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ABSTRACT: Both solution-processed polymers and small molecule
based solar cells have achieved PCEs over 9% with the conventional
device structure. However, for the practical applications of photo-
voltaic technology, further enhancement of both device performance
and stability are urgently required, particularly for the inverted
structure devices, since this architecture will probably be most
promising for the possible coming commercialization. In this work, we
have fabricated both conventional and inverted structure devices using
the same small molecular donor/acceptor materials and compared the
performance of both device structures, and found that the inverted
structure based device gave significantly improved performance, the
highest PCE so far for inverted structure based device using small
molecules as the donor. Furthermore, the inverted device shows a
remarkable stability with almost no obvious degradation after three months. Systematic device physics and charge generation
dynamics studies, including optical simulation, light-intensity-dependent current−voltage experiments, photocurrent density-
effective voltage analyses, transient absorption measurements, and electrical simulations, indicate that the significantly enhanced
performance using inverted device is ascribed to the increasing of Jsc compared to the conventional device, which in turn is
mainly attributed to the increased absorption of photons in the active layers, rather than the reduced nongeminate
recombination.
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1. INTRODUCTION

Solution processed solar cells have received great research
interests as a clean and competitive renewable energy source
due to their attractive features such as low-cost, lightweight,
solution processability, high mechanical flexibility, rapid energy
payback time, and so forth.1−4 According to the charge
transport directions, organic photovoltaics (OPVs) could be
divided into conventional and inverted device structures,5,6

where the inverted structure based devices are most likely the
case for the final commercial applications.7 Since the report for
the first inverted device in 2005,8 great progress has been
made,9−14 and recently, the PCE for polymer-based OPV (P-
OPV) have improved to over 9% by several groups with
inverted structure devices.15−19

Meanwhile, small molecule based OPVs (SM-OPVs) have
also stimulated great attention,20−24 owing to its well-defined
molecular structures, intrinsic monodispersity, high purity, less
batch to batch variation, more easily controlled energy levels,
absorption and so forth,25−45 compared with the P-OPVs. Very
recently, the PCE for conventional SM-OPV devices has
reached over 9%.27,35,46 However, for the more commercial-
related inverted devices with generally higher stability, the
much deserved attention for SM-OPVs is not forthcoming.
Hence, little is known about the device structure and
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performance relationships for inverted structure based devices
using small molecules. Considering the emergence of SM-
OPVs and their advantages, it is of paramount importance to
systematically investigate the impact of inverted device
structures on SM-OPVs and further optimize the device
performances.
Our group has reported a series of acceptor−donor−

acceptor (A−D−A) type oligothiophene derivatives which
exhibited very promising performance for solution-processed
OPV devices.35,36,46−49 Among these molecules, compound
DRCN7T (2,2′-((5Z,5′Z)-5,5′-((3,3′′′′,3′′′′′,3′′′′″,4′,4″-hex-
aoctyl-[2,2′:5′,2″:5″,2‴:5‴,2′′′′:5′′′′,2′′′′′:5′′′′′,2′′′′″-sepithio-
phene]-5,5′′′′″-diyl)bis(methanylylidene))bis(3-ethyl-4-oxo-
thiazolidine-5,2-diylidene))dimalononitrile), the structure is
shown in Figure 1) gave one of the best PCEs so far for

small molecule based OPV using PFN as the electron-
transporting layer (ETL),46 however, the stability of PFN
based conventional device is proven to be very poor.15 So in
this work, using this material as the donor material, we have
fabricated more stabilized devices employing ZnO nano-
particles (NPs) as the ETL in both conventional and inverted
structure devices under similar conditions, and systematically
investigated and compared their performances.
On the basis of these systematic investigations, it is found

that the inverted device structure significantly improves the Jsc,
with a PCE of 8.84% achieved compared to 8.06% for
conventional device under similar fabrication conditions using
ZnO NPs as the ETL. Note that the PCE of 8.84% is the
highest efficiency reported for small molecule-based solar cells
with inverted structures.28,50−52 On the basis of the mechanism
studies through techniques of optical simulation, light-intensity-
dependent current−voltage experiments, photocurrent density-
effective voltage analyses, transient absorption measurements,
electrical simulations and so forth, we found that the enhanced
performance for the inverted device is mainly attributed to the
increased effective photon absorption of the active layer, rather
than the reduced nongeminate recombination.

