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Dramatic improvement in the stability and
mechanism of high-performance inverted polymer
solar cells featuring a solution-processed buffer
layer†
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In this study, we demonstrate inverted PTB7:PC71BM polymer solar cells (PSCs) featuring a solution-pro-

cessed s-MoO3 hole transport layer (HTL) that can, after thermal aging at 85 °C, retain their initial power

conversion efficiency (PCE) for at least 2200 h. The T80 lifetimes of the PSCs incorporating the novel

s-MoO3 HTL were up to ten times greater than those currently reported for PTB7- or low-band-gap

polymer:PCBM PSCs, the result of the inhibition of burn-in losses and long-term degradation under

various heat-equivalent testing conditions. We used X-ray photoelectron spectroscopy (XPS) to study

devices containing thermally deposited t-MoO3 and s-MoO3 HTLs and obtain a mechanistic understand-

ing of how the robust HTL is formed and how it prevented the PSCs from undergoing thermal degra-

dation. Heat tests revealed that the mechanisms of thermal inter-diffusion and interaction of various

elements within active layer/HTL/Ag electrodes controlled by the s-MoO3 HTL were dramatically different

from those controlled by the t-MoO3 HTL. The new prevention mechanism revealed here can provide the

conceptual strategy for designing the buffer layer in the future. The PCEs of PSCs featuring s-MoO3 HTLs,

measured in damp-heat (65 °C/65% RH; 85 °C per air) and light soaking tests, confirmed their excellent

stability. Such solution-processed MoO3 HTLs appear to have great potential as replacements for com-

monly used t-MoO3 HTLs.

Introduction

Polymer solar cells (PSCs) are attractive emerging next-gene-
ration solar cells because of their low cost, low energy con-
sumption, low carbon emission, light weight, flexibility, trans-
parency, solution-printability, and ease of fabrication.
Recently, the power conversion efficiencies (PCEs) of non-full-
erene PSCs have progressed rapidly, now exceeding 18.2%1

and achieving the requirements for commercialization.
Nevertheless, the stability of high-performance PSCs has been

a bottleneck affecting their commercialization. PSCs can be
divided into conventional and inverted structures based on the
positions of their hole transport layers (HTLs) and electron
transport layers (ETLs). Unlike conventional PSCs that feature
PEDOT:PSS or LiF as the HTL, inverted PSCs contain metal
oxide layers as both the HTL and ETL and are usually more
stable when based on the same active layer.2–4 A commonly
adopted model system for high-performance inverted PSCs
involves blends of the low-band-gap (LBG) polymer 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]thiophenediyl]] (PTB7)
and [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM). The
PCEs of inverted PTB7-based PSCs operated without tempera-
ture- and light-stress conditions have low burn-in losses
(≤10%) and values of T80—the operating lifetime during which
the PCE reaches 80% of its initial value—of greater than 35
days.5

The degradation mechanisms of PSCs can be divided into
three categories:6 (i) extrinsic degradation caused by chemical
reactions with H2O and O2 from the atmosphere (minimized
through encapsulation of the device), (ii) intrinsic degradation
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caused by the elevated temperatures during operation in the
dark, and (iii) intrinsic photoinduced degradation; the latter
two will occur even in the case of perfect encapsulation. The
temporal variations in the PCE degradation of PSCs are typi-
cally divided into three regimes: an initial period of rapid
decay (the “burn-in” regime), a subsequent period of slow (or
relatively stable) degradation that lasts for the solar cell’s
usable lifetime (the “long-term” regime), and a final period of
rapid and complete degradation (the “failure” regime). If the
burn-in degradation (usually 10–50%) is greater than 20%, the
value of T80 can be very short and possibly even less than the
burn-in time. If the burn-in loss is less than 20%, the value of
T80 can be affected slightly by a very short burn-in period.
Therefore, effectively minimizing the burn-in loss should
enhance both the performance and the duration of stable
operation, the critical factors affecting the commercialization
of PSCs.

The burn-in degradation of a PSC is caused by several
factors, including the polymer crystallinity,7–9 fullerene oligo-
merization10 and aggregation,11,12 photoinduced defects,13,14

and spinodal de-mixing.15 The mechanisms of burn-in loss for
PCEs operated at high temperature6 are (i) macro-phase separ-
ation of the bulk heterojunction (BHJ) structure of the active
layer11,12 and (ii) the formation of a charge blocking layer at
the interface between the Ag electrode and the charge trans-
port layer.16 The degradation in PCE caused by macro-phase
separation can be suppressed through crosslinking or employ-
ing a polymer with a high glass transition temperature.17 The
most common approach for overcoming degradation at the
HTL–electrode interface is the use of thermally evaporated
MoO3 as the HTL; it ensures good performance because of its
low work function and favorable energy level diagram, relative
to those of other metal oxides tested for inverted PSCs.
Unfortunately, inverted PSCs incorporating thermally evapor-
ated MoO3 also display stability problems. It was reported
recently18 that an inverted PTB7:PC71BM PSC that had been
pre-aged at 85 °C for a long time (i.e., aged prior to HTL/elec-
trode deposition) exhibited a thermally stable BHJ morphology
and little burn-in degradation; thus, the cell displayed good
thermal stability. In contrast, the corresponding inverted
PTB7:PC71BM PSC that had been post-aged at 85 °C (i.e., aged
after HTL/electrode deposition) experienced high burn-in
degradation within a short period of time, primarily as a result
of inter-mixing of the interfacial layers of the cell. Chambon
et al.19 reported that the thermal diffusion of elements from
the thermally evaporated MoO3 HTL and Ag top electrode into
the active layer was the main cause of the thermal burn-in loss
in inverted PSCs. Hermerschmidt et al.20 demonstrated that
device degradation (thermal burn-in loss > 40%) was caused
primarily by the interface between the evaporated MoO3 HTL
and the active layer and secondarily by the interface between
the MoO3 HTL and the Ag electrode. They employed inter-
facial/buffer engineering (i.e., MoO3/PEDOT:PSS/Ag electrode)
to minimize the burn-in effect, but this approach also
decreased the initial PCE. Greenbank et al.21 proposed that the
degradation was caused mainly by the interface between the

