
Nano Energy 89 (2021) 106373

Available online 27 July 2021
2211-2855/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Utilizing the unique charge extraction properties of antimony tin oxide 
nanoparticles for efficient and stable organic photovoltaics 

Chao Liu a,b, Roberto Félix c, Karen Forberich a,d, Xiaoyan Du a,d, Thomas Heumüller a,d, 
Gebhard J. Matt a, Ening Gu a, Jonas Wortmann a, Yicheng Zhao a, Yuanyuan Cao e, Yakun He a,b, 
Lei Ying f, Alina Hauser g, Marek F. Oszajca g, Benjamin Hartmeier g, Michael Rossier g, 
Norman A. Lüchinger g, Yi-Sheng Liu h, Jinghua Guo h, Kaiqi Nie c, Regan G. Wilks c,i, 
Julien Bachmann e,j, Marcus Bär c,i,k, l, Ning Li a,d,m,*, Christoph J. Brabec a,d,* 

a Institute of Materials for Electronics and Energy Technology (i-MEET), Department of Materials Science and Engineering, Friedrich-Alexander University Erlangen- 
Nürnberg, 91058 Erlangen, Germany 
b Erlangen Graduate School in Advanced Optical Technologies (SAOT), Paul-Gordan-Straße 6, 91052 Erlangen, Germany 
c Department Interface Design, Helmholtz-Zentrum Berlin für Materialien und Energie GmbH, Albert-Einstein-Str. 15, 12489 Berlin, Germany 
d Helmholtz-Institute Erlangen-Nürnberg for Renewable Energy (HI ERN), Immerwahrstr. 2, 91058 Erlangen, Germany 
e Chemistry of Thin Film Materials, Department of Chemistry and Pharmacy, Friedrich-Alexander University Erlangen-Nürnberg, IZNF, Cauerstr. 3, 91058 Erlangen, 
Germany 
f Institute of Polymer Optoelectronic Materials and Devices, State Key Laboratory of Luminescent Materials and Devices, South China University of Technology, 
Guangzhou 510640, China 
g Avantama Ltd., Stafa, Laubisrutistr. 50, Zurich CH-8712, Switzerland 
h Advanced Light Source (ALS), Lawrence Berkeley National Laboratory, 1 Cyclotron Rd, Berkeley, CA 94720, USA 
i Energy Materials In-situ Laboratory Berlin (EMIL), Helmholtz-Zentrum Berlin für Materialien und Energie GmbH, Albert-Einstein-Str. 15, 12489 Berlin, Germany 
j Saint-Petersburg State University, Institute of Chemistry, Universitetskii pr. 26, 198504 Saint Petersburg, Russia 
k Department of Chemistry and Pharmacy, Friedrich-Alexander-Universität Erlangen-Nürnberg, Egerlandstr. 3, 91058 Erlangen, Germany 
l Helmholtz-Institute Erlangen-Nürnberg for Renewable Energy (HI ERN), Albert-Einstein-Str. 15, 12489 Berlin, Germany 
m National Engineering Research Center for Advanced Polymer Processing Technology, Zhengzhou University, Zhengzhou 450002, China   

A R T I C L E  I N F O   

Keywords: 
Organic photovoltaics 
Antimony doped tin oxide 
Interface engineering 
Doping mechanism 
Metal oxide nanoparticles 

A B S T R A C T   

Simultaneously enhancing device performance and longevity, as well as balancing the requirements on cost, 
scalability, and simplification of processing, is the goal of interface engineering of organic solar cells (OSCs). In 
our work, we strategically introduce antimony (Sb3+) cations into an efficient and generic n-type SnO2 nano-
particles (NPs) host during the scalable flame spray pyrolysis synthesis. Accordingly, a significant switch of 
conduction property from an n-type character to a p-type character is observed, with a corresponding shift in the 
work function (WF) from 4.01 ± 0.02 eV for pristine SnO2 NPs to 5.28 ± 0.02 eV for SnO2 NPs with 20 mol. % Sb 
content (ATO). Both pristine SnO2 and ATO NPs with fine-tuned optoelectronic properties exhibit remarkable 
charge carrier extraction properties, excellent UV resistance and photo-stability being compatible with various 
state-of-the-art OSCs systems. The reliable and scalable pristine SnO2 and ATO NPs processed by doctor-blading 
in air demand no complex post-treatment. Our work offers a simple but unique approach to accelerate the 
development of advanced interfacial materials, which could circumvent the major existing interfacial problems 
in solution-processed OSCs.   

1. Introduction 

Massive endeavors have been devoted to developing the power 

conversion efficiency (PCE) of organic solar cells (OSCs) with the 
certified efficiency values surpassing 18% [1] such as the development 
of advanced photovoltaic semiconductors [2–4], understanding and 
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optimization of microstructural morphology [5–7], interfacial engi-
neering, etc [8–10]. A typical OSC architecture comprises a 
bulk-heterojunction (BHJ) active layer sandwiched between two 
charge-collecting electrodes; as such, interfacial engineering is a deci-
sive processing step for maximizing PCEs and device lifetime by 
lowering the interface energy barrier, suppressing interfacial recombi-
nation losses, and transporting charges to respective electrodes, thus 
enhancing charge-collection efficiency in such a stratified configuration 
[9,11]. At present, various approaches have been successfully employed 
to engineer interfacial properties via manipulating interfacial surface 
states, energy level offsets or work function (WF) of interfacial mate-
rials, aiming at efficient charge carrier collection and prolonged device 
lifetime. For instance, some studies modified the electrode with 
ultra-thin surface dipole layers (≤ 10 nm) such as functional 
self-assembled monolayers (SAMs) [12–14] or polymeric electrolytes 
[15–17] to induce an energy-level shift, and produce a more favorable 
energetic alignment at the interfaces; some reports described the 
introduction of an interfacial layer (typically ≥ 10 nm) with appro-
priate WF as a cascading energy-level interlayer using materials such as 
metal oxides [18,19], metal salts/complexes [20,21], doped organic or 
inorganic interface materials [8, 22–25], or inorganic-organic hybrid-
s/bilayers [26–30]. 