2. EXPERIMENTAL SECTION
2.1. Materials Preparation. All reactions and manipulations were

carried out under an argon atmosphere using standard Schlenk
techniques. PC71BM was purchased from American Dye Source, Inc.
DRCN7T was synthesized using our previously reported method.47,48

ZnO NPs were prepared using the techniques described in the
literature.53 The modified PEDOT:PSS was prepared by diluting
PEDOT:PSS (Baytron P VP AI 4083) with equal volume of isopropyl
alcohol and 0.2% (weight) Zonyl FSN, and the mixture was stirred
overnight before using.

2.2. Device Fabrication and Characterization. The conven-
tional devices were fabricated with the structure: glass/ITO/
PEDOT:PSS/DRCN7T:PC71BM/ZnO NPs/Al. The ITO-coated
glass substrates were cleaned by ultrasonic treatment in detergent,
deionized water, acetone, and isopropyl alcohol for 15 min each and
subsequently dried by blowing nitrogen. A thin layer of PEDOT:PSS
(Baytron P VP AI 4083, filtered at 0.45 μm) was spin-coated (3000
rpm, ca. 40 nm thick) onto an ITO surface. After being baked at 150
°C for 20 min, the substrates were transferred into an argon-filled
glovebox. Subsequently, the active layer was spin-casted from blend
ratios (w/w, 1:0.5) of DRCN7T (10 mg mL−1) and PC71BM in a
chloroform solution at 1700 rpm for 20 s on the ITO/PEDOT:PSS
substrate. ZnO NPs was spin coated onto the active layer and thermal
annealing was performed at 100 °C for 10 min. Finally, a 60 nm Al
layer was deposited on the active layer under high vacuum (<1.5 ×
10−4 Pa).

The inverted devices were fabricated with the structure glass/ITO/
ZnO NPs/DRCN7T:PC71BM/modified PEDOT:PSS/Ag. A thin
layer of ZnO NPs (in n-BuOH, filtered at 0.22 μm) was spin-coated
(3000 rpm, ca. 30 nm thick) onto the precleaned ITO surface. After
being baked at 120 °C for 15 min, the substrates were transferred into
an argon-filled glovebox. Subsequently, the active layer was spin-casted
onto the ITO/ZnO NPs substrate, which was further thermal annealed
at 100 °C for 10 min. Then the modified PEDOT:PSS was spin coated
onto the active layer and another thermal annealing was performed
(100 °C for 10 min). Finally, a 60 nm Ag layer was deposited on the
active layer under high vacuum (<1.5 × 10−4 Pa).

The effective area of each cell was about 4 mm2 defined by masks.
The thicknesses of the active layer and ZnO NPs were measured using
a Dektak 150 profilometer. Atomic force microscope (AFM)
investigation was performed using Bruker MultiMode 8 AFM in
“tapping” mode. The transmission electron microscopy (TEM)
investigation was performed on a JEOL JEM2010FIF operated at
200 kV.

The current density−voltage (J−V) curves of the photovoltaic
devices were obtained by a Keithley 2400 source-measure unit. The
photocurrent was measured under illumination simulated 100 mW
cm−2 (AM 1.5G) irradiation using a xenon-lamp-based solar simulator
[Oriel 96000 (AM 1.5G)] in an argon-filled glovebox. The irradiance
was calibrated using a certified silicon diode.

