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Enhanced power-conversion efficiency in polymer
solar cells using an inverted device structure

Zhicai He, Chengmei Zhong, Shijian Su, Miao Xu, Hongbin Wu* and Yong Cao

Polymer-fullerene bulk heterojunction solar cells (PSCs) are
currently attracting a great deal of attention and gaining
increasing importance, having already shown great promise
as renewable, lightweight and low-cost energy sources'.
Recently, the power-conversion efficiency of state-of-the-art
PSCs has exceeded 8% in the scientific literature®. However,
to find viable applications for this emerging photovoltaic tech-
nology, further enhancements in the efficiency towards 10%
(the threshold for commercial applications) are urgently
requiredS. Here, we demonstrate highly efficient PSCs with a
certified efficiency of 9.2% using an inverted structure, which
simultaneously offers ohmic contact for photogenerated
charge-carrier collection and allows optimum photon harvest
in the device. Because of the ease of use and drastic boost in
efficiency provided by this device structure, this discovery
could find use in fully exploiting the potential of various
material systems, and also open up new opportunities to
improve PSCs with a view to achieving an efficiency of 10%.

Recently, there have been extensive investigations of polymer
solar cells (PSCs) with an inverted device structure, using modified
indium tin oxide (ITO) as the cathode (the ITO is modified by
n-type metal oxides or metal carbonates’'?, including titanium
oxide, zinc oxide and caesium carbonate, conjugated polyelectro-
lyte'*-16, self-assembled crosslinked fullerene!”!® and self-assembled
polar molecules’). Compared with conventional PSCs, inverted-
type devices demonstrate better long-term ambient stability by
avoiding the need for the corrosive and hygroscopic hole-transporting
poly(3,4-ethylenedioxylenethiophene):poly(styrenesulphonic acid)
(PEDOT:PSS) and low-work-function metal cathode, both of
which are detrimental to device lifetime!®2°, Moreover, inverted
PSCs can also take advantage of the vertical phase separation and
concentration gradient in the active layer?®?!, which is naturally
self-encapsulated because air-stable metals are used as the top
electrode’. The inverted device structure is therefore an ideal
configuration for all types of PSCs. Despite these clear benefits,
the performances of most inverted PSCs reported to date are
inferior to those of regular devices. Indeed, the capability of inverted
PSCs to provide independent control of photon harvesting from the
Sun’s spectrum has not been widely recognized.

In this study, we demonstrate that the efficiency of PSCs can be
further enhanced to 9%, an improvement of 10% over the previous
record-high efficiency of 8.370% (ref. 5). This is obtained with an
inverted device structure, where an alcohol-/water-soluble conju-
gated polymer, poly [(9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-
fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PFN)?* is used as the ITO
surface modifier, and a blend of [6,6]-phenyl C,,-butyric acid
methyl ester (PC,;BM) and the low-bandgap semiconducting
polymer thieno[3,4-b]thiophene /benzodithiophene (PTB7)® is
used as the photoactive layer (see Fig. 1a for device and chemical
structure). Unlike previously reported inverted PSCs, which are

typically based on n-type metal oxides, our device is solution-
processed at room temperature, enabling easy processibility over a
large area. Accordingly, the approach is fully amenable to high-
throughput roll-to-roll manufacturing techniques, may be used to
fabricate vacuum-deposition-free PSCs of large area, and find
practical applications in future mass production. Moreover, our
discovery overturns a well-accepted belief (the inferior performance
of inverted PSCs) and clearly shows that the characteristics of high
performance, improved stability and ease of use can be integrated
into a single device, as long as the devices are optimized, both opti-
cally and electrically, by means of a meticulously designed device
structure. We also anticipate that our findings will catalyse the
development of new device structures and may move the efficiency
of devices towards the goal of 10% for various material systems.

