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Understanding the Surface Chemistry of SnO2
Nanoparticles for High Performance and Stable Organic
Solar Cells

David Garcia Romero, Lorenzo Di Mario, Feng Yan, Carolina Mishell Ibarra-Barreno,
Suhas Mutalik, Loredana Protesescu, Petra Rudolf, and Maria Antonietta Loi*

In organic solar cells, the interfaces between the photoactive layer and the
transport layers are critical in determining not only the efficiency but also their
stability. When solution-processed metal oxides are employed as the electron
transport layer, the presence of surface defects can downgrade the charge
extraction, lowering the photovoltaic parameters. Thus, understanding the
origin of these defects is essential to prevent their detrimental effects. Herein,
it is shown that a widely reported and commercially available colloidal SnO2

dispersion leads to suboptimal interfaces with the organic layer, as evidenced
by the s-shaped J–V curves and poor stability. By investigating the SnO2

surface chemistry, the presence of potassium ions as stabilizing ligands is
identified. By removing them with a simple washing with deionized water, the
s-shape is removed and the short-circuit current is improved. It is tested for
two prototypical blends, TPD-3F:IT-4F and PM6:L8:BO, and for both the power
conversion efficiency is improved up to 12.82% and 16.26%, from 11.06% and
15.17% obtained with the pristine SnO2, respectively. More strikingly, the
stability is strongly correlated with the surface ions concentration, and these
improved devices maintain ≈87% and ≈85% of their initial efficiency after
100 h of illumination for TPD-3F:IT-4F and PM6:L8:BO, respectively.

1. Introduction

Bulk-heterojunction organic solar cells have experienced an ex-
traordinary upsurge in performance within the last decade, fer-
vently approaching 20% power conversion efficiency.[1,2] Nowa-
days, the development of new photoactive polymers and small
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molecules, which can take advantage
of increased light absorption and form
finer morphologies, still capture most
of the attention in lab-scale devices.[3]

Nevertheless, for a transition from lab-
based solar cell fabrication to mass
production, it is imperative to develop
optimal interlayers, which can benefit
from scalable and low-cost processing.
Currently, sol-gel ZnO is predominantly
chosen as the cathode interlayer for
best-performing n-i-p solar cells.[2,4–6]

Nevertheless, this method requires high
annealing temperatures and is very sen-
sitive to small variations in the process-
ing conditions, posing reproducibility
problems.[7,8] Moreover, ZnO has been
reported to trigger photodegradation of
photoactive molecules at the interface,
thus strongly affecting device stability.[9,10]

Recently, SnO2 has emerged as an alterna-
tive to ZnO due to its proven high electron
mobility of over 400 cm2 V s−1 and wider
bandgap, making it less sensitive to UV
light.[11–13] Its deposition from a colloidal

dispersion of nanoparticles in nontoxic solvents like ethanol
or water has become a standard, especially in the field of per-
ovskite solar cells.[11,14,15] In particular, the commercially avail-
able Alfa Aesar water-based SnO2 (Alfa-SnO2) is one of the most
promising options due to its low cost and benign solvent, mak-
ing it an excellent candidate for a lab-to-fab transition.[16–18] Un-
fortunately, surface defects are inherent to nanoparticle surfaces,
which ultimately can affect negatively the interface with the active
layer, and the device performance.[19] Intriguingly, while several
groups have reported passivation methods for the SnO2 nanopar-
ticle surface that employ for instance organic molecules,[20–23]

quantum dots,[24] or even perovskite nanowires,[25] an accurate
description of the origin of the surface defects is still missing.
Moreover, these reported treatments usually involve complex pro-
cedures that are hard to reproduce and mostly incompatible with
industrial processes.