External quantum efficiency (EQE) values of the encapsulated
devices were measured using a lock-in amplifier (SR810, Stanford
Research Systems). The devices were illuminated by monochromatic
light from a 150 W xenon lamp passing through an optical chopper
and a monochromator. Photon flux was determined by a calibrated
standard silicon photodiode.

2.3. Optical Simulations. The optical simulation was modeled
using a transfer matrix model (TMM), the MATLAB program is
available online at http://mcgeheegroup.stanford.edu/transfermatrix.
The one-dimensional spatial distribution of normalized incident light
intensity (|E|2) inside the devices was calculated by means of an optical
TMM approach. The spatial distribution of the absorbed photon flux
density could then be calculated by integrating single-wavelength |E|2

with an AM 1.5G spectrum from 300 to 800 nm. Finally, the
theoretical maximum Jsc 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.

Figure 1. Chemical structure of DRCN7T, and schematic of
conventional device with structure ITO/PEDOT:PSS/
DRCN7T:PC71BM/ZnO NPs/Al (a) and the inverted device with
structure ITO/ZnO NPs/DRCN7T:PC71BM/modified PEDOT:PSS/
Ag (b).
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2.4. Light Intensity Experiment. In order to investigate the
dependence of Voc and Jsc on the light intensity, the intensity of the
light was modulated with a series of two neutral density filters wheels
of six filters apiece, allowing for up to 17 steps to adjust the intensity
from 100 to 5 mW cm−2.
2.5. Transient Absorption Spectroscopy. Transient absorption

measurements were performed using a commercial Helios and EOS
setups (Ultrafast Systems LLC). They were used to measure transient
absorption dynamics in the fs−ns and ns−μs time regimes,
respectively. The pump pulse (500 nm) was generated from an
optical parametric amplifier (OPerA Solo) that was pumped by a 1-
kHz regenerative amplifier (Coherent Libra). The beam from the
regenerative amplifier has a center wavelength at 800 nm, a pulse
width of around 50 fs, and a power of 4 mJ per pulse. The regenerative
amplifier was seeded by a mode-lock Ti-sapphire oscillator (Coherent
Vitesse, 80 MHz). The pump beam energy was set to be around 15
μJ/cm2 per pulse. The probe beam for Helios was a white light
continuum generated from either a 2 mm sapphire plate for the visible
part (400−800 nm) or a 1 cm sapphire plate for the NIR part (800
nm−1600 nm) using the 800 nm fundamental from the regenerative
amplifier above. The probe beam for EOS was a white continuum
generated from a photonic fiber using a Nd:YAG laser (center

wavelength: 1064 nm). The probe beam was collected using a dual
detector for UV−vis (CMOS sensor) and NIR (InGaAs diode array
sensor). The delay between pump and probe beam for Helios was
altered using a mechanical delay stage that has a maximum delay time
of around 5.8 ns. For EOS, the delay time between pump and probe is
electronically tuned and has a maximum time window of 400 μs.

2.6. Quasi-Steady-state PIA spectroscopy. Quasi-steady-state
PIA measurements were performed with a home-built setup using a
532 nm LED source as pump beam and a Xe-lamp or the white-
continuum in EOS setup as probe beam. The pump beam was
chopped at a frequency of 500 Hz. The probe beam was collected
using a dual detector for UV−vis (CMOS sensor) and NIR (InGaAs
diode array sensor).

3. RESULTS AND DISCUSSION
The details for the fabrication of both the conventional and
inverted devices are described in the Experimental Section.
Note that both device types are fabricated under similar
processing conditions, including the same active layer, thick-
ness, ETL, hole transporting layer (HTL) and so forth to make
sure the comparison reliable.

