Characterizing and Improving the Thermal Stability of Organic Photovoltaics

Based on Halogen-rich Non-fullerene Acceptors

Kan Ding!, Yongxi Li?, Stephen R. Forrest *!23
!Department of Physics, University of Michigan
2 Department of Electrical Engineering and Computer Science, University of Michigan

3Departments of Material Science and Engineering, University of Michigan

Ann Arbor, MI 48109, USA

ABSTRACT

The thermal stability of inverted, halogen-rich non-fullerene acceptor (NFA)-based organic
photovoltaics (OPVs) with MoOx as the hole transporting layer is studied at temperatures up to
80°C. Over time, the power conversion efficiency shows a “check-mark” shaped thermal aging
pattern, featuring an early decrease, followed by a long-term recovery. A high CI concentration at
the BHJ/MoOx interface in the thermally aged device is found using energy dispersive X-ray
spectroscopy. X-Ray photoelectron spectroscopy shows that the MoOx is chlorinated after thermal
aging. With bulk quantum efficiency analysis, we propose an explanation to the check-mark
shaped pattern. Inserting a thin C;o layer between the BHJ and MoOy suppresses the thermal

degradation mechanisms, resulting in 3 orders of magnitude increase in device lifetime at 80°C.
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1. Introduction

Non-fullerene acceptor (NFA)-based organic photovoltaics (OPVs) have drawn attention
due to their high power conversion efficiencies (PCEs).!"* However, NFA-based OPVs often have
poor thermal stabilities, significantly limiting their outdoor applications.’!° Previous work has
shown that OPV thermal degradation can be related to time-dependent changes to the bulk
heterojunction (BHJ),!!"!3 the BHJ/hole transporting layer (HTL) interface,!*!® BHJ/electron
transporting layer (ETL) interface,? or the electrodes.?!->* Among various sources of these changes,
MoOx layer is found to be highly correlated to the OPV thermal degradation when used as an
HTL.!%16:19.25 However, a complete understanding of the mechanisms behind the MoOy-induced

thermal degradation is still lacking.

Previously, we demonstrated high intrinsic photostability for an inverted NFA-based OPV
structure with MoOx and ZnO as the HTL and ETL, respectively, both protected by ultrathin
interfacial layers.?® A thin Cyo interfacial layer placed between the BHJ and MoOy was found to
considerably improve the operational lifetime. Likewise, a self-assembled monolayer at the
ZnO/HTL had a similar significant effect on extending the device lifetime. In this work, we
specifically focus on the role played by C7 in regarding OPV thermal degradation mechanism. In
the absence of the Cro buffer, the PCE exhibits a “check-mark” shaped aging pattern exhibiting a
rapid initial decrease followed by a slower recovery. Energy dispersive X-ray spectroscopy (EDS)
shows a high Cl concentration at the BHJ/MoOx interface, and X-ray photoelectron spectroscopy
(XPS) shows the MoOx is chlorinated after the thermal aging process. Using bulk quantum
efficiency (BQE) analysis, we identify two thermal degradation modes. The first results in a
decrease and recovery of the BQE. The second mode results in an increasing interfacial voltage

loss that affects the layers peripheral to the BHJ (i.e. the electrodes, HTL, and BHJ/HTL interfaces).



Based on these results, we propose mechanisms responsible for the thermally-induced degradation

observed.

Furthermore, we show that inserting a thin Cro layer between the BHJ and MoOx almost
eliminates the first mode, while largely suppressing the second, hence significantly enhancing the
OPV thermal stability.?” Specifically, the device lifetime (its Tgo, or the time it take the cell to lose

20% of its initial efficiency) at 80°C improves from 20 min to 800 h when aged in the dark.

2. Results

We study a semi-transparent BHJ comprising a blend of the archetype donor, poly[4,8-
bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b’|dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-
3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl]] (PCE-10), and the Cl-rich acceptor,
4,4,10,10-tetrakis(4-hexylphenyl)-5,11-(2-ethylhexyloxy)-4,10-dihydrodithienyl[ 1,2b:4,5b]
benzodithiophene -2,8-diyl)bis(2-(3-0x0-2,3-dihydroinden-5,6-dichloro-1-ylidene)malononitrile)
(BT-CIC). This material system is a promising candidate for semi-transparent window applications,
and has demonstrated exceptionally high photostability.?® 28-3 The OPV structure lacking a C7o
anode buffer (the control) shown in the inset of Fig. 1(a) is: ITO (thickness: 150nm)/ZnO (30
nm)/4-((1,3-dioxo-1,3-dihydro-2H-inden-2-ylidene)methyl)benzoic acid (IC-SAM)/PCE-10:BT-

CIC, 1:1.5, 80 nm/MoOx (10 nm)/Ag (100 nm).