Herein, we elucidate the fundamental reason why the widely
used Alfa-SnO2 forms a defective interface in organic solar
cells. We prove that potassium ions, which are employed to
obtain colloidal stability in water, remain electrostatically bonded
on the surface of the thin films. This ionic coverage limits
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electron extraction in the solar cells, leads to s-shaped J–V
curves, and causes modest performance and poor device sta-
bility. By using a very simple water-based washing method
to remove the potassium, we mitigate the light soaking and
increase the efficiency of our solar cells without the need for any
further passivation or treatment. In particular, we prove this for
two different blends, one composed of the polymer poly[2,2′-[4,8-
bis[4-fluoro-5-(2-hexyldecyl)−2-thienyl]benzo[1,2-b:4,5-b′]dithio-
phene-2,6-diyl]−2,5-thiophenediyl(5,6-dihydro-5-octyl-4,6-dioxo-
4H-thieno[3,4-c]pyrrole-1,3-diyl)−2,5-thiophenediyl] (TPD-3F)
and the small molecule 3,9-bis(2-methylene-((3-(1,1-dicyano-
methylene)−6,7-difluoro)-indanone))−5,5,11,11-tetrakis(4-hexyl-
phenyl)-dithieno[2,3-d:2′,3′-d′]-s-indaceno[1,2-b:5,6-b′]dithioph-
ene (IT-4F), and another one composed of the polymer Poly[(2,6-
(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-
b’]dithiophene))-alt-(5,5-(1′,3′-di-2-thienyl-5′,7′-bis(2-ethylhexyl)
benzo[1′,2′-c:4′,5′-c’]dithiophene-4,8-dione)] (PM6) and small
molecule 2,2′-((2Z,2′Z)-((12,13-bis(2-ethylhexyl)−3,9-(2-
butyloctyl)−12,13-dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2″,3″:
4′,5′]thieno[2′,3′:4,5]pyrrolo[3,2-g]thieno[2′,3′:4,5]thieno[3,2-b]-
indole-2,10-diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-
dihydro-1H-indene-2,1-diylidene))dimalononitrile (L8-BO). The
efficiencies of the corresponding devices increased with the
treatment from 11.06% to 12.82% and from 15.17% to 16.26%,
respectively. More strikingly, we found that the operational
stability under illumination is strongly correlated with the
concentration of surface ions, and their elimination promoted
a device efficiency of ≈87 % and ≈85% of the starting value
after 100 h of continuous illumination for TPD-3F:IT-4F and
PM6:L8:BO, respectively. Finally, by bringing back potassium on
the washed SnO2 surfaces we could further confirm that the ions
are responsible for the defective interface. Our work represents
a substantial leap forward in the universal use of low-cost and
scalable SnO2 electron transport layers for organic solar cells.

2. Results and Discussion

To illustrate the suboptimal interface between SnO2 and the or-
ganic active layers, we fabricated solar cells with an n-i-p structure
of ITO/Alfa-SnO2/Active layer/MoOx/Al (Figure 1a). Two differ-
ent blend combinations, namely TPD-3F:IT-4F and PM6:L8-BO,
were selected due to their outstanding performance reported
previously[10,26] (Figure 1b). More details about the fabrication
process can be found in the Experimental Section. The J–V char-
acteristics of the solar cells are displayed in Figure 1c; here, an
obvious s-shaped current output in the first measurement can be
observed, and only after ≈15 min of light soaking the J–V curves
for both blends recover their ideal shape. This phenomenon is
well reported in the literature and has been explained by the for-
mation of sub-gap trap states at the interface between the metal-
oxide layer and the active layer. These states cause band bend-
ing at the interface and ultimately prevent an effective electron
extraction. The improvement in charge extraction with illumina-
tion time has been explained by either de-trapping[27,28] or trap
filling.[29] The evaluation of the dark current after different light
soaking times was used to estimate the ideality factor and series
resistance values with illumination time (Figure S1, Supporting
Information). The improvement in the diode parameters over
time is in agreement with the increased conductivity at the in-

terface and with the positive evolution of the fill factor. Overall,
these results disclose a possible reason why Alfa-SnO2 has not
yet become a benchmark electron transport material in organic
solar cells, and explain why many groups reported on the need
for often complex and hazardous surface passivation strategies to
obtain well-performing cells (Table S1, Supporting Information).

To determine the origin of the suboptimal interface, we started
by characterizing the SnO2 nanoparticles from the colloidal dis-
persion by dynamic light scattering (DLS) and zeta-potential mea-
surements (Figure S2, Supporting Information). The nanopar-
ticles have a size of 13.6 nm with a narrow size distribution,
and with a small aggregation as deduced from the broadening
at larger sizes. A zeta potential of −34.16 mV shows that de-
protonated functional groups are present in the nanoparticle
ligands.[30] This correlates well with the suspension’s measured
high basicity (pH 11) and points towards the presence of positive
counterions, which can assist the colloidal stability in water.[31]

This pH value is obtained even after the particles were left to
precipitate and were subsequently re-dispersed in water several
times, implying that the ligands are strongly attached to the sur-
face of the NPs and they are responsible for the alkaline char-
acter. Conversely, when the nanoparticles were left to precipitate
and were re-dispersed in methanol, the solution became unsta-
ble, showing that the ligands are highly sensitive to small changes
in solvent polarity (Figure S2c, Supporting Information).

