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Advances in material design and device engineering led to inverted

organic solar cells (i-OSCs) with superior power conversion

efficiencies (PCEs) compared to their “conventional” counterparts,

in addition to the well-known better ambient stability. Here, we

report an in-depth morphology study of the i-OSC active and

cathode modifying layers, employing a model system with a well-

established bulk-heterojunction, PTB7:PC71BM as the active layer

and poly-[(9,9-bis(3’-(N,N-dimethylamino)propyl)-2,7-fluorene)-

alt-2,7-(9,9-dioctylfluorene)] (PFN) as the cathode surface modify-

ing layer. We have also identified the role of a processing additive,

1,8-diiodooctane (DIO), used in the spin-casting of the active layer

to increase PCE. Using various characterization techniques, we

demonstrate that the high PCEs of i-OSCs are due to the diffusion

of electron-accepting PC71BM into the PFN layer, resulting in

improved electron transport. The diffusion occurs when residual

solvent molecules in the spun-cast film act as a plasticizer. Addition

of DIO to the casting solution results in more PC71BM diffusion and

therefore more efficient electron transport. This work provides

important insight and guidance to further enhancement of i-OSC

performance by materials and interface engineering.

Organic solar cells (OSCs) have attracted tremendous attention
as next-generation photovoltaics due to their potential for gen-
erating electricity at a low cost and compatibility with flexible

substrates required for roll-to-roll manufacturing.1–4 In the
past decade, various efforts such as thermal annealing,5,6

solvent-vapor annealing,7,8 use of processing additives9–11 and
solvent mixture,12,13 material design,14 and interface and band
gap engineering15–17 have been expended to improve the
power conversion efficiencies (PCEs) of OSCs.18

Compared with the conventional organic solar cells
(c-OSCs), where the hygroscopic and corrosive poly(3,4-ethylene-
dioxythiophene):poly(styrenesulfonate acid) (PEDOT:PSS)
hole transport layer and a low work function metal top elec-
trode are detrimental to device lifetime, inverted organic solar
cells (i-OSCs) exhibit significantly improved stability under
ambient conditions by avoiding these major contributors to
device degradation.19–22 Despite the outstanding long-term
device stability, however, early i-OSCs suffered from lower PCE
as compared with c-OSCs.23,24 Moreover, most early i-OSCs
used n-type metal oxides such as TiOx as the hole blocking
layer, requiring high-temperature sintering,24,25 undesirable
for flexible substrates preferred for roll-to-roll manufacturing.
Most recently, a thin layer of conjugated polymer, poly [(9,9-
bis(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-
dioctylfluorene)] (PFN) (see Scheme S1, ESI†), was used as a
surface modifier for the indium tin oxide (ITO) bottom elec-
trode to drastically reduce the energetic misalignment between
ITO and the active layer, resulting in ohmic contact between
the two.26 Beside achieving a record PCE of 9.2% and ambient
device stability exceeding 60 days, the room-temperature, solu-
tion-processed PFN is favorable for flexible and large-scale roll-
to-roll production.4 These high-performance i-OSCs employed
poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b′]dithiophene-
2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thio-
phenediyl]] (PTB7) as the electron donor (ED) and [6,6]-phenyl
C71-butyric acid methyl ester (PC71BM) as the electron acceptor
(EA). Further progress by synthesizing a new polymer semicon-
ductor to replace PTB7 has demonstrated a record PCE exceed-
ing 10% for this device architecture.27

Despite the above-mentioned progress, the morphological
mechanism for the high PCE of these devices remains to be
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investigated. Specifically, it has so far been unclear how the
morphologies of the active layer and the active layer/PFN inter-
face impact i-OSC operation and the associated efficiency. In
this work, we focused our efforts on understanding how PFN
interacts with PTB7 and PC71BM at the interface, affects the
active layer morphologies, and enhances the PCEs of the
i-OSCs. The lateral and vertical phase morphologies of PFN/
PTB7:PC71BM were studied by a combination of neutron
reflectometry (NR) and cross-section transmission electron
microscopy (TEM). Grazing incidence wide-angle X-ray scatter-
ing (GIWAXS) was used to study the relative crystallinity and
crystal orientation. In addition, small-angle neutron scattering
(SANS) was used to study the precursor structures of PTB7 and
PC71BM in the casting solution, as well as the effect of the
solvent additive 1,8-diiodooctane (DIO). The obtained structural
information was linked to measured device performance, provide
important guidance to the design of more efficient i-OSCs.

