in Fig. 1, resulting in a broad absorption range in
visible light wavelength. The inverted device structure of ITO/ZnO
(20 nm) /PTB7-Th,:PBDB-T(; 4):SFBRCN (100 nm) /MoO3 (10 nm)/Ag
(100 nm) has been fabricated, in which the PTB7-Th/PBDB-T/SFBRCN
system will be abbreviated as D;/D»/A hereafter. With the increase of
PTB7-Th (D;) amount from O to 1, the experimental photovoltaic per-
formance of the ternary blend OSCs are shown in Fig. 2, including the
current density-voltage (J-V) curve and the detailed photovoltaic
parameters. The experimental results show that the best OSC
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table is the detailed photovoltaic parameters. The averaged PCE values are from
at least 20 devices.

performance of the ternary devices is obtained with the 70% blend ratio
of PTB7-Th (D;). Voc monotonously decreases as increasing D; amount.
Differently, Jgc first increases from 13.65 mA cm™ 2 to 17.86 mA cm 2
(at 70% blend ratio of D), then decreases to 17.11 mA cm ~ 2, fill factor
reveals a similar trend as Jsc and reaches the peak value of 73.9%. The
resultant best PCE of 12.27% is achieved with the ratio of 70% PTB7-
Th.

Coupled with the theoretical discussion of device physics of the
ternary blend OSCs, the systematic design rules will be put forward in
the following sections. The mechanism of free carrier generation,
especially the exciton delocalization, are shown in Section 3.1, which
indicates the importance of improving the exciton delocalization ratio
in the ternary device via the donor ratio optimization. The mechanism
of localized exciton transfer, which are mainly related to Js¢, as well as
the design rule of selecting the materials with proper overlapping of
photoluminescence and absorption spectra, are discussed in Section 3.2.
The effect of hole transfer between the donors will be analyzed in
Section 3.3, which would mainly influence Vo and fill factor. The
design rule to improve the Voc and fill factor is also shown in this
section. It should be noted that in order to favor the theoretical dis-
cussion of the exciton and hole transfers, the ratio of the D; and D,
component in the device simulation is set as D;:D, = 1:1 in Sections 3.2
and 3.3. In Section 3.4, we will discuss and analyze the overall
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performance of ternary blend OSCs, quantitatively determine the effi-
ciency change caused by the mentioned mechanisms, and summarize
the corresponding design rules based on the theoretical and experi-
mental results for the ternary blend OSCs.

3.1. Carrier generation in ternary blend

Carrier generation process in OSCs includes the photon absorption,
exciton generation and dissociation. The photon absorption contributed
exciton generation rate is determined by the electromagnetic modeling
of the devices including the carrier transport layers and electrodes [32],
using the refractive index of each layer measured by the ellipsometer
[33], in which the refractive indexes of the ternary blends are shown in
Fig. S2. The spatial distributions of generation rate in the active layer
with different blend ratios of D; component (PTB7-Th) are shown in
Fig. 3(a), a significant increase of the generation rate is observed as
increasing the ratio of D; component. The averaged generation rate in
Fig. 3(b) reveals that the increase of D; component will boost the total
generation. The ideal photocurrent can be calculated by the empirical
equation J,,=qGL, where G is the averaged generation rate, L is the
length of the active layer, and q is the elementary charge. Consequently,
through conventional empirical model, the photocurrent J,, should
obey the trend of the generation rate which augments with an increased
ratio of D; component. Differently, there is a clear discrepancy between
the Jg¢ and the corresponding J,,, while both our theoretical and ex-
perimental studies show that the optical loss and electrical loss (parti-
cularly caused by delocalization ratio) directly explain the discrepancy
which will be detailed as below.
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3.1.1. Optical loss