Figure 1(a) shows the time evolution of the current density- voltage (J-V) characteristics
of the “control” OPV at 50°C. After 600 h, the short-circuit current (Jsc) decreased from 23.4 + 0.3
mA/cm? to 18.0 + 0.3 mA/cm?, the open-circuit voltage (Vo) from 0.69 +0.01 V to 0.64 +0.01 V,

the fill factor (FF) from 0.69 + 0.01 to 0.58 + 0.01, and PCE from 11.3 £ 0.2 % t0 6.6 = 0.2 %.



Figure 1(b) shows the time evolution of the J-V characteristics when a 2-nm-thick Co layer
is inserted between the BHJ and the MoOx (the “buffered” device).>! The degradation rate is
significantly suppressed, with only a small decrease in PCE of 0.4 + 0.2 % after 600 h aging at
50°C in the dark. Although the operational temperature of OPVs is usually below 65°C,**-3
exposure to higher temperatures is possible during manufacturing, storage, transportation and
installation. Additionally, stability tests at higher temperatures can accelerate the degradation
channels. Therefore, we test the stability at temperatures up to 80°C. Figure 2 shows the PCE time
evolution of the control (solid lines) and buffered (dashed lines) devices heated in the dark at
several temperatures. At all temperatures, the addition of the C;o buffer improves the thermal
stability. The Tgo at 80°C improves from 20 min to 800 h with the addition of the C7o buffer. The
control devices at 70°C and 80 °C show a recovery in their PCE after an initial decrease, forming
a check-mark shaped aging pattern. The complete PCE time evolution up to 800 h can be found in

SI (Fig. S2).

We apply the previously developed BQE analysis to understand which layers of the device
are primarily responsible for the time-dependent changes in PCE.?” The BQE measures the
photogeneration properties of the BHJ that does not depend on the peripheral layers. The BQE is
calculated using:

]ph (Voff - Vbulk)
]sat

BQE(Vbuzk) = ’ €]

where Vpuir is the voltage across the BHIJ, Jpn is the photocurrent, Vo is the applied voltage at which
Jon 18 zero, and Jsu is the saturated photocurrent at a large reverse bias. In this work, Jy is
determined at a reverse bias of —2 V (see SI for the sensitivity of the results due to the choice of

the reverse bias). Then, J,,(V) can be obtained using:



Jon (V) = Jsar X BQE(Vofr — V). (2)

Here, Vo5 depends on the voltage drop across the layers atthe periphery to the BHJ, or the
device “edges”.®' In principle, Js depends on the recombination losses at the edges and is
independent to the BQE, although this is not always the case (Fig. S6). Therefore, in following

discussion, we use Vs only to characterize the effects of layers at the BHJ edges.

Figure 3(a) shows the time evolution of the BQE-V3.x characteristics of the control device
in the dark at 80 °C. To better visualize the change of the BQE- V5.« characteristics, the inset shows
the time evolution of V3o, which is the Vyux required to achieve a BQE of 80%, i.e. Vgy =
Viuik |Qe=s80%:>' It follows that charge extraction from the BHJ is more efficient for a smaller Vo .
We observe that Vo increases rapidly in the first few hours, but recovers after 50 h. The BQE of
the control devices at 60°C and 70°C shows a slower time evolution, but otherwise exhibits a
similar behavior (Fig. S4). In contrast, Fig. 3(b) shows the time evolution of the BQE-Vpu
characteristics of a C7o buffered OPV at 80°C, with Vgo shown in the inset. The BQE and V’go remain

almost unchanged after 600 h.

The time evolution of Vo of the control devices at several temperatures is shown in Fig.
3(c). The Vo5 shows a monotonic decrease of 0.12 + 0.01 V(80°C), 0.08 + 0.01 V(70°C), 0.07 £
0.01 V(60°C), 0.04 = 0.01 V(50°C) over 600 h. The time evolutions of V5 of C7o buffered devices
at several temperatures are shown in Fig. 3(c). The V,; shows a smaller decrease of 0.07 + 0.01
V(80°C), 0.03 £ 0.01 V(70°C), 0.02 £ 0.01 V(60°C), 0.02 + 0.01 V(50°C) over 600 h. The
monotonic decrease of V,; masks the BQE recovery of the control device at 60°C, resulting in a

less obvious recovery in the PCE at lower temperature.