Fig. 1a shows the current density versus voltage ( J–V) charac-
teristics for a typical solar cell of each of the following architec-
ture-processing combinations: ITO/PFN (10 nm)/active layer/
MoO3(8 nm)/Ag i-OSCs with and without a 3 wt% DIO additive
in the PTB7:PC71BM-in-1,2-dichlorobenzene (DCB) solution for
spin-casting the active layer; and ITO/PEDOT:PSS (40 nm)/
active layer/Ca (15 nm)/Al c-OSCs with and without a 3 wt%

DIO additive when spin-casting the PTB7:PC71BM active layer.
Detailed device fabrication is described in the ESI.† The
device performance parameters, i.e., short-circuit current
density ( JSC), open circuit voltage (VOC), fill factor (FF), and
PCE, listed in Table 1 clearly show that i-OSCs with and
without DIO exhibit higher PCEs than their c-OSC counter-
parts and that the DIO additive increases PCEs for both i-OSCs
and c-OSCs. The superior performance of the i-OSCs is attribu-
ted to efficient charge extraction by the ITO cathode the
effective work function of which is drastically modified by
PFN.26,27 Here, PTB7:PC71BM i-OSCs fabricated with 3 wt%
DIO exhibit PCE as high as 9.3%, much higher than the
c-OSCs fabricated using the same solution showing a
maximum PCE of 7.2% (Fig. S1†). Also, the i-OSCs retain
∼94% of their initial PCEs up to more than 26 days when
stored in air while OSCs lose 30% of their initial PCE in just
5 days (Fig. S2†). The higher PCEs of i-OSCs, compared to
those of c-OSCs, are due to their higher JSC values, confirming
that this is the result of efficient electron extraction. The exter-
nal quantum efficiency (EQE) spectra of the same devices in
Fig. 1a, recorded under short circuit conditions in air without
encapsulations, are shown in Fig. 1b. The integrated JSC values
of i-OSCs, with and without DIO from EQE spectra, are 16.6
and 15.9 mA cm−2, respectively, while those of c-OSCs are 14.1

Fig. 1 (a) J–V curves for devices with different architecture-processing combinations. (b) EQE spectra for the corresponding devices. (c) Reflective
absorption spectra versus wavelength. (d) Estimated IQE calculated using the results from (b) and (c).
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and 12.4 mA cm−2, reasonably well-consistent with the JSC
values, measured from J–V curves in an inert ambient. To esti-
mate the internal quantum efficiency (IQE) spectra, the reflec-
tive absorption spectrum for each architecture-processing
combination (Fig. 1c) was first measured mimicking the light
absorption process in an actual device. Here it should be
noted that IQE is defined as the percentage of absorbed
photons that are converted into charges and collected at the
electrodes at zero bias. The IQE spectra were recorded by fol-
lowing the procedures reported elsewhere.28,29 Irrespective of
the presence of DIO, i-OSCs show higher IQE compared to
c-OSCs. The DIO additive increases the IQEs for both the
i-OSCs and c-OSCs, and more importantly, the i-OSC using
DIO shows an IQE approaching 95% in the 500–700 nm spec-
tral range. In principle, the high IQE originates from highly
efficient exciton generation and dissociation, and charge
collection.