At first, the optical loss occurring during the photon absorption
process is calculated by the detailed balance model, which shows the
efficiency limit of the solar cells and only depends on the material
absorption spectra [1,2]. The framework of the detailed balance model
is briefly outlined in the Supplementary Materials. We obtain the lim-
iting short-circuit current Jy,;, under the assumption of infinite thick
active layer. The optical absorption bandgap of the ternary blend is
considered as the smaller bandgap of the donor-acceptor combinations.
The optical losses of the two binary blend OSCs (D,/A and D»/A sub-
systems) and the ternary blend OSCs are listed in Table 1 and they refer
to the current loss at the short-circuit condition, which is defined as
100%X (Jiimie-Jpn) /Jiimie, Where Jpn =qGL. This optical loss indicates the
part of incident photon energy which cannot be absorbed by the spe-
cific solar cells. It can be seen that the optical loss of ternary blend
device (22.59%) is lower than the binary ones, which is 22.76% for D1/
A system and 26.73% for Do/A system. The introduction of D; com-
ponent in the ternary blend will extend the absorption range, increase
the total generation as compared to the binary D,/A system, and result
in the reduction of optical loss. However, the reduced optical loss of

Table 1
Optical loss in binary and ternary blend OSCs.

Device type D, /A binary D,/A binary D;/Dy/A ternary’

Optical loss (%) 22.76 26.73 22.59

1 The ratio of D; in the ternary D;/D»/A blend is 90% that has the lowest
optical loss.
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ternary D;/D,/A blend (~ 4.14%) cannot contribute to such significant
improvement of experimental Jsc (~ 30%, see inset of Fig. 2) of ternary
blend OSCs. Consequently, our result indicates that not only the optical
properties, but also the electrical properties of exciton and charge
carriers play an important role in the efficiency improvement.

3.1.2. Electrical loss

As we know, the difference between the photo-generated current J,y,
and short circuit current Js¢ are mainly due to inefficient dissociation of
the excitons. Theoretically, the electrical loss caused by the inefficient
dissociation of excitons can be indicated by the discrepancy between
the Jg¢ and the corresponding Jp,,, which is defined as 100%X (Jpn-Jsc)/
Jpn. The experimental Jgc and the maximum theoretical photocurrent
Jpn for ternary blend OSCs of different PTB7-Th ratios are shown in
Fig. 3(c) and the electrical loss is shown in Fig. 3(d). Generally, the
dissociation probability of the localized exciton at D;/A and D,/A in-
terfaces stay constant, the electrical loss should be linearly changed
with the component ratio in the case that the exciton delocalization
mechanism is not considered. Interestingly, a turning point at 70% ratio
and the changing slope of the curve are observed in Fig. 3(d) (resulting
into the best performed ternary OSCs at 70% ratio as shown in Fig. 2
and the inset Table), which suggests that the change of electrical loss is
critically correlated to the effect of exciton delocalization.

The delocalization ratio change of the ternary active layer under
different component ratios is very important but limited studied. As
observed in binary organic blend, the promotion of exciton delocali-
zation would directly favor the carrier generation resulting in linearly
increasing Jsc and PCE. The higher delocalization ratio of the total
generated excitons, the lower energy loss caused by the localized ex-
citon decay [17]. In this work, we have introduced the effect of delo-
calization in the ternary blend OSCs to interpret the reduction point
shown in Fig. 3(d). Through combining the theoretical modeling results
with the experimental results, we will unveil that the lower electrical
loss at 70% PTB7-Th ratio is mainly attributed to the higher delocali-
zation ratio, which highlight the importance of improving the deloca-
lization ratio in ternary blend. Since delocalization effect can be re-
presented by the experimental J-V characteristics, we will elucidate the
detailed delocalization effect in Section 3.4.

3.2. Exciton (energy) transfer in ternary blend

The optimization of the ternary blend OSCs lies at the reduction of
the energy loss caused by several processes, including exciton decay
and bulk recombination. When the D, ratio increases from 0% to 100%,
the localized exciton dissociation may occur in two donor/acceptor
interfaces with different dissociation rates and probabilities. In the
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meantime, both of the exciton and hole transfer processes may occur in
the mixed ternary blend which is very different from binary blend
systems, exciton transfer process will be studied in this section and the
hole transfer process will be discussed in the next section.