While various kinds of interfacial materials have been reported for 
OSCs, universal and reliable interface materials are still absent. Such 
generic interface materials are urgently required to simultaneously meet 
the requirements on cost, scalability, and plain processing, as well as 
efficiency and longevity, even if changing the semiconductor genera-
tion. Among abundantly available charge transporting materials 
(CTMs), transition metal oxides (TMOs) are promising interfacial ma-
terials owing to their attractive merits such as tunable electronic prop-
erties, high transparency in the visible range, stable chemical structure 
in ambient environment, etc [8,31]. However, the most commonly used 
solution-processed TMO ETMs such as zinc oxide (ZnO) and titanium 
oxide (TiOx) are controversially reported as they can cause a severe 
photocatalytic reaction with the photoactive layer; [32] “photo-in-
duced” shunts, originating from their intrinsic ultraviolet response, 
which would be detrimental to device stability are one frequently re-
ported instability mechanism [33]. Solution-processed TMOs like mo-
lybdenum oxides (MoO3) and vanadium pentoxide (V2O5) are widely 
investigated HTMs supposed to replace the “gold standard” poly(3, 
4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), 
which induces interfacial instability between the selective active layer 
components and electrodes materials [34,35]. The majority reported 
solution-processing TMOs still require additional post-treatment such as 
high annealing temperature (250 ◦C) [36], O2-plasma treatment [37], 
or hydrolysis [38,39], for full functionality. Such harsh post-treatment 
conditions are raising concerns for large-area manufacturing. 

Recently, tin oxide (SnO2) has attracted great attention as an effi-
cient and stable ETM for perovskite solar cells due to its high trans-
mittance in the whole visible wavelength range, excellent chemical 
stability, high UV-resistance property, stable WF, and low photocatalytic 
activity, etc [40]. SnO2 shows its promising potential to tackle some of 
the issues mentioned above for OSCs as well. Nevertheless, only limited 
investigations about the application of SnO2 as an efficient interlayer in 
OSCs have been reported [32, 41–43]. Moreover, SnO2 nanoparticles 
(NPs) were reported to be intrinsically n-type, generally limiting them to 
ETM application, i.e., they are not suited to address issues at the p-type 
interface. 

To adequately exploit the potential of SnO2 interfacial materials, we 
demonstrate in this work a simple but elegant concept to develop an 
advanced novel HTM based on the efficient and versatile SnO2 NPs. 
Inspired by the classic semiconductor doping mechanisms, extrinsic 
dopants provide extra electrons or holes to a crystalline host lattice 
depending on the valence state of the doping element, leading to a 
change in conductivity type and a shift of the Fermi level (EF) inside the 
band gap [44,45]. Specifically, we find that the SnO2:Sb (ATO) NPs 

show almost textbook semiconductor behaviors with respect to their 
bulk ensemble properties. The electronic properties change from an 
n-type to a p-type semiconductor with a corresponding WF shift from 
4.01 ± 0.02 for pristine SnO2 NPs to 5.28 ± 0.02 eV for ATO NPs with 20 
mol. % Sb. At the same time, a conductivity enhancement by approxi-
mately three orders of magnitude is observed. These results suggest that 
the addition of Sb atoms into the flame pyrolysis synthesis of SnO2 NPs 
indeed results in the p-type doping (presumable by Sb3+ derived states) 
of the SnO2 crystal lattices. Overall, ATO NPs can exhibit promising 
optoelectronic properties for serving as an efficient HTM. We perform a 
side by side comparison between PEDOT:PSS and ATO NPs for various 
OSCs and systematically investigate the properties of this novel material 
system. Importantly, reliable and scalable pristine SnO2 and ATO NPs 
are processed by blade-coating without any complex post-treatment, 
demonstrating their potential to fulfill all specifications required for a 
low-cost, large-scale and high-throughput production process for 
organic photovoltaics. 

2. Results and discussion 

2.1. OSCs-based on pristine SnO2 ETM 

N-type SnO2 NPs were prepared by flame spray pyrolysis synthesis, a 
synthesis method which can be easily scaled from lab to fab. The sche-
matic diagram is shown in Fig. S1. OSCs were fabricated in the inverted 
configuration with a layer sequence of indium tin oxide (ITO)/electron 
transporting material (ETM)/photoactive layer/MoO3/Ag, as shown in  
Fig. 1A. To verify the functionality of blade-coated SnO2 NPs in com-
parison with the conventionally used ZnO ETM, we first employed a 
highly stable and reproducible photoactive layer based on diketo-
pyrrolopyrrolethiophene alternating copolymer (pDPP5T-2) and [6,6]- 
phenyl C60-butyric acid methyl ester ([60]PCBM). Device performance 
in dependence of the thickness of SnO2 films was first investigated, 
showing that device with a thickness of ~25 nm produces optimal de-
vice performance (Fig. S2 and Table S2); devices with thicker SnO2 films 
exhibit lower performance mainly due to increased series resistance 
(Rs). In addition, device combining as-prepared SnO2 ETM exhibits 
comparable performance to that with SnO2 ETM treated at 80 ◦C for 5 
min in ambient (Fig. S3 and Table S3). Hence, as-prepared SnO2 ETM 
with an optimal thickness of ~25 nm is used for further characteriza-
tion. The transmittance spectra of ZnO (~30 nm) and SnO2 (~25 nm) 
films in Fig. 1B show high transparency in the whole wavelength range; 
it is worth noting that there is an obvious UV-absorption band in the ZnO 
sample, which is absent in the SnO2 sample due to its larger optical band 
gap energy (Eopt) (Fig. S4). 