MoO3 HTL and the Ag electrode (leading to ca. 50% burn-in
loss at 80 °C in a dark glove box, followed by a value of Ts80 of
ca. 500 h). Recently, Griffin et al.22 and Ahmadpour et al.23

demonstrated that thermally evaporated MoO3 might undergo
a change in the oxidation state of its Mo(VI) metal center when
exposed to heat or light, leading to a change in work function
and, thus, a degradation in PCE. Evaporated MoO3 is also sen-
sitive to included H2O and O2, which could change its work
function and conductivity, thereby leading to a shorter
lifetime.24,25 Accordingly, the use of solution-processed MoO3,
or another metal oxide, as the HTL in the inverted PSC,
instead of a thermally evaporated metal oxide, might possibly
be an effective approach toward minimizing the burn-in loss,
increasing the value of T80 and enhancing the possibility of
PSC commercialization. Thermally evaporated WO3 has dis-
played high thermal stability in inverted PSCs.21 Although a
few studies have demonstrated the use of solution-processed
MoO3 in the production of efficient inverted and conventional
PSCs,26–29 processing solution-processed MoO3 HTLs remains
challenging and there have been few investigations of their
stability.

In this paper, we describe a solution-processed MoO3 (“s-
MoO3”) HTL that effectively minimizes thermal burn-in loss
and, thus, enhances the stability of inverted high-performance
LBG PSCs relative to that of their counterparts incorporating a
thermally deposited MoO3 (“t-MoO3”) HTL. For evaluation, we
performed two accelerated lifetime tests: (i) accelerated heat
tests based on the ISOS-D-2 protocol (in the dark and under N2

at 65 and 85 °C, respectively) and (ii) accelerated damp-heat
tests, including the ISOS-D-3 protocol (65 °C/65% RH and
85 °C/air).30 At 85 °C under N2, the inverted PTB7:PC71BM PSC
devices incorporating the s-MoO3 HTL retained their PCE for
more than 2000 h, with exceptional intrinsic stability in the
burn-in and long-term regimes. This stability greatly exceeded
the same-condition records currently reported for inverted
LBG-based PSCs containing solution-processed PEDOT:PSS20

and metal oxide8,31 HTLs. In contrast, under the same con-
ditions, the inverted PTB7:PC71BM PSC featuring the t-MoO3

HTL experienced a PCE burn-in loss of 20% within a few
hours. Thus, novel s-MoO3 HTLs can indeed be prepared for
high-stability inverted PSCs. Moreover, we investigated the
mechanism through which this solution-processed MoO3

effectively inhibited the transfer of both Ag atoms (from the
top electrode) and MoO3 particles into the active layer, hoping
to facilitate the future development of device architectures and
processing methods for interface and buffer layer engineering
of high-intrinsic-stability PSCs. We used X-ray photoelectron
spectroscopy (XPS) to determine the elemental depth profiles
through a systematic study of the thermal inter-diffusion and
interactions of various elements within the various active
layer/HTL/Ag electrode structures in response to various heat
tests. We correlated the evolution of the elemental depth pro-
files in the device architectures with their stability under
various heating conditions. Based on the XPS data, we propose
the following sequential steps for the formation of such robust
HTL layers and their interfaces: (i) diffusion of s-MoO3 and
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solvent molecules into the active layer during HTL coating, (ii)
thermal diffusion of s-MoO3 from the active layer toward the
HTL (“backward diffusion”), and (iii) effective stabilization of
the newly formed s-MoO3 film structure and its interfaces to
fully inhibit the penetration of Ag and MoO3 into the active
layer upon heating. The robust HTL and its associated contact
interfaces also displayed effective resistance against invasive
O2 and H2O, thereby enhancing the extrinsic stability, as evi-
denced in damp heat tests. Moreover, the results of light
soaking tests confirmed that the good stability is because of
the resistance to invasive O2 and H2O. Furthermore, the solu-
tion-processed MoO3 HTL presented herein has several other
attractive features such as the use of an environmentally
friendly solvent, low cost, and a low-energy fabrication process.

Experimental
Materials preparation

ZnO nanoparticles. The preparation of the ZnO nanoparticle
solution has been described previously by Wang et al.32 Zinc
acetate dehydrate (Alfa, 2.2 g) was dissolved in ethanol (Fisher,
100 mL) at room temperature. Lithium hydroxide monohydrate
(Alfa, 0.58 g) was added to this solution and dispersed in an
ultrasonic bath for 30 min. The color of the solution changed
from gray to transparent during the dispersion process.
Deionized water (2 mL) was added to the transparent solution
and then the mixture was stirred in a water bath (60 °C) for
30 min. When the color of the stirred solution changes from
transparent to white, the mixture was cooled to room tempera-
ture and centrifuged (3000 rpm, 3 min). After the suspension
had been removed, the precipitates were re-dispersed in
ethanol. By repeating this centrifugation process, the remain-
ing ZnO precipitates were dispersed in isopropanol (IPA) at a
concentration of 10 mg mL−1, with 0.15% ethanolamine as a
dispersant, and then filtered through a 0.45-μm PVDF filter.
The average size of the resulting ZnO nanoparticles was 7 nm.

s-MoO3 solution. The materials for the preparation of the
solution for the s-MoO3 HTL included molybdenum powder
(≤4 μm, Strem), ethanol, and 30 wt% hydrogen peroxide
(ACROS). Molybdenum powder (0.1 g) was dispersed in
ethanol (10 mL) in an ultrasonication bath for 30 min and
then hydrogen peroxide (30 wt%, 0.35 mL) was added into the
solution. The blended solution was then stirred at room temp-
erature for 20 h, at which point the color of the solution
changed from black to blue—an indicator of the hydrogen
transition metal (HTM) bronze.33 The blue solution was fil-
tered through a 0.45-μm PVDF filter and then dried under
vacuum. The dried powder was dissolved in ethanol (10 mL)
by stirring at room temperature for 1 day, thereby completing
the preparation of the solution for the s-MoO3 HTL. A solu-
tion-processed MoO3 HTL34 has previously been reported in
the preparation of a conventional type of PSC structure. In this
present study, IPA was added into the s-MoO3 solution at an
s-MoO3-to-IPA ratio of 1 : 3 to ensure a good coating of a
uniform film on the active layer.