To understand the origin of the near-unity IQE, we
employed a variety of characterization techniques to systemati-
cally examine the PTB7:PC71BM active film morphology in the
i-OSCs as well as processing factors that influence the mor-
phology. It has been shown that the initial precursor structures
of electron donor (ED) and acceptor (EA) materials in the
casting solution affect the crystallinity and phase morphology
of the spun-cast films.30 Here, we conducted small-angle
neutron scattering (SANS) measurements on the PTB7 and
PC71BM solutions in DCB with and without DIO to investigate
the structure of PTB7 (ED) and PC71BM (EA) in the solutions,
and the effect of DIO. As seen from the SANS curves in Fig. 2,
both PC71BM solutions in DCB and DCB:DIO merely exhibit
flat scattering features, implying complete dissolution. If
PC71BM forms aggregates or clusters in the solutions, scatter-
ing features, showing an asymptotic decay in scattered inten-
sity as a function of the scattering vector q, must be observed.
Here, the scattering vector is defined as q = 4π sin θ/λ, where
λ and θ are the wavelength of the incident neutron beam and
the half of scattering angle, respectively. The results are con-
sistent with the previous work reported elsewhere by current
authors showing complete dissolution of PC71BM in DCB and
DCB:DIO.31 We have noticed possibly contradicting results
reported by Lou et al. based on the small-angle X-ray scattering
(SAXS),32 indicating that the added DIO selectively increases

the solubility of PC71BM when mixed with the host solvent,
chlorobenzene (CB). In the study, it was proposed that the
added DIO selectively increases the solubility of PC71BM when
mixed with CB, resulting in a reduced domain size of PC71BM
in the spun-cast active layer. In our current and previous
studies, however, used solvents, DCB and DCB:DIO are found
to dissolve PC71BM at the molecular level. The different con-
clusions might come from the solubility difference between
CB and DCB. On the other hand, the SANS patterns of PTB7
solutions in DCB and DCB:DIO appear totally different from
those of PC71BM solutions. The SANS curves for PTB7 solu-
tions were modeled using a worm-like chain model with an
excluded volume effect under the assumption that PTB7
assumes a semi-rigid chain nature in good solvents. Since the
SANS curves for both PTB7 solutions in DCB and DCB:DIO are
almost identical within the error range, a single set of model
parameters was applied to fit both curves. The fit parameters,
including contour length (L), Kuhn length (bi), and diameter
(R), are tabulated in Table 2. The L is about ∼395 Å, a mole-
cular dimension much larger than that of PC71BM. The mole-
cular diameter of PC71BM is known to be ∼11 Å.32 It is
apparent that the different scattering features of PTB7 and
PC71BM solutions are due to their different molecular sizes
and shapes. A schematic diagram showing the possible mole-
cular conformation of PTB7 dissolved in the solvents is shown
in Fig. 2b. The identical SANS curves for both PTB7 solutions
indicate that the PTB7 chains have an identical swollen or dis-
solved state regardless of the presence of DIO. Therefore, the
SANS results clearly demonstrate that the improved PCEs in
both i-OSCs and c-OSCs do not originate from their initial pre-
cursor structures in solution.

In order to investigate the effect of the DIO additive on the
phase morphology, the PTB7:PC71BM films spun-cast from
solutions with and without DIO were sectioned using a
focused ion beam (FIB), and the exposed cross-sections were
imaged by energy-filtered transmission electron microscopy
(EF-TEM). Fig. 3 shows the cross-section images of PFN/PTB7:
PC71BM and PEDOT:PSS/PTB7:PC71BM with and without DIO,
where the yellow and grey areas indicate PC71BM-rich and

Table 1 Summary of device performance parameters, i.e., JSC, VOC, FF,
and PCE of the OPV devices based on PTB7:PC71BM (1 : 1.5) with or
without DIO

Device type
JSC
(mA cm−2)

VOC
(V)

FF
(%)

PCEavg
a

(%)
PCEmax
(%)

i-OSC w/o DIO 15.3 0.72 47.8 5.3 ± 0.3 5.8
i-OSC w/ DIO 16.9 0.72 67.0 8.2 ± 0.5 9.3
c-OSC w/o DIO 12.9 0.74 52.7 5.0 ± 0.3 5.5
c-OSC w/ DIO 14.4 0.72 62.3 6.5 ± 0.3 7.2

a Average PCE for each type was calculated from over 20 devices,
measured under AM 1.5 G (100 mW cm−2) illumination.