Fig. 1C shows the photocurrent density-voltage (J-V) characteristics 
of inverted OSCs incorporating ZnO or SnO2 as an ETM measured under 
simulated AM 1.5G irradiation (100 mW cm− 2). The photovoltaic pa-
rameters, including PCE, open-circuit voltage (VOC), short-circuit cur-
rent density (JSC), and fill factor (FF) are summarized in Table 1. In line 
with the literature [46], the device with an as-cast SnO2 film delivered a 
PCE of 5.51%, a VOC of 0.57 V, a JSC of − 14.63 mA cm− 2, and an FF of 
65.6%, which is comparable to that of the control device based on ZnO, 
achieving a PCE of 5.47%, along with a VOC of 0.57 V, a JSC of 
− 14.71 mA cm− 2, and an FF of 63.7%. The JSC values estimated from 
the external quantum efficiency (EQE) are in good agreement with the 
measured JSC values (Fig. S5). However, ZnO-based devices required UV 
light soaking from simulated AM 1.5G solar spectrum (100 mW cm− 2) to 
reduce the Rs; as a negative side effect, the leakage current-induced 
shunt resistance (Rsh) was decreased upon a 20 min UV exposure 
(Fig. 1D), while the SnO2-based OSCs were rather stable under the same 
condition (Fig. 1E) [47]. Further in-depth investigations were conducted 
with a series of state-of-the-art organic photovoltaic semiconductors, 
including PCE-10:[70]PCBM, PCE-10:IEICO-4F, PCE-10:O-IDTBR, and 
PM6: Y6:[70]PCBM. The chemical structures of these organic semi-
conductors are listed in Fig. S6 and the corresponding energy levels 
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alignments of SnO2 together with those of different active layers are 
illustrated in Fig. S7. As summarized in Fig. 1F and Table 1, the per-
formance of OSCs based on SnO2 NPs is comparable to the values re-
ported in the literature for OSCs based on optimized ZnO [48,49]. The 
corresponding EQE spectra of optimized OSCs incorporating the SnO2 
ETM are depicted in Fig. S8. Under continuous 1-sun illumination pro-
vided by white LED, OSCs based on SnO2 NPs exhibited comparable 
device stability to that based on optimized ZnO NPs (Fig. S9). 

2.2. Characterization of ATO NPs 

So far, we noticed the absence of light soaking and photo-shunt as 
potential advantages of n-type SnO2 NPs over ZnO based ETMs. Next, we 
extended our investigations to the ATO NPs and clarified the nature of 
the polarity and the doping mechanism. We selected Sb3+ for two 

reasons: firstly, Sb3+ is expected to be a p-type dopant as compared to 
Sb5+; second, Sb3+ (0.76 Å) has an ion radius which is comparable to 
that of Sn4+ (0.69 Å) [50], potentially facilitating substitutional doping 
rather than interstitial doping. Nevertheless, the nature of the doping 
mechanisms is usually more complex in oxides and especially in metal 
oxide NPs. The schematic diagram of the proposed doping mechanism is 
illustrated in Fig. 2A, i.e., the Sn4+ sites in the host matrices are sup-
posed to be partially substituted by the lower valence Sb3+ cations, 
inducing shallow acceptor levels close to the valence band. The Sb 
dopants introduced during spray pyrolysis are easily ionized [51–53]. 
Even in the case of oxide formation, Sb2O3 and Sb2O5, antimony would 
retain either the Sb3+ or Sb5+ state by sharing their 5s and 5p electrons. 
In the first case, one Sb3+ cation could generate an additional shallow 
energy state in the SnO2 lattice; hence, the successful substitutional 
doping process can be described by the following equation, 

Fig. 1. (A) The inverted device structure used to assess the functionality of SnO2 NPs; (B) transmittance spectra of ZnO and SnO2 films coated on glass substrates; (C) 
J-V curves of the devices based on a pDPP5T-2:[60]PCBM active layer under AM 1.5G illumination; the evolution of J-V dark characteristics of devices based a 
pDPP5T-2:[60]PCBM active layer with (D) ZnO and (E) SnO2 under AM 1.5G illumination; (F) J-V curves of devices with SnO2 ETM based on PCE-10:[70]PCBM, 
PCE-10:O-IDTBR, PCE-10:IEICO-4F and PM6:Y6:[70]PCBM active layers, respectively under AM 1.5G illumination. 

Table 1 
PV performance of inverted OSCs based on different active layers with ZnO or SnO2 as ETM.  