Figure 2. Simulated exciton generation rates in the studied inverted device (a) and conventional device (b) as a function of depth of the active layer
calculated using a one-dimensional transfer matrix model. The incidence light entered the device from the left of the Figure (0 nm at the x-axis).
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3.1. Optical Simulation. In order to understand the impact
of device structures on the light intensity distribution in the
active layer, optical simulations were first performed based on
real device conditions using a one-dimensional transfer matrix
model (TMM) for both cases.54−56 As shown in Figure S-1, the
optical simulation shows that the electric field intensity is
distributed differently within the active layer for the conven-
tional and inverted devices. Importantly, in the case of inverted
structure, this optical simulation predicts an improved
absorption, such as 6.3% improved absorption at the maximum
absorption (621 nm) position of the donor material, which is
expected to increase the short circuit current density (Jsc)
accordingly. This can be observed more clearly in the simulated
exciton generation rates57 for both devices shown in Figure 2,
which gives the extremal Jsc,simu (assuming internal quantum
efficiency (IQE) = 100%) of 15.03 and 16.13 mA cm−2 for the
conventional and inverted structure device (as shown in Figure
S-2), respectively. Therefore, an improved PCE would be
expected for the inverted structure device if other parameters
such as open circuit voltage (Voc) and fill factor (FF) could be
similar in both cases.
3.2. Electron and Hole Transporting Layers. On the

basis of the optical simulation results, we fabricated both
conventional and inverted devices with DRCN7T:PC71BM as
the active layer (as shown in Figure 1). Considering the
complicated preparation process and high post-thermal
annealing temperature (varies from 200 to 450 °C in
literatures) for sol−gel ZnO,9,10,14,28 ZnO NPs were prepared
by the direct hydrolysis method,53 and used as the ETL in the
inverted structure device (Figures S-3 and S-4). Furthermore,
none of any conjugated or nonconjugated polyelectrolyte was
used to modify the work function of cathode or ZnO,9,11,14 and
modified PEDOT:PSS58 was used as the HTL, thereby
simplifying the device fabrication process.
3.3. Device Performance. The optimized device perform-

ance parameters with both conventional and inverted structures
under the illumination of AM 1.5G, 100 mW cm−2 are
summarized in Table 1. Figure 3a shows the typical J−V curves
of the above optimized devices. As shown in Table 1, the
conventional device exhibited a moderate PCE of 8.06%, with
Voc = 0.92 V, Jsc = 13.07 mA cm−2 and FF = 0.67. Note that the
device with inverted structure exhibited a sharply enhanced
PCE to 8.84% with an improved Jsc of 14.28 mA cm−2 and FF
of 0.68. To the best of our knowledge, this PCE of 8.84% is the
highest efficiency reported for inverted small molecule-based
solar cells,28,50,52 and is also among the highest efficiencies
reported of polymer-based solar cells.10,15,17,59 The Voc and FF
are identical in both devices, while the Jsc for the inverted device
shows about 9% increment compared with the conventional
device, which is consistent with the optical simulation results
discussed above.
As shown in Table 1, the series resistance (Rs) for the

conventional and inverted device is 6.76 and 5.10 Ω cm2,
respectively. Meanwhile, the conventional and inverted devices
exhibit similar shunt resistances (Rsh) of 1094. and 1113 Ω cm2.

These data are consistent with the comparable FF for the
conventional and inverted devices.
The external quantum efficiency (EQE) spectra for the

optimized devices based on DRCN7T with conventional and
inverted structures are shown in Figure 3b. The inverted
structure device exhibits higher photoelectron conversion
efficiency from 400 to 700 nm than that of the conventional
device, with the highest EQE value reaching 68% at 455 nm,
while the conventional device showed a peak EQE of 62% at
470 nm. These results are consistent with the optical simulated
real absorptions in the active layer of the corresponding devices
(as shown in Figure S-5), and prove that the inverted structure
could indeed improve the Jsc and therefore the PCE.