To enlighten the nature of the ligands, X-ray photoelectron
spectroscopy (XPS) was performed on SnO2 films spin-coated on
an ITO substrate (Figure 2a,b). The relative atomic concentration
of the surface is shown in Table S2 (Supporting Information). A
carbon concentration of 14.7 at% was calculated, revealing that
a considerable amount of organic ligands is still present on the
thin film surface, even after annealing. Surprisingly, a prominent
K2p signal was observed, corresponding to a potassium concen-
tration of 9.6 at%.

Based on the XPS measurements, it is reasonable to hypoth-
esize that the residual species on the film surface could affect
the interfacial properties. In particular, the low ionization energy
of potassium is expected to determine the electrical character
and reactivity of the interface. Therefore, we decided to remove
potassium from the SnO2 surface: after depositing and anneal-
ing a SnO2 film, we performed a washing step with deionized
water (DI-wash) followed by drying the film in the air at 100 °C
(Figure 2c). As can be observed in the XPS spectra (Figure 2b) and
Table S2 (Supporting Information), potassium is fully eliminated
from the surface through this simple process. Second, the bind-
ing energies of the tin and oxygen remain unaffected, which indi-
cates that we do not significantly modify their chemical environ-
ment with surface washing (Figure S3, Supporting Information).
Finally, the relative atomic concentration of carbon atom with re-
spect to tin does not change, suggesting that the DI-washing is
not capable of removing the ligands, and it has a unique effect on
the potassium counter-ions.

To further investigate the surface composition, Fourier trans-
form infrared (FTIR) spectra of the SnO2 thin films were col-
lected before and after washing with DI-water (Figure 2d). The
absorption peaks in the region 1600–1300 cm−1 can be assigned
to carboxylate bands.[32] The use of carboxylate salts to improve
the water dispersibility of nanoparticles is a commonly used
strategy.[30,33] The location and separation between the peaks
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Figure 1. Organic solar cells with pristine Alfa-SnO2 nanoparticles. a) Device structure used in this work; b) chemical structure of the two polymers and
the small molecules employed; c) J–V characteristics of the two types of solar cells as a function of light soaking time.

inform about the carboxylate coordination mode; the bands
at 1485 and 1332 cm−1 correspond to bidentate coordination
(─COO−), while the peak at 1638 cm−1 corresponds to the C═O
stretching of the acidic form (─COOH).[32] After washing most of
the carboxylate ion becomes carboxylic acid, suggesting a hydrox-
ylation of the negative oxygen atom upon the potassium removal
from the film surface (Figure 2e). In brief, potassium cations
that stabilize the negatively charged carboxylate end groups of
the nanoparticles, stay bonded when the NPs are processed into
thin films and are effectively removed by washing, in agreement
with the XPS observations.

We used atomic force microscopy to assess whether the
washing step had an impact on the SnO2 film roughness.
The film showed an RMS roughness of 1.501 ± 0.172 and
1.578 ± 0.158 nm (Figure S4, Supporting Information) before
and after washing, respectively. Hence, washing does not have
any impact on the surface topography of SnO2. It has a marginal
effect on the thickness of the SnO2 layers, which shows a decrease
from 24.6 to 23.4 nm with the washing, as assessed by ellipsome-

try measurements. We believe that this slight drop might be due
to the removal of unbounded residual ligands.

To demonstrate that the potassium ions on the SnO2 sur-
face have a detrimental effect, we fabricated solar cells compar-
ing pristine SnO2 and SnO2 washed with DI-water as cathode
interlayers, using the same organic blends shown earlier. The
J–V characteristics of the cells, power conversion efficiencies
(PCE), and external quantum efficiencies (EQE) are displayed
in Figure 3, where the last measurement for the pristine SnO2
was taken after the sample recovered from the s-shape with 15
min of light soaking. First, the DI-washing removed completely
the s-shape issue, and ideal J–V curves were observed immedi-
ately upon illumination. Furthermore, the washing had a posi-
tive effect on the photovoltaic parameters, in particular on the
short-circuit current (Table 1). This led to a systematic increase
in the power conversion efficiencies, with an improvement of
the efficiency of the record devices from 11.06% to 12.82% and
from 15.17% to 16.26% for the TPD-3F:IT-4F and PM6:L8-BO
blends, respectively. To the best of our knowledge, these values