The exciton transfer direction between two donors can be de-
termined by the overlap of their PL and absorption spectra. As con-
firmed by the PL and absorption spectra of the two polymers and the PL
of their blend (See Fig. 1), the PL spectrum of D, (peak at 720 nm) has a
good overlap with the absorption spectrum of D; (peak at 710 nm),
while the PL spectrum of D; (peak at 840 nm) is far away from the
absorption spectrum of D, (peak at 590 nm). Based on the Forster en-
ergy transfer theory, the good overlapping of the PL spectrum of D, and
the absorption spectrum of D; will lead to a large Forster energy
transfer radius, therefore a large energy transfer rate. In addition, the
PL spectrum of the D;:D, blend is similar to that of D; PL, which also
indicates excitons move from D, to D; before they radiatively re-
combine. Consequently, our results show that the non-radiative exciton
transfer exists in the blend, but only the transfer from D, to D, is al-
lowed, which will result in extra carrier loss and reduce the Jsc. To
further study the effect of the exciton transfer, we have simulated
ternary blend OSCs and their results are discussed below.

As shown in Fig. 3(d), the electrical loss of binary D;/A subsystem is
larger than that of D,/A counterpart, which indicates the localized ex-
citon dissociation at the D, /A interface is less efficient than that at D,/A
interface. However, the exciton transfer process enables the exciton
generated in D, to diffuse towards D;, and then to dissociate or decay at
D;/A interface. The effect of this process is shown in Fig. 4. With the
increase of exciton transfer rate in the ternary blend, the number of
dissociated excitons will reduce, but conversely increase the number of
the decayed excitons, implying the total energy loss in the solar cells
become significant. Therefore, the Jsc decreases from 17.39 mA cm ™2
to 16.95mA cm ™~ 2 by 3%. Since exciton energy loss has ignorable ef-
fects on the carrier extraction process and the bulk recombination, the
Voc only reduces 3mV, and the fill factor only decrease by 1% (not
shown). As a result, the decrease of PCE from 11.77% to 11.51% by
0.26% is mainly due to the reduction of Jsc. When the exciton transfer
rate increases to the order of 10° s~ !, the change of device performance
parameters will saturate, because the most part of the excitons in D,
have already transferred to D,. Consequently, the exciton transfer in
our device will reduce the total amount of generated carrier, resulting
in a lower Js¢c and PCE. However, if the PL spectrum of D, can overlap
well with the absorption spectrum of D, and the exciton transfer di-
rection is from D; to D,, we can expect a higher Jsc from the beneficial
exciton transfer. Therefore, selecting the materials with proper over-
lapping of the PL and absorption spectra as mentioned will improve the
Jsc and thus PCE.
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3.3. Hole transfer between donors in ternary blend

Apart from the mechanisms during the carrier generation process,
the ternary blend structure will also influence the carrier transport. The
hole transfer between D; and D, will affect device performances in
terms of different recombination rate coefficient (y) and carrier mobi-
lity [27]. The hole transfer from acceptor to donor which may exist in
some D/A systems is not considered here since it is not related to the
unique properties based on the ternary blend structure, i.e. differences
between two donors. The lower recombination rate coefficient and
higher mobility in D,/A subsystem channel make it facilitate the carrier
transport, while the carrier transport in D,/A subsystem channel will
suffer from a larger recombination loss. In order to confirm the ex-
istence of the hole transfer between the donors, the hole-only devices
based on single-layer and double-layer of D; and D, have been fabri-
cated and measured. The J-V characteristics of the hole-only devices are
measured under the forward and backward bias voltages, and the
symmetric J-V curves are observed for both the devices with single-
layer and double-layer of D; and D, as shown in Fig. S3. These results
indicate that the hole transfers from D; to D, and from D, to D, are all
available, although the HOMO offset (0.06 eV) exists between the two
donors. Therefore, in our analysis, the transfers of the holes from D; to
D, and from D5 to D, exist simultaneously and the cancellation of each
other will result in a net hole transfer. The influences of the net hole
transfer both from D; to D, and D, to D; are shown in Fig. 5.