Fig. 2 (a) SANS patterns for PTB7/DCB, PTB7/DCB:DIO, PC71BM/DCB,
and PC71BM/DCB:DIO solutions, where the solid lines indicate model
fits by a flexible cylinder scattering model with an excluded volume
effect. (b) Schematic illustration of a single PTB7 chain dissolved in DCB
or DCB:DIO.
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PTB7-rich regions, respectively. The films exhibit much
reduced domain sizes when DIO is used as a processing addi-
tive, consistent with the results reported in the literature.9,33

Nevertheless, in terms of the domain size of PC71BM, no clear
difference between PFN/PTB7:PC71BM and PEDOT:PSS/PTB7:
PC71BM films with or without DIO was identified, implying no
significant effect of the substrate on the sizes of PTB7 and
PC71BM domains. It is obvious that since the interfacial area
between PTB7 and PC71BM increases with decreasing domain
size, more efficient charge generation is possible as DIO is
added to the casting solution resulting in smaller domains. It
should be noted that no clear indication of the PFN layer is
observed in the TEM images of PFN/PTB7:PC71BM regardless
of the presence of DIO, while flat interfacial boundaries are
clearly identified between PTB7:PC71BM and PEDOT:PSS layers
in PEDOT:PSS/PTB7:PC71BM films both with and without DIO.

It is well known that no diffusion of PC71BM into the PEDOT:
PSS layer occurs in spin-casting or thermal annealing,34 which
is indeed not preferable, since it would prevent the hole trans-
port to the anode, giving rise to a reduction in PCE. The
absence of the PFN layer in the EF-TEM images of the PFN/
PTB7:PC71BM cross-sections is due to the intermixing between
PC71BM and PFN, as will be shown in the following section.

To investigate the vertical phase morphologies, neutron
reflectivity (NR) measurements were performed on PTB7:
PC71BM films deposited onto PFN-coated substrates. Fig. 4a
shows the experimental and fitted NR curves for PFN/PTB7:
PC71BM films, which were prepared by spin-casting PTB7:
PC71BM solutions with and without DIO on top of PFN films.
As a reference, experimental and fit NR curves for an ∼8 nm
thick pristine PFN film are also included in Fig. 4a. Fitting to
the experimental NR curves were performed using Parratt
formalism,35 from which the obtained neutron scattering
length density (SLD) distributions and the composition distri-
butions of PC71BM (VPC71BM), calculated from the SLD distri-
butions, are depicted in Fig. 4b and c, respectively. VPC71BM of
each layer was calculated using eqn (S1) and (S2), shown in the
ESI.† As seen in Fig. 4b, the PFN film consists of two layers
with different SLDs, i.e., ρPFN = 0.83 × 10−6 and 1.14 × 10−6 Å−2.
This could be due to the phase separation of copolymeric PFN,
where the higher SLD could be due to the enrichment of poly-
[(9,9-bis(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)] with a
short side chain, and the lower SLD to that of poly[2,7-(9,9-
dioctylfluorene)] with its long alkyl side chain. The SLDs of

Fig. 3 Cross-section TEM images of PEDOT:PSS/PTB7:PC71BM films (a) without and (b) with 3 wt% DIO; and PFN/PTB7:PC71BM films (c) without
and (d) with 3 wt% DIO.