3.4. Mechanism Studies. The increased Jsc in the inverted
structure OPV devices could originate from the reduced
nongeminate recombination or the increased absorption of
photons, or a combination of both.15 In order to clarify the

Table 1. Device Performance Parameters for BHJ Solar Cells based on DRCN7T:PC71BM (w/w, 1:0.5) with Conventional and
Inverted Structures

Voc (V) Jsc (mAcm
−2) FF PCEave (%) PCEmax (%) Rs Ω cm2 Rsh Ω cm2

conventional (120 nm) 0.91 ± 0.01 13.07 ± 0.10 0.65 ± 0.02 7.75 ± 0.31 8.06 6.76 1094
inverted (120 nm) 0.90 ± 0.01 14.09 ± 0.19 0.68 ± 0.01 8.60 ± 0.24 8.84 5.10 1113

Figure 3. J−V curves (a) and EQE spectra (b) of the conventional
device with structure of ITO/PEDOT:PSS/DRCN7T:PC71BM/ZnO
NPs/Al and the inverted device with structure of ITO/ZnO NPs/
DRCN7T:PC71BM/modified PEDOT:PSS/Ag under simulated 100
mW cm−2 (AM 1.5G) illumination.
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origin of the enhanced Jsc, we will investigate the recombination
mechanisms for both the conventional and inverted device
based on light-intensity-dependent current−voltage experi-
ments,27,60,61 photocurrent density−effective voltage analy-
ses,60,62 transient absorption measurements63,64 and electrical
simulations65,66 in the following section.
3.4.1. Light-intensity-dependent Current−Voltage Experi-

ments. Analysis of the current density−voltage characteristics
at various light intensities could provide important information
about the recombination mechanisms in organic solar cells. We
measured the J−V curves for both conventional and inverted
device under different light intensities from 5 to 100 mW cm−2

(as shown in Figure S-6). The normalized photocurrent density
for the conventional and inverted devices at different light
intensities is shown in Figure S-7, it is found that the charge
collection efficiencies remain constant over a wide range of the
applied voltages (from short circuit conditions to the maximum
power output point) for both devices. This indicates that both
the conventional and inverted devices exhibit similar recombi-
nation losses under optimized conditions, which are dominated
by almost the same first-order recombination from the short-
circuit condition to the open-circuit condition.27

The light intensity dependence of the Jsc could provide
valuable insight into the charge recombination kinetics at short
circuit condition. At the short circuit condition, if there is no
nongeminate recombination, the Jsc should be correlated to the
light intensity (P) by eq 1 with α = 1,

∝ αJ Psc (1)

The light intensity dependence of the Jsc for the conventional
and inverted devices is shown in Figure 4a. The fitted power
law yield α for the conventional and inverted devices are 0.967
± 0.006 and 0.959 ± 0.007, respectively, which indicates a
negligible nongeminate recombination for both conventional
and inverted devices.
If the mean effective electron or hole drift length is smaller

than the film thickness or the charge carrier mobilities are not
balanced in the devices, then the build-up of space charges will
arise, and nongeminate recombination will become consid-
erable. When the build-up of space charges reaches a
fundamental limit, the photocurrent will have a three-fourth
power dependence on light intensity (α = 3/4).60 On the
contrary, when there is no build-up of space charges, suggesting
that all the separated charges are collected under perfect
conditions, the power law dependence will give a factor of 1.61

The experimental power law dependence of photocurrent vs
incident light intensity is shown in Figure 4, parts b and c, at a
high effective voltage (Veff = 2 V), the power exponents (α) for
conventional and inverted devices are 0.968 ± 0.007 and 0.962
± 0.007, respectively, very close to the perfect conditions. At
the short circuit condition, the power exponents for the
conventional and inverted device are 0.967 ± 0.006 and 0.963
± 0.007. Meanwhile, at the low effective voltage (ca. 0.26 V)
corresponding to an external bias of 0.73 V where the
maximum power output is observed, the power exponents for
conventional and inverted device still exhibit similar and high
values of 0.962 ± 0.006 and 0.961 ± 0.006, respectively. All
these suggest little build-up of space charge and similar
nongeminate recombination for both conventional and inverted
structure devices.
3.4.2. Photocurrent Density-Effective Voltage Analyses. In