Previously, we reported that PFN can be incorporated into
polymer light-emitting devices (PLEDs) to enhance electron injection
from high-work-function metals such as aluminium (work function
¢ of 4.3 eV)?>% and has thus been used to realize high-efficiency,
air-stable PLEDs*. Furthermore, we also found that efficient
electron injection can be obtained even in the most noble metals
with extremely high work functions, such as gold (¢ =5.2 eV), by
lowering the effective work function (for example lowering ¢ in
gold by 1.0 eV), which has previously been ascribed to the for-
mation of a strong interface dipole®.

After a thin layer (10 nm) of PFN was applied on top of the ITO,
the work function of the ITO was reduced from 4.7 eV to 4.1 eV, as
demonstrated by X-ray photoelectron spectroscopy (XPS) measure-
ments (Supplementary Fig. S1). Although the microscopic origin of
this reduction in the effective work function of ITO remains uncer-
tain at this point, we speculate that the formation of an interface
dipole at the ITO surface as a result of orientation of PFN with a
permanent dipole is the major cause for the energy level alignment
at the ITO/PFN interface?>?. The formation of an interfacial dipole
layer can be confirmed by small-angle X-ray diffraction (XRD)
(Supplementary Fig. S2). On the other hand, mechanisms? such
as electron cloud push-back effects, the integer charge-transfer
model and the induced density of states model cannot be ruled
out at this stage. We also note that a universal model for the
energy level alignment of molecules on metal oxides has been devel-
oped recently by Greiner and colleagues®®, in which Fermi level-
pinning plays a critical role in tuning the energy alignment of a
metal oxide. Regardless, as a result of the abrupt shift of vacuum
level at the interface (corresponding to a lowering of the effective
work function), the modified ITO can form ohmic contact with
the photoactive layer and can therefore be used as a cathode for
inverted-structure PSCs to facilitate transport and collection of
photogenerated charge carriers (Fig. 1b,c).

Figure 2a presents the current density versus voltage (J-V)
characteristics of the best PSCs with regular and inverted structures,
under 1,000 W m ™2 air mass 1.5 global (AM 1.5G) illumination.
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Figure 1| Device structure and energy levels of the inverted-type PSCs. a, Schematic of the inverted-type PSCs, in which the photoactive layer is
sandwiched between a PFN-modified ITO cathode and an Al,Ag-based top anode. Insets: chemical structures of the water-/alcohol-soluble conjugated
polymer and electron donor materials used in the study. PFN, poly [(9,9-bis(3'-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-ioctylfluorene)]; PTB7:
thieno[3,4-b thiophene/benzodithiophene. b,c, Schematic energy levels of the conventional (b) and inverted (€) devices under flat band conditions (open-
circuit voltage). Note that the formation of a positive interface dipole moment (taking the dipole moment directed outwards to be positive) is presented in c.

Device parameters such as Ji, V5, FF and PCE are deduced from
the J-V characteristics (summarized in Table 1). A high average
PCE of 8.974+0.10% was achieved in inverted structure devices
(with a maximum of 9.15%), while the conventional devices
showed an average PCE of 8.06+0.14% (with a highest value of
8.24%, consistent with our previous report®). It is clear from
Table 1 that the efficiency improvement in the inverted structure
devices is mainly due to the higher Ji. (17.2 mA cm™> versus
15.4 mA cm™?), because V. and FF remain nearly the same.

The external quantum efficiency (EQE) curves of the devices are
presented in Fig. 2b, with photoresponses with average EQEs of 70%
and 63% (in the range 300-700 nm) for the inverted and regular
structure devices, respectively. Note that the theoretical Jo- values
obtained by integrating the product of the EQE data in Fig. 2b
and the AM 1.5G solar spectrum are 17.1 mA cm > and
15.7 mA cm ™ ?, respectively, which are in good agreement with
the values obtained from the J-V characteristics (Fig. 2a, Table 1).

