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Enhanced Photo-gtability of Inverted Organic Solar Cdlsvia Usng Polyethyleniminein the Electron
Extraction Layers

Mozhgan Sadeghianlemra$kj Brenda Yasie Lée’, Tyler Davidson-Hali > Zoya Leonenkd?®,
Hany Aziz 2

Abstract

The influence of using Polyethylenimine (Pi&lthe electron extraction layers (EELS) on thetp-
stability of inverted organic solar cells (OSCs)nsgestigated. Results show that introducing PEthia
commonly used ZnO EELs, either mixed in the samyerlavith the ZnO (ZnO:PEI mixture) or in a
separate layer in the form of a bilayer EEL configion (ZnO/PEI), reduces the susceptibility of GSC
to photo-degradation with the mixture giving morgngficant stability enhancements. In comparison to
the widely used ZnO EEL, the use of ZnO:PEI mixigriound to lead to ~ 5x higher PCE stability unde
continuous UV irradiation, the latter being the méictor behind the limited stability of the cellader
sunlight, primarily due to a more stalifg. and FF. Tests on electron only devices show tiehtgher
photo-stability is mainly due to the role of the@REI mixture in minimizing light-induced deteridicn
in electron collection efficiency at OSCs electamilection contacts under sunlight. Kelvin probecto
microscopy (KPFM) measurements show that the usén@f:PEI helps maintain a more stable surface
potential at the electron collection contact, hettoe more stabld/,. and FF. X-ray photoelectron
spectroscopy (XPS) measurements reveal that thigitytenhancement is likely associated with cheahic
interactions between PEI and ITO at the ITO/ZnO:PiEdrface that produce a more electronically and
energetically stable contact that is less susdeptiibchanges in surface potential or work functigriJVv
illumination. Using PEI in the form of a neat layext to the ITO in a bilayer EEL (PEI/ZnO) is falito

provide a similar significant enhancement in phstehility, further ascertaining the above conclosio
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The findings not only reveal the potential of aiiig PEI in the EEL, but also shed light on som¢hef

root causes of the limited photo-stability of OS(sl approaches to mitigate their effect.

Keywords: electron extraction layer, polyethylenimine (PEI), organic solar cells, photo-

stability, photo-induced deterioration, surface potential.

1. Introduction

Organic solar cells (OSCs) are attracting tredoes interest due to their mechanical flexibility,
versatile form factors and compatibility with lowest mass production fabrication technology [1-3}.0T
main factors however continue to limit their comniglization; their relatively limited efficiency dn
stability. While the limited efficiency issue of S&s has been the focus of a vast body of work,
addressing the stability issue has received muek Btention in comparison. In polymer OSCs,
degradation proceeds in the form of a gradual dserén power conversion efficiency (PCE) with time.
This degradation arises from various aging phenantieat - in general - are induced by either oxygen
moisture from the ambient or by solar irradiatiaghg latter mostly due to the ultraviolet (UV)
components of the solar spectrum [6-8]. Advancemientleveloping encapsulation technologies make it
now possible to effectively control ambient-inducdelgradation. With that, solar irradiation-induced
degradation (usually referred to as photo-degradgtbecomes one of the remaining challenges #ed n
to be overcome for commercialization. [7-9].

To attain high efficiency and long-term photo-sligi an appropriate selection of electron
extraction layer (EEL) is critical [10-13]. We havmeviously demonstrated that aside from the
enhancement of photovoltaic (PV) characteristiositain EELs can also significantly reduce the
susceptibility of metal contact interfaces to phdégradation, thus lead to improved OSC photo-gtabi
[11-13]. According to the electron and hole cdilet directions, OSC architectures can generally be

divided into conventional (i.e. upright) and inwxttgeometries. The use of a high work function (WF)



top metal in case of inverted OSCs gives them amrgdge in terms of ambient stability [14]. In
inverted OSCs, ZnO is the most commonly used EEleriz due to its high transparency, relatively
high electron mobility, solution processability arehvironmental stability [15-19]. Despite its
advantages, ZnO has some shortcomings includingrdsznce of vacancies that causes some charge loss
[20] and a relatively high WF that leads to a higirrier for charge collection from organic accepto
materials [21,22]. In this regard, it was recerghown that using polymeric surface modifiers, sash
polyethylenimine (PEI) [23-25] and ethoxylated palylenimine (PEIE) [6, 26, 27], with ZnO can
adjust its WF as a result of the formation of aeifacial dipole layer at the ZnO/PEI interface dewaid
to improvements in device performance. However, lhwe conductivity of these polymers poses
challenges, inspiring the idea of using a ZnO:Pkdtune composite as an alternative approach [28-30]
Jia et al. showed that using neat PEI on ITO aEEncan give a similar performance to ZnO as losg a
it is kept to a very thin layer, whereas using ZREl: mixture allows using thicker layers and enhance
device performance [29]. Using ZnO:PEIl compositthade interlayer, Liu et al. demonstrated OSCs
with a PCE of 9.90%, an open circuit voltadg.Y of 0.760 V, a short-circuit current densifisq) of
17.80 mA/cm2, and a fill factor (FF) of 73.15% Jaly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-
b'dithiophene-2,6-diyl][3-fluoro-2-[(2 ethylhexyarbonyl]thieno[3,4-b]thiophenediyl]] (PTB7)6,6]-
Phenyl-C71-butyric acid methyl ester (PC71BM) asaative layer. They also showed that mixing ZnO
with a small amount of PEI modifies its WF withoappreciably affecting conductivity, optical
transmission or film morphology [30]. Venkatesarak{6] showed that introducing a layer of PEIE on
ZnO EEL or AZO (Aluminum-doped ZnO) cathode of OS€m increase their ambient stability; an
effect that was attributed to suppressing surfagdation of the metal oxide layers. Shafket et[al]
recently showed that mixing ZnO with PEIE, whenduaéong with an additional layer of the latter, can
improve the light-soaking behavior of OSCs underftAé irradiation.