Active layer solution. The active layer solution was prepared
by blending PTB7 (1-material, 10 mg) and PC71BM (Nano-C,
15 mg) in o-xylene (Sigma-Aldrich, 1 mL) containing 1,8-diio-
dooctane (DIO, Sigma-Aldrich, 3%) as an additive. The other
active layer solution was prepared by blending PM6
(1-material, 8 mg) and Y6 (1-material, 9.6 mg) in chloroform
(Sigma-Aldrich, 1 mL) containing 1-chloronaphthalene (CN,
Sigma-Aldrich, 0.5 vol%) as an additive. The blended solution
was stirred at 70 °C in a glove box for 1 day.

Device fabrication. The substrate, 5-Ω indium tin oxide
(ITO) glass, was patterned by laser ablation. The ITO glass was
washed with acetone, dried under a flow of N2 gas, and
cleaned in a plasma cleaner for 10 min. For coating the ETL, a
solution of ZnO nanoparticles (10 mg mL−1) was spin-coated
onto the cleaned ITO glass up to a thickness of 30 nm. A PTB7:
PC71BM solution was then coated on the ZnO ETL at 2000 rpm
to achieve a layer thickness of 80 nm, followed by drying under
vacuum for 1 day to remove any residual solvents. A PM6:Y6
solution was coated on the ZnO ETL at 5000 rpm to achieve a
layer thickness of 100 nm, followed by annealing at 110 °C for
10 min. The t-MoO3 HTL (thickness: 8 nm) was thermally evap-
orated onto the active layer at a deposition rate of 0.1 Å s−1

under 5.5 × 10−6 torr. To deposit the s-MoO3 HTL, the s-MoO3

solution was spin-coated onto the active layer at 3000 rpm for
30 s. The thickness of the optimized HTL was 14 nm. The
active layer, ETL layer, and s-MoO3 HTL were all deposited at
room temperature and exposed to air. After the deposition of
the s-MoO3 HTL, Ag (100 nm) was thermally evaporated onto
the HTL under 5.5 × 10−6 torr as the metal electrode. The
device area of 1 × 0.3 cm2 was defined by a mask. All of the
PSCs for the lifetime tests had the inverted structure ITO/ZnO/
PTB7:PC71BM or PM6:Y6/t-MoO3 or s-MoO3/Ag electrode. Prior
to the damp heat and light soaking tests, the devices were
encapsulated with UV epoxy (eGloo, SAES) under N2 in a glove
box.

Device characterization and methods, crystallography

Depth profiling measurement by XPS. Specimens grown on
ITO glass were transferred to an ultrahigh vacuum chamber
(base pressure: 6.7 × 10−10 mbar) for XPS analysis. A
ULVAC-PHI 5000 Versa Probe photoelectron spectrometer,
equipped with a monochromatic focused Al anode X-ray
source and a 16-channel hemisphere analyzer (HSA), was
employed for the XPS measurements. The power of the
focused X-ray source was 30.9 W; the scan area was 100 ×
100 μm2. The take-off angle and pass energy of the HSA analy-
zer were 45° and 58.70 eV, respectively. A flooding electron gun
and low-energy ion gun were employed for charge neutraliz-
ation. Preliminary checks of three points randomly chosen on
each specimen revealed that the compositional distribution
was uniform.

Performance measurement and damp-heat tests. The
voltage–current density curves of all of the PSC devices were
measured under AM1.5G light (100 mW cm−2) from a solar
simulator (Model 11000, Abet Technologies). A profiler (Alpha
Step D-100, KLA Tencor) was used to measure the real layer
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thickness. To study the intrinsic degradation at high tempera-
tures, the PSC devices were aged at 65 and 85 °C in the dark
under N2 in a glove box. The damp-heat tests of the encapsu-
lated PSC devices were conducted under conditions of 65 °C/
65% RH in an environmental chamber equipped with an auto-
matic monitor and a constant temperature/humidity control
(YEOW LONG Technology Developing Co.). These test con-
ditions followed the ISOS-D-3 and SEMI PV76 (SEMI, 2016)35

test standards, respectively. In addition, an encapsulated
device was tested by placing it in an oven at 85 °C in ambient
air (ca. 45% RH).

Impedance measurement. The impedance measurements
were conducted by using an impedance spectrum analyzer
(Zahner IM6) under air and in the dark conditions. The impe-
dance results were measured by applying a DC voltage and an
AC voltage of 0 V and 20 mV in the frequency range of 1 Hz to
3 MHz, respectively.

Light-soaking test. The light-soaking tests were conducted
under ambient conditions with a UV filter (cut-off: 400 nm)
under continuous AM 1.5G solar illumination (100 mW cm−2)
monitored by a photodetector (Model: KD-LS01-0808, King
Design Industrial). The illumination area was 40 cm × 40 cm.

Results and discussion
Intrinsic thermal degradation under N2 at 65 and 85 °C

For systematic comparison, we investigated the temperature
dependence of the thermal burn-in loss and long-term degra-
dation induced by the t-MoO3 and s-MoO3 HTLs under pro-
longed periods of thermal annealing. First, we considered only
the intrinsic degradation effect. Fig. 1 and Fig. S1† display the

degradations in PCEs of inverted PTB7:PC71BM devices incor-
porating the t-MoO3 and s-MoO3 HTL/Ag electrodes under
thermal aging at 85 and 65 °C, respectively, in the dark under
N2 in a glove box. The data for the photovoltaic performance of
the PSC devices based on the s-MoO3 and t-MoO3 HTL/Ag elec-
trodes, aged at 85 °C, have been averaged from 14 and 5
devices, respectively. In Fig. 1, the initial PCE of the s-MoO3-
based devices was 6.35 ± 0.36%, with an open-circuit voltage
(Voc), short-circuit current density ( Jsc), and a fill factor (FF) of
0.69 ± 0.03 V, 16.35 ± 0.58 mA cm−2, and 56.69 ± 2.79%,
respectively. The initial PCE of the t-MoO3-based devices was
6.38 ± 0.39%, with the values of Voc and Jsc and FF being 0.78 ±
0.00 V, 13.17 ± 0.40 mA cm−2, and 61.93 ± 3.84%, respectively.
Typical J–V curves for the PTB7:PC71BM devices with t-MoO3