Active layer ETM JSC 

(mA cm− 2) 
VOC 

(V) 
FF 
(%) 

PCE 
(%) 

pDPP5T-2:[60]PCBM ZnO -14.71 ± 0.35 
(− 14.34)a  

0.57 ± 0.01  63.7 ± 1.8  5.47 ± 0.63 

pDPP5T-2:[60]PCBM SnO2 -14.63 ± 0.27 
(− 14.62)a  

0.57 ± 0.01  65.60 ± 1.3  5.51 ± 0.35 

PCE-10:[70]PCBM SnO2 -16.12 ± 0.46 
(− 16.08)a  

0.79 ± 0.01  67.1 ± 2.2  8.56 ± 0.11 

PCE-10:O-IDTBR SnO2 -13.49 ± 0.57 
(− 13.10)a  

1.04 ± 0.005  59.7 ± 0.8  8.42 ± 0.03 

PCE-10:IEICO-4F SnO2 -22.08 ± 0.37 
(− 21.15)a  

0.70 ± 0.002  64.51 ± 1.8  9.98 ± 0.11 

PM6:Y6:[70]PCBM SnO2 -24.69 ± 0.42 
(24.25)a  

0.84 ± 0.003  69.9 ± 0.3  14.23 ± 0.38  

a Estimated from EQE spectra. Data present the average values of 12 devices. 
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Sn4+↑→Sb3+↓+V − + h+, (1)  

where the symbols ↑ and ↓ denote the replacement of Sn4+ cation by 
Sb3+ cation in the lattice sites; V− is the shallow acceptor level; h+ is the 
positively charged “free hole carrier”. 

To validate the feasibility of our concept, we first used a low Sb 
content (0.5 mol%) to dope SnO2 NPs during the synthesis of NPs. As 
depicted in Fig. 2B, the absorption edge of 0.5% ATO film shows a 
reduced absorption in the visible region compared to that of the pristine 
SnO2 film. X-ray powder diffraction (XRD) measurements were per-
formed to characterize and compare the formation of pristine SnO2 and 
0.5% ATO NPs. As described in Fig. 2C, the main diffraction peaks of 
0.5% ATO NPs, oriented along the (110), (101), (200), and (211), are all 
well assigned to tetragonal rutile SnO2 (ICSD card: 154960), indicating 
the same rutile lattice structure [54]. No additional peaks were detected, 
suggesting the absence of other crystalline phases such as tin (II) oxide 
or antimony oxides [55,56]. Nevertheless, upon the addition of the Sb 
dopant, a prominent broadening of the XRD peaks could be detected, as 
shown in Fig. S10, suggesting a smaller crystalline domain size and/or 
the distortion of the local lattice matrices due to the successful incor-
poration of Sb atoms into the SnO2 lattices [57–59]. As depicted in 
Fig. 2D and Table S1, by loading 0.5% Sb content, the WF of doped SnO2 
NPs is significantly increased from 4.01 ± 0.02 eV for pristine SnO2 to 
5.13 ± 0.02 eV, which reflects a remarkable change in charge carrier 
type in 0.5% ATO compared to the host SnO2 material [60,61]. Elec-
trical properties are shown in Fig. 2E, that the pristine SnO2 film exhibits 
a relatively low conductivity of 3.27 × 10− 8 S cm− 1 and an electron 
concentration of 1.76 × 109 cm− 3, indicating its intrinsic n-type char-
acter due to oxygen vacancies and/or tin interstitials vacancies [62,63]. 
Hall effect measurements were conducted to study charge carrier con-
centrations of pristine SnO2 and 0.5% ATO NPs. Notably, by adding 
0.5% Sb dopant, Hall effect measurements evidence that the dominant 
charge carriers in doped SnO2 film are holes with a concentration of 
1.83 × 1013 cm− 3, demonstrating a solid p-type character. The con-
ductivity of 0.5% ATO NPs (1.08 × 10− 8 S cm− 1) is slightly decreased 

due to the reduced hole mobility as shown in Fig. S11. 
Since doping concentration could play a crucial role in tuning elec-

tronic structures and properties of the host material, we further explored 
the effect of doping concentration on the properties of the ATO NPs by 
extending the Sb concentration to a wider range (specifically, 2%, 5%, 
10%, 20%, 30%, and 50%, denoting the nominal concentrations for the 
preparation of ATO NPs, instead of the effective doping concentrations).  
Fig. 3A exhibits the XRD patterns of doped SnO2 NPs with different Sb 
concentrations, which confirm that all Sb-doped samples continue to 
agree with the tetragonal rutile structure of SnO2 NPs without the 
presence of new crystalline peaks, even up to 50% Sb content. We 
acknowledge that not all Sb cations can be incorporated into the SnO2 
lattice at such high Sb doping concentrations. Nevertheless, XRD did not 
detect any new crystalline phases at such high-doping concentrations, 
most likely due to the formation of amorphous oxide phases, supported 
by x-ray absorption spectroscopy measurement (XAS) (further discussed 
in Fig. S12) [59]. Likewise, by analyzing the overlapped XRD patterns of 
all doped samples (Fig. S13A), no distinct shifts of XRD peaks are 
observed; however, an increased broadening of the peaks was detected, 
which indicates the enlarged local lattice distortion due to the increased 
Sb concentrations – an effect which is as well corroborated by XAS re-
sults (Fig. S12) [58]. Estimated from the most intense peak (110) with 
the Scherrer equation [64], the crystallite size (Dc) gradually decreases 
from ~ 7.66 nm of pristine SnO2 NPs to ~ 4.18 nm of 50% Sb-doped NPs 
(Fig. S13B and Table S1). In line with the reported work, an intense 
bluish coloration was observed in the doped SnO2 solutions with the 
increased Sb content loading (Fig. S14A), which possibly indicates the 
coexistence of the mixture of antimony valence states (Sb3+ and Sb5+) in 
the doped SnO2 lattices [59,65]. In addition, the detected Eopt values of 
the ATO NPs were found to increase from 4.07 eV to 4.29 eV with 
increasing the Sb doping concentration from 0.5% to 50% (Fig. S14B, C 
and Table S1). The influence of Sb concentration was further investi-
gated by measuring the variations of the WF and conductivity, as sum-
marized in Fig. 3B and Table S1. When the Sb doping level increased, the 
conductivity initially increased to the optimal value of over 3 × 10− 5 