Table 2 Parameters obtained from the model fits for PTB7 chains dis-
solved in DCB and DCB:DIO. Since SANS curves for PTB7/DCB and
PTB7/DCB:DIO solutions are almost identical to each other with a negli-
gible difference, the same fit parameters were used to fit the curves

Contour
length,
L (Å)

Kuhn
length,
bi (Å)

Radius,
R (Å) Polydispersity

PTB7 in DCB &
DCB:DIO

395 ± 5 183 ± 3 10.7 ± 0.3 0.089 ± 0.035
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PFN layers increase drastically after spin-casting PTB7:PC71BM.
In the film spun-cast without DIO, the SLDs of PFN layers
increase from ρPFN = 0.83 × 10−6 and 1.14 × 10−6 Å−2 to 2.67 ×
10−6 and 3.02 × 10−6 Å−2, respectively. With DIO, the PFN SLDs
increase even more to 2.93 × 10−6 and 3.26 × 10−6 Å−2. Since
the increased SLDs of PFN after spin-casting are higher than
those of PTB7 (ρPTB7 = 1.26 × 10−6 Å−2) and PFN (ρPFN = 0.83 ×
10−6 and 1.14 × 10−6 Å−2), the increases in SLDs can only be
attributed to the diffusion of high-SLD PC71BM. The SLD of
PC71BM is ρPC71BM = 4.34 × 10−6 Å−2 as shown in Fig. S3 and
4.† The calculated VPC71BM, with the PFN layer underneath,
using eqn (S2),† are 0.52 and 0.59 in PFN/PTB7:PC71BM
without using DIO, and are 0.60 and 0.67 with DIO. The
diffusion of PC71BM into the PFN layer occurs when the
residual solvent molecules (DCB or DCB:DIO) that remain in
the films act as plasticizers and make PC71BM molecules
mobile. Based on the TEM cross-section images (Fig. 3) and
NR results (Fig. 4), a schematic illustration of the i-OSC active
layer morphology is depicted in Fig. 4d. Here, the diffusion of
PC71BM into PFN layers has a very important implication on
the device efficiency, since it can alter the process of electron
transport. That is, the diffusion of PC71BM into PFN layers and
the phase-separated domain formation of PC71BM can

produce much more interfacial contacts between PC71BM and
PFN. Also, the increased PC71BM diffusion induced by the
added DIO facilitates even more interfacial contacts between
PC71BM and PFN, resulting in a more efficient electron trans-
port to the cathode and electron collection.

In order to confirm the aforementioned hypothesis, PTB7:
PC71BM solutions in DCB with and without DIO were spun-
cast onto bare quartz substrates and dried completely, fol-
lowed by PFN spin-casting. The measured and fitted NR curves
for PTB7:PC71BM/PFN films spun-cast with and without DIO
are depicted in Fig. 5a, from which the acquired SLD and
VPC71BM distributions are shown in Fig. 5b and c, respectively.
As can be seen in Fig. 5b, the SLDs of PFN layers in both PTB7:
PC71BM/PFN films remain unchanged compared to that of
pristine PFN films. Also, the SLDs of PTB7:PC71BM layers in
PTB7:PC71BM/PFN films with and without DIO are identical to
those of PTB7:PC71BM-only films (Fig. S3†). The results reveal
that the diffusion of PC71BM does not occur in PTB7:PC71BM/
PFN films, since no DCB or DCB:DIO remains in the film. The
film probably contains residual methanol after spin-casting
PFN solution (in methanol), however, methanol is a non-
solvent for PC71BM, and hence it cannot act as a plasticizer for
PC71BM diffusion.

Fig. 4 (a) Experimental and modeled NR curves for PFN/PTB7:PC71BM films with and without DIO. (b) The SLD profiles used to fit the NR curves
shown in (a). (c) Volume fraction profiles of PC71BM vs. reduced distance from the substrate, calculated from the SLD profiles shown in (b). (d) Sche-
matic illustration showing how PC71BM diffuses into the PFN layer.

Communication Nanoscale

15580 | Nanoscale, 2015, 7, 15576–15583 This journal is © The Royal Society of Chemistry 2015

Pu
bl

ish
ed

 o
n 

16
 Ju

ly
 2

01
5.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f T

en
ne

ss
ee

 a
t K

no
xv

ill
e 

on
 0

9/
11

/2
01

5 
01

:5
5:

39
. 