It should be noted that the recombination rate R is the product of
recombination rate coefficient y and the carrier density (n X p), as
shown in Eq. (A6). The results show that the hole transfer from the
“better” channel to the “worse” channel will induce the extra loss.
When holes transfer from D, to D;, the transfer of the carriers to the
worse D;/A subsystem channel will substantially increase the bimole-
cular (bulk) recombination. Meanwhile, the reduction of the hole
density in the other better channel cannot contribute to reduce the total
recombination due to its already small recombination rate coefficient y.
Therefore, as shown in Fig. 5(a), in this worse case of hole transfer (D,
to D;), the total recombination in the device will increase that will
decrease the device performance. On the contrary, in the better case of
hole transfer (D; to D), the transfer from the worse subsystem channel
to the better one will reduce the overall recombination, and increase
the performance. The increment of Vo¢ and fill factor from the worse
case to the better case can be up to 20 mV and 4%, respectively. Con-
sequently, controlling the hole transfer direction is critical, i.e. by en-
gineering the energy level alignment to enhance the beneficial hole
transfer rate and form a blocking barrier for eliminating the dis-
advantageous hole transfer into worse subsystem channel with high
recombination loss.
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3.4. Theoretical and experimental understanding of overall performances

After understanding the physics and effects of the carrier genera-
tion, exciton and hole transfer from Sections 3.1 to 3.2, we can theo-
retically and experimentally evaluate the overall device performances.
The carrier generation and transport mechanisms of the ternary blend
0OSCs under different component ratio can be obtained and analyzed
with the proposed device modeling. The delocalization ratio (14 in Eqgs.
(A2)-(A4), (A8) and (A9)), exciton transfer rates (v; 2, in Egs. (A8) and
(A9)) and hole transfer rates (0 1,2, in Eqs. (A3) and (A4)) can be de-
termined by carefully fitting the results from modeling and experiment.
As discussed previously, the exciton transfer has a significant influence
on the free carrier generation and thus Jsc, while the hole transfer
shows more impact on the carrier transport and thus V¢ and fill factor.
The delocalization ratio will simultaneously and near linearly change
the Jsc, Voo, fill factor, and PCE. The theoretical results are well-agreed
with the experimental results as shown in Fig. 6 for understanding the
physics of carrier generation and transport as described below.

The experimental Js¢, Vo, fill factor and PCE in Fig. 6 are sum-
marized from Fig. 2. From the theoretical results, the device physics can
be clearly unveiled by the ratio of delocalization exciton (74), the ex-
citon transfer rate (v;) and the hole transfer rate (0;) determined as in
Fig. S4. By introducing the D; (PTB7-Th) component into the active
blend, the delocalization ratio decreases at the beginning, but when D;
ratio further increases, the delocalization ratio increases and peaks at
the optimized D, ratio 70%. The high delocalization ratio at 70% D,
ratio should be attributed to the good morphology, which can be sup-
ported by the highest and balanced electron and hole mobilities at this
ratio (See in Table S1). Since there is no overlap between D; PL and D,
absorption spectrum, the exciton transfer from D; to D, is forbidden
(i.e. v;=0). Meanwhile, the allowed exciton transfer from D, to D; first
increases and then decreases and the peak point reaches at the D; ratio
of 70%. Although the two-way hole transfers are all possible, through
the theoretical and experimental studies, we confirm that the effective
hole transfer direction is from D; to D,, and the hole transfer rate also
reaches the maximum at the ratio of 70%.

