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ABSTRACT: Understanding the thermal degradation mechanism of organic
solar cells (OSCs) and developing strategies to enhance their thermal stability
are crucial before they can be commercialized. In this paper, we demonstrated
that in a structure-inverted ITO/ZnO/PM6/L8-BO/TCTA/MoO3/Ag solar
cell, a thin 4,4′,4″-tris(carbazol-9-yl)-triphenylamine (TCTA) film between
MoO3 and PM6:L8-BO can significantly suppress the fast short circuit current
(JSC) loss and the slow but continuous open circuit voltage (VOC) and fill factor
(FF) decay upon 150 °C thermal annealing. XPS and TOF−SIMS results
confirm that thermal annealing leads to the formation of (MoO3)− at the
MoO3/PM6/L8-BO interface and the diffusion of (MoO3)− through the
photoactive layer. The diffused (MoO3)− act as acceptor-type impurities that
leads to p-doping of the photoactive layer, increasing charge recombination
within the photoactive layer and reducing JSC. In addition, the accumulation of
(MoO3)− at the cathode interface leads to p-doping at the cathode interface and consequently decreases VOC and FF. The thermally
induced interfacial degradation model is supported by detailed drift-diffusion simulations. The TCTA-interlayer minimizes the
(MoO3)− diffusion, thereby stabilizing the cell performance against thermal annealing. The TCTA-incorporating cells showed a high
PCE of over 16% after high-temperature hot-press encapsulation, and the resulting cells showed excellent thermal stability under 85
°C.
KEYWORDS: organic solar cells, thermal stability, MoO3 diffusion, interfacial modification, 4,4′,4″-tris(carbazol-9-yl)-triphenylamine

1. INTRODUCTION
Organic solar cells (OSCs) have become the focus of scientific
and industrial research due to their advantages of printing
process compatibility,1,2 intrinsic flexibility,3−5 and good
semitransparency.6,7 The high extinction coefficient of non-
fullerene acceptors (NFAs) increases the light absorption
capability of the cells.8 By mixing with wide band gap donors, a
high power conversion efficiency (PCE) of over 20% was
reported for the bulk heterojunction (BHJ) solar cells by
reducing the undesired nonradiative open circuit voltage (VOC)
loss of the cells,9 demonstrating a high possibility of
commercialization of OSCs. However, the stability of OSCs
remains a crucial obstacle to their industrial application.

Pathways that lead to the performance decay of OSCs can
be divided into two categories: (i) extrinsic degradations,
including weathering effects of the electrode,10 and degrada-
tion of the BHJ11,12 or the interface layers13 by water and/or
oxygen ingression, and (ii) intrinsic degradations, such as BHJ
(nano)morphological changes14−16 and increased interfacial
defects17−19 caused by light exposure,20,21 electrical stress,22 or

thermal aging23−25 In principle, water and oxygen ingression
can be reduced by good encapsulation.26,27

Recently, photon-induced decomposition of NFA molecules
at the ZnO interface was confirmed,28,29 which can be reduced
by passivating the surface defects of the ZnO layer,30−32

demonstrating possible ways to solve the photostability issue of
OSCs. In addition, thermal stress on BHJ solar cells is usually
inevitable, such as during hot-press encapsulation or heat
accumulation during operation, which could cause morpho-
logical changes in the BHJ. Using organic semiconductors with
high glass transition temperature (Tg),

33,34 a combination of
donor and acceptor with suitable miscibility,35−37 and
incorporating a third component into the active layer38,39 are
found to be helpful in improving the BHJ nanomorphology
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and stability of the cells. In addition to the BHJ layer, the
interfaces between the photoactive layer and the transport
layer have also been found to be sensitive to thermal stress. For
instance, Hu et al.40 reported that the polyethylenimine (PEI)
interfacial layer reacts more vigorously with the acceptor
molecules when the cell is annealed at 160 °C, leading to a
significant decrease in PCE. Our previous work has shown that
the reaction of MoO3 with the photoactive layer upon
annealing also reduces the VOC and fill factor (FF) and
consequently also the PCE.41 Our initial efforts found that a
thin C60 layer (around 3 nm) does not affect the overall PCE
but prevents the contact of MoO3 with the active layer, thus
effectively improving the device’s thermal stability.41

In this study, 4,4′,4″-tris(carbazol-9-yl)-triphenylamine
(TCTA) was introduced as an interfacial layer between
MoO3 and the photoactive layer through thermal evaporation
in inverted OSCs. Our experimental results found that a thin
TCTA layer (around 10 nm) can improve the efficiency of the
cells after thermal annealing at 150 °C, retaining efficient
charge extraction upon thermal annealing. Detailed experi-
ments, including atomic force microscopy (AFM), X-ray

photoelectron spectroscopy (XPS), and TOF−SIMS, demon-
strated that TCTA can block the contact of the photoactive
layer with thermally deposited MoO3, as observed as a reduced
formation of Mo5+. Additionally, TCTA inhibits the diffusion
of MoO3 through the photoactive layer during annealing,
which leads to a smaller decrease in the short circuit current
(JSC). We developed a model based on drift-diffusion
simulations where p-doping of the photoactive layer by
(MoO3)− leads to a loss of JSC during the initial stages of
annealing, while at longer annealing times, the (MoO3)−

accumulates at a thin region close to the cathode interface,
causing recombination and subsequent voltage loss. We
demonstrated for the first time that the organic semiconductor
TCTA as an interfacial barrier layer can effectively enhance the
thermal stability of OSCs. Compared to atomic layer
deposition and thermal evaporation of C60, it provides a
simple method and low-cost materials to enhance the thermal
stability of OSCs.