order to further investigate the causes of the improved Jsc in the
inverted device over the conventional device, the photocurrent

is plotted as a function of the effective applied voltage (Veff) in a
wide reverse bias range under AM 1.5G illumination.60,62 As
shown in Figure 5a, for both conventional and inverted devices,
Jph has a nearly linear dependence on the voltage at the low
values of Veff, which reaches saturation when the effective
voltage Veff arrives at ∼2 V, suggesting that almost all the
photogenerated excitons are dissociated into free carriers and
all carriers are collected at the electrodes without nongeminate
recombination. With the assumption that all the bound exciton
pairs are dissociated in this case, the maximum generation rate
of bound exciton pairs per unit volume (Gmax) and the charge
collection efficiency (Pc) for the conventional and inverted
devices could be determined. Gmax was calculated from eq 2,

Figure 4. (a) Measured Jsc of DRCN7T:PC71BM solar cells with
conventional and inverted structure devices plotted against light
intensity on a logarithmic scale. The Jph,sat, Jph,sc, Jph,m plotted against
with the light intensity for the conventional device structure (b) and
inverted device structure (c).
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=J qG Lph,sat max (2)

where q is the electronic charge and L is the thickness of the
active layer (ca. 120 nm for both cases). The values of Gmax for
the inverted device and conventional device are 9.21 × 1027

m−3 s−1 (Jph,sat = 14.76 mA cm−2) and 8.62 × 1027 m−3 s−1

(Jph,sat = 13.81 mA cm−2), respectively. Since Gmax is related to
the maximum absorption of incident photons, the increased
Gmax for the inverted device suggests that better absorption
exists, which is also in agreement with the optical simulated
Jsc,simu and experimental Jsc results as discussed above.
As shown in Figure 5b, the exciton dissociation efficiency

could also be obtained at the short circuit condition from eq 3,

= ·P J J/c ph,sc ph,sat (3)

At short circuit conditions, the Jph is 95.76% and 96.54% of
the saturation current density (Jph,sat) (Jph at Veff = 2 V) for the
conventional and inverted devices, respectively, which indicates
both devices exhibit very high exciton dissociation efficiencies.
At the maximal power output condition, Jph/Jph,sat for the
conventional and inverted device is 81.05% and 83.54%,
respectively, further proves that very high charge collection
efficiency and less nongeminate recombination loss exists in
both device structures.

3.4.3. Transient Absorption Measurements. To elucidate
the recombination mechanisms of the conventional and
inverted devices, transient absorption (TA) was performed on
both devices in a reflection geometry.63,64 Figure 6, parts a and
b, shows the TA spectra from 5 ns to 1 μs delay for the
conventional and inverted structure devices, respectively. The
negative part spanning from ∼600 to ∼730 nm is attributed to
the ground state bleaching (GSB) of DRCN7T molecules
which is due to the state-filling of the excited states. The long-
lived positive shoulder or peak at around 800 and 1150 nm are
almost identical to the peaks in the quasi-steady-state
photoinduced absorption (PIA) spectra (as shown in Figure
S-8). Since the quasi-steady-state PIA monitors the long-lived
species and both the 800 and 1150 nm have similar lifetimes of

Figure 5. Net photocurrent density (a) and charge collection
efficiency (b) versus effective voltage characteristics of the
DRCN7T:PC71BM based conventional and inverted devices under
constant incident light intensity (AM 1.5G, 100 mW cm−2).