After encapsulation, the devices were sent to the National Center
of Supervision and Inspection on Solar Photovoltaic Products
Quality of China (CPVT) for certification. A certified PCE of
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9.214% was obtained (Fig. 2c, Table 1, Supplementary Fig. S3).
Notably, another independent testing laboratory NEWPORT
Corporation certified a PCE of 8.6+0.3% for a representative
device (Supplementary Fig. S$3). This result is ~7% lower than
that measured in CPVT, which can be attributed to non-ideal cell
encapsulation. The results from both external certification labora-
tories confirmed that the efficiency of our devices is among the
highest reported to date for PSCs.

The encapsulated devices were stored in air under ambient con-
ditions and their efficiency measured periodically to assess their
long-term stability (Supplementary Fig. S4). The inverted device
retained 95% of its initial efficiency (9.00%) after exposure to air
for 62 days, whereas the regular devices lost half their initial effi-
ciency after 10 days. This demonstrates that the inverted PSCs can
achieve a high efficiency of 9% and also maintain good
ambient stability.

The drastically enhanced Jy in the inverted PSCs may originate
from reduced bimolecular recombination?**® or increased absorp-
tion of photons!, or indeed a combination of both. The increase
in optical absorption was confirmed by optical modelling
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Figure 2 | Device performances of the inverted structure (ITO/PFN interlayer/active layer/MoO; (10 nm)/Al) PTB7:PC,,BM PSCs and the conventional
device (ITO/PEDOT:PSS /active layer/PFN interlayer/Ca/Al). a, Current density versus voltage (J-V) characteristics under 1,000 W m~2 AM 1.5G
illumination for conventional (open symbols) and inverted (filled symbols) devices. b, EQE/IPCE spectra for conventional (open symbols) and inverted (filled
symbols) devices. ¢, CPVT-certified J-V characteristics of an inverted structure PTB7:PC,,BM solar cells, with a PCE of 9.214%.

decreased reflectance over a wide range of spectra (400-800 nm)
when compared with the regular device.

The calculated maximum Jy- of the inverted device under AM
1.5G illumination (440-800 nm) as a function of interlayer thick-

Table 1 | Best device performance/parameters from
PTB7:PC,,BM solar cells with conventional and inverted
device structures, measured under 1,000 W m 2 AM 1.5G

Enination ness is presented in Supplementary Fig. S6b, and the performances
Device type PCE (%) Jsc (MAcm™2) FF (%) Voc (V) of devices with varied PFN thickness (5, 10 and 20 nm) are shown in
Conventional 8.24 15.4 706  0.759 Supplementary Fig. S6a and Table S1. Although the theoretical J is
Inverted 9.15 17.2 720  0.740 not sensitive to PFN layer thickness, the overall performance criti-
Inverted, tested by CPVT  9.214 17.46 69.99 0.754 cally depends on this thickness. This is understandable, because

an interlayer that is too thick will lead to a high series resistance,
while a too-thin layer could not provide an ohmic contact for
electron extraction.
calculations (Fig. 3) in which a one-dimensional transfer matrix Both types of devices exhibit very high FF (70%) and demon-
formalism (TMF) was applied® and experimentally measured strate a comparable dependence on incident light intensity
refractive indices and extinction coefficients were used. Figure 3a  (Supplementary Fig. S7), implying that any difference in charge-
depicts the absorbed incident photon flux density in both devices, carrier recombination loss in the devices can be neglected. It can
each with a 100-nm-thick active layer, verifying that the inverted therefore be concluded that the 10% increase in Jy- is mainly
structure can harvest more photons from solar spectra than the due to enhanced optical absorption as a result of the redistribution
regular devices. Furthermore, it can be seen from Fig. 3b that the of the electric field intensity of the incident photons inside the
inverted device always has a higher Ji- than the regular devices, active layer®.
regardless of the active layer thickness, demonstrating the advantage To gain further insight into the origin of the enhanced Jy in the
of the inverted device structure. device, we determined the experimental photocurrent generation
The stronger absorption in the inverted device can also be veri-  rate (G) in the devices. Given that the saturation photocurrent den-
fied experimentally by reflectance spectra measurements on real sities (J,,) for the regular and inverted devices are 16.7 mA cm >
devices (Supplementary Fig. S5); the inverted devices show a and 18.6 mA cm 2 respectively (Supplementary Fig. S8), the
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Figure 3 | Comparison of calculated optical absorption profile for conventional and inverted devices. Conventional device: ITO/PEDOT:PSS