Figure 1. (a) Chemical structure of PM6, L8-BO, and TCTA; (b) illustration of the device structure and the representative J−V curve of control
device and TCTA device; (c) PCE of devices with different thicknesses of TCTA before and after annealing at 150 °C; and (d) thermal aging curve
for VOC, JSC, FF, and PCE at 150 °C for 30 min.
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2. RESULTS AND DISCUSSION
2.1. Photovoltaic Performance and Thermal Stability

of the Cells. Figure 1a shows the chemical structures of PM6,
L8-BO, and TCTA. Figure 1b shows the current density−
voltage (J−V) curves of the champion inverted PM6/L8-BO
solar cells with or without a TCTA layer in between the BHJ
layer and MoO3, where the device structure is shown as an
inset in this figure. Figure S1 illustrates the energy bands of the
functional layers of the cells. TCTA has a higher ionization
energy (IE) of 5.83 eV than PM6 (5.43 eV), which is beneficial
for forming a better ohmic contact at the anode with MoO3.

42

The photovoltaic performance data of the control cells without
a TCTA interlayer are listed in Table 1. The control cells
showed an average PCE of 16.90%, with the highest PCE of
17.28%, comparable to that of the inverted PM6:L8-BO cells
reported in the literature.17,43 Solar cells with TCTA
interlayers with thicknesses ranging from 3.5 to 17.0 nm
were fabricated and tested. The photovoltaic performances of
the 10 nm TCTA cells are listed in Table 1 for comparison and
the comprehensive photovoltaic performance data of the cells
are listed in Table S1. The correlation of the PCE of cells with
different TCTA layer thicknesses is depicted in Figure 1c. As
shown here, cells with a thin TCTA layer (3.5 and 7.0 nm)
showed average PCEs of 16.53% and 16.86%, similar to the
control cells, suggesting that a thin TCTA layer has a negligible
impact on the device performance. When the TCTA layer
thickness is increased to 10 nm, the device performance
decreases to an average PCE of 15.03%, mainly due to the
decrease in FF (Figure 1c and Table 1). Further increasing the
TCTA layer thickness to 13.5 and 17.0 nm results in significant
decreases of JSC and FF, yielding a PCE of less than 0.1%
(Table S1). This can be ascribed to the significantly decreased
conductivity in thicker TCTA layer.

Our previous work demonstrated that when the annealing
temperature is 150 °C, the degradation of cell performance is
mainly caused by the MoO3 interface.41 To further investigate
the effect of the interface on thermal stability, we tested the
device performance of the cells under thermal annealing at 150
°C. The comprehensive evolution of the photovoltaic data of
cells with different TCTA layer thicknesses is shown in Figure
S2. Figure 1d depicts the evolution of the device performance
of the TCTA-free (referred to as the control cell) and the cells
with a 10 nm TCTA interlayer (the TCTA cell) under thermal
annealing at 150 °C. Similar to our previous report, the control

cells showed a continuous decrease in VOC and FF with
increased annealing time. However, the JSC of the cells rapidly
decreases after 1 min of thermal annealing but recovers after 3
min annealing and remains stable after that, resulting in a
“check-mark” pattern under thermal annealing. The overall
PCE showed a trend similar to that of JSC, with a rapid
decrease followed by a partial recovery during thermal
annealing. Owing to the continuous VOC and FF decrease,
an overall ∼20% PCE decrease was found for the control cells
(Table 1). In contrast, including a thin TCTA film significantly
suppresses the decrease in JSC during the first minute of
annealing, yielding a much slower PCE decay (Figure S3).