and s-MoO3 HTL, respectively, are shown in Fig. S2 (ESI).† The
PCEs of the devices incorporating t-MoO3 HTLs (as the refer-
ence group) and aged at 85 and 65 °C decreased rapidly to 80
and 70%, respectively, of the initial efficiency (burn-in regime).
The subsequent long-term stability regimes for the samples
aged at 85 and 65 °C involved gradual decays to 60% of the
initial efficiency lasting for 800 and 1200 h, respectively. The
different aging temperatures affected the level of burn-in loss,
as well as long-term stability, because of the different thermal
diffusion kinetics of the charge traps in the active layers. In
contrast, the normalized performance of the devices incorpor-
ating the s-MoO3 HTL and aged at 85 °C in the dark under N2

initially increased slightly and then became stable (or even
increased slightly again thereafter) over a period of more than
2200 h, with neither burn-in loss nor long-term degradation.
This intrinsic thermal stability was remarkable and excep-
tional, greatly exceeding the current data records reported for
LBG PSC devices under similar thermal stresses or ambient
conditions. The value of T80 of our device was up to ten times
higher than those of PTB7:PC71BM-based PSCs reported pre-
viously under various thermal-stress-equivalent tests.8,32,36,37

Two mechanisms have been suggested previously to explain
the thermal degradation behavior of inverted PSC incorporat-
ing t-MoO3 HTLs. The first degradation mechanism involves
the burn-in loss being caused partly by the rapid drop in the
value of Voc, as displayed in Fig. 1. In a previous study, we pro-
posed that the thermal burn-in loss of the PCE was caused by
the thermally evaporated MoO3 particles diffusing far into the
active layer to form charge traps (or defects) during the
heating stress test.18 Other studies have found that the initial
decrease in the values of Voc and the burn-in loss was caused
by the diffused metals Mo and Ag acting as charge traps
within the active layer.19,38 The second degradation mecha-
nism is closely related to the long-term stability, caused by the
slight decline in the value of Jsc and the exponential decay of
the FF. This degradation mechanism can be attributed to (i) a
morphological change in the BHJ structure, (ii) a change in
the work function of the interface of the MoO3 HTL/Ag
electrode,22,39,40 (iii) a change in the oxidation state of Mo
(VI),22,23 (iv) an external agent (e.g., O2 or H2O),

22,41,42 and (v)
the diffused metals Mo and Ag acting as charge traps within
the active layer.19,38 In the previous studies,17,18 the thermal

Fig. 1 Variations in the photovoltaic characteristics with respect to the
thermal aging time of inverted PTB7:PC71BM devices incorporating
t-MoO3 and s-MoO3 HTLs. All of the devices have been thermally aged
at 85 °C in the dark under N2 in a glove box. The solid curve represents
the champion device and the dashed curves with error bars represent
the averaged data.
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degradation purely caused by the morphological change and
vertical phase separation of the BHJ structure in the PTB7:
PC71BM-based active layer can be determined by heating the
PSC devices without the HTL/Ag electrode at high tempera-
tures for different times followed by the deposition of the
HTL/Ag electrode and then PCE measurement. The degra-
dation caused by the change in the BHJ structure of the PTB7:
PC71BM active layer demonstrates a gradual decrease in 10%
of the initial PCE under aging at 85 °C for 500 h.18 We used
atomic force microscopy to observe the topography of the
PTB7:PC71BM active layers/8 nm t-MoO3 and 15 nm s-MoO3

with and without thermal aging at 85 °C for 100 h as shown in
Fig. 2. The nanoscale domains of topography consist of the
PC71BM aggregation clusters and PTB7 nanocrystals in the
BHJ structure. The PC71BM clusters in the active layer with
thermal aging are larger than those in the active layer without
thermal aging, showing the thermally-phase-separated BHJ
structure. The morphologies of PTB7:PC71BM/8 nm t-MoO3

and 15 nm s-MoO3 are similar to each other before or after
thermal aging. The RMS of PTB7:PC71BM/8 nm t-MoO3 is
slightly reduced after thermal aging. The RMS of PTB7:
PC71BM/15 nm s-MoO3 does not change after thermal aging.
The topographies of ITO/8 nm t-MoO3 (a) without and (b) with
aging and ITO/15 nm s-MoO3 (c) without and (d) with aging
are shown in Fig. S3.† The morphology and RMS of ITO/8 nm
t-MoO3 are slightly smaller than those of ITO/15 nm s-MoO3

because of the solution process. The RMS value almost does
not change after thermal aging for both HTLs. In contrast, the
PCE of the t-MoO3-based device (the reference group) shows a

burn-in loss of 20% in a short time and then a gradual decay
to 60% of the initial efficiency lasting 800 h (Fig. 1d). Based on
these two variations in PCE with respect to aging time, the
degradation contribution purely caused by the BHJ structure
of the active layer can be separated and thus the main (i.e., the
rest) contribution of the thermal degradation behavior can be
roughly attributed to the thermal inter-diffusion and inter-
action of interfaces between the active layer/HTL/Ag electrode.
The interfacial engineering19–21,38 on the HTL/Ag electrode for
the improvement of thermal stability becomes increasingly
important except for the morphological and vertically compo-
sitional control of the active layer. The other factors, such as
the chemical state, are regarded as minor factors and are not
discussed here.

It seems that the s-MoO3-based device can fully inhibit the
degradation effect caused by the thermal inter-diffusion and
interaction of interfaces between the active layer/HTL/Ag elec-
trode. The initial increase in PCE is caused by the effective
reinforcement of s-MoO3 HTL and interface favorable charge
transport (discussed later). The robust interface characteristics
and the internal HTL structure may cause a slight increase or
constant PCE with aging for long-term stability. In addition,
the s-MoO3-based device shows an increase in performance to
compensate for the PCE loss caused by the increasing change
in the BHJ structure of the active layer with aging time,
keeping the initial PCE over a lasting period of 2200 h (the
second degradation stage). It can be reasonably speculated
that this PCE promotion is caused by the (1) improvement of
interfacial contact (layer roughness) between the active layer
and s-MoO3 HTL and (2) the sintering of s-MoO3 HTL due to
thermal aging. The thermally-stable BHJ structure processed
with DIO is also a factor of long-term stability. The alcohol
treatment can decrease the domain size on and in the PTB7:
PC71BM film and then improve the PCE and Jsc values.
However, the average domain size is between 30 nm to 300 nm
according to the literature,43 whose scale is much larger than
the size of the diffusion-in t-MoO3 and s-MoO3 species. Hence,
it can be speculated that the alcohol treatment would not
affect the thermal stability in this case.