(40 nm)/PTB7:PC,,BM (100 nm)/PFN (5 nm)/Al (100 nm); inverted device: ITO/PFEN(10 nm)/PTB7:PC,,BM (100 nm)/MoOs (10 nm)/Al (100 nm).
a, Distribution of absorbed AM 1.5G photon flux density inside the active layer. b, Variation of maximum Js- with active layer thickness for two types of
devices, both under AM 1.5G illumination (440-800 nm). Open squares and filled circles represent conventional and inverted devices, respectively.
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maximal obtainable exciton generation rates can be determined
as 130 x 10°*m > s™! and 1.45 x 10*®* m > s, respectively. In
other words, the experimental absorbed incident photon flux
density in the active layer in the inverted device is indeed ~10%
higher than that of the regular device, which is in good agreement
with the observed J- and the reflectance spectra of the devices
shown in Supplementary Fig. S5.

For comparison, we also fabricated inverted devices using ZnO as
an electron-selective cathode following a well-established procedure
that required high-temperature annealing!!. The devices based on
PEN also show superior performance over the ZnO-based devices
(9.15% versus 8.35%, with the ZnO device showing a PCE of
8.34 1+ 0.04%, with a maximum of 8.39%; Supplementary Fig. S9
and Table S2), mainly due to a more efficient photon harvest in
this device structure (Supplementary Fig. S5).

Our approach can also be used for semitransparent PSCs”*1°. On
the basis of the abovementioned inverted PSCs, highly efficient
semitransparent PSCs were fabricated, with the highly reflective
anode MoO; (10 nm)/Al (100 nm) replaced by a transparent
layer of MoO; (10 nm)/Ag (20 nm). The J-V characteristics of
the semitransparent PSCs, under front- and rear-side AM 1.5G illu-
mination, are presented in Fig. 4. The PCE values for the device
under front-, and rear-side illumination are 6.13% and 4.96%,
respectively. We anticipate that our prototype of semitransparent
PSCs will find practical applications in building windows, foldable
curtains and invisible electronic circuits'’.

In conclusion, we have successfully demonstrated highly efficient
PSCs with a certified efficiency of 9.2% using a straightforward
inverted structure, in which an alcohol-/water-soluble conjugated
polymer is used to tune the work function of ITO. By using experi-
mental photocurrent measurements in combination with optical
modelling based on a one-dimensional TMF, we have demonstrated
that, as well as offering ohmic contact for photogenerated charge-
carrier collection, the inverted structure can provide optimum
photon harvest from the sun’s spectrum. Because of a remarkably
improved Ji of >17 mA cm ™7, the inverted PSCs exhibit a superior
overall device performance when compared to regular devices, as
well as good ambient stability. It is worth noting that, according
to our calculation, a further increase of 10% in Jy, could be obtained
if the optical constants of the interlayer were matched with those of
the stacks of other layers. In the quest to optimize device perform-
ance of PSCs, both optically and electrically, we anticipate that our
findings will catalyse the development of new device structures and

Current density (mA cm™2)
o =

o

T T
-04 -0.2 0 0.2
Voltage (V)

Figure 4 | J-V characteristics for semitransparent PSCs under front- and
rear-side AM 1.5G (1,000 W m™2) illumination. Open squares and filled
circles represent conventional and inverted devices, respectively.
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may further pushing the efficiency of devices towards the goal of
10% with various material systems.