From the foregoing, we identify two thermal degradation modes: (1) a temperature-induced
change in the BHJ featured by the decrease and recovery of the BQE, which can be almost fully
arrested by adding a thin Cyo layer at the BHJ/MoOx interface; and (2) an increased voltage loss at
the BHJ periphery as inferred by the monotonic decrease of V.4 This voltage loss has been
previously attributed to increased trapped charge that may form dipoles by attracting free charge

at the opposite side of the interface between the BHJ and buffer layer.!6: 3!

To gain insights into the causes of mode (1), we examined the interfaces in devices with
and without a C7o buffer via thin-section scanning transmission electron microscopy (STEM), and
EDS. Figure 4(a) shows the bright-field (BF) STEM image of a control device heated in the dark
for 700 h at 80 °C, whereas Fig. 4(b) shows an image of the BHJ/MoOy interface collected by a
low-angle annular dark field (LAADF) detector. Figure 4(c) shows the Cl concentration (by weight)
distributions of the as-cast and thermally aged devices with C7o buffer, and the thermally aged
control device with the horizontal axis aligned to that of Fig. 4(a). Figure 4(d) shows the EDS Cl
concentration map near the BHJ/MoOx interface with the horizontal axis aligned to that of Fig.
4(b). An elevated CI concentration is observed at the BHJ/MoOx interface in the thermally aged
control, but not in the as-cast and thermally aged C7o buffered devices. The Cl concentration can
be distinguished in the LAADF (vertical bright line in the middle of Fig. 4(b) but not in the BF
image. Among the materials comprising the device, only BT-CIC contains Cl. Therefore, we infer
that the CI concentration observed on the BHJ/MoOx originates in the BHJ, which suggests a
redistribution of Cl in the BHJ toward the BHJ/MoOx interface during the thermal aging process.
However, whether this redistribution is due to migration of Cl radicals, or the BT-CIC molecules,

requires further study.



To understand the origin of the high Cl concentration at the BHJ/MoOx interface in the
thermally aged control, we used XPS to examine the MoOx surface. Samples with structures: ITO
(150 nm)/MoOx (10 nm)/BT-CIC were prepared and thermally aged before submersion into
chlorobenzene (CB) to dissolve the BT-CIC. Figures 5(a) and (b) show the XPS spectra of Mo 3d
peaks of samples held at room temperature (RT) and 90°C, respectively. The spectra are fit with
multiple Gaussian peaks using CasaXPS.** The intensity of Mo’" relative to Mo®" peak is reduced
after the aging, suggesting that the MoOx is oxidized. Figures 5(c) and (d) show the measured and
fit XPS spectra of the Cl 2p peaks for samples held at RT and 90°C, respectively. The Cl peaks
suggest the chlorination of MoOx, possibly due to the smaller energy of the C-Cl bond (327 kJ/mol
or 3.39 eV) compared that of Mo-Cl (365 kJ/mol or 3.78 €V).?>-36 Hence, this bond exchange is
net exothermic. It should be noted that sulfur (S) 2s peak would appear if there are residual organic
molecules on the MoOx surface. Compared to the poor solubility of polymer donor, PCE-10 with
observed S 2s peak at 228.3 eV (Fig. S7), the missing of S 2s peaks in Fig. 5(a) and (b) indicates

the complete removal of BT-CIC by the CB treatment.

We obtain similar results for the PM6:Y6, a fluorine-rich NFA-based system, (Fig. S3).
Considering the that both chlorine and fluorine are halogens, we speculate that these trends may

be common to all halogen-rich NFA systems.

3. Discussion

Given these results, we can infer a likely mechanism leading to the thermal degradation of
the control device. As shown in Fig. 6, due to the redox reaction between the BT-CIC and MoOx
observed by XPS, the BT-CIC molecules near the BHJ/MoOx interface lose Cl to the MoOx,

causing an increase in interfacial voltage loss, which partially contributes to mode (2) degradation.



This drives a thermally activated redistribution of Cl toward the BHJ/MoOx interface, leading to a
decrease in BQE. When the Cl redistribution is complete, the BQE recovers, resulting in the check-
mark shaped mode (1) degradation. The insertion of the Cso layer at the BHJ/MoOx interface
prevents interactions between BT-CIC and the MoOx, thus eliminating mode (1) and reducing
mode (2). However, mode (2) is not completely eliminated as shown in Fig. 3(d). Figure 6 also
shows the photocatalytic reaction between BT-CIC and ZnO that leads to decomposition of BT-
CIC.?® An IC-SAM inserted between the BHJ and ZnO and external filtering of UV light can

effectively suppress these mechanisms.