Interestingly, although the cells with a 10 nm TCTA
interlayer showed poor initial device performance, a significant
improvement in the FF was found after annealing for 1 min at
150 °C, yielding the highest PCE of 16.83%, comparable to the
initial value of the control cell. The TCTA-cells showed also
more stable VOC and FF, leading to better PCE stability
compared to the control cells. The external quantum efficiency
(EQE) spectra show that the control and the TCTA cells
exhibit similar integrated JSC values after annealing (Figure S4).
Overall, the 10 nm TCTA-based cells showed a highest PCE of
16.14% and 15.38% after thermal annealing at 150 °C for 10
and 30 min, respectively, which is considerably higher than
that of the control cell (14.68% and 14.22%). Notably, the cells
with a thicker TCTA layer (13.5 and 17.0 nm) showed average
PCEs of 14.84% and 14.74% after thermal annealing for 30
min (Figure 1c), demonstrating the excellent heat tolerance of
the TCTA cells. These results suggest that the MoO3/BHJ
interface is responsible for the performance decay during
thermal annealing and that a thin TCTA interlayer can
mitigate the performance decay upon thermal annealing.41

To eliminate the impact of silver diffusion and reactions on
the thermal stability, we then compared the influence of
preannealing on the device performance of the ITO/ZnO/
PM6/L8BO/MoO3 and ITO/ZnO/PM6/L8BO/TCTA/
MoO3 films (Figure S5) prior to the completion of the cells.
As seen here, after annealing at 150 °C for 1 min, the JSC
decreased from 24.83 to 20.45 mA/cm2 and then increased to
21.90 mA/cm2, which is consistent with the variation during
annealing of the complete device. For the TCTA-cell, JSC
decreased slightly from 24.34 mA/cm2 to 23.05 mA/cm2 after
1 min annealing and then stable at 23.24 mA/cm2. The results
further corroborate that the interface changes of MoO3 with

Table 1. Performance Parameters of the Inverted PM6/L8-BO Cells without or with the TCTA Layer (10 nm) upon Thermal
Annealing at 150 °C for Different Times

interlayer annealing time (min) VOC (V)a JSC (mA/cm2)a,b FF (%)a PCE (%)a PCEmax (%)c

control 0 0.888 ± 0.003 25.01 ± 0.32 76.15 ± 0.51 16.90 ± 0.23 17.28
1 0.851 ± 0.008 22.59 ± 0.58 69.80 ± 0.52 13.42 ± 0.44 14.14
3 0.844 ± 0.007 24.61 ± 0.65 70.16 ± 0.80 14.56 ± 0.38 15.31
5 0.836 ± 0.002 24.75 ± 0.33 69.33 ± 0.97 14.35 ± 0.35 14.90

10 0.833 ± 0.002 24.95 ± 0.36 68.57 ± 0.86 14.26 ± 0.30 14.68
30 0.804 ± 0.010 25.50 ± 0.64 66.81 ± 1.19 13.45 ± 0.50 14.22

TCTA (10 nm) 0 0.898 ± 0.007 24.56 ± 0.54 68.28 ± 1.01 15.03 ± 0.34 15.46
1 0.888 ± 0.005 24.50 ± 0.31 75.97 ± 0.34 16.54 ± 0.24 16.83
3 0.890 ± 0.005 24.76 ± 0.34 73.10 ± 0.47 16.10 ± 0.33 16.59
5 0.882 ± 0.005 24.92 ± 0.36 72.34 ± 0.50 15.90 ± 0.30 16.37

10 0.878 ± 0.002 25.15 ± 0.24 71.74 ± 0.76 15.84 ± 0.25 16.14
30 0.857 ± 0.004 24.96 ± 0.57 69.07 ± 0.74 14.78 ± 0.47 15.35

a: device performance data averaged from 8 individual cells. b: short circuit current measured under simulated AM 1.5G sunlight, which was
calibrated with a certified Si cell. c: maximum PCE of the best cell.
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the photoactive layer after annealing led to a rapid decline and
recovery in the JSC.
2.2. Surface Morphology Changes and the Diffusion

of (MoO3)−. To better understand the interaction between
MoO3 with the photoactive layer and TCTA, the surface
morphology and the chemical state of Mo atoms were
investigated. Figure S6 shows the surface morphology of the
PM6/L8-BO and PM6/L8-BO/TCTA (10 nm) films
deposited on the ZnO surface before and after thermal
annealing, respectively. It can be seen that the surface root
mean surface roughness (Rq) of the PM6/L8-BO film
increased from 1.04 to 1.99 nm after thermal annealing at
150 °C for 30 min, which is ascribed to the change of
crystallite size and packing of donor and acceptor upon
thermal annealing.44 With 10 nm TCTA, the Rq of the PM6/
L8-BO/TCTA film is decreased to 0.84 nm, indicating that
TCTA could smooth the PM6/L8-BO surface. The lower
roughness facilitates a more uniform deposition of MoO3.
Surprisingly, Rq decreased further to 0.31 nm after annealing,
indicating that TCTA stabilizes the morphology of the active
layer.

We then investigated the interactions of MoO3 with PM6/
L8-BO and TCTA layers by checking the Mo valence state at
the interface. Figure 2a−b shows the measured Mo 3d XPS
spectra at the MoO3/PM6/L8-BO and MoO3/TCTA
interfaces at different annealing times. Two sets of peaks
were measured, which can be fitted to Mo6+ (232.7 and 235.9
eV) and Mo5+ (231.7 and 234.8 eV).45 The ratio of Mo5+ to
overall Mo atoms was then estimated from the areas, and the
evolution of Mo5+/Mo ratios is shown in Figure 2c. All of these
Mo5+/Mo ratio points were connected via a smooth curve. As

seen here, for the TCTA-free film, the Mo5+/Mo ratio
increases significantly from 3.5% to 24.8% after annealing for
1 min and then decreases slightly to 15.6% with the increase of
annealing time. The increase of the Mo5+ ratio at first
annealing minute indicates the reduction of MoO3 to
(MoO3)− by the photoactive layer.46 In contrast, for the
fresh MoO3/TCTA interface, a high Mo5+/Mo ratio of 15.9%
was measured, indicating a strong interaction of MoO3 with
TCTA during the deposition of MoO3.