View Article Online

http://dx.doi.org/10.1039/c5nr03332b


Two-dimensional (2D) grazing-incidence wide-angle X-ray
scattering (GIWAXS) was used to obtain insights into the
global orientation, molecular packing, and crystallinity of
PTB7, as well as the aggregation of PC71BM. A 2D GIWAXS
pattern for PFN/PTB7 is first shown in Fig. 6a. Here, qy is the
in-plane scattering vector given by qy = 2π/λX[sin(ψ)cos(αf )],
where λX, ψ, and αf are the wavelength, in-plane exit angle, and
out-of-plane exit angle, respectively. In the 2D GIWAXS pattern,
the in-plane reflection arcs discerned at qy = 0.283 ± 0.008 Å−1

(d-spacing = 22.2 Å) are due to the (100) planes of PTB7 crys-
tals. A broad out-of-plane reflection arc was also observed at qz
= 1.56 ± 0.05 Å−1 (d-spacing = 4.1 Å), which is indexed by (010)
reflection. The broad in-plane (100) and out-of-plane (010)
reflection indicates that the planes of PTB7 aromatic back-
bones are roughly aligned parallel to the surface plane of the
substrate with the alkyl side chains directed toward the in-
plane direction. This orientation is the so-called ‘face-on’

orientation of PTB7 crystals. While the face-on orientation of
PTB7 crystals is desired for high PCE, it is not the case in the
blend films as addressed in the 2D GIWAXS patterns depicted
in Fig. 6b and c. In the 2D patterns of the blend films, the
observed (100) reflection rings imply random orientation of
PTB7 crystals. The broad reflection halos centered at q ≈
1.37 Å−1 (d-spacing = 4.7 Å), on the other hand, are attributed
to the short range ordering of randomly oriented PC71BM crys-
tals, i.e., (311) reflection. The random orientation of PTB7 and
PC71BM crystals could possibly implicate that the growth
process of oriented PTB7 and PC71BM crystals is impeded by
each other during the film formation process. One of the most
notable features (Fig. 6d) is that the in-plane GIWAXS slices for
PFN/PTB7:PC71BM films cast with and without DIO almost
overlap with each other, indicating the same degree of crystal-
linity. Our results are in agreement with previous reports.33,36

More importantly, the result indicates that the improved PCEs

Fig. 5 (a) Experimental and modeled NR curves for PTB7:PC71BM/PFN films with and without DIO. (b) The SLD profiles used to fit the NR curves
shown in (a). (c) Volume fraction profiles of PC71BM vs. reduced distance from the substrate, calculated from the SLD profiles shown in (b).
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resulted from the DIO additive in neither the i-OSCs nor the
c-OSCs based on PTB7:PC71BM active layers are related to crys-
tallinity and orientation morphology.

In summary, the nanoscale structural aspects of high PCE
of PTB7:PC71BM i-OSCs using PFN as the ITO modifier were
investigated. SANS results of PTB7 and PC71BM solutions indi-
cate that both PTB7 and PC71BM remain in completely dis-
solved states in both pristine DCB and DCB:DIO; no effect of
DIO on the solution morphologies was identified. In the spun-
cast films, however, DIO was found to play a vital role in the
morphological evolution occurring during the film formation
process after spin-casting. In both i-OSCs and c-OSCs, the DIO
added to the casting solutions induces the formation of much
smaller PTB7 and PC71BM domains, which was revealed by
cross-section TEM. The formation of smaller PC71BM domains
forms the basis for more efficient exciton transport to the
PTB7/PC71BM interface and more effective charge separation
at the interface. In i-OSCs, PC71BM was found to diffuse into
the PFN layer as the casting solutions are spun-cast on top of
the PFN layer, where more PC71BM diffusion occurs when DIO
is added to the casting solutions. The increased PC71BM
diffusion into the PFN layer increases the interfacial contact
between PC71BM and PFN, and hence improves electron trans-
port and collection at the cathode, increasing the PCE.
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