In Table 1, we summarize various photo- and thermal degradation mechanisms in inverted
PCE10:BT-CIC based OPVs. Besides the thermal degradation mechanisms studied in this work,
there are two main sources of photodegradation, the photocatalytic reaction between NFA-based
BHJ and ZnO, and UV induced BHJ damage. The former causes decomposition of BT-CIC,
leading to a degradation to both the BHJ and the edges. This reaction can be suppressed by
inserting an IC-SAM or Cg-SAM between the BHJ and ZnO. The latter mainly affects the BHJ
and can be suppressed by adding a cost-efficient UV-absorbing ZnO layer on the distal surface of
the device.?® With all the suppressing methods applied, the device has only an intrinsic
photodegradation affecting the BHJ and a reduced mode (2) photodegradation affecting the edges
(Fig. S5). Although the mechanisms in Table 1 may be specific to the materials and device
structures in this study, the experimental and analytical methodologies introduced are general for

separating extrinsic from intrinsic degradation mechanisms.



4. Conclusion

In summary, we identify and quantitatively study two different thermal degradation modes
in inverted halogen-rich NFA-based OPVs with MoOxy as the HTL. Mode (1) results in a rapid 40%
decrease of PCE followed by a slower recovery, forming a check-mark shaped aging pattern. The
first mode affects the BHJ and is possibly due to a redox reaction between BHJ and MoOx. A thin
Cro layer inserted between the MoOx and the BHJ effectively halts this degradation route. Mode
(2) appears as a monotonically increasing voltage loss in the edges but does not affect the BHJ,
and can only be partially suppressed by the additional C7o layer. The Tgo increases from 20 min to
800 h with the insertion of the C7o buffer. The work provides results that move us closer to
identification, and a more complete understanding of OPV failure mechanisms. Importantly, this

work provides a general method by which these objectives can be met.

5. Experimental Methods

Device Fabrication, Thermal Aging and J-V Measurement. All devices were fabricated
on ITO coated glass substrates (Lumtec Corp.) with a sheet resistance of 15 /sq. The ITO anodes
were patterned into 1 mm wide strips. The substrates were cleaned using a detergent (tergitol
solution) and solvents (acetone and isopropanol) and exposed to ultraviolet-ozone for 15 min. The
Zn0O layer was deposited by spinning a sol-gel ZnO precursor solution (Sigma-Aldrich Inc.) at
4000 rpm for 1 min and thermally annealed in air at 160 °C for 30 min. The IC-SAM was dissolved
at 1 mg/mL in methanol and stirred at 300 rpm at 65 °C overnight. The solution was then spun at
3500 rpm for 1 min, followed by thermally annealing at 110 °C for 10 min. After the annealing,
pure methanol solution was spun on the IC-SAM at 3500 rpm for 1 min to remove residual

molecules that are not chemically bonded to the ZnO. The PCE-10:BT-CIC powder (99+%, 1-



Material Inc.) was dissolved in 9:1 chlorobenzene:chloroform solution at a total concentration of
16 mg/mL and stirred at 300 rpm at 65 °C overnight. The solution was then spun onto the sample
at 4000 rpm for 1 min. The MoOx layers and Ag electrodes were deposited in a vacuum thermal
evaporation (VTE) chamber with a base pressure of 10”7 Torr. The MoOx (99.9995%, Alfa Aesar)
was deposited at 0.6 A/s. The Ag was deposited at a rate ramped from 0.1 to 1 A/s. The deposition
rates and film thicknesses were monitored by quartz crystal monitors and calibrated post-growth
using variable-angle spectroscopic ellipsometry. The Ag electrodes were deposited through 2 mm
wide shadow mask openings oriented orthogonal to the ITO strips, forming device areas of 2 mm?.
After the deposition of the electrodes, the devices were encapsulated in N> atmosphere by
cementing a top glass cover to the substrate with an epoxy (EPO-TEK® OG159-2, Epoxy
Technology) bead around its periphery and UV cured for 100 s. The epoxy is not in direct contact

with the device area.