42 Like the MoO3/BHJ
film, the Mo5+/Mo ratio of the MoO3/TCTA interface
increased to 23.4% after annealing for 1 min, indicating a
continuous reduction of MoO3 to (MoO3)− at that interface.
The Mo5+ content remains at 12.8% upon further thermal
annealing, indicating a stabilized MoO3/TCTA/BHJ interface.

The diffusion of MoO3 into the active layer of BHJ solar
cells has been suggested in the past.47 Furthermore, Yin et al.
reported that the diffusion of MoO3 into the BHJ layer of
P3HT/PC61BM cells depends on the thermal annealing
process of the cells.46 To better understand the impact of
MoO3 on device performance during thermal annealing and
the role of TCTA in enhancing thermal stability in our case,
TOF−SIMS was utilized to assess the distribution of different
materials within the cells. Figures S7 and 2d show the
representative fragment distribution profiles of the fresh
control and TCTA cells. Given that SN− and C12NH8

−

fragments exclusively originate from L8-BO and TCTA
(Figure S8), the depth profile of these two fragments is then
considered as the distribution of L8-BO and TCTA,
respectively. Different functional layers were then identified
by the distributions of the characterized ion fragments, as
shown in Figure 2d. TCTA was successfully deposited on the

Figure 2. XPS spectra of Mo 3d for BHJ/MoO3 (a) and BHJ/TCTA/MoO3 (b) films annealed at different times; (c) evolution of Mo5+/Mo
contents of different films under thermal annealing. Representative TOF−SIMS depth profile of cells: negative ion depth profile of the fresh (d)
TCTA-cells (note that due to some signal intensities being relatively low, the intensities of Ag−, C12H8N−, SN−, and ZnO− were multiplied by 7,
150, 200, and 20, respectively for a more intuitive comparison); and (e,f) MoO3

− profile of the control (e) and TCTA (f) cells before and after
annealing at 150 °C for different times (note that etching starts from the silver electrode).
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BHJ layer, separating the MoO3 layer from the BHJ layer
(Figure 2d).

Figure 2e,f illustrates the distribution of (MoO3)− in control
and TCTA-cells after annealing for different times. As seen
here, besides a high intensity of the (MoO3)− signal at the
anode side, a small but clearly detectable signal of (MoO3)−

was also measured at the interface between the BHJ layer and
ZnO even for the annealing-free cell, indicating that MoO3 can
diffuse through the BHJ layer even during the thermal
deposition of MoO3. For longer annealing times, an increased
broadening of the (MoO3)− distribution at the MoO3/BHJ
interface and a higher (MoO3)− signal intensity at BHJ/ZnO
was detected, suggesting the continuous diffusion of MoO3
during thermal annealing. Similarly, diffusion of MoO3 through
the TCTA layer and broadening of the (MoO3)− signal at the
anode side were also measured for the TCTA-cell (Figure 2f).
However, no increase of the (MoO3)− signal was observed for
the first 5 min of thermal annealing, suggesting that TCTA can
slow down the diffusion of MoO3 during the thermal
annealing.

Interestingly, the diffusion of TCTA across the BHJ layer is
also detected, as indicated by the progressive decrease and
increase of the C12H8N− signal at the anode and cathode sides,
respectively (Figure S9a). The diffusion of TCTA yielded high
and balanced TCTA at both electrode interfaces and a relative
high concentration within the BHJ layer. The penetration of
TCTA through the photoactive layer results in the thinning of
the TCTA layer at the interface, ultimately fostering an
improved contact between the BHJ layer and MoO3, as
confirmed by the SN− profile in the TOF−SIMS result (Figure
S9b).

2.3. p-Doping of the Photoactive Layer. The increased
levels of MoO3 within the active layer can be directly
correlated to the lowered device performance. To understand
the role of MoO3 on device performance upon thermal
annealing, we conducted charge extraction by linearly
increasing voltage (CELIV) measurements in the reverse bias
at small voltage rise speed A = Umax/tpulse (Umax and tpulse are
the amplitude and duration of the reverse-biased voltage pulse,
respectively, Figure S10a). Under these conditions, the
corresponding CELIV current transients are capacitive and
given by j = CA, where C is the capacitance of the active layer.
We measured CELIV transients on control and TCTA devices
before and after different annealing times (Figure S10). Before
annealing, all devices show a flat CELIV transient response
consistent with an undoped active layer.48 However, the
control device annealed at 1 min showed clear evidence of a
bulk doping-induced capacitive current transient, as shown in
Figure 3a. In this case, the current transient is determined by
the depletion layer capacitance, with the associated bulk
doping-induced depletion layer width w being voltage
dependent.48 This is seen as a dependence of the measured
current transients on the applied time-dependent voltage U(t)
= At + Uoff, where Uoff is the applied offset (dc) voltage.48 After
annealing for 30 min, the doping-induced capacitive current
response is smaller, meaning that the capacitance is smaller, in
agreement with a reduced doping concentration in the bulk
(larger w) due to dopants accumulated at the cathode. On the
contrary, the doping process is less pronounced in all cases for
TCTA devices compared with control devices.