Adv. Funct. Mater. 2023, 2307958 2307958 (3 of 9) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Surface chemistry of SnO2 films. a,b) XPS spectra of SnO2 films before and after washing with DI-water a) wide survey scan and b) K 2p core
level region; c) schematics of the deposition of SnO2 nanoparticles on the substrate and the washing process with DI-water; d) FTIR transmittance
spectra the carboxylate bands absorption region of the SnO2 thin films before and after washing with DI-water; e) proposed mechanism for potassium
removal upon washing with DI-water.

are among the highest within the reported PCEs for organic solar
cells with SnO2 nanoparticles as an electron transport layer (Table
S3, Supporting Information). The improved efficiency was also
accompanied by higher reproducibility and a reduced standard
deviation (insets Figure 3a,c). The increased short-circuit current
was also evidenced by an improved external quantum efficiency
(EQE).

Impedance spectroscopy is a useful tool to better understand
the role of interfaces in charge recombination in solar cells.[34]

Figure 4a shows the Nyquist plot, measured on the same device
structure with the TPD-3F:IT-4F blend, in dark and at open cir-
cuit bias conditions, together with the best fitting curves. Under
these conditions, the recombination of injected charges is maxi-
mized and there is an absence of photogenerated carriers. The
equivalent electric circuits used for the fitting curves with the

extracted parameters are shown in Table S4 (Supporting Infor-
mation). First, the series resistance of the main R-RC element
decreased from 105 to 62.18 Ω with washing, implying that elec-
trons are more easily transferred at the interface of the washed
samples. Considering that the anode interface is the same for
both samples, the difference can be assigned only to the differ-
ences within the SnO2/blend interface. Second, the DI-washing
decreased the parallel resistance from 1674 to 782.9 Ω. Generally,
a higher parallel resistance is thought to indicate a better interface
due to lower recombination.[35] However, it is important to note
that the total parallel resistance is ultimately affected by the effec-
tive charge injection and therefore, what needs to be compared is
the charge lifetime from the RC factors. An increase from 0.062
to 0.242 μs indicates that washing decreased surface recombina-
tion. Interestingly, a second relaxation process was observed at

Adv. Funct. Mater. 2023, 2307958 2307958 (4 of 9) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Electrical characterization and EQE of solar cells with pristine SnO2 (black) and DI-washed SnO2 (purple) conditions. J–V characteristics for
solar cells fabricated with a) TPD-3F:IT-4F and c) PM6:L8-BO blends with the corresponding PCE histogram as figure inset; external quantum efficiency
and integrated short-circuit current of the solar cells made with b) TPD-3F:IT-4F and d) PM6:L8-BO blends.

Table 1. Photovoltaic parameters of the record efficiency solar cells with pristine SnO2 and SnO2 washed with DI-water as active layers.

Active layer SnO2 VOC [V] JSC [mA cm−2] FF [%] PCEmax (PCEave)a) [%]

TPD-3F:IT-4F Pristine 0.950 19.10 62 11.06 (9.37 ± 1.29)

DI-washed 0.934 21.85 63 12.82 (12.07 ± 0.64)

PM6:L8-BO Pristine 0.876 24.45 71 15.17 (14.66 ± 0.60)

DI-washed 0.878 25.55 72 16.26 (15.57 ± 0.42)
a)

Average and standard deviation values obtained from 12 distinct devices.

Figure 4. Impedance spectroscopy measurements. a) Nyquist plot of devices with pristine SnO2 (black) and SnO2 washed with DI water (purple). Fits
(continuous lines) and the equivalent circuit (inset) are displayed; b) Mott–Schottky curves for both device conditions.