With the above theoretical and experimental results, the PCE of the
ternary blend OSCs reveals a clear correlation with three parameters of
delocalization exciton ratio, the exciton transfer rate and the hole
transfer rate, which corresponds to the three physical processes of the
ultrafast and efficient free carrier generation from delocalized exciton,
the unexpected exciton transfer from D, to D; and the advantageous
hole transfer from D, to D,, respectively. The PCE change (APCE) of the
ternary blend OSC has been quantitatively evaluated in Table 2, in
which APCE = 100%X(n — n*)/n, n is the theoretical PCE taking into
account all the three physical processes, which matching the
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Fig. 5. The change of recombination rate R at V,,, = 0.5V (a) and the V¢ and fill factor (b) versus the hole transfer rate. The ratio of the D; and D, in the simulation

is set as D:D, = 1:1.
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Table 2

The PCE change (APCE) in ternary blend OSCs with different D, ratios (i.e. D/
(D; + D)) caused by A: inefficient free carrier generation, B: undesirable ex-
citon transfer from D, to D; and C: the advantageous hole transfer from D; to
D».

D, ratio 10% 30% 50% 70% 90%
APCE by A — 21.94% — 23.62% — 22.42% — 20.85% — 27.44%
APCE by B — 3.41% — 2.23% - 1.90% - 1.12% — 0.47%
APCE by C + 0.51% + 2.71% + 3.30% + 5.43% + 2.16%

experiments, and n* is the theoretical PCE without the specific physical
process. Negative sign of APCE means that there is a PCE loss while
positive sign of APCE indicates there is PCE enhancement. It should be
noted that the case (A) show APCE excluding the effect of localized
exciton i.e. delocalization ratio = 100%, implying that APCE is due to
the inefficient free carrier generation caused by the localized exciton.
Our results show that, in case (A), the loss caused by inefficient free
carrier generation is minimum at D; ratio of 70%. The best performance
mainly benefits from the efficient free carrier generation, i.e. ultrafast
carrier generation by delocalized exciton. In case (B), the loss from the
exciton transfer from D, to D; decreases continuously when D; ratio
increases. It is because the increased total amount of excitons from the
boosted exciton generation rate will enlarge the amount of free carrier,
and thus compensate the detrimental influence of exciton transfer. In
case (C), the enhancement from the hole transfer reaches the maximum
at D, ratio of 70% condition, since the largest hole transfer rate from D
to D, at this condition reduces most the recombination loss.
According to our theoretical results, the main improvement of the
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ternary blend OSCs is from the more efficient carrier generation by
localized exciton dissociation and delocalization process. Meanwhile,
from the above experimental and theoretical studies, we summarize the
general design rules to improve device efficiency of ternary blend OSCs.
(1) As discussed in Section 3.1, a better exciton delocalization via donor
ratio optimization is beneficial to more efficient carrier generation,
which is the most important way to improve Jgc and thereby the device
performance of ternary blend OSCs. (2) Since the overlap between the
emission and absorption spectra of the donor materials determine the
exciton transfer direction, the selection of donor materials needs to
ensure good overlap of the absorption spectrum of the donor material
with the high exciton dissociation probability at the D/A interfaces and
the PL spectrum of another donor material, which will increase Jgc. (3)
Since hole transfer inside the ternary blend OSCs to the donor with
large recombination rate will cause extra loss, the engineering of the
energy level alignment of donors needs to be applied to form the
blocking barrier. This can inhibit the disadvantageous hole transfer to
the donor with large recombination rate and will reduce the re-
combination loss resulting in the increase of the V¢ and fill factor.

With the three design rules, the ternary blend OSCs can benefit from
the wide absorption range, large exciton generation rate, lower re-
combination rate, high exciton dissociation efficiency, and thus reach a
high PCE. These advantages are based on the unique structure of
ternary blend OSCs, and cannot be reached by the solar cells with si-
milar principles like tandem solar cells, due to the lack of the exciton
and carrier transfer between the components, and the existence of the
challenges in the interfaces contact.
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4. Conclusion