Fig. 2. (A) Schematic of the proposed doping mechanism: incorporation Sb3+ into the SnO2 lattice. EA denotes the shallow acceptor energy levels which are created 
by the Sb3+ atoms. These energy levels can accept electrons from the valence band, thus creating holes as the mobile majority charge carriers in the valence band; (B) 
normalized UV–vis absorption spectra of pristine SnO2 film and 0.5% ATO NPs thin film deposited onto a glass substrate; the inserted image shows dispersions of the 
two NPs in mixed butanol used to prepare the thin films; (C) XRD patterns, (D) WFs, and (E) charge carrier concentrations as well as conductivities of pristine SnO2 
and 0.5% ATO NPs. 

C. Liu et al.                                                                                                                                                                                                                                      



Nano Energy 89 (2021) 106373

5

S cm− 1 at 10–20% Sb content, which is approximately three orders of 
magnitude higher than that of pristine SnO2 owing to the sharp increase 
in hole concentration (Fig. S15); however, a deterioration of electrical 
conductivity is observed at higher Sb doping concentration, ascribed to 
the further intensified degradation of the crystalline structure and a 
concomitant decrease in the hole concentration [66,67]. Meanwhile, a 
gradual increase in WF from 5.13 ± 0.02 eV for 2% Sb content to 
5.32 ± 0.02 eV for 50% Sb content was observed, opening an optimi-
zation route to deliberately tune the energy level alignment with a wide 
range of organic photovoltaic materials. A gradually increasing hole 
concentration pushes the EF to a deeper position in the ATO gap, leading 
to a higher WF value. Nevertheless, in a higher doping concentration, a 
gradual increase in WF still was observed with a decrease of the hole 
concentration, probably mainly due to the less-conductive surface of 
ATO NPs. 

Our electronic measurements uniquely evidence SnO2 NPs as non-
stoichiometrically n-type doped, which becomes compensationally p- 
type doped upon addition of antimony. Having established a macro-
scopic model allowing to understand the properties of SnO2 upon doping 
with antimony, we wanted to elucidate the interplay of Sb3+ and Sb5+

ions and their relevance for doping. Hard X-ray photoelectron spec-
troscopy (HAXPES) measurements were conducted with 2 keV excita-
tion energy to analyze the chemical structure of SnO2 and ATO NPs. The 
survey spectra of the sample series, along with photoemission line 
identification, are found in Fig. S16. Fig. 3C presents the spectra of the 
ATO series in the Sn 3d and the overlapping Sb 3d/O1s peaks regions. 
The Sn doublets are centered at binding energies (BEs) of ~ 
487.6 ± 0.1 eV for 3d5/2 and ~ 495.9 ± 0.1 eV for 3d3/2, in agreement 
with literature values for SnO2 [68], while the BE of the Sb doublets are 
centered at ~ 531.2 ± 0.1 eV for 3d5/2 and ~ 540.50 ± 0.1 eV for 3d3/2. 
With increasing the nominal Sb doping concentration, an increase in the 

Sb-related signal and a decrease in Sn-related signal are observed, trends 
expected for a scenario in which the Sn4+ ions are substituted by Sb 
cations in the SnO2 lattice matrices. In Fig. S17D, the Sn 3d peaks are 
slightly broadened towards higher BE with increasing Sb content; this 
effect could have different plausible origins such as different screening 
effects in the HAXPES measurements [69–72], changes in energy loss 
features related to changes in electronic structure, or due to the presence 
of an increasing amount of amorphous oxide (discussed above). The 
aforementioned intense bluish coloration of the solution (Fig. S14A) 
indicates the possibility of coexistence of two different antimony 
oxidation states Sb3+ and Sb5+, which is inevitable in this doping case. 
Hence, Sb 3d core levels (specifically the Sb 3d3/2 line, as there is a 
superposition of the Sb 3d5/2 and the O 1s line) were closely analyzed. As 
shown in Fig. 3D, the Sb 3d3/2 peak profile tends to narrow as a function 
of Sb content, suggesting the presence of the mixed Sb chemical envi-
ronment in samples with low Sb doping. The curve fit analysis (shown in 
Fig. S17B) reveals the presence of at least two contributions. The prin-
cipal and secondary contribution are found at a BE of ~540.5 eV and at a 
higher BE of 541.4 eV, respectively. Based on the BE values of the 
HAXPES Sb 3d3/2 spectra and the HAXPES-derived surface composition 
of the sample series, we ascribe the principal Sb 3d3/2 component to be 
due to a mixed Sb3+/Sb5+ valency (see Figs. S17 and S18 in SI for further 
discussion). By combining the results from the Hall effect measurement 
that all ATO samples present solid hole conduction properties (Fig. 2E, 
Fig. S15, and Table S1), it is thus reasonable to conclude that the Sb3+

type cations are the predominant dopant in the ATO NPs. 
The influence of different doping concentrations on the position of 

the valence band maximum (VBM) with respect to Fermi level (EF) was 
further investigated by HAXPES with 2 keV excitation energy. Fig. 3E 
and F show full HAXPES valence band (VB) spectra and the VBM posi-
tions of the pristine SnO2 NPs and ATO NPs, respectively (the details on 