Adv. Funct. Mater. 2023, 2307958 2307958 (5 of 9) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Stability under continuous illumination of the solar cells made with pristine SnO2 and with SnO2 washed with DI water. Normalized PCE over
illumination time, and initial and final photovoltaic parameters for devices fabricated with a) TPD-3F:IT-4F and b) PM6:L8-BO blends.

low frequencies (RC = 0.32 s) for the pristine sample but not af-
ter washing. Ion motion occurs in this frequency range, so we
speculate that potassium ions are released from the surface and
are electrically coupled with the AC bias, therefore contributing
to another capacitive element.[36]

Figure 4b displays the Mott–Schottky curve measured for
both device types. At high negative bias, the geometric capaci-
tance dominates and is almost uniquely influenced by the di-
electric constant and layer thickness.[37] The overlap of the ca-
pacitance values under these conditions suggests that washing
had no effect on the bulk properties, and further proves the elec-
trical differences strictly originate from the interface modifica-
tion. For positive applied bias, the capacitance increased due to
the modulation of the depletion region, and the slope of the
Mott–Schottky curve (C−2 vs applied voltage) is determined by
the apparent doping density (NA).[38] While in highly doped sys-
tems this value depends on the doping density, in low-doped
organic systems it is dominated by the injected charge carri-
ers, which give rise to a chemical capacitance. This contribu-
tion is strongly correlated with the excess of charges accumu-
lated at the interface.[37,38] The NA dropped from 1.3 × 1016 cm−3

to 2.3 × 1015 with the SnO2 washing, demonstrating that the re-
moval of potassium promoted a lower charge accumulation at the
interface.

To further investigate the influence of the surface ions on
the charge extraction mechanism, the surface potential of the
SnO2 films before and after the wash was measured by Kelvin
probe force microscopy. The fermi level downshifts from −4.29

to −4.48 eV with the water wash. The charge unbalance present
on the surface of the pristine SnO2 would generate an interfa-
cial dipole producing band bending at the interface, and increas-
ing the fermi-level pinning with the interfacial states (Figure S6,
Supporting Information). The filling of these states over time of
illumination may alleviate the fermi-level pinning, reducing the
s-shaped observed above. On the contrary, when the surface ions
are removed with the DI-wash, the reduction of the dipole down-
shifts the fermi level, and the fermi-level pinning is removed. As a
consequence, we reduce charge accumulation and eliminate the
s-shape. This is in agreement with the observed reduction in sur-
face recombination with impedance spectroscopy and points out
the increase in charge extraction as responsible for the improved
performance.

Besides the performance, device stability can be strongly af-
fected by the interface properties.[39] Figure 5 displays the max-
imum power point (MPP) tracking of the solar cells fabricated
with pristine SnO2 and with DI-washed SnO2 under contin-
uous illumination, together with the initial and final photo-
voltaic parameters. Poor device lifetimes of ≈40% and ≈60% of
their initial PCEs after 50 h of continuous illumination were
observed using pristine NPs with TPD-3F:IT-4F and PM6:L8-
BO, respectively. Such rapid degradation further justifies the
need for surface passivation reported in the literature for de-
vices where this type of nanoparticles was used.[19,23] Follow-
ing the removal of the potassium ions by washing, the life-
time of the solar cells with both blends was enhanced, show-
ing up to ≈87% and ≈85% of their initial PCEs after 100 h of

Adv. Funct. Mater. 2023, 2307958 2307958 (6 of 9) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. Fabrication of solar cells where the SnO2 film was first washed with DI water and then exposed to KOH in water. a) Schematic of the KOH-
treatment process; b) J–V characteristics of the devices treated with KOH with concentrations of 20 and 200 mm; c) stability under light of the solar cells
with the KOH-treated SnO2, compared to that of devices fabricated with pristine and with washed SnO2.

continuous illumination for TPD-3F:IT-4F and PM6:L8-BO, re-
spectively. For the devices fabricated with pristine SnO2, the most
affected parameter was the short-circuit current, which dropped
to 50.7% for the first blend and to 71.6% for the second one.
In the case where SnO2 was washed, a minimal drop of ≈5%
was observed after 100 h of continuous illumination for both
blends. This shows that the presence of potassium not only lim-
ited the maximum current extraction of the freshly prepared
devices but also induced interfacial degradation. Washing with
DI water is an effective and easy way to systematically prevent
these shortcomings without the need for complex passivation
procedures.