While the use of PEI in EELs in OSCs is startioggain momentum in the field, its influence on
the photo-stability of the cells has not yet benlied to the best of our knowledge. Knowing froar o

previous work [10-13] that EELs can significanthfluence OSC photo-stability, it becomes important
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investigate that behavior with this new EEL matesistem. With recent findings by Tournebize etodl.
UV-induced shunt formation at the ZnO/active laiygerface and the potential benefits of using huffe
interfacial layers as a possible way to help elaténthat behavior [32], investigating the effect of
modifying that interface on OSC photostability be@s even more compelling. Therefore, in this work,
we systematically investigate and compare the beha¥ inverted OSCs with ZnO, ZnO/PEI (bilayer)
and ZnO:PEI (mixture) EELs, utilizing for that poge the archetypal Poly(3-hexylthiophene) (P3HT):
[6,6]-Phenyl C61 butyric acid methyl ester (PC60BOIPC donor.acceptor system. Results reveal that
using ZnO:PEI EELs leads to significant improvenseint OSC photo-stability, resulting in ~5x higher
photo-stability (around 12% decrease of its iniB&E after 276h of UV irradiation vs 60% in case of
ZnO EEL). The stability enhancement is attributeidhprily to a much more stable open circuit voltage
(V,¢), the latter being the parameter that typicallgrddes the fastest in inverted OSCs under UV [32].
Findings from electron-only devices as well as atoforce microscopy (AFM), Kelvin probe force
microscopy (KPFM) and X-ray photoelectron spectopsc(XPS) measurements reveal that the ITO/EEL
interface plays a more influential role in the ghidegradation behavior of OSCs relative to the BHIK/

hetero-junction (BHJ) interface, contrary to whatswelieved before.

2. Experimental

2.1. Material Preparation and Device Fabrication:

In this work, BHJ OSCs using the archetypical PFMIBM donor:acceptor system in the widely
used inverted architecture of the structure: ITQEBHT:PGBM/MoO4/Al, utilizing ZnO, ZnO/PEI
bilayer (40 nm) or ZnO:PEIl mixture as EEL weredisEhe OSCs were fabricated on 80 nm thick ITO
patterned glass substrates (Kintec) with a shesistamce of 152 sqg™. In these devices, the ITO,
P3HT:PC60BM, MoQ@ and Al served as cathode, active layer, hole etxtna layer (HEL) and anode

respectively.



ZnO synthesis was done following the standard ambroas reported previously [33]. PEI
(Sigma-Aldrich) was diluted in 1-propanol to rea®.5 mg/ml solution and then mixed with 32 mg/ml
ZnO solution to prepare ZnO:PEI mixtures of vari®s concentrations (0.01, 0.02, 0.03 or 0.04 %wt
PEI).

To prepare the active layer solution, poly (3-héxgphene) (P3HT) from Sigma Aldrich and [6,6]-
Phenyl C61 butyric acid methyl ester (PC60BM) frotamaterial company were diluted in
dichlorobenzene (Sigma Aldrich) in a 1:1 ratio tdain a 45 mg/mL concentration and then stirretiOgt

° C and 650 rpm overnight.

For OSC fabrication, the substrates were firstradavia sequential ultrasonic treatments using
Micro 90, deionized water, acetone and isopropaanhltions and then treated with plasma for 5 min.
Samples were then transferred to a nitrogen-fifjevebox. For coating the electron extraction layer
ZnO was spun coated at 1000 rpm for 60s with amgeaondition of 150 °C for 30 min, PEI and
ZnO:PEI were spun coated at 5000 rpm for 60s beforealing at 120 °C for 20 min and 150 °C for 30
min, respectively. The P3HT:PC60BM BHJ active lay@as then deposited on the ITO/ZnO, ZnO/PEI
(bilayer) or ITO/ ZnO:PEI (mixture) EEL. The BHJkr was coated at 1000 rpm for 80 s and annealed at
150°C for 30 min on a hot plate, resulting a thieds10f~150 nm. After that, samples were transferred to
an Angstrom Engineering EvoVac thermal evaporatimeamber with a base pressure of 5 x@.0orr to
deposit 5 nm of Mo@(American Elements), and 100 nm of aluminum an@destrom Engineering).
14 OSCs were fabricated on each substrate. Thaceudrea of each OSC was 0642 and was
determined by the intersection area of the anodggid cathode (ITO) electrodes. In order to have a
more accurate comparison between the different E&tid reduce other confounding factors (small
variations in MoQ or Al deposition and/or vacuum pump-down cyclegich substrate was first cut into
4 equal pieces and a different EEL (ZnO, ZnO/PHa{lr) or ZnO:PEI (mixture)) was spun coated on
each piece, followed by the active layer. The 4Lgiewere then taped together and mounted in the
vacuum system for the deposition of the Maghd Al layers. In the case of OSCs with Poly [N-9
heptadecanyl-2,7-carbazole-alt-5,5-(4',7"-di-2+gle2',1',3'-benzothiadiazole)] (PCDTBT):PC70BM,
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the active layer solution, PCDTBT:PC70BM (Sigma ridt) is dissolved in dichlorobenzene with a ratio
of 1:4, and then stirred at 100 ° C and 650 rpnrrigét to obtain a 25 mg/mL concentration. In this
case, the layer was spun coated at 700 rpm for,Janthannealed at 100 °C to achieve a 80 nm film.
Electron only devices (EODs) were fabricatebfving the same procedure used for the OSCs.
1,3,5-tris(N-phenyl-benzimidazol-2-yl)-benzene (TPBurchased from Electronic Materials Index Co,

and lithium fluoride (LiF) from Sigma Aldrich weeposited by evaporation.