Fig. 3. (A) XRD patterns, (B) the variations of the conductivity (blue) and WF (wine) of ATO NPs as a function of Sb doping content (pristine SnO2 is not included); 
(C) HAXPES spectra of the Sn 3d, Sb 3d, and O1s core level region of the investigated sample series, which were normalized to background intensity; (D) HAXPES 
spectra focusing on the Sb 3d3/2 line, normalized to maximum intensity (except for the pristine SnO2, 0.5% and 2% ATO samples). (E) HAXPES spectra in the vicinity 
of the VB of the investigated sample series; (F) VBM and CBM of ATO NPs as a function of Sb content. The VBM values were determined by linear extrapolation of the 
leading edge of the HAXPES spectra in the vicinity of the VB from (E); and the CBM values were calculated as follows: CBM = VBM + Eopt, using the optical Eopt 
values of the samples (see SI, Fig. S17 and Table S1). No clear change in VBM position were presented for samples with 0.5% and 2% Sb, which should be attributed 
to the similar energy position of the Sn 5s and Sb 5s states. 
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VBM determination are shown in Fig. S19 and Table S1). Note that we 
ascribe the derived VBM position to represent the near-surface elec-
tronic structure of the pristine SnO2 NPs and ATO NPs. ATO NPs series 
maintain similar spectral shape with that of pristine SnO2, which display 
a characteristic three-peaked structure [73,74]. For the pristine SnO2 
NPs, linear extrapolation of the main edge gives a VBM position of 
(3.87 ± 0.10) eV with respect to EF. The proximity of the measured VBM 
and Eopt values (i.e., 4.07 eV; see SI, Fig. S14C) for this pristine SnO2 
sample place the EF very close to the conduction band minimum (CBM), 
in agreement with the (above discussed) n-type character of the SnO2 
NPs on the sample surface. Additional intensity centered at ~3 eV was 
attributed to Sn2+-derived Sn 5s states (see discussion in conjunction 
with Fig. S19 for more details) [69,72,75]. With the introduction of Sb, 
the VBM of the samples shift closer to EF mainly due to the emergence of 
Sb 5s states. Because of the similar energy position of the Sn 5s and Sb 5s 
states, no clear change in VBM position is apparent for samples with low 
Sb content (i.e., 0.5% and 2%). In samples with higher Sb content, the Sb 
5s density of state (DOS) becomes a more distinctive feature, even 
turning into the dominant leading edge for the most Sb-rich samples (e. 
g., 50% Sb doping). As determined by linear extrapolation of the leading 

edge of HAXPES VB spectra, the VBM position shifts from 
3.87 ± 0.10 eV relative to EF for the pristine SnO2 NPs to (2.03 ± 0.10) 
eV for the 50% Sb sample. These results highlight the pronounced 
change in doping character exhibited by the sample series: starting with 
pristine SnO2 NPs with a pronounced n-type doping character (indicated 
by EF being close to the CBM) and EF shifting closer to the VBM for (the 
surface of) Sb-rich samples (i.e. a p-type doping character), in agreement 
with the conduction type change evidenced by Hall effect measurement. 
Another interesting question in the n- or p-type doping of nanocrystals is 
the energetic position of the dopant, which is typically discussed in 
terms of impurity doping. Assuming that the addition of 0.5–50% Sb 
could be fully doped into SnO2 lattices, nevertheless, Hall effect mea-
surements identify an increase in the hole carrier concentration only 
from about 1013 to 1016 cm− 3 upon doping, which suggests that at most 
ppm levels of the added Sb atoms are actively ionized and contribute to 
the conduction process; most of the Sb dopants likely form deep energy 
levels or/and are compensated and have no contribution to the free 
carrier concentration. Additionally, we want to point out that the ab-
sorption measurements (Fig. S14) reveal a shift of the optical Eopt and 
even more conclusive, a stark change in oscillator strength in the 

Fig. 4. (A) Device structure used to assess the functionality of ATO NPs; (B) J-V characteristics of devices based on pDPP5T-2:[60]PCBM incorporating different ATO 
HTMs under AM 1.5G illumination condition; illuminated J-V characteristics of devices based on (C) pDPP5T-2:[60]PCBM, (D) PCE-10:[70]PCBM, (E) PCE-10:O- 
IDTBR, (F) PCE-10:IEICO-4F, and (G) PM6:Y6:[70]PCBM with PEDOT:PSS or 20% ATO NPs film as HTM. J-V characteristics of devices based on PM6:Y6:[70] 
PCBM with combined 20% ATO NPs/PEDOT:PSS HTMs was also present in (G); (H) the photo-stability tests of pDPP5T-2:[60]PCBM-based OSCs in a regular device 
architecture based on PEDOT:PSS or 20% ATO NPs as HTM; (I) the photo-stability tests of PM6:Y6:[70]PCBM-based OSCs in a regular device architecture based on 
PEDOT:PSS or 20% ATO NPs or 20% ATO NPs/PEDOT:PSS bilayer as HTM; For combined interlayers, PEDOT:PSS was deposited on top of 20% ATO NPs. 
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sub-bandgap regime. Lacking further evidence, we propose that ener-
getically broad impurity doping is a likely mechanism to explain the 
behavior of excess antimony in ATO NPs. 