By plotting j−2 as a function of U(t) (Figure S11), we can
estimate the “average” doping level in the depletion region as

Figure 3. Experimental CELIV current transients: (a) control device annealed for 1 min plotted as a function of applied voltage (At + Uoff) with the
voltage rise speed A = 2 V/1 ms; (b) doping concentration at the distance (depletion width) w from the anode for control and TCTA devices after
annealing; and experimental and simulated J−V curves: (c) control device and (d) TCTA device.
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Np = 1.3 × 1017 cm−3 in the control device annealed for 1 min.
However, the doping profile is expected to be quite
nonuniform due to the diffusion during annealing. The doping
profile with the anode distance can be extracted based on the
measured voltage dependent (depletion layer) capacitances
from CELIV.49 In Figure 3b, we show the estimated doping
concentration as a function of w, reflecting the distance from
the anode, for the control and TCTA devices.49 We note that
only the 1 min annealed control device shows a doping
concentration at least 10 times higher than all the other
devices. However, it should be stressed that the extracted
doping concentration for the 30 min annealed devices are
likely below the detection limit of this method, and the
corresponding Np should thus be considered upper limit
estimates.50

Numerical device simulations were performed for the cells.
To this end, we used a drift-diffusion model, which accounts
for both electrical effects (including charge transport,
recombination, and space charge) as well as optical
interference effects.51 Because of its deep-lying conduction
band, MoO3 in its neutral state is generally expected to act as
an acceptor-type impurity for organic layers. When present in
the photoactive layer, MoO3 can thus accept an electron from
the HOMO level of PM6, resulting in the p-type doping of the
BHJ layer. In this process, (MoO3)− is formed as Mo6+ is
reduced to Mo5+. Additionally, MoO3 may also act as a
recombination center for photogenerated charge carriers
within the BHJ. In the simulations, diffused MoO3 in the
photoactive layer is treated as a deep acceptor-type traps, of
density Nt, being neutral when occupied by a hole and
negatively charged (i.e., in the form (MoO3)−) when occupied
by an electron. A MoO3 state can be reduced to (MoO3)− by

capturing an electron from either the donor HOMO or
acceptor LUMO level, resulting in p-type doping and electron
trapping, respectively. Conversely, (MoO3)− can be oxidized
back to MoO3 either through recombination with a free hole
from the donor HOMO or by thermal release of a free electron
to the acceptor LUMO (a similar dedoping in P3HT films by
annealing has been reported52). Further details of the device
model are given in the Methods section.

Figure 3c shows the experimental and simulated J−V curves
of the control cells. The fresh control cell (before thermal
annealing, i.e., the 0 min case) is assumed to be trap-free and
undoped, corresponding to a negligible MoO3 content in the
active layer. We note that including a narrow region with a
high density of MoO3 impurities near the anode contact
yielded a curve very similar to the reference cell. Instead, the
JSC decrease of the 1 min case could be reproduced by
assuming Nt = 1.7 × 1017 cm−3 throughout the entire BHJ
layer. The results Nt obtained from simulation based on the
experimental J−V curve are close to the value of Np (1.3 × 1017

cm−3) measured by CELIV. Figure S12 shows that increasing
the doping concentration generally gives rise to an enhanced
photocurrent loss. However, for Nt below 3 × 1016 cm−3, the
effect of bulk doping becomes negligible in these devices, with
the J−V curve being indistinguishable from the undoped case.
The decrease in JSC is attributed to increased recombination
due to the formation of a doping-induced space charge region
and trap-assisted recombination in the bulk.53−55 On the other
hand, the 30 min case with recovered JSC and reduced VOC can
be reproduced by assuming that MoO3 is instead accumulated
at the cathode. In Figure 3c, this is modeled by assuming Nt =
6 × 1018 cm−3 within the first 5 nm from the ZnO/BHJ
contact, while Nt = 0 for the remainder of the active layer. The

Figure 4. Photocurrent density versus effective voltage curves of the control (a) and TCTA-cells (b) upon different annealing times. Correlation of
generated current density (jgen) and open circuit voltage (VOC) with changes of the recombination ideality factor nid of the control (c) and TCTA-
cells (d) obtained from experiment upon different annealing times.
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reduction in the VOC is primarily attributed to the high space
charge density of ionized p-dopants (MoO3)− at the cathode
causing upward energy level bending, effectively increasing the
injection barrier at this contact. These findings suggest that for
devices without TCTA, MoO3 diffuse into the active layer,
initially causing bulk p-doping and subsequent JSC loss.
Eventually, during continuous thermal annealing, the bulk
doping is reduced and instead concentrated at the cathode
interface, seen as a continuous decrease in VOC during the
annealing process.