2.2. Material and Device Characterization:

Current density—voltage (J-V) characteristicsenmeasured under 1-sun AM1.5G illumination
from an ABET Sun 3000 Class AAA solar simulatomgsa Keithley 2400 source meter. Photo-stability
tests are performed using illumination from a UVree at a wavelength of 365 nm and an illumination
power density of 0.8//cm? with the the samples being kept itva environment and fan-cooled during
the test to keep them at room temperature.

Atomic force microscopy and Kelvin probe force rmgropy to obtain simultaneous
topographical and contact potential difference (CRBages in air was done using an AIST-NT
SmartSPM 1000 atomic force microscope. A single riMikasclf HQ:NSC14 Au coated conductive
probes were used to take these images, with adips of approximately 35 nm, resonance frequeificy o
160 kHz, a force constant of 5 N/m, and a length2d um = 5 um. At least two 5 x 5 um images were
taken for each of the two samples made in each fiiam these images, at least 100 measuremenés wer
taken from different areas to determine the avefzgP and height values. Roughness measurements of
the AFM images were also taken. XPS measurements werformed by Thermo-VG Scientific

ESCALab 250 Microprobe equipped with a monochromatiKalpha X-ray source (1486.6 eV).



Figure 1. A schematic depiction of the structure of the OSCs used in this work.
3. Resultsand Discussion

Three groups of OSCs of the structure: ITEUP3IHT:PGBM/MoO4/Al, each consisting of 8
identical cells, utilizing ZnO, ZnO/PEI bilayer @nO:PEI mixture as EEL were fabricated. The EEL
thickness was approximately 35-40 nm in all ca3éss included the thickness of the PEI layer (~ 5-7
nm) in case of the ZnO/PEI EEL. Figure 1 depictsdivice structures. All devices were fabricated an
tested under the same conditions. The PV parametdfsese cells under 1 sun 1.5 AM radiation are
provided in Table 1, where all numbers represeatane values from the 8 cells in the group except f
the last row which presents the maximum PCE valueaich group. The J-V characteristics of the cells
with the highest PCE in each group are provide@Figure S1.) We should point out that the specific
ZnO:PEI mixing ratio (1:0.04 by weight) was selecbtased on preliminary work that showed that itegav
better photovoltaic performance relative to ottatios (data from that work is provided in Tablg.S1

As can be seen from the data in Table 1, deviisZnO EEL, which are used here as reference
devices, demonstrate an initial PCE of about 2.d&qar with other reports for this device strucidd.
Generally, the PV parameters of devices from theetlyroups are comparable, with the ZnO:PEI EEL
devices having somewhat higher PCE dnd exhibiting average and maximum PCE of 2.56% and
2.75%, respectively versus 2.38% and 2.46% in oddbe ZnO reference devices, and.aof 6.43
mA/cm? versus 6.25nA/cm? in case of the reference devices. The small iserdéa /.. on using

ZnO:PEl instead of ZnO as EEL is in good agreemséitit previous reports [29]. We note that thgin



case of the ZnO/PEI devices was generally somelohar than in the ZnO case in our devices and was

in line with the work by Venkatesan et al [6].

Table 1. PV parameters of OSCs with the ZnO, ZnO/PEI (bilayer) and ZnO: PEI (mixture) EELS.

EEL ZnO ZnO/PEI bilayer ZnO:PEIl mixture
Parameters

Jse(mA/cm?) 6.25+ 0.55 5.3+0.23 6.43 +0.31

Ve (mV) 66858 + 14.4 666.98t 13.4 67245 + 4.6

FF [%] 57.11 +3.17 59.99 1.47 59.25 1.23
Rshunt (Ohm. cm?) 23367+ 4110 27842+ 7136 2214% 2837
Rseries (ORm. cm?) 13.12 + 5.03 8.61+ 2.22 9.16+ 1.11

Ave — PCE [%] 2.3 £0.07 2.13t0.11 2.56+0.14

max — PCE [%] 2.4¢ 2.3¢ 2.7¢

In order to investigate and compare betweenpti@o-stability performance of the OSCs, the
devices were exposed to continuous illuminationmfra 365 nm UV source at an illumination power
density of 0.8//cm?. The wavelength is representative of the longelength portion of the Uyrange
of the solar spectrum capable of reaching the esautface which is known to be a primary cause of
photo-degradation in OSCs [17, 32, 34, 35]. Thécharacteristics (again under 1 sun, AM 1.5) &f th
OSCs were collected at various times during the éXgosure (with the UV illumination temporarily
blocked during the measurements to prevent cortimittsl from the UV illumination to carrier photo-
generation). Figure 2 shows the obtained PIGE,FF and Jsc at those times, normalized to théialin
(i.e. time zero) values. As can be seen from tiperéi, prolonged exposure to UV causes a deteigor i
the PV parameters of all devices as expectediHautdegradation was slower in case of the devices
containing PEI in their EELs. Remarkably, the ZnBl:@DSC exhibited significantly higher stability,