PM6:Y6 PSC is a well-known non-fullerene-acceptor-based
system with high performance. Recently, the thermal stability
behavior at ≥80 °C of PM6:Y6 PSC has attracted more
interest.44–46 It is interesting to understand if the s-MoO3

method is applicable to the PM6:Y6 PSC. We prepared the
PSCs with PM6:Y6 as the active layer using chloroform solvent
in a nitrogen glove box. Their inverted structures are ITO/ZnO/
PM6:Y6/t-MoO3 or s-MoO3/Ag electrodes. The PCE values of
t-MoO3- and s-MoO3-based PM6:Y6 PSCs are 14.33% and
12.28%, respectively, suggesting the applicability of s-MoO3

HTL to this PM6:Y6 system. The corresponding current
density–voltage curves and performance characteristics are
shown in Fig. S4 and Table S1 (ESI).† Fig. 3 shows the repre-
sentative behavior of thermal stability at 85 °C of t-MoO3- and
s-MoO3-based PM6:Y6 PSCs. The normalized PCE of the device
incorporating a t-MoO3 HTL shows an exponential decay to
80% of the initial PCE (like burn-in loss) and remains stable

Fig. 2 Topographies of ITO/ZnO/PTB7:PC71BM/8 nm t-MoO3 (a)
without and (b) with aging and ITO/ZnO/PTB7:PC71BM/15 nm s-MoO3

(c) without and (d) with aging. The thermal aging was performed at
85 °C for 100 h. The large PC71BM aggregation clusters or PTB7 crystal-
line domains in the phase-separated BHJ structure formed by thermal
aging are marked by yellow circles. The scale bar is 4 μm. The RMS of
ITO/ZnO/PTB7:PC71BM is 1.45 nm.
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up to 480 h followed by failure. The thermal stability behavior
at 85 °C of PM6:Y6 PSC reported by Chen et al.44 also showed a
similar decay of PCE to 80% of the initial value approaching
100 h. The main degradation reported may be due to the large
aggregation of Y6 molecules in the BHJ structure of the active
layer due to thermal aging. Han et al.46 showed that the pro-
cessed-ZnO electron transport layer for the aged PM6:Y6 PSC
at 80 °C can reduce the burn-in loss. For the device incorporat-
ing s-MoO3 HTL, the normalized PCE shows an initial increase
lasting 100 h and then an exponential decay to 80% of the
initial PCE lasting 860 h followed by a drastic drop. Both decay
trends (long term stability) are similar and can be mainly
attributed to the morphological evolution of the BHJ structure
of the active layer. The effect of thermal diffusion between
active layer/MoO3/Ag layers on long-term degradation may be a
minor factor in this case. Remarkably, the initial increase in
PCE for the s-MoO3-based PM6:Y6 PSC can be attributed to the
effective reinforcement of the s-MoO3 layer and interface
between the active layer and HTL mentioned in the PTB7:
PC71BM PSC case. The intrinsic thermal stability of the devices
prepared with the novel s-MoO3 HTL was not affected by either
of the two degradation mechanisms discussed above.
Therefore, we performed the following mechanistic study to
determine how the presence and novel structure of the s-MoO3

HTL fully inhibited the thermal degradation, potentially pro-
viding new insights for the future fabrication of the highly
stable PSCs. Notably, the actual performance is shown in
Fig. 3 and a representative behavior of decay curves is shown
in Fig. S5†. Their initial PCEs are 7.5%–8%. The behavior of
most of the data is similar to that of these data. In addition,
the information of normalized and un-normalized decay
curves of the t-MoO3- and s-MoO3-based PM6:Y6 PSCs (with
PCE values similar to the devices mentioned in the manu-
script, shown in Table S2†) are added to the ESI for better com-

parison (Fig. S6†). The difference between the decay curves of
such two groups with different initial performances might be
due to the BHJ structural damage by the thermal aggregation
of the Y6 molecules mentioned. The BHJ structure with high
performance is not favorable to stability. The present study is
focused on the effect of HTL based on the relatively thermally
stable BHJ structure such as PTB7:PC71BM PSC. PM6:Y6 PSC
has a minor issue because its stability is subject to more other
complex factors.

Y. Wang et al.47 developed the hybrid MoO3–PEDOT: PSS
HTL. The MoO3-induced oxidation doping in PEDOT: PSS can
effectively suppress the interfacial chemical reactions between
BHJ and PEDOT: PSS. This method retains the stable and high
built-in potential across BHJ, which improves the operational
stability of non-fullerene-based PSCs. W. Lan48 incorporated
CdSe@ZnS quantum dots (QD) to modify PEDOT: PSS HTL in
which the coulombic attraction between the PEDOT units and
PSS units is disturbed. The use of CdSe@ZnS QDs-PEDOT: PSS
HEL decreases the reduction in PCE under accelerated UV
aging test conditions. This modified HTL favors the efficient
operation of the non-fullerene-based PSCs by maintaining a
high built-in potential across BHJ and demonstrates the
importance of interfacial engineering. W. Lan et al.49 also pre-
pared the PM6:non-fullerene acceptor PSC with a bilayer
MoO3/antimonene HEL which significantly improves the oper-
ational stability by maintaining a high built-in potential.