Figure 3d shows the experimental and simulated J−V curves
of the TCTA cells. We note that the limited hole extraction of
fresh TCTA is particularly detrimental in devices with thicker
TCTA layers, where severe S shapes are obtained. During
thermal annealing, the TCTA layer inhibits diffusion of p-
dopant ions into the active layer. Instead, p-dopant ions diffuse
into the TCTA layer, resulting in a drastically increased
conductivity in TCTA. As a result, the PCE of the TCTA
device initially recovers after annealing, becoming similar to
the PCE of the reference control device. The VOC loss at longer
times is again attributed to the accumulation of diffused p-
dopant ions at the cathode. However, since the diffusion of
MoO3 is significantly reduced by TCTA, both the build-up in
the bulk and the subsequent accumulation at the cathode
contact are considerably smaller, resulting in an almost
unnoticeable JSC loss and smaller VOC loss, respectively.
2.4. Influence of Thermal Annealing on Charge

Extraction and Recombination. To substantiate the
suggested mechanism and fully understand the effect of
thermal annealing on the changes of JSC, VOC, and FF, further
electrical measurements to probe the charge extraction and

recombination of the cells were conducted. Figure 4a,b shows
the plots of Jph (photocurrent density) versus Veff (effective
voltage) for the control and TCTA-cells annealed at different
times, respectively, where Jph is the net photon generated
current and Veff is the effective voltage, defined as the
difference between the applied voltage and V0, where V0 is
the voltage when Jph is zero. The ratio of the photocurrent
density at short-circuit current and saturated photocurrent is
used to estimate the charge collection efficiency (Pcoll).

56,57

(Note that V0 is not an exact point where the internal field is
zero and photogeneration is zero because of photoshunt, but
the photocurrent density versus effective voltage curves clearly
show the field-dependent collection efficiency in the devices.)
As shown, the Jph−Veff line of the control device is flat when
the Veff exceeds 2 V for the initial cell, becomes sloped after
annealing for 1 min, and then becomes flat again after a long
annealing time. In contrast, the line of the TCTA-cell remains
consistently flat, independent of the thermal annealing
duration. These results indicate that initial 1 min thermal
annealing of the control cell leads to a drastic decrease of the
extraction rates, depending strongly on the applied electric
field, consistent with doping-induced space charge build-up
and enhanced trap-assisted recombination in the active layer.53

The addition of the TCTA protection layer can mitigate this
effect and, thus, stabilize the charge extraction.

We then used the Suns-VOC method to further investigate
the prevailing charge carrier recombination mechanism within
the cells during different thermal annealing times.58 Figure S13
in Supporting Information shows the J−V curves of the cells
before and after thermal annealing. The VOC is related to jgen
via

Figure 5. Proposed mechanism for stability improvement of the cells by the TCTA layer: energy band bending of the control annealing for (a) 0
min, (b) 1 min, and (c) 30 min and TCTA-cells annealing for (d) 0 min, (e) 1 min, and (f) 30 min.
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j j exp eV n kT
gen 0

( / )OC id= (1)

where nid is the recombination ideality factor and j0 the
associated dark saturation current density. When plotting VOC
and jgen as a function of VOC and jgen on a log-lin scale, a linear
relationship in accordance with eq 1 is obtained as shown in
Figure 4, where jgen is estimated from the current density at −1
V. The corresponding nid of the cells are indicated in Figure 4c.
As shown, the nid of the TCTA-free control cell increased from
1.03 to 1.33 after thermal annealing for 1 min. This result
unambiguously indicates an increased trap-assisted recombi-
nation for the control cell after thermal annealing. With a
further increase in the annealing time, nid does not change
significantly, indicating a balanced state of the cells. In contrast,
the TCTA-cell shows a smaller increase in nid after thermal
annealing for 1 min compared to the control cell. After this, nid
is increased gradually until similar values to the TCTA-free

cells. This confirms that the TCTA layer can reduce and delay
the enhanced trap-assisted recombination (induced by diffused
MoO3) due to thermal annealing.
2.5. Discussion on the Thermal Stability of the Cells.