showing only about 12% decrease in PCE after 278lirkadiation, ~ 5x smaller than that observed in



case of the ZnO OSC. The largest difference is rebgein V,. and FF, with the earlier showing a
decrease of 1.26%, 11.9% and 29.5% in the devidds twve ZnO:PEIl, ZnO/PEI and ZnO EELs,
respectively, after 276 hours of UV exposure. tiigt be noted that this large degradatiofinin case

of the control device is consistent with literat(iée 32, 34, 35]. Besides, we note that ¥#g photo-
stability of OSCs with ZnO/PEI EEL is somewhat héghthan the ZnO-based devices while lower than
the cells with ZnO:PEI EEL. In contrast, the degradation trends were comparable in all devieéh,

the ZnO OSC showing only slightly faster degradativan the other two devices. The comparable loss
in J,. indicates that, unlik&,. and FF, its origins are independent of the EEld suggests it may be

associated with changes in the active layer bidkhgps due to RgBM dimerization [6, 17, 32, 34, 36].
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Figure 2. Normalized PCE (a), V,. (b), FF (c), and /. (d) versus time under continuous UV illumination of OSCs
with the ZnO, ZnO/PEI and ZnO: PEI EELs.



Table 2. % change in PV parameters of OSCs with the different EELs after 276 hours of UV irradiation and of a
control set of identical OSCs that was kept in the dark (i.e. no UV) for the same period of time.

Parameters % AJsc %AVoc %AFF %APCE
EELs Control UV Control UV Control UV Control = UV
ZnO -6.5¢ -16.€ -1.4% -29.t +0.8:2 -33.t -6.71 -60.8
ZnO/PEI -4.3% -8.8: -1.0¢ -11.¢ +0.3¢ -11.3t  -5.0¢€ -28.¢
bilayer

Mixed ZnO:PEI -6 -10.6¢  -0.01¢  -1.2¢ +0.4¢ -0.2¢ -1.74 -12

In order to determine if the observed changaténPV characteristics of the OSCs were indeed
caused by the UV illumination, we similarly testds#® J-V characteristics of an identical set of desi
that was kept in the dark over the same periothté to be used as a control set for comparisonleTab
compares the changes in the PV parameters of thélliinated and the control devices over the same
period of time (276 hours). Clearly, the controlides exhibit much smaller changes in their PV
parameters in comparison, verifying that the deagiad observed in case of the UV-illuminated device
was indeed mostly caused by the UV exposure. Cerisgl that the only difference between the three
sets of devices is their EELs, the significant etiéhces in their photo-stability behavior must be
associated with the EELs, and more specificallyrttiee. the EEL'’s) role in influencing the stalyliof
thel,,. and FF over time, and, as a result, PCE.

In order to identify the role of the ZnO/PEI aAdO:PEI EELs in increasing the photo-stability
of the OSCs and to investigate whether it is assedi with improving the stability of the electron
collection contact and reducing its susceptibiliyphoto-induced degradation [12-14], we test thd $E
in EODs. First, we incorporate the EELs in EODs tbé structure: ITO/ EEL/Z2,2,2"-(1,3,5-
Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TRRIiF/Al. The device structure is depicted in the

inset of figure 3(a). In these devices, TPBI, atebn transport material, is used because oéltdively

10



high electron mobility and low optical absorptiar3é@5 nm [37] which makes it not susceptible totpho
degradation by the UV illumination. As such, anyrges in the electrical characteristics of the chsyi
due to UV illumination will not be due to changesthe TPBi layer. Under forward bias, defined as
holding the Al electrode at a more negative po&tmélative to the ITO contact, electrons are efity
injected from the LiF/Al contact and transportedoithe TPBi and then into the EELs before they
eventually get collected at the ITO contact. Thoghese devices, the direction of electron trartsioo
the EELs and their collection at the ITO/EEL cotgaesembles that of the photo-generated electnons
case of the OSCs. In contrast, hole injection fithkm ITO contacts under the same bias direction is
obstructed by the large energy offset betweenTkework function and the valence band of the Zn®. A
such, the flow of current occurs almost exclusiwgdyelectrons. Figure 3(a) shows J-V charactessiif
these EODs with the different EELSs, collected ia tlark. As can be seen, the use of ZnO:PEI| EElslead
to a higher current relative to the other devicesrsy given driving voltage pointing to its higher
conductivity and/or more efficient electron collect at the two EEL interfaces. As the EODs with the
ZnO and ZnO/PEI EELs have different EEL/TPBI iné&ds (no PEI in the first vs. PEI in the second),
their similar J-V characteristics suggest thatHfie /TPBi interface does not strongly influence iomit
electron collection in these devices, indicatinat tfthe higher current in case of the ZnO:PEI ischat to
easier electron collection at the ZnO:PEI/TPBi eshtand is therefore due to the higher bulk

conductivity of the ZnO:PEI and/or more efficietéaron collection at the ITO/ZnO:PEI contact.

11
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illumination for the 3 contacts of interest.