We have conducted the comprehensively theoretical and experi-
mental studies of carrier generation and transport in ternary blend
OSCs. We have clarified the carrier generation (exciton transfer, delo-
calization and dissociation) and transport processes in the ternary blend
0OSCs. Meanwhile, the high-performance non-fullerene acceptor ternary
blend OSCs made from of PTB7-Th (D;)/PBDB-T (D,)/SFBRCN (A)
system have been fabricated for understanding the device physics. Our
results indicate the improvement of the performance of ternary blend
OSCs is not only attributed to the reduction of optical loss, but also to
the optimization of the exciton and carrier behavior. The carrier gen-
eration and transport have been analyzed in details. Our results show
that the transfer directions of the exciton and hole transfer in donors
will have a significant influence on device performances due to the
unbalanced exciton dissociation probability and recombination
strength in the different donor: acceptor combinations. We have also
summarized three guidelines for ternary blend OSCs. (1) The larger
delocalization ratio favors the carrier generation and results in a higher
Jsc, which is well supported by the experimentally fitted parameters of
delocalization ratio. Improving the delocalization ratio via donor ratio
optimization with physical understanding is highly important for pro-
moting efficient carrier generation. (2) The well overlap between D, PL
spectrum and D; absorption spectrum introduces the localized exciton
transfer from D, to Dy, which causes an extra loss of Jsc because of the
insufficient exciton dissociation probability at D,/A interface suggested

Appendix A. Theoretical modeling details
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by the experimental results. This finding can be applied to other D,/D5/
A (A1/A,/D) ternary blend systems by carefully selecting the donors
(acceptors) materials with appropriate overlap between the PL and
absorption spectra to control the exciton transfer direction, and reduce
the loss. (3) Since D, has a small recombination rate and high carrier
mobility that favors the carrier extraction, the theoretical and experi-
mental results show that the net hole transfer from D; to D, will reduce
the total recombination loss and thus increase the V¢ and fill factor. In
other D;/Ds/A (A;1/A,/D) ternary blend systems, the engineer of energy
level alignment of the donors (acceptors) material to form the blocking
barrier can control the net carrier transfer direction, and increase the
performance. Our work contributes to unveil the insight of device
physics and propose the new design rules for achieving high-perfor-
mance ternary OSCs.
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The semiconductor carrier transport model based on the drift-diffusion equations has been widely used in the multi-physical simulation of solar

cells [34,35]. In our model, the governing equations are shown as follows:

V(eVp) = —q(p, + p, — 1) (A1)
on 1

— =1,G+ =V-{qu,nE, + qD,Vn|+ kX + kX, — R — R,

ot q (A2)
Py G- Ly E, + gDy Vp, | + kX — R

? =an, G — E . q/"plpl P +q p1 VD + /X — R+ 02p, — O1P; (AB)
%P, _ 1 G-1v E, + qD,,V kX, — R

a |1 %) _E | 4Mp2P2Ep + qDp2 VP, | + le Xy — Ry + 01py — 02, A9

where p;, p,, and n are the densities of hole in D, D, and A respectively, q is the electronic charge, y, and p, are the electron and hole mobility
respectively, and D,, and D, are the electron and hole diffusion coefficients, respectively, which obey the Einstein relation:

_ kT

D, =
n,p q Hnp (A5)

where kg is the Boltzmann constant, and T is the absolute temperature. E,, and E, are the internal electrostatic fields for electron and hole,
considering the effect of the injection and extraction barriers at the interfaces. 54 is the delocalization ratio, and G is the exciton generation rate in the
active layer. The separation of the delocalized exciton is highly efficient and rapid, thus it will be considered as the direct generation of the free
carriers [17].

The component ratio D;/(D; + D,) in our model is denoted by the factor a, which modulates the generation rate in Eqs. (A3) and (A4). Each
component in the active layer will absorb photons individually, and thus it will be a proper approximation to modulate the generation rate by the
component ratio under an assumption that the components in the blends are mixed uniformly. The introduction of this factor also indicates that the
ratio D;/(D; + D) will directly influence the vertical distribution of the donors and acceptor, so that the carrier transport and collection. o3, 0, are
the hole transfer rates from D, to D, and D, to Dy, respectively, and the loss occurring during the transfer is ignored. R; ) represent the bimolecular
recombination between n and p;z) respectively, which obey the form:

R = ey (np = n?) (A6)
where n; is the intrinsic carrier density of the active material. y is recombination coefficient by Langevin [36]:
Y= q@