Degradation mechanism studied by XPS depth profiling and
impedance spectroscopy

We used XPS to investigate the elemental depth profiles within
the active layer/HTL/Ag electrode structures that have been
subjected to different thermal aging tests to reveal both the
degradation mechanism operating in the presence of the
t-MoO3 HTL and the so-called “protection” mechanism operat-
ing in the presence of the s-MoO3 HTL. We simultaneously
investigated both the thermal interlayer diffusion behavior and
the interactions among the elements with respect to the verti-
cal positions across the interfaces. To begin our systematic
study, we considered only the effect of pure HTL on the active
layer. We recorded the XPS spectra of Si substrate/ZnO/PTB7:
PC71BM/t-MoO3 (t-MoO3 thickness: 8 nm; as the top surface
for XPS depth profiling) and Si substrate/ZnO/PTB7:PC71BM/
s-MoO3 (s-MoO3 thickness: 15 nm; as the top surface) struc-
tures before and after thermal aging at 85 °C for 70 h. Fig. 4a
shows the intensity of the Mo and O signals with respect to the
vertical depth from the surface of the HTL as a function of the
sputtering time for the multilayer samples incorporating the
t-MoO3 HTL. Prior to thermal aging, the depth distributions of
Mo and O were sharp Gaussian peaks that rapidly decreased to
zero at the interface between the HTL and the active layer
(after a sputtering time of ca. 2 min). After aging, the Mo and
O distributions had broadened and the peaks had shifted to
the interface, signifying that thermal diffusion of Mo and O
atoms had occurred into the active layer. The Mo and O distri-
butions ended after a sputtering time of 4 min. The depth pro-
files and thermal diffusion of the Mo and O atoms into the

Fig. 3 Variation in the photovoltaic characteristics with respect to the
thermal aging time of inverted PM6:Y6 devices incorporating t-MoO3

and s-MoO3 HTLs, respectively.
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active layer were consistent with those determined previously
using Auger electron spectroscopy (AES).38 We have previously
reported a degradation mechanism in which thermally
diffused Mo atoms in the active layer can serve as recombina-
tion traps.18

Fig. 4b displays the intensity of the Mo and O signals with
respect to the depth from the surface of HTL for multilayer
samples featuring the s-MoO3 HTL. Prior to thermal aging, the
depth profiles of Mo and O distributions were remarkable, dis-
playing slow exponential decay starting from the surface of the
HTL. The Mo and O distributions extended into the deep
interior of the active layer until the sputtering time reached
7 min. The sputtering rate of the polymer active layer is much
faster than that of metal oxide HTL. We speculate that the
s-MoO3 particles had been deeply transferred into the active
layer during the deposition of the HTL solution on the active
layer, presumably because the s-MoO3 particles could diffuse
into the active layer along with the ethanol due to the low
surface tension of solvent. Because these s-MoO3 particles in
the active layer could not serve as charge traps, the PSC
devices exhibited good initial PCEs. The very low mismatch
between the energy level of s-MoO3 (−5.1 eV)34 and the highest
occupied molecular orbital (HOMO) of PTB7 (−5.15 eV)50

allowed favorable hole hopping at the interfaces of PTB7/
s-MoO3/PTB7. Interestingly, the s-MoO3 samples after thermal
aging exhibited a rapid decay in the curves of the Mo and O
distributions in the active layer, increasing toward the HTL,
signifying the diffusion of all of the s-MoO3 particles within
the active layer back to the HTL and then forming a sharp
interface (discrete in concentration) between the HTL and the
active layer after a sputtering time of approximately 3 min.
Eventually, almost no s-MoO3 particles were present in the
active layer. It seems that thermal aging at 85 °C had an
inverse effect, enabling the s-MoO3 HTL to have a well-defined
interior structure, a sharp contact interface, and an enhanced
chemical composition or oxidation state for MoOx, resulting in
the initial increase in PCE, instead of a burn-in loss, and excel-
lent long-term stability. Moreover, this strengthening of the
intrinsic stability by aging at 85 °C was not temporary, being
unaffected by prolonged operation for over 2000 h. To the best
of our knowledge, this extremely high thermal stability and

novel layer structure, tuned by solution processing and inverse
diffusion of s-MoO3 particles, has not been reported previously
as a processing strategy for PSCs with high thermal stability.

After demonstrating how the pure HTL interacted with the
active layer under thermal conditions, we studied the influence
of the incorporation of the Ag top electrode in these multilayer
samples. We performed XPS with Si substrate/ZnO/PTB7:
PC71BM/t-MoO3 (8 nm)/Ag (as the top surface for XPS depth
profiling) and Si substrate/ZnO/PTB7:PC71BM/s-MoO3 (15 nm)/
Ag (as the top surface for XPS depth profiling) structures after
thermal aging at 85 °C for 70 h. The elemental depth profiles
of Mo and O in the aged multilayer Si substrate/ZnO/PTB7:
PC71BM/t-MoO3/Ag sample (Fig. 5a) revealed the inter-layer
diffusion of t-MoO3 particles into the Ag electrode from the
interface between the HTL and the Ag layer (at a sputtering
time of ca. 3 min). The t-MoO3 HTL evolved into a MoO3–Ag
alloy and lost its hole-extraction properties. In addition, we
observed the concomitant diffusion of Ag into the active layer
through the whole t-MoO3 HTL. This phenomenon has also
been reported in other XPS and AES studies.21,38 Significant
amounts of Ag, Mo, and O atoms migrated across the interface
between the t-MoO3 HTL and the active layer (at a sputtering
time of ca. 5 min), thereby acting as recombination centres or
charge traps. Notably, the Ag, Mo, and O atoms reached a
depth of 10 min of sputtering, much deeper in the active layer
than they were in the pure t-MoO3 HTL. The thermal migration
of Ag atoms toward the active layer appeared to concurrently
enhance the thermal diffusion and deep penetration of the Mo
and O atoms into the active layer. The interlayer diffusion at
the interfaces might also have caused unfavorable changes in
the work function and could be correlated to the mechanism
of degradation of the photovoltaic parameters, and could
occur around the Ag–t-MoO3 HTL and the t-MoO3 HTL–active
layer interface and in the t-MoO3 HTL itself.

In contrast, the elemental depth profiles of the aged multi-
layer Si substrate/ZnO/PTB7:PC71BM/s-MoO3/Ag sample
(Fig. 5b) revealed the sharp Gaussian peak distributions of the
Mo and O atoms, which appeared to be totally confined within
the s-MoO3 HTL. Moreover, Ag atoms did not penetrate
s-MoO3 HTL and were blocked before the Ag–s-MoO3 HTL
interface at a sputtering time of approximately 3 min.