One set of EODs was then exposed tdragous UV illumination (same conditions as abova] a
their J-V characteristics were measured (in th&)dat certain time intervals. Changes in their fargyv
bias driving voltage, defined as the voltage neadadaintain a constant current density ofri28/cm?,
and presented in the form of the net change iragelAV = the voltage at any time t minus the initial
voltage, are provided in Figure 3(b). Clearly, tlhemination causes a faster rise in the drivindgtage
over time in case of the EODs with the ZnO and RT)/EELs indicating that electron transport and
collection becomes increasingly less efficientcémtrast, the driving voltage trend of the EOD vitlk
ZnO:PEI EEL remained remarkably much more staldatmg to the role of this EEL in reducing photo-
induced deterioration in electron transport andectibn, and maintaining efficient electron colleat
over time. It is also clear that although the EOQHith the ZnO and ZnO/PEI EELs have different
EEL/TPBI interfaces, they both exhibit low stalyilitWe also test a set of EODs of the structure ITO/
EEL/P3HT:PC60BM/TPBI/ LiF/Al (depicted in the inset Figure S2 (a)) to verify if similar trends are
observed when the EEL is in contact with the BHhi$t@ad of TPBI) as is the case in the OSCs. The

results from those devices are presented in Fi§@réb), confirming that this indeed is the caseensh
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again the EOD with the ZnO:PEI exhibits the moabk voltage trend. It follows from these resihist

the much higher photo-stability of the ZnO:PEI EBBust be related to factors associated with the EEL
bulk and/or the ITO/EEL interface (which, in thiase, can be expected to be altered due to thenpeese
of PEI in the mixture) in influencing the photodsildly behavior of OSCs. Although higher photo-
stability of the OSCs with ZnO/PEI EEL comparedte ZnO-based cells suggests that having PEI at the
BHJ interface may have some photo-stability besdfit the BHJ as was also reported recently [38, t
fact that the EODs with the ZnO and ZnO/PEI EELsggelly have similar stability trends shows that th
EEL/BHJ interface plays a smaller role in compariso influencing the photostability behavior of the
OSCs. It should be pointed out that this is difféifeom the short-term “light-soaking” behavior ebged

in OSCs with metal-oxide EELs, especially thosecpssed in air, which, in contrast, is more strongly
influenced by the EEL/BHJ interface [34, 38].

Finding out that the ZnO:PEI EEL leads to a sigaifit enhancement in OSC photo-stability and
that the effect is most likely due to maintainingnare stable electron collection efficiency acrtes
EEL and/or ITO/EEL contact, it becomes importantrigestigate the root causes of this behavior. We,
therefore, use AFM and KPFM to respectively stugly mmorphological and electrical surface potential
characteristics of the ZnO, ZnO/PEI and ZnO:PENab as of the bare ITO, and to probe any changes i

those characteristics under UV illumination.
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Figure 4. AFM (golden) and KPFM (blue) images of ITO Control, ZnO, ZnO/PEI and ZnO: PEI films; before (a, b,
and c, d respectively) and after 2 hours UV exposure (g, f, g, and h).

AFM images (golden) and KPFM images (blue) collddtem ITO, ITO/ZnO, ITO/ZnO/PEI and
ITO/ZnO:PEI films before (pristine) and after UVpmsure for 2 hours are provided in Figure 4. The
images were collected simultaneously form the saample area in order to allow comparing their
surface topography and electrical surface potentibb obtain the KPFM images, the surface of the
sample is scanned with a probe tip that measuegadtential difference, CPD, between the sample
surface and the tip. This potential difference giinerally depend on the work function of the stefa

and tip materials as well as on the electricalaagfpotential of material surfaces. Although theohlie
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value of the measured CPD depends on the spegffierinental setup, imaging the sample surface with

the same probe can reveal differences in electsiodhce potential.

Looking at the AFM images, a comparison of all gistine films (Figure 4(a)-(d)) shows that
they all have similar surface topography with ti©4ZnO:PEI film having a slightly smoother surface
relative to ITO/ZnO, ITO/ZnO/PEI and the ITO confreith a root-mean-square roughnes®,,{;) of
1.34 nm = 0.01 nm versus 1.41 nm * 0.08 nm, 1.42tr®r0 nm and 1.40 nm * 0.09 nm in the other
three films, respectively. After UV exposure (Figul(e)-(h)), theR,.,, is found to change slightly for
each film, with the ITO/ZnO film being affected theost (by about 0.4 nm instead of 0.1 nm in theoth
films). While the increase in roughness might ssggieat ZnO is susceptible to UV-induced aggregatio
a phenomenon observed in other materials [39, th@],morphological differences among the samples
were too small to be expected to play a majorirotee different photo-stability behavior of the I|EE

Figure 5 gives the average CPD values obtained #&HM scans of the sample surfaces at
various times with the samples initially being kepthe dark (for 2 hours), followed by UV illumitian
(for 2 hours), and then again being kept in thekdér 28 hours). The averages are obtained from
measuring CPD at 100 different points on the serfafceach sample at the given times. As can be seen
from the figure, CPD does not change appreciabbllisamples while in the dark. lllumination, howey
leads to significant changes in CPD in case of IMT@/ZnO and ITO/ZnO/PEI samples, pointing to UV-
induced changes in surface potential. In contthstchanges in CPD due to the UV exposure were much
smaller in case of the ITO/ZnO:PEI sample. It isrtwgointing out that the photo-induced changes in
surface potential do not show any significant ctesngpon leaving the samples in the dark for 28 hour
following the illumination. This shows that the pbénduced degradation is not reversible in thekdar
least when no external stimulus such as a revéasddapplied [41, 42]. As changes in electricaface
potential of a sample mirror changes in its eleatrproperties including work function [43], thesodts
suggest that the exposure to UV brings about migrgfisant changes in work function in case of the