(e (A7)

where < u > isthe spatial averaged summation of hole and electron mobility, and < ¢ > is the spatial averaged dielectric constant. The factor ry is
a coordination factor introduced to reduce the recombination rate given by Langevin theory [36], which is much larger than that in experiment
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Table Al
The list of the parameters used in the simulation.
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Parameters Symbol Numerical Value
Exciton lifetime in D;/A 77 92.7 ps [27]
Exciton lifetime in Dy/A T 165.9 ps [27]
Exciton radius a 1.7 nm

Exciton diffusion length L 8.5nm [40]
Average dielectric constant € 3.9

Carrier mobility Unp See in Table S1
Temperature T 300K
Generation rate G See in Fig. 3
Effective density of state N.(N,) 25%x 10 m~°
Bandgap of D;/A Eg; 1.41eV [27]
Bandgap of Dy/A Eg, 1.47 eV [27]

[37,38]. Here ry is set as 1 X 1072 in the simulation.

The parameters k; and k, are the localized singlet exciton dissociation rate, given by the Onsager-Braun model, and X; and X are the con-
centrations of the singlet excitons which will dissociate at the D,/A or D,/A interfaces. The behavior of the excitons is described by the augmented
diffusion-reaction equations:

X, X

%% _ 4 1-1|G+ V{DuVX |- kX — 2 + R + 0% — 01X

ot T (A8)
&z 1—alll=7,|G+ V|DuVX, —kzXz—&+r)sR2+le1—v2X2

ot T (A9)

where D,; 2 are the exciton diffusion coefficients obtained from the equation L = /Dy )% (2)- The empirical exciton diffusion length L is con-
sidered as 8.5 nm, as shown in ref. 28. The (1-74) part of the exciton generation rate will form the localized excitons, and they may diffuse to the
donor/acceptor interface through the Forster energy transfer. At the interface, they will dissociate at the rates k; », or decay to the ground state in the
lifetime 77 ». The bimolecular recombination of the free carriers will regenerate the localized exciton, and only the singlet exciton will be considered
in the model, with the amount ratio of 5, = 1/4. The exciton transfer from D; to D, and from D, to D; are represented by the rate factor vy, 5.

The charge collection properties are modeled by setting the multi-layered device structure including the carrier transport layers and the elec-
trodes. We considered the charge injection/extraction effects by including the injection/extraction barriers in the internal electrostatic fields E, and
E,. We set x = 0 as the top cathode of the device, where x denotes the position, and set x = L as the bottom anode, where L is the device thickness.
The boundary conditions for the Poisson equation is determined by the work functions of the cathode and anode, as well as the Schottky barrier
between the electrodes and the charge transporting layers, as shown below:

®(0) = —We — Upn, (L) = Vo — Wa + Upp (A10)

where W¢ ) is the work functions of cathode (anode), Ugp sn) is the Schottky barrier at the interfaces between carrier transporting layers and
cathode (anode), and V, is the applied voltage. The boundary conditions of electron and hole densities are:

B _Upy _ (Ugp — Eg)
n(0) _Ncexp[ —kBT), n(L) —NceXp[ikBT ] (A11)
_ (Upy — Ey) _ _ Upp
p1,(0) = Ny exp [4kBT ] pip(L) =Ny exp( kBT) (A12)

where N, (v, is the effective density of states of conduction (valence) band of the carrier transporting layers, and Ej is the bandgap.
The excitons will quench at the interfaces between the active layer and carrier transport layers (x = d;, x = d5):

Xi2(d) = X12(dy) =0 (A13)

Egs. (A1)-(A4) and (A8) and (A9) will be solved by the finite-difference method using the semi-implicit strategy in time domain [32]. For spatial
domain, Scharfetter-Gummel scheme is used [39]. The detailed discretization form will be shown in supplementary material. The parameters used in
this model are shown in Table Al. The energy level schematic and the device structure are shown in Fig. S5.

Appendix B. Supplementary material

Supplementary data associated with this article can be found in the online version at http://dx.doi.org/10.1016/j.nanoen.2018.06.069.
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