Combining the device physics and chemical changes of the
cells upon thermal annealing, a thermal-induced degradation
mechanism of the inverted polymer solar cells is proposed as
follows (Figure 5). After the deposition of MoO3 on the top of
the polymer photoactive layer, most of the Mo atoms are in the
form of Mo6+ and mainly located at the MoO3/PAL interface
(Figure 5a). 1 min thermal annealing generates Mo5+ in the
form of (MoO3)−, which distributes over the photoactive layer
leading to p-doping of the BHJ layer (Figure 5b). Such a bulk
p-doping leads to significant JSC decay, as shown in Figure 1d.
(MoO3)− further diffuses through the PAL and accumulates at
the ZnO surface (Figure 5c), causing a high concentration
region of negative space charge at the ZnO/PAL interface that

Figure 6. Current density−voltage (J−V) curves of the control (a) and TCTA-cells (b) before and after encapsulation and the following long-term
thermal annealing. (c) Performance evolution of the cells upon 85 °C annealing over 1000 h.
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leads to energy level bending and charge recombination in the
thin interfacial region near the cathode contact with
consequent loss of VOC and FF as a result.

The TCTA interlayer reacts with MoO3 already during the
deposition of MoO3, which yields a certain amount of Mo5+. A
10 nm TCTA layer blocks the contact of MoO3 with PAL and
causes an increased series resistance leading to the lower FF
(Figure 5d). By annealing the film, MoO3 diffuses further into
the TCTA film, doping the TCTA resulting in higher hole
conductivity and improved hole extraction at the MoO3/PAL
interface (Figure 5e). The blocking effect of the TCTA layer
inhibits the diffusion of MoO3 into the photoactive layer, thus
mitigating p-doping in the bulk. We note that TCTA might
also form a charge−transfer complex with MoO3 that may
assist in reducing the p-doping of the photoactive layer. The
combined effect is that a decrease in JSC is not occurring.
However, the MoO3 accumulating at the cathode interface will
still cause an increased energy level bending at the ZnO
interface. Nevertheless, the concentration of negatively charged
MoO3 is lower than in the reference cells (Figure 5f), which
consequently lowers the losses in VOC and FF of the cells.
2.6. Highly Thermal Stable OCs with over 16%

Efficiency after Encapsulation. Knowing that a thin
TCTA layer can minimize the undesired performance loss
upon high-temperature thermal annealing, we then tested the
heat tolerance of the OSCs during hot-press encapsulation and
long-term thermal annealing. PM6/L8-BO-based cells with or
without TCTA protection layer were fabricated and encapsu-
lated through a hot-pressing process at 120 °C for 5 min. The
J−V curves of the control and TCTA cells before and after
encapsulation are shown in Figure 6a,b. As seen here, the
control cell exhibited significant PCE loss from 17.06% to
15.63% after encapsulation, while the TCTA cell showed a
PCE enhancement from 15.02% to 16.44%, mainly owing to
the recovery in FF. We tested the long-term thermal stability of
devices after encapsulation at 85 °C. As shown in Figure 6c,
the introduction of the TCTA protection layer significantly
improved the long-term stability of the cells. The TCTA-cells
retained 88% of their initial PCE after 1000 h annealing at 85
°C, whereas the control cells retained only 70%. The
improvement in thermal stability mainly comes from the
slowdown of the VOC and FF decay. Overall, the incorporation
of TCTA proved to be an effective method for enhancing the
thermal stability of OSCs in practical applications.

3. CONCLUSIONS
In summary, through a systematic investigation of the chemical
information on the anode interface, the diffusion of Mo atoms,
and the device physics of inverted PM6/L8-BO cells upon 150
°C thermal annealing, we have verified that thermal annealing
leads to the formation of Mo5+ in the form of (MoO3)− at the
MoO3/PAL interface, acting as an acceptor-type impurity
causing p-doping of the photoactive layer as well as a trapping
center for photogenerated holes, leading to increased
recombination. The MoO3 diffuses into the PM6/L8-BO
blend layer at already very short annealing times, consequently
resulting in a notable decline in JSC of the cell. At longer
annealing times, MoO3 diffusion leads to an accumulation of
the (MoO3)− at the ZnO cathode, leading to an effectively
increased injection barrier due to band-bending with lowering
of the FF and VOC as a result. A thin layer of TCTA serves as
an effective interfacial layer to block the direct contact of
MoO3 with PAL, which lowers the diffusion of MoO3, and

consequently enhances the thermal stability of the cells. The
TCTA-containing cell showed over 16% PCE after hot-press
encapsulation and retained 88% of initial PCE after 1000 h
annealing at 85 °C, whereas the control cells retained only
70%.