ZnO and ZnO/PEI EELs than in case of the ZnO:PEL.BEis for example known that although UV
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illumination can initially improve the performanad OSCs, prolonged illumination can induce the
formation of chemical defects and the introductdbimterstitial oxygen in ZnO that lead to an irese in

its work function and reduce its n-type charactessin the longer term [34, 41,44]. The fact that
similar change in electrical surface potentialliserved in case of the ITO/ZnO/PEI, where the prase

of the PEI would expectedly interfere with reactidmetween oxygen and ZnO surface, suggests that
additional factors, including ones that may notessarily be at the stack surface, could however be
involved. It is, for example, possible that the mpes arise from a shift in ITO work function whiish
also known to occur under illumination [46-47]; Buan effect is also evident from the changes in ©PD
the bare ITO samples measured here. A change inwdf® function could lead to a change in the
surface potential of subsequent layers due to awmaclevel shift at the ITO/EEL interface. In this
context, the use of ZnO:PEI instead of neat ZnO pehaps alter this behavior, and thereby stabilize
ITO work function. Regardless of the specific uigag factors, the results clearly show that thefasze
potential of the ITO/ZnO:PEI remains relatively hlmnged under UV illumination, an effect that is
clearly different from that observed with the otli#tLs or the bare ITO. This may explain the enhdnce

V. photo-stability of OSCs utilizing this EEL [6].
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Figure 5. Average CPD versustime for the ITO, ITO/ZnO, ITO/ZnO/PEI and 1TO/ZnO: PEI samples. The samples
were kept in the dark during the first 2 hours, exposed to UV illumination during the next 2 hours and then kept in
the dark again during the last 28 hours. The height of each column represents the average value of 100 points on the
sample surface.

In order b investigate the origins of the different behawbthe CPD in the ITO/ZnO:PEk the
other samples, we use XPS measurements to studiesinfbr any changes in the surface chemistry of
the UV-exposed versus pristine ITO, ITO/ZnO:PEI dh@/Zn0O films. The XPS scans of the binding
energy of the C 1s and O 1s peaks for ITO sampleGads electrons for ITO/ZnO and ITO/ZnO:PEI
samples are presented in supporting informatioguffei S3). Figure 6 shows O 1s and Zn 2p peaks for
the ITO/ZnO:PEI and ITO/ZnO samples. In orderrobe the effect of UV illumination on the ITO/EEL
in case of the ITO/ZnO:PEI and ITO/ZnO samplesalge collect XPS scans after sputtering the sample
for 300s using Ar+ in order to remove the EEL. CAS?S software was used for analyzing the XPS
spectra including quantification and band deconimriu

First, looking at results from the bare ITO sassplthe surface C 1s spectrum (Figure S3.a) can

be resolved into 4 bands, with peaks at 285.5,2&B9 and 291.2 eV for the pristine ITO film, wiic
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can be assigned to various C-C and C-O bonds. fésepce of some of these bands may be attributed to
contamination from the tape used for mounting tregges. The UV exposure caused the 291.2 eV band
to disappear and altered the relative intensitfeth@ other three bands. The O 1s spectrum of Tke |
surface (Figure S3.b) showed 2 distinct peaks amd e de-convoluted to 3 bands, with maxima at
530.5, 531.9 and 534.9 eV in case of the prisfii@, with one of them, the 534.9 eV band, again atbse
in case of the UV-exposed ITO. This band can lébated to carbonyl oxygen [32], perhaps associated
with reactions between chemisorbed O (from the antlir released from the ITO surface) and C (from
the sample environment) on the ITO surface. U\hilliation causes the photo-oxidation or these oogani
contaminants and/or the dissociation of these Oe@db, leading to their disappearance from the
spectrum of the UV exposed samples. The loss ahidmebed oxygen may play a role in lowering the
WEF of ITO surface under UV illumination [45, 46].
In the case of ZnO, the surface C 1s spectrumesaentially identical for the pristine and the

UV —exposed samples (Figure S3.c). The surface Etslevel spectrum (Figure 6(1).a) of the pristin
film included contributions from oxygen on lattisgtes ;) with a peak at 531.6 eV and oxygen in
vacancy sites or defect®, at 533.2 eV. Exposure to UV does not alter thadipig energy of these
bands. The Zn 2p spectra (Figure 6(Il).a) showedibat 1023.1 eV and 1046.2 eV, typical of crystall
ZnO [48i], and were again essentially the saméénpristine and the UV exposed samples. XPS spectra
collected after sputtering the EEL, and hence flamegion closer to the ITO/EEL interface, show
essentially the same bands for all C 1s, O 1s am@Z electrons (Figures S3.d, 6(1).b and 6(ll).b,
respectively) but with a small shift, amounting dbout 0.2-0.6eV, in both the pristine and the UV
exposed samples. Additionally, the relative intéesiof 0, and 0, were different, giving &0,/0,
intensity ratio of ~ 2.7 instead of 0.3 in casehaf surface spectra of the pristine samples. Tlerloatio
at the surface suggests that more defects andayaséas are present closer to the ZnO surface.