Fig. 4 XPS elemental depth profiles of Mo (3d) and O (1s) for (a) Si/
ZnO/PTB7:PC71BM/8 nm t-MoO3 (as the top surface for sputtering) and
(b) Si/ZnO/PTB7:PC71BM/15 nm s-MoO3 (as the top surface for sputter-
ing) structures, measured before and after thermal aging at 85 °C for
70 h.

Fig. 5 XPS elemental depth profiles of Ag (3d), Mo (3d), and O (1s) for
(a) Si/ZnO/PTB7:PC71BM/8 nm t-MoO3/15 nm Ag (as the top surface for
sputtering) and (b) Si/ZnO/PTB7:PC71BM/15 nm s-MoO3/15 nm Ag (as
the top surface for sputtering) structures, measured after thermal aging
at 85 °C for 70 h.
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Remarkably, the s-MoO3 HTL had a robust structure and clear
interface (between the s-MoO3 layer and the active layer; at a
sputtering time of ca. 6 min) that was formed or enhanced by
the thermal backward diffusion of the s-MoO3 particles from
the active layer, thereby effectively inhibiting the thermal pene-
tration or interlayer diffusion of Ag atoms. In other words, the
s-MoO3 HTL was not transformed into a MoO3-Ag alloy and
retained its good hole-extraction properties. The degradation
factors closely related to the t-MoO3 HTL were not in effect
here, due to the presence of the s-MoO3 HTL. Thus, the novel
s-MoO3 HTL structure fully inhibited the various thermal
degradation processes or mechanisms caused by conventional
metal oxide HTLs, as revealed through XPS depth profiling for
the first time. We suggest the following mechanism for the for-
mation of such a robust structure for the s-MoO3 HTL and its
interfaces: (i) s-MoO3 diffused into the active layer with the
help of the diffusing solvent molecules during the coating
process of the s-MoO3 HTL; (ii) the s-MoO3 particles diffused
back from the active layer to the s-MoO3 HTL (“backward
diffusion”) upon heating; and (iii) the effective reinforcement
of the s-MoO3 film structure and interfaces against degra-
dation occurred during the subsequent process of continuous
heating. We speculate that the backward-diffusion of the
s-MoO3 particles is due to the evaporation and removal of the
ethanol solvent during thermal aging. The s-MoO3 particles
are together with ethanol. The direction of the initial diffusion
of ethanol is affected by the diffusion-in path. The backward
diffusion of the s-MoO3 particles toward the s-MoO3 HTL effec-
tively and simultaneously stopped the interlayer diffusion of
Ag into the s-MoO3 HTL and the active layer and the thermal
diffusion of Mo into the active layer. Fig. 6 provides a sche-
matic representation of the related thermal diffusion behaviors
caused by t-MoO3 and s-MoO3, respectively.

In order to understand the information on the internal elec-
tric characteristics of PSCs related to the interface and recom-
bination, we conducted impedance spectroscopy (IS) measure-
ments for the PSCs before and after thermal aging. Fig. 7a and
b show the complex impedance plots of the PSCs with t- and

s-MoO3 HTLs, respectively. The corresponding imaginary com-
ponent (–Z″)-frequency plots are shown in Fig. S7 (ESI).† The
radius of the semicircle in Fig. 7a drastically decreases with
the t-MoO3-based device after thermal aging at 85 °C/N2 for
100 h, which is consistent with our previous study.18 The
corresponding peak of the imaginary component slightly
shifts to high frequency. Both the radius change and peak
shift indicate that the geometric capacitance is changed.
However, the radius of the semicircle in Fig. 7b slightly
increases for the s-MoO3-based device after thermal aging at
85 °C. The corresponding peak of the imaginary component
almost not changes, indicating almost no change in geometric
capacitance after thermal aging. The IS measurements show
different results in the PSCs based on the t- and s-MoO3 HTLs.
According to IS study,51 an equivalent circuit mode (Fig. S8†)
can be used to fit well the measured IS data as shown in
Fig. 7a and b. The fitting result of the model parameters,
series resistance (Rs), bulk resistance (Rb), geometric capaci-
tance (Cg), chemical capacitance (Cμ), recombination capaci-
tance (Rrec) and average carrier lifetime (τavg) are listed in
Table S3 (ESI).† The key parameter is the average carrier life-
time (τavg = (Rrec × Cμ)

1/n), where n ranges from 0.95–0.98 in
this study. The reduction in the τavg value leads to the increase
in the charge recombination and thus the reduction in PCE,
also indicating the increase in the charge traps. The fitted τavg
values of the t-MoO3-based device before and after thermal
aging are 2.89 ms and 0.74 ms, respectively, indicating the
large increase in the recombination due to charge traps after
aging and thus the reduction in the PCE (i.e., the thermal
burn-in loss and the diffusion-in effects of Mo as the traps).
On the other hand, the increase in the geometric capacitance
Cg consistently shows the increase in charge recombination
due to traps for the t-MoO3-based device. In contrast, the fitted
τavg values of the s-MoO3-based device before and after
thermal aging are almost the same (0.73 ms and 0.68 ms,
respectively), indicating no change in charge recombination
and PCE (the existence of very few traps and the backward
diffusion of MoO3 from the active layer to HTL).

For evaluating the hole mobility transporting through the
HTL and its interface near the active layer (closely related to
charge extraction and recombination within HTL), we used the
space-charge limited current (SCLC) model to measure the
hole mobility of the devices before and after thermal aging at

Fig. 6 Schematic representation of (a) thermal diffusion in a device fea-
turing t-MoO3/Ag as the top electrode and (b) thermal back-diffusion in
a device featuring s-MoO3/Ag as the top electrode.

Fig. 7 Complex impedance plots of the (a) t-MoO3- and (b) s-MoO3-
based PTB7:PC71BM/8 PSCs before and after annealing at 85 °C for
100 h (solid lines are fitting curves).
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85 °C in nitrogen for 100 hours. The hole-only devices have the
structure of ITO/PEDOT: PSS/PTB7:PC71BM/t-MoO3 or s-MoO3/
Ag.52 The corresponding current density–voltage curves are
shown in Fig. S9.† The calculated hole mobility of the device
based on s-MoO3 is slightly higher than that of the device
based on t-MoO3 before thermal aging. The calculated hole
mobility is comparable to the value reported by the other
literature.52–54 The hole mobility values of both devices with
t-MoO3 and s-MoO3 show negligible change before and after
100 h of thermal aging, implying that the diffusion of t-MoO3

and backward diffusion of s-MoO3 have no influence on hole
transport at the interface or within HTL due to their well-dis-
persity due to small molecule size. The recombination by the
charge traps within the active layer is the main factor of
degradation.