Methods

Fabrication of PSCs. Electron donor material PTB7 and electron acceptor PC,,BM
were purchased from 1-material Chemscitech and Aldrich, respectively, and used as
received. The PEDOT:PSS (Clevios P AI4083) was obtained from H.C. Starck
Clevios. The inverted device structure was ITO/PFN/PTB7:PC,,BM(1:1.5 by
weight)/MoO,/Al or Ag and the regular device structure was ITO/PEDOT:PSS/
PTB7:PC,,BM/PFN/Ca/Al (ref. 5). The PFN interlayer material was dissolved in
methanol in the presence of a small amount of acetic acid (2 pl ml™!) and its
solution (concentration, 2 mg ml™") was spin-coated on top of the precleaned ITO
substrate, which was treated by oxygen plasma cleaning for 4 min. For regular
devices, a 40-nm-thick PEDOT:PSS anode buffer layer was spin-cast on the ITO
substrate, then dried in a vacuum oven at 80 °C overnight. The PTB7:PC,,BM active
blend layer, with a nominal thickness of ~80 nm (with a variation of ~20 nm over
the entire film), was prepared by spin-coating a mixed solvent of chlorobenzene/1,8-
diiodoctane (97:3% by volume)? solution (concentration, 25 mg ml™Y) at

1,000 r.p.m. for 2 min. A 10 nm MoO; layer and a 100 nm Al or Ag (20 nm for
semitransparent device) layer were subsequently evaporated through a shadow mask
to define the active area of the devices (~2 x 8 mm?) and form a top anode.

Characterization and measurements. PCE values were determined from -V curve
measurements (using a Keithley 2400 source meter) under a 1 sun, AM 1.5G
spectrum from a solar simulator (Oriel model 91192; 1,000 W m™ ). Masks were
made using laser beam cutting technology and had well-defined areas of 3.14 or
16.0 mm?; these were attached to define the effective area for accurate measurement.
All masked and unmasked tests gave consistent results with relative errors within
5%. Solar simulator illumination intensity was determined using a monocrystal
silicon reference cell (Hamamatsu S1133, with KG-5 visible colour filter) calibrated
by the National Renewable Energy Laboratory (NREL). Theoretical . values
obtained by integrating the product of the EQE with the AM 1.5G solar spectrum
agreed with the measured value to within 3%. Spectral mismatch factors (M) were
calculated according to a standard procedure®, and an M value of 1.03 was used to
obtain the correct photocurrent and efficiency for the PTB7 devices.

For small-angle XRD analysis, a Bruker D8 advance X-ray diffractometer with
CuKa radiation was used (operating conditions: 40 kV and 40 mA). The
diffractometer was equipped with a solid-state detector (LynxExe 1D) that facilitated
high count rates and short measuring time. XPS studies were performed on a
Thermo-VG Scientific ESCALAB 250 photoelectron spectrometer using a
monochromated AlKa (1,486.6 eV) X-ray source. All recorded peaks were
corrected for electrostatic effects by setting the C—C component of the C, peak
to 284.8 eV. The base pressure in the XPS analysis chamber was <2 x 10~ ° mbar.
Typical atomic force microscopy (AFM) topography images of the MoO,
deposited on top of the active layer are shown in Supplementary Fig. S11.

The films are generally smooth, with a root-mean-square (r.m.s.) roughness of
0.48 nm, implying that significant scattering at the MoOj, interface is unlikely
to occur.

The one-dimensional spatial distribution of normalized incident light intensity
(|EI®) inside the devices was calculated by means of an optical TMF approach®'. The
spatial distribution of the absorbed photon flux density could then be calculated by
integrating single-wavelength |E|* with an AM 1.5G spectrum from 440 nm to
800 nm. Finally, the theoretical maximum J,_ for a device under AM 1.5G
illumination was determined by spatially integrating the absorbed photon flux
density within the active layer, assuming 100% internal quantum efficiency for all
wavelengths. The refractive index (1) and extinction coefficient (k) spectra (440-
840 nm) for each layer in the devices were experimentally determined using a
Horiba Jobin Yvon AUTO SE ellipsometer, and most data are shown in
Supplementary Fig. S12. The reflection spectra of the devices were recorded using
an UV-vis-NIR spectrophotometer (Lambda750, PerkinElmer).
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