Turning now to the case of ZnO:PEl, the surfacesGgectrum was again essentially identical for
the pristine and the UV-exposed samples (Figure)S3he surface O 1s core level spectrum (Figure

6(1).c) of the pristine film again included conuiions fromO,; and0,,, with peaks at 531.4 eV and 533
18



eV, respectively, plus, a third component with alpat 534.6 eV associated with chemisorbed molscule
and/or hydroxyl groups0(). The 0; and 0, bands were not altered by the UV exposure and ty
chemisorbed oxygen ban@, showed a 0.5 eV increase in binding energy. The@rspectra (Figure
6(I).c) showed bands at 1022.8 eV and 1045.9 gpical of crystalline ZnO [48] and were again
essentially the same in the pristine and the U\Mbegd samples. In general, a comparison of all ©1s,
1s, and Zn 2p bands with those of the ZnO EEL dised previously shows a ~0.2-0.3 eV shift to lower
binding energies. A rigid shift in all bands suggethat it may be due to a dipole formation, peshap
arising from the presence of the PEI which contaimine groups. Interestingly, and in marked contras
to the surface spectra and to results from the ZhO/sample, XPS spectra collected after sputteting
ZnO:PEIl, and thus from a region closer to the ITELEnterface, show new bands in the UV exposed
samples. The O 1s spectrum of the UV-exposed sa(Rrjgure 6(1).d) shows new bands at 535.3 eV and
537.6 eV which are characteristic of O in zinc ateet and carbonyl groups [48, 49], respectively.
Similarly, the Zn 2p spectrum of the UV-exposed glniFigure 6(l1).d) shows new bands at 1026.1 eV
and 1049.2 eV which are usually assigned to Zn-@dbadn zinc acetate. The appearance of these new
bands points to the formation of new chemical sgmefiom reactions activated by the UV excitation.
That these bands exist more near the ITO intedacdeonly in case of the ITO/ZnO:PEI sample indisate
that species from both PEI and ITO are involvedhiose reactions. The results therefore indicate the
formation of a new “chemical interface” in casetlod ITO/ZnO:PEI contact, under UV. The fact thas th
new “chemical interface” is created by UV and ttied same contact, i.e. ITO/ZnO:PEI, gives the most
stable surface potential, as evident from the KRR&hsurements, suggests that the two phenomena may
be correlated; i.e. that this new interface allonaintaining a more stable contact potential degpite
UV exposure. Knowing that reactions between oxyae ITO surface can occur under UV illumination
and cause shifts in work function [43, 45], formenghemical interface where a larger fraction ofgen

atoms are chemically bonded to other species caxjected to reduce such effects.
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In addition to the abovementioned observaticcomparing the C 1s, O 1s and Zn 2p electrons
binding energy of the ZnO:PEI sample (Figures 8@)td, and 6(l1).d ) with that of the ZnO samplean
the ITO interface (Figures S3.d, 6(1).b, and &flixespectively), a larger shift to lower bindingeegy,
amounting to about 0.4-0.9eV in case of ZnO:PEtswg only 0.2-0.6eV in case of ZnO, is observed.
The shift suggests that it can be due to a strodigete formation near the ITO interface. This stger
dipole formation may perhaps be behind the lowelb @Pcase of the pristine ZnO:PEI when compared
to the pristine ZnO film, provided in Figure 5dacontributes to the somewhat better initial PV

properties of OSCs with ZnO:PEI (Table 1) in agreehwith previous reports [30].
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Figure 6. XPSspectrumof (1). O 1s, and (I1). Zn 2P, for pristine and UV irradiated ZnO and ZnO:PEI films; at the
surface (aand c), and at the ITO/EEL interface (b and d).
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Based on the above results, a conclusion was niedehe higher FF anid,. photo-stability of the
OSCs observed upon using the ZnO:PEI EEL was likskociated with chemical interactions between
PEI and ITO at the ITO/ZnO:PEI interface that progll a more electronically and energetically stable
contact that was less susceptible to changes facgupotential or work function by UV illuminatiom
order to further verify this conclusion, we tese thffect of introducing a PEI layer in between [R©
and ZnO, i.e. using PEI/ZnO (bilayer), on OSC pksiability performance. Should the above
conclusions be correct, one would expect this n&k Eonfiguration in which the PEI layer is in ditec
contact with ITO, to similarly lead to improved phestability. OSCs of the structure
ITO/PEI/ZnO/P3HT:PBM/MoO4/Al are therefore made and tested, using the samesgures and
conditions followed with the earlier set of OSCs ldefore, the thickness of the PEI layer was abelt
nm, and the total thickness of the PEI/ZnO bilag@nfiguration was about 35-40 nms. Thg V,., FF
and PCE of this OSC were comparable to those of ¢tbanterparts with the ZnO/PEI (bilayer) EEL, and
are provided in Table S2 for reference. Figure &sents the photo-stability test results under UV
illumination, again showing changes in PV paranseterer time, under UV exposure. Data from the
earlier set of OSCs with a ZnO:PEI (mixture) EELaiso replotted for comparison. Clearly, the OSC
with the PEI/ZnO (bilayer) EEL demonstrates the saemhanced photo-stability behaviour of the
ZnO:PEI EEL OSC.