2.3. OSCs-based on ATO NPs HTM 

In order to verify the potential of various ATO NPs as HTMs in OSCs, 
we first fabricated pDPP5T-2:[60]PCBM-based OSCs in a regular device 
architecture, as shown in Fig. 4A. All the ATO HTMs were doctor-bladed 
without any post-treatment during device fabrication. Fig. S20 presents 
the transmittance spectra of all ATO layers with high transparency of 
over 90% in the 300–800 nm region. The J-V characteristics of OSCs 
under AM 1.5G radiation spectra are presented in Fig. 4B, and the cor-
responding PV parameters are summarized in Table 2. It is observed that 
the performance of OSCs was gradually improved as the Sb doping 
concentration increased. The optimal device performance was achieved 
for ATO NPs with a 10–20% doping level based on pDPP5T-2:[60] 
PCBM. At higher Sb loading, device performance decreases mainly 
because of JSC and FF losses, which we ascribe to the lowered charge 
transporting property and enhanced charge recombination; in addition, 
rough surface morphology also likely affects the charge extraction at the 
ATO HTL/active layer interface in the case. The EQE spectra of the 
corresponding OSCs are depicted in Fig. S21. We also provide counter-
evidence for the charge selectivity of ATO NPs. OSCs in an inverted 
device architecture incorporating ATO as ETMs showed a negligible PV 
response, demonstrating excellent unipolar hole extraction perfor-
mance. At doping level larger than 2% the device starts to behave as a 
photoconductor with negligible rectification of ATO NP layers (Fig. S22 
and Table S4). 

Based on the above exploration, 20% ATO NPs were selected for 
further device investigations. It was found that for pDPP5T-2:[60] 
PCBM-based OSCs the 20% ATO films with a thickness of ~40 nm 
deliver optimal device performance (Fig. S23 and Table S5); further 
increasing the layer thickness led to reduced device performance mainly 
due to increased series resistance. Furthermore, it is most encouraging 
that 20% ATO HTM based OSCs showed full J-V performance without 
UV activation as documented by the absence of light soaking and remain 
stable under continuous AM 1.5G illumination (100 mW cm− 2) for up to 
20 min (Fig. S24 and Table S6). Finally, OSCs fabricated using doped 
SnO2 NPs (20% Sb) as HTM and pristine SnO2 NPs as ETM exhibited 
comparable performance to that of control devices, highlighting the 
excellent optoelectronic properties of SnO2 and ATO NPs as charge 
transporting layers (CTMs) in OSCs (Fig. S25 and Table S7). 

The compatibility of 20% ATO HTM with various photoactive ma-
terials was further investigated in the regular device structure. The 
corresponding energy alignment diagram is plotted in Fig. S26, showing 

its favorable energetic alignment with respect to the applied organic 
semiconductors. As presented in Fig. 4C–G and Fig. S27B–E (full device 
parameters are summarized in Table 3), all OSCs with 20% ATO NPs 
delivered comparable state-of-the-art PV efficiencies to that using the 
well-known PEDOT:PSS, demonstrating its great versatility. 

Understanding and eliminating the stability limitation imposed by 
the interface layers, for instance, the acidic and hygroscopic nature of 
the most commonly used PEDOT:PSS, is essential for solution-processed 
OSCs. The long-term stability of OSCs based on 20% ATO NPs or PEDOT: 
PSS was investigated with various organic semiconductors under iden-
tical operational conditions. In order to eliminate the influence of the 
photoactive layer on the stability study, we first investigated the sta-
bility of ATO-based OSCs using pDPP5T-2:[60]PCBM, which was found 
to be one of the most stable organic semiconductor blends for solar cell 
applications [76,77]. As depicted in Fig. 4H, the long-term performance 
of regular architecture pDPP5T-2:[60]PCBM-based OSCs using PEDOT: 
PSS and PFNIT-F3N-Br solution processed interfaces was overall stable 
but showed a distinct “burn-in” degradation, retaining 78% of the initial 
PCE after over 1500 h of continuous one sun illumination. Burn-in 
degradation is frequently associated with a change in microstructure; 
[78] however, it can be also related to interface degradation between 
ITO electrode and PEDOT:PSS, which is most prominently seen as an FF 
loss (Fig. S28) [34–35, 79]. Encouragingly, pDPP5T-2:[60]PCBM-based 
OSCs with 20% ATO NPs as HTM exhibited clearly improved 
photo-stability with negligible performance loss under the same mea-
surement conditions. However, we found that this observation cannot be 
directly transferred to any other materials system. Contrarily, we found 
initially reduced device stability, for the material system PM6:Y6:[70] 
PCBM. As shown in Fig. 4I and Fig. S29, the device longevity of PM6:Y6: 
[70]PCBM-based OSCs using PEDOT:PSS maintained 69% of their initial 
PCE after 1000 h of continuous one sun illumination, which is mainly 
due to FF degradation. Surprisingly, PM6:Y6:[70]PCBM-based devices 
with a 20% ATO HTM exhibited a massive VOC_burn-in degradation, 

Table 2 
PV performance of pDPP5T-2:[60]PCBM-based devices with different ATO NPs 
as HTMs in the regular structure.  