Finally, to further confirm that the potassium cations at the
interface are responsible for the low efficiency, the s-shaped J–V
characteristics, and the poor device lifetimes, we fabricated TPD-
3F:IT-4F solar cells in which we employed KOH to add potas-
sium to the SnO2 surface after washing with DI water (Figure 6a).
XPS was again employed to verify that potassium from KOH
bonds on the washed surface (see Figure S7, Supporting Infor-
mation). Two concentrations of KOH in water were tested namely
20 and 200 mm. The device where the surface had been treated
with 20 mm KOH in water showed a very pronounced s-shape of
the J–V curve. The device characteristics of the 200 mm KOH
were even worse (Figure 6b). Therefore, we demonstrate that
the potassium addition reestablished a defective interface, which
constituted a stronger barrier for electron extraction. Addition-
ally, in Figure 6c we compare the stability under illumination
of devices fabricated with pristine and with washed SnO2, with
those where the washed SnO2 film was treated with KOH in wa-
ter; again, we observed a correlation between the concentration
of potassium and the device lifetime, corroborating our previous
observations.

3. Conclusion

In conclusion, we have shown for the first time how the intrin-
sic challenges of a well-known and scalable SnO2 formulation
employed in organic solar cells can be overcome with a sim-
ple wash with DI water. We demonstrated that residual potas-
sium ions bound on the surface of SnO2-casted films form a
barrier for effective electron extraction in solar cells, leading to
poor device performance and lifetimes. By just removing the ions
with the washing, we improve the efficiencies to reach 12.82%
for solar cells containing a TPD-3F:IT-4F blend and 16.26% for
those made with PM6:L8-BO. Interestingly, the devices made
with the washed films showed a substantial boost in the short-
circuit current due to an improved charge extraction. Moreover,
and most significantly, the operational stability was highly im-
proved by potassium removal, leading the two tested systems to
remarkable PCEs of ≈87% and ≈85% of their initial value after
100 h of continuous illumination. Finally, we demonstrated em-
pirically that the bound ions are responsible for the defective in-
terface, and that surface washing can be employed to improve
the interface quality without further need for passivation. Over-
all, this work opens the path for low-cost SnO2 to be optimally
used as an electron transport layer for efficient and stable organic
solar cells.

4. Experimental Section
Materials: Tin oxide colloidal nanoparticles (colloidal dispersion

15 wt.% in water) were purchased from Alfa Aesar. TPD-3F and IT-4F
were purchased from Raynergy Tek. PM6 and L8-BO were purchased from
Solarmer Energy. o-Xylene (99%) was purchased from Acros Organics.
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Chloroform (≥99%) and 1,8-diiodooctane (98%) were purchased from
Sigma–Aldrich. All chemicals were used without any further purification.

Solar Cell Fabrication: Solar cells with an n-i-p structure
ITO/ETL/active layer/MoOx/Al were fabricated on pre-patterned ITO
glass substrates. For the TPD-3F: IT-4F blend, the solution was prepared
with a polymer concentration of 9 mg mL−1 (1 : 1) in o-Xylene and stirred
at 120 °C for 12 h. For the PM6:L8-BO blend, the solution was prepared
with a polymer concentration of 7.5 mg mL−1 (1 : 1.2) in chloroform and
stirred at 50 °C for 2 h, with 1,8-diiodooctane as an additive (0.25 vol%).
A SnO2 solution was prepared by diluting the precursor solution in water
with a 1:2 ratio (SnO2:H2O). Substrates were cleaned with soapy water,
deionized water, acetone, and isopropyl alcohol. Before the deposition of
the electron transport layers, a UV/Ozone process was employed on the
substrates for 20 min. SnO2 layers were spin-coated on the substrates at
3000 RPM for 40 s, forming a ≈25 nm thick layer, followed by thermal an-
nealing at 150 °C for 30 min. No treatment was performed on the pristine
SnO2 before the active layer was deposited. For the surface treatment,
a separate group of thermally annealed SnO2 films was immersed in a
small beaker with deionized water for 1 min, and dried in air at 100 °C
for 10 min. For the reserve experiment, a solution of KOH in water was
spin-coated on top of the DI-washed SnO2 films, followed by a thermal
annealing of 100 °C for 10 min to remove the water residuals.

Blend films were deposited via spin coating in the N2 atmosphere. For
the TPD-3F:IT-4F blend, the deposition was done at 1500 rpm for 60 s
with annealing at 120 °C for 10 min. The PM6:L8-BO blend was deposited
at 3000 rpm for 30 s and thermal annealing was performed at 100 °C for
10 min. A MoOx layer of 10 nm and an Al layer of 100 nm was thermally
evaporated to finish the devices at ≈10−6 mbar

SnO2 Nanoparticles Characterization: Zetasizer Ultra Malvern Instru-
ment was used to measure DLS and zeta potential, which is equipped with
a HeNe laser (𝜆 = 632.8 nm).