Stability under damp-heat and light-soaking accelerated tests

We improved the intrinsic thermal stability of PSCs by develop-
ing the s-MoO3 HTL. We were interested in examining whether
the stability of the s-MoO3 HTL could be maintained under
damp-heat conditions. We appropriately encapsulated an
inverted PSC device featuring s-MoO3 HTLs and tested them
under two damp-heat conditions: (i) 65 °C and 65% RH and
(ii) 85 °C and ambient air (ca. 45% RH). Fig. 8 presents the
evolution of the PCEs of the devices with respect to aging time
under the two accelerated-lifetime test conditions. The encap-
sulated device aged at 85 °C under the ambient air environ-
ment had a burn-in loss of approximately 10% and then
retained 90% of its initial efficiency after 4400 h. Under the
environment at 65 °C and 65% RH, the encapsulated device
retained 80% of its initial efficiency after 1350 h. Thus, we
suspect that the degradation can be attributed to H2O and O2

penetrating through the lateral encapsulation epoxy between
the top glass and substrate glass.55 The invasive H2O and O2

accumulated around the PSC device and then caused damage

to the top electrode and HTL. This degradation, caused by the
extrinsic invasion, would presumably have been inhibited
effectively through more effective encapsulation.

Light-induced degradation, whose formation mechanisms
are complex and still poorly understood, is one of the critical
factors affecting the commercialization of OPVs. According to
several reviews,6,56,57 the main mechanisms of light-induced
degradation involve photooxidation or chemical degradation
of the donors and acceptors in the active layer, including the
formation of persistent radical cations on the polymer chains,
the photooligomerization of fullerene acceptors, and the
photolysis of polymer donors. Such photooxidation reactions
can also occur in ZnO ETLs.58 Recent studies59 have noted that
light impinging upon a thermally deposited MoO3 HTL (i.e.,
t-MoO3 HTL) could result in the formation of Mo5+ species.
The decrease in the oxidation state in the t-MoO3 HTL would
decrease the work function and lead to large losses in the
values of Voc and Jsc of the device, thereby decreasing its long-
term stability. A similar study60 found that the Mo5+ species
were formed at the interface between the P3HT polymer and
the thermally deposited MoO3 HTL (“interfacial photoreduc-
tion”), leading to rapid decreases in the values of Voc and the
FF of a P3HT: PC61BM PSC during illumination with light.
These factors motivated us to investigate whether the devices
containing s-MoO3 HTLs might degrade during light-soaking
tests. Fig. S10† presents the degradation curves of the photo-
voltaic parameters for encapsulated inverted PTB7: PC71BM
and P3HT:PC61BM devices incorporating s-MoO3 HTLs,
plotted with respect to time under continuous AM 1.5G solar
illumination. The evolution of the PCEs of both devices
revealed similar photoinduced burn-in losses (20–23% of the
initial values) after 100 h. Both devices also displayed good
long-term stability during the period of illumination from 100
to 1200 h. The PCEs of the P3HT: PC61BM and PTB7:PC71BM
devices gradually decayed to 75 and 60% of their initial values,
respectively, when the period of illumination was extended
above 1500 h. A review article6 indicated that the photo-
induced burn-in loss can be attributed to the photooxidation
reactions of the polymers and fullerenes in the active layer,
mainly decreasing the values of Jsc and Voc. Our devices incor-
porating the s-MoO3 HTL also displayed superior long-term
photostability when compared with those of other studies.61

We suspect that the degree of photoinduced degradation
caused by the s-MoO3 HTL was much lower than that contribu-
ted by photooxidation of the active layer. Nevertheless, our
data cannot provide an obvious sign of the photoinduced
degradation induced by the s-MoO3 HTL. New experiments for
such an in-depth and independent study will be conducted in
the future.

Conclusions

We have demonstrated that inverted PTB7:PC71BM PSCs con-
taining solution-processed s-MoO3 HTLs that had been sub-
jected to thermal aging at 85 °C in the dark under N2 can

Fig. 8 Variations in the PCEs of encapsulated PTB7:PC71BM devices
featuring the s-MoO3 HTL, plotted with respect to the aging time and
measured under damp-heat conditions of 85 °C per ambient air (ca.
45% RH) and 65 °C/65% RH.
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retain their initial PCEs, or even slightly increase them, for
over 2200 h. In contrast, the PCEs of inverted PSCs featuring
thermally deposited MoO3 HTLs decreased to 80% of their
initial values within 200 h, due to burn-in loss; the subsequent
long-term stability occurred with a gradual decay to 60% of the
initial efficiency over a period of 800 h. The value of T80 (or the
excellent thermal stability) resulting from the use of this novel
s-MoO3 HTL was up to ten times greater than the currently
reported lifetimes for PTB7- and LBG-polymer:PCBM PSCs
operated under various heat-equivalent testing conditions. A
systematic XPS study of devices featuring both types of HTLs
revealed the mechanism responsible for forming the robust
HTL and fully preventing thermal degradation. The solution-
processed MoO3 particles in the active layer could, during
thermal aging, undergo back-diffusion into the HTL to form a
robust layer structure and a sharp interface, thereby fully inhi-
biting the penetration of Ag atoms from the electrode and
from the MoO3 HTL into the active layer. The value of T80
measured under damp-heat conditions of 65 °C/65% RH and
the value of T90 for 85 °C/air were 1350 and 4400 h, respect-
ively. Here, we attribute the extrinsic degradation to H2O and
O2 penetrating through the lateral encapsulation epoxy
between the top glass and the substrate glass; this problem
could presumably be solved through improved encapsulation.
The device incorporating the s-MoO3 HTL also displayed excel-
lent photostability under continuous illumination with AM
1.5G light, relative to that of the recently published counter-
parts. Thus, the solution-processed MoO3 HTLs described
herein have great potential for replacing commonly used
t-MoO3 HTLs, while also being inexpensive and amenable for
low-energy fabrication processes compatible with mass
production.
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