The encapsulated devices were thermally aged on hotplates at various temperatures in air
in the dark. The J-V characteristics were measured inside a N> glovebox at room temperature using

a parameter analyzer (Agilent 4156C) with a 1 kW m2 simulated AM 1.5G illumination source.

STEM, EDS and XPS Measurement. Cross-sectional slices of the OPVs were obtained
via focused ion beam (FIB) milling (FEI Nova 200 Nanolab SEM/FIB) and glued by Pt soldering
onto a lift-out grid rod. The sample is then thinned before transfer into the STEM (Thermo Fisher

Talos F200X G2 S/TEM). The EDS integration time for each sample is 40 min.

Samples for XPS measurement have structures: ITO (150 nm)/MoOx (10 nm)/organic layer
were prepared on unpatterned ITO coated glass substrates using the same processes as for the
OPVs. The organic layer is either a neat BT-CIC layer, or a PCE-10: BT-CIC, 1:2, blended layer.

The samples are held at either RT or 90°C for 100 h before submersion into chlorobenzene to

10



dissolve the organic layer. All procedures are performed on samples in a N filled glovebox, and
then transferred into an ultra-high vacuum chamber (base pressure ~1 x 10” Torr) to perform XPS

measurements (Kratos Axis Ultra XPS). The integration time for each spectrum is 25 min.
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Tables

Table 1. Effects of various photo- and thermal degradation mechanisms in PCE-10:BT-CIC

inverted OPVs and methods to suppress them.

43

Mechanism Type Effects Method to Suppress
Photocatalytic reaction Photo- Decrease of | Inserting an IC-SAM or Cso-SAM
between BHJ and ZnO 37-38 BQE and Vo5 | between the BHJ and ZnO 26-%7
UV exposure 34 Photo- Decrease of | Adding a UV-absorbing ZnO coating
BQE on the distal surface of the device 2°
Intrinsic photodegradation | Photo- Decrease of
of the BHJ under white light BQE
Mode (1) thermal Thermal | Check-mark | Inserting a 2-nm-thick C7o buffer
degradation of the BHJ shaped aging | between the BHJ and MoOx
pattern of BQE
Mode (2) thermal Thermal | Decrease of | Partially suppressed by the C7o buffer
degradation of the edges *!- Vogr

19




Figure Captions

Figure 1. (a) Time evolution of the current density voltage (J-V) characteristics of a PCE-10:BT-
CIC device when heated at 50°C in the dark. Inset: Device structure. (b) Time evolution of J-V
characteristics of a PCE-10:BT-CIC device with a 2 nm thick Cyo layer inserted between the MoOx

and BHJ when heated at 50°C in the dark. Inset: Device structure.

Figure 2. Time evolution of power conversion efficiencies (PCEs) of control devices (solid lines)
and devices with the C7o protection layer (dashed lines) aged at various temperatures. The errors

of the PCEs are + 0.2 %.

Figure 3. (a) Time evolution of the bulk quantum efficiency (BQE) vs. the voltage on the BHJ
(Vwuir) characteristics of a control device aged at 80°C. Inset: Time evolution of V. to reach a
BQE of 80% (Vs0). (b) Time evolution of BQE-Vsu characteristics of a C7o buffered device aged
at 80°C. Inset: time evolution of V. (c) Time evolution of Vs of control devices aged at various

temperatures. (d) Time evolution of V,; of C7o buffered devices aged at various temperatures.

Figure 4. (a) Scanning transmission electron microscope (STEM) image collected by a bright-
field (BF) detector of a control device aged in the dark for 700 h at 80°C. (b) Magnified STEM
image of the BHJ/MoOx interface collected by a low-angle annular dark field (LAADF) detector.
(c) The Cl weight concentration distributions of the as-cast device with a Cyo layer, the thermally
aged device with a Cyo layer and the thermally aged control device with the horizontal axis aligned
to that in (a). (d) The Cl weight concentration map near the BHJ/MoOy interface in the thermally

aged control device with the horizontal axis aligned to that in (b).
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Figure 5. X-ray photoelectron spectra (XPS) of the Mo 3d signal of MoOx layers fabricated with
BT-CIC layers held at (a) room temperature (RT) and (b) 90°C for 100 h. XPS spectra of Cl 2p of

MoOx layers fabricated with BT-CIC layers held at (¢) RT and (d) 90°C for 100 h.

Figure 6. Left: Proposed photo- and thermal degradation mechanisms in PCE-10:BT-CIC inverted
OPVs. Right: Modified structure that effectively suppresses the degradation mechanisms

tllustrated at left.
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