Thin Film Characterization: Atomic Force Microscopy (AFM) and Kelvin
Prove Force Microscopy (KPFM): micrographs of the pristine and washed
SnO2 films were collected with a Bruker MultiMode-8 microscope
equipped with ScanAsyst automatic image optimization, and the data
were analyzed with Gwyddion data analysis software. KPFM measure-
ments were performed on the same Bruker microscope, using SCM-PIT-
V2 probes (resonant frequency 75 kHz, spring constant 3 N m−1) and the
Electrical & Magnetic Lift Modes/Surface potential (FM-KPFM). A freshly
cleaved highly ordered pyrolytic graphite with a WF of 4.6 eV was used to
determine the WF of the tip.

Ellipsometry: A J. A. Woollam Co. UV–vis ellipsometer (M2000) was
used, with the software WVase32 to collect and analyze the data. A sam-
ple with a known optical constant (27 nm of SiO2 on a Si wafer) was used
for the system calibration. The measurements were carried out at incident
angles from 70° to 75° and the wavelength range of 300–1700 nm was cov-
ered. SnO2 nanoparticle films were measured on top of silicon substrates
with native oxide.

Fourier Transform Infrared (FTIR) Spectroscopy: Attenuated to-
tal reflectance (ATR) FTIR spectra of the SnO2 films were ac-
quired in the range of 400–4000 cm−1 with a Shimadzu IRTracer-
100 spectrometer, with an incidence angle of 45o and a ZnSe
prism and equipped with a KBr beam splitter and deuterated
L-alanine doped triglycene sulfate (DLATGS) detector. Each spectrum had
an average of 50 scans.

X-Ray Photoelectron Spectroscopy (XPS): XPS measurements on the
SnO2 films were performed on an SSX-100 (Surface Science Instruments)
photoelectron spectrometer, equipped with a monochromatic Al K𝛼 X-ray
source (h𝜈 = 1486.6 eV) and operating at a pressure of 1 × 10−9 mbar.
The photoelectron take-off angle was 37° with respect to the surface nor-
mal. The analyzed spot size on the sample was 1000 μm in diameter.
The experimental resolution was set to 1.67 eV for the overview spec-
tra and to 1.26 eV for the detailed scans of the various core-level re-
gions. Binding energies (BEs) are reported with ±0.1 eV accuracy and ref-
erenced to the C1s core level at 284.8 eV.[40] All XPS spectra were ana-
lyzed using the least-squares curve-fitting program Winspec (developed
at LISE, University of Namur, Namur, Belgium). Fitting of the spectra
included a Shirley background subtraction and fitting with a minimum

number of peaks consistent with the chemical structure of the sample,
taking into account the experimental resolution. The profile of the peaks
was taken as a convolution of Gaussian and Lorentzian functions. The
uncertainty in the peak intensity determination is 2% for all core levels
reported.

Device Characterization: J–V measurements were performed under a
simulated AM 1.5 G spectrum with a Steuernagel solar constant 1200
metal halide lamp, in an inert atmosphere, and at a constant temperature
of 295 K. The illuminated area was defined by a shadow mask of 0.04 cm2.
The light intensity was calibrated with a monocrystalline silicon solar cell
(WRVS reference cell, Fraunhofer ISE). The operational stability was mea-
sured on samples encapsulated with ≈40 nm of Al2O3 deposited by ALD.
The external quantum efficiency (EQE) was measured using a xenon lamp
and a set of band-pass filters, giving a spectral range of 400–1400 nm. Af-
ter being filtered, the light was directed through a chopper and focused
on the devices. The photocurrent was measured with a lock-in amplifier
(Stanford Research Systems SR830 DSP). For the photon flux calibration,
two Newport optical power detectors (Newport 818-SL and 818-IR) were
used. The solar cells were kept in a nitrogen atmosphere during the mea-
surements. For the impedance spectroscopy measurements, a Solarton
1260 impedance gain-phase analyzer was used. The DC voltage was set
to open circuit conditions and the AC voltage was set to 20 mV to en-
sure linearity. The solar cells were kept in a nitrogen atmosphere and
dark during the measurements. The equivalent circuit was fitted using the
software Zview.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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