Figure 6. TA spectra (ns−μs) for the conventional (a) and inverted (b) devices, the dynamics at 680 nm (c) and 1150 nm (d) in both devices are
overlaid for comparison.
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hundreds to microseconds, we ascribe them to the photo-
induced absorption of hole polarons in DRCN7T. Figure 6,
parts c and d, shows the comparison of GSB and polaron
dynamics between conventional and inverted devices moni-
tored at 680 and 1150 nm, respectively. The polarons in both
devices have almost the same decay rate indicating that the
charge recombination in the conventional and inverted
structure devices is invariant. Early time dynamics (fs−ns)
also shows there is negligible change in transient dynamics (as
shown in Figure S-9). These results further confirmed that the
excitation dynamics of DRCN7T:PC71BM was not altered
when the device structure was changed. Hence, the enhance-
ment of performance could not be attributed to less
recombination loss in inverted device.
3.4.4. Electrical Simulations. The electrical models

developed by Nelson et al.65,66 were also simulated on both
device structures to further clarify the origin of the enhanced Jsc.
It has been demonstrated by introducing an exponential density
of tail trapping states below the band edge of polymer and
fullerene, the device performance can be successfully modeled.
Charge recombination is considered to be Shockley−Read−
Hall (SRH) trap-assisted type recombination that free charges
in transporting level annihilate with trapped charges in tail
states.66,67 The consideration is plausible as we observed a
monomolecular recombination as shown in Figure S-7 over the
simulated voltage range for both conventional and inverted
devices. Considering that the density of state (DOS) width is
much narrower in small molecules than in polymers and the
high carrier mobility in small molecules,68 only fullerene tail
trap states are included in the modeling. Nongeminate
recombination happens when free holes annihilate with trapped
electrons. The absorbed photon flux distribution follows Figure
S-2 and multiplies by a reduction factor (due to an
overestimated IQE in the electrical field simulation) so that
the total absorbed photon is coincident with the maximum
current output in experiment. A global fitting was carried out
with different incident light intensities for both conventional
and inverted devices. The fitting results are shown in Figure S-
10 and Table S1 listed the main parameters extracted from the
fitting. It is found that with only one set of parameters, both the
conventional and inverted devices could be well-fitted based on
the simulated absorbed photon flux. This indicates that the
performance improvements could only come from a better
electrical field distribution profile, where more photons are
absorbed in the inverted devices while other factors are hardly
affected.
3.5. Device Stability. A preliminary investigation of the

long-term stability of the inverted and conventional devices was
also carried out. Both devices were encapsulated and stored in
the ambient atmosphere (humidity: 65%), their photovoltaic
performance was measured periodically by transferring the
devices back into the argon-filled glovebox. As shown in Figure
S-11, the inverted device showed a remarkable stability with
almost no obvious degradation after three months (the PCE is
kept at 93% after 103 days). However, the PCE for the
conventional device with ZnO NPs as the ETL decreased to
84% after 40 days under the same test conditions, while the
conventional device with PFN as the ETL showed a significant
decrease (the PCE reduced to 45% after 23 days) under the
same test conditions. Also, the light soaking test was performed
under the same conditions, and similar results were obtained
(as shown in Figure S-12). The PCE for the inverted device was
kept almost as a constant after continued illumination for 70

min, while the conventional device employed ZnO NPs as the
ETL exhibits about 5% decrease during the same test condition.
Therefore, future work should focus on how to enhance the
stability of the conventional devices.69 On the basis of our
results, the SM-OPVs could achieve the comparable stabilities
with P-OPVs by using inverted device structures, which exhibit
great potential for the future commercial applications.

4. CONCLUSIONS
Using an inverted structure, a PCE of 8.84% has been achieved
for solution processed SM-OPV using ZnO NPs as the ETL
without any conjugated or nonconjugated polyelectrolytes. The
performance improvement for the inverted devices is attributed
to the enhanced Jsc, which mainly originates from the increased
light absorption in the inverted device, rather than the reduced
nongeminate recombination compared to the conventional
devices fabricated under similar conditions. This is validated
from the studies of the optical simulations, light-intensity-
dependent current−voltage experiments, photocurrent density-
effective voltage analyses, transient absorption measurements
and electrical simulations. These results would be helpful for
device fabrication and optimization toward future possible
commercialization of SM-OPV.
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