Results from devices with PEI/ZnO as an EEavprthat having PEI next to ITO indeed leads to
maintaining more stablg,. and FF in OSCs under UV exposure, ascertainingptheious conclusion
that interactions between PEI and ITO lead to fagra stable electron collection contact. As the BCE
the PEI/ZnO device was lower than the other deyioesg a ZnO:PEI EEL appears to be the most
optimal approach for obtaining increased photoiktyab

In order to verify that the photo-stability emttement upon using PEI in the ZnO EEL is not kahito
P3HT:PC60BM-based OSCs, we also compare betweereffeet of using ZnO:PEI mixture and
PEI/ZnO bilayer versus ZnO only as EELs in PCDTBI7BBM-based devices as an alternative BHJ

material system. The device structure is ITO/EECSPBT:PC70BM/MoQ/Al. Initial PV properties
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are provided in Table S2. The results of the plstédsility test under UV illumination are shown in
Figure 7. Clearly, once again, the OSCs with theOZRAEl mixture and PEI/ZnO bilayer EELs
demonstrate a higher photo-stability compared t ZhO EEL control. This clearly shows that the

increased photo-stability is not specific to oné Bystem.
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Figure 7. Normalized FF (a), V.. (b), Jsc (c), and PCE (d), versus time under continuous UV illumination of P3HT: PC60BM-
based OSCs with the PEI/ZnO EEL, and PCDTBT: PC70BM-based OSCs with the ZnO, ZnO:PEI, and PEI/ZnO EELs. For the
OSC with P3HT: PC60BM, data from the device with ZnO:PEI EEL isalso included for comparison.

4. Conclusons

In conclusion, results show that intrcidg PEI in the commonly used ZnO EELs reduces the
susceptibility of OSCs to photo-degradation witle tinO:PEI mixture providing a 5x higher PCE

stability under continuous UV irradiation, mainlyelto a more stablg,. and FF. Using a ZnO/PEI
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bilayer as the EEL also improves the photo-stgbdidmpared to the ZnO-based cells, suggesting that
having PEI at the BHJ interface may have some psitatoility benefits. However, more significant
stability enhancements of the ZnO:PEI mixture, &l a&s tests on electron only devices, show that th
higher photo-stability of the ZnO:PEI mixture is imig due to maintaining a more stable electron
collection efficiency across the EEL and/or ITO/E&dntact. KPFM and XPS measurements reveal that
the stability enhancement is associated with cha&miateractions between PEI and ITO at the
ITO/ZnO:PEI interface that produce a more electalty and energetically stable contact that is less
susceptible to changes in surface potential or vilonktion by UV illumination. Introducing a neat PE
layer in between the ITO and ZnO in the EEL (PE@Xrsimilarly provides a significant photo-stability
enhancement, ascertaining the above conclusiomsteRults not only reveal the potential of utilgiREI

in the EEL as an effective route to enhance OSQGop$tability, but also address some of the origihs

the limited photo-stability of OSCs.
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=Zn0 only
=ZnO/PEl bilayer
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Figure S1. JV characteristics of OSCs with the highest PCE with the ZnO, ZnO/PEI and ZnO: PEI EELS, measured
under 1-sun AM1.5G illumination.

Table S1. PV parameters of OSCs with ZnO:PEI EEL with different weight mixing ratios of (1:0.01), (1:0.02),
(1:0.03), and (1:0.04).

ZnO:PEI %wt 1:0.01 1:0.02 1: 0.03 1: 0.04
Parameters

Jsc(mA/cm?) 6.1¢ 6.31 6.1¢ 6.7¢

V,e (mV) 67€ 672 68E 67¢

FF [%] 56.04 55.6¢ 58.6¢ 59.97
Rpune (Ohm. cm?) 1916¢ 16200 2672 1873:
Rseries 13.7¢ 9.5¢ 13.9] 8.57
(Ohm. cm?)

PCE [%] 2.3¢ 2.36 2.4¢ 2.7¢
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Figure S2. a) JV characteristics collected in the dark for EODs with ZnO, ZnO/PEI or ZnO:PEI contacts. Insets:
the structure of EODs used in this part. b) Net change in driving voltage (AV) defined as voltage needed to maintain
a current density of 20 mA/cm? at any time t minus the initial voltage at the same current density, under 5h UV

illumination for the 3 contacts of interests.
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Figure S3. C 1sand O 1s peaks of pristine and 2h-UV-irradiated I TO (lft), and C 1s peaks of pristine and 2h-

UV-irradiated ITO/ZnO and ITO/ZnO:PEI (right), at the surface versus at the ITO/EEL interface.
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Table S2. PV parameters of P3HT: PC60BM-based OSCs with the PEI/ZnO bilayer EEL, and
PCDTBT: PC70BM-based OSCs with the ZnO, ZnO: PEl, and PEI/ZnO EELs.

Parameters ]sc Voc FF [%] Rshunt Rseries PCE [%]
(mA/ mv) (Ohm. cm?) (Ohm. cm?)

Device cm?)

PEI/ZnO — 6.3¢ | 660.3: | 55.3( 2122¢ 15.4¢ 2.33

P3HT:PC60BM

Zn0O — 10.1z 822.1: | 51.4] 1470¢ 10.27¢ 4.28

PCDTBT:PC70BM

ZnO:PEI — 10.67 872.9" | 47.3] 1147¢ 10.63¢ 4.41

PCDTBT:PC70BM

PEI/ZnO — 10.2¢ 869.4¢ | 48.5¢ 1354, 11.33: 4.32

PCDTBT:PC70BM
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Highlights

» Introducing PEI in the commonly used ZnO EELSs, either as a mixture (ZnO:PEI) or a bilayer
(ZnO/PEI), reduces the susceptibility of OSCs to photo-degradation with the mixture giving more

significant stability enhancements.

» The use of ZnO:PEI mixture leads to ~ 5x higher PCE stability under continuous illumination,
compared to the commonly used ZnO, primarily due to amore stable V. and FF.

» ThelTO/EEL interface plays acritical rolein the photo-stability of OSCs.

e The higher photo-stability of ZnO:PEl-based OSCs is originated from chemical interactions
between PEl and ITO at the ITO/ZnO:PEI interface that produce a more electronicaly and
energetically stable contact.