4. METHODS
4.1. Device Fabrication, J−V Measurement, and Thermal

Aging. The ITO substrates were customized on glass with a strip
width of 3 mm. The ITO substrates were sequentially immersed in
detergent aqueous solution, deionized water (twice), and ethanol
(twice), each subjected to ultrasonic cleaning for 30 min. The cleaned
ITO substrates were dried with dry and clean N2 and treated with the
O2-plasma. After cooling to room temperature, a sol−gel ZnO
solution prepared by dissolving 1:1 molar ratio of ethanolamine
(ADAMAS-BETA Inc.) and zinc acetate dihydrate (Shanghai Titan
Scientific Co., Ltd.) in 2-methoxyethanol (J&K Scientific) at a
concentration of 0.45 mol/L was spin-coated onto the cleaned ITO
glasses, with a spin speed of 2000 rpm, an acceleration of 3000 rpm/s,
and a duration of 30 s. After spin-coating, the devices were annealed
at 200 °C for 30 min. Subsequently, the devices were transferred to a
N2 glovebox, where PM6 (Organtec Ltd.) and L8-BO (Hyper Inc.)
were weighed in a mass ratio 1:1.2 and added to a CHCl3 (ADAMAS-
BETA Inc.) solution containing 50% by weight of 1,4-dibromoben-
zene (DIB) purchased from TCI, with a PM6 concentration of 7.2
mg/mL. The mixed solution was stirred at 55 °C for 2 h and cooled
to room temperature to obtain the active layer solution. 20 μL of the
above active layer solution was spin-coated at a speed of 2000 rpm for
30 s. The devices were annealed at 85 °C for 5 min. After being
annealed and cooled to room temperature, the device was transferred
to a vacuum deposition chamber for the deposition of 15 nm MoO3
and 100 nm Ag. TCTA devices were prepared by thermal evaporating
10 nm of TCTA (ADAMAS-BETA Inc.) onto the surface of the
active layer thin film after annealing, with subsequent steps remaining
unchanged.

The J−V curves of devices were measured using a digital source
(Keithley 2400) under irradiation from an AM 1.5G solar simulator
(model XES-40S3, power 100 mW/cm2). The J−V curves and
physical parameters such as VOC, JSC, FF, and PCE of the devices were
synchronously recorded by using computer software. The effective
photovoltaic area for each device was 0.09 cm2.
4.1.1. Thermal Stability Testing. The devices were annealed on a

hot plate inside a glovebox at a specified temperature and duration.
Afterward, they were removed and allowed to cool to room
temperature, and then the device efficiency was measured.
4.1.2. Hot Press Encapsulation. The cells were hot-press laminated

a glass cover by commercially available polyolefin (POE) film using a
hot-press machine (HP-Lab-10, Suzhou D&R Instruments). The
process temperature and time were adjusted manually to get the
optimized encapsulation condition, which is finalized to be 120 °C for
5 min.
4.2. CELIV Measurements. CELIV measurements were carried

out with a home-built setup using a function generator (Agilent
33250A) and oscilloscope (RIGOL DS1104). The applied ramp-up
voltage pulse was produced under a given offset voltage by the
function generator, while the oscilloscope can measure the output
voltage induced across its internal 50 Ω load resistor, allowing for the
current to be obtained. An external resistor was added to the circuit to
change the load resistance for improved signal detection. For the
measurements, the ramp-up voltage pulse and the offset voltage were
applied in reverse bias of the device, and the corresponding transient
(reverse) current response was collected.
4.3. Numerical Device Simulation. For the device simulations, a

drift-diffusion model is used. The model numerically solves the
Poisson equation and the continuity equations for electrons and holes
in the photoactive layer. Herein, the active BHJ layer is considered as
an effective semiconductor, where the HOMO level of the donor and
LUMO level of the acceptor correspond to the effective valence and
conduction bands, respectively. An effective energy-level gap of 1.3 eV
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and effective densities of states of 1020 cm−3 are assumed.
Furthermore, an injection barrier of 0.13 eV for electrons at the
cathode and 0.1 eV for holes at the anode is used. The charge
transport of electrons and holes is described by the drift-diffusion
relations, while the recombination is composed of both bimolecular
recombination between free electrons and holes and trap-assisted
recombination via deep trap states within the gap. In this work,
balanced carrier mobilities given by 5 × 10−4 cm2/(V s) and a
Langevin reduction factor of 0.0025 for bimolecular recombination
are assumed. The generation of charge carriers in the active layer is
calculated using an optical transfer-matrix model, which accounts for
the absorption, reflection, and interference effects between the
different layers within the device stack.
4.4. XPS, AFM, and TOF-SIMS Measurements. 4.4.1. XPS

Measurement. After preparation of the active layer and TCTA,
MoO3 (6 nm) was deposited onto the surface. XPS spectra were
measured using an ESCALAB 250Xi+ spectrometer with a
monochromatic Al−Kα X-ray source, using the C−C bonding
component of amorphous carbon as a reference.
4.4.2. AFM Measurement. The active layer solution was spin-

coated onto the ZnO surface on the ITO glass and annealed on a hot
plate at 85 °C for 5 min, followed by the deposition of TCTA (10
nm). Subsequently, the surface roughness of the sample was analyzed
at room temperature using a probe-based Park XE-120 atomic force
microscope.
4.4.3. Matrix-Assisted Laser Desorption/Ionization Time-of-

Flight Mass Spectrometry Measurement. To prepare complete
devices with layer thickness consistent with control devices, various
elements including Ag, Mo, O, S, SN, and Zn were detected for their
distribution by in situ annealing at 150 °C in a high vacuum chamber,
using an anion mode. The SIMS data were tested through a TOF-
SIMS 5−100.
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