HTM JSC 

(mA cm− 2) 
VOC 

(V) 
FF 
(%) 

PCE 
(%) 

0.5% ATO 
NPs 

-13.56 ± 0.26 
(13.25)a  

0.56 ± 0.01  58.3 ± 1.2  4.42 ± 0.32 

2% ATO 
NPs 

-14.29 ± 0.14 
(− 14.13)a  

0.57 ± 0.01  56.3 ± 1.3  4.61 ± 0.18 

5% ATO 
NPs 

-14.39 ± 0.19 
(− 14.34)a  

0.57 ± 0.01  59.7 ± 2.2  4.90 ± 0.43 

10% ATO 
NPs 

-14.48 ± 0.14 
(− 14.23)a  

0.58 ± 0.01  62.7 ± 2.1  5.33 ± 0.31 

20% ATO 
NPs 

-14.65 ± 0.21 
(− 14.19)a  

0.58 ± 0.01  63.5 ± 2.1  5.41 ± 0.45 

30% ATO 
NPs 

-14.27 ± 0.29 
(− 13.83)a  

0.56 ± 0.01  60.6 ± 0.8  4.85 ± 0.25 

50% ATO 
NPs 

-10.79 ± 0.34 
(− 10.49)a  

0.58 ± 0.01  56.1 ± 0.9  3.55 ± 0.34  

a Estimated from EQE spectra. Data present the average values of 12 devices. 

Table 3 
PV performance of devices using PEDOT:PSS or 20% ATO NPs film as HTM with 
different photoactive layers in the regular structure.  

HTM JSC 

(mA cm¡2) 
VOC 

(V) 
FF 
(%) 

PCE 
(%) 

pDPP5T-2:[60]PCBM 
PEDOT:PSS -14.18 ± 0.11 

(− 14.15)a 
0.58 ± 0.01  62.1 ± 1.3  5.16 ± 0.58 

20% ATO 
NPs 

-14.65 ± 0.21 
(14.19)a 

0.58 ± 0.01  63.5 ± 2.1  5.41 ± 0.64 

PCE-10:[70]PCBM 
PEDOT:PSS -16.13 ± 0.46 

(− 15.63)a 
0.80 ± 0.01  66.5 ± 2.5  8.56 ± 0.13 

20% ATO 
NPs 

-16.52 ± 0.39 
(− 15.89)a 

0.80 ± 0.01  66.5 ± 1.8  8.78 ± 0.25 

PCE-10:O-IDTBR 
PEDOT:PSS -14.36 ± 0.13 

(− 13.78)a 
1.04 ± 0.005  54.5 ± 2.5  8.21 ± 0.33 

20% ATO 
NPs 

-14.46 ± 0.19 
(− 13.69)a 

1.04 ± 0.005  54.4 ± 3.0  8.23 ± 0.54 

PCE-10:IEICO-4F 
PEDOT:PSS -22.46 ± 0.55 

(− 21.98)a 
0.71 ± 0.01  65.4 ± 1.7  10.37 ± 0.36 

20% ATO 
NPs 

-21.84 ± 0.46 
(− 21.64)a 

0.71 ± 0.01  65.0 ± 1.2  10.11 ± 0.26   

PM6:Y6:[70] 
PCBM     

PEDOT:PSS -25.21 ± 0.33 
(24.37)a 

0.87 ± 0.002  68.94 ± 0.17  15.15 ± 0.22 

20% ATO 
NPs 

-25.02 ± 0.68 
(24.41)a 

0.87 ± 0.002  69.28 ± 0.31  15.17 ± 0.41 

20% ATO 
NPs/ 
PEDOT: 
PSS 

-25.35 ± 0.61 
(24.50)a 

0.86 ± 0.003  70.21 ± 0.44  15.31 ± 0.59  

a Estimated from EQE spectra. Data present the average values of 12 devices. 
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leading to a sharp drop in PCE within the first 100 h, accompanied by 
minor FF losses. We screened the stability of various ATO-based OSCs 
and found that the burn-in degradation in VOC is 
semiconductor-dependent (Fig. S30). While pDPP5T-2:[60]PCBM-based 
OSCs as well as P3HT:o-IDTBR harmonized with ATO NPs film, 
PM6-based and PCE-10-based devices suffer from rapid VOC burn-in 
losses. We mimicked different loss mechanisms by drift diffusion simu-
lation, trying to rationalize bulk recombination from work function 
shifts and interface induced (trap assisted) recombination [80]. From 
the shape of the degradation pattern and the associated FF, as well as JSC 
losses, we exclude bimolecular bulk recombination as relevant degra-
dation mechanism. Simulation suggests the formation of interface traps 
as the most likely loss mechanism for the type of ATO used in the study 
(see discussion in conjunction with Fig. S31 for more details). A change 
in the work function is currently disregarded as ATO layers do not 
exhibit work function variation upon light illumination (Fig. S31D). 
Detailed investigations on the ATO interface stability with various 
photoactive layers are being carried out, which are beyond the scope of 
the current work. 

We demonstrated that PEDOT:PSS and ATO can give equally high 
time zero performance but both are prone to distinct degradation 
mechanisms. PEDOT:PSS is likely to react with the ITO electrode leading 
to FF burn-in losses while ATO based HTMs are likely to react with the 
semiconductor layer leading to a VOC burn-in loss during long-term 
stability testing. We thus decided to engineer a HTM system where 
each material can play its respective strengths. A bilayer of ATO and 
PEDOT:PSS is the most obvious option to prevent the sensitive interface 
reaction. We found the combination of both HTMs is a feasible and 
universal solution to demonstrate OSCs with high efficiency and 
promising stability (Fig. 4G and Table 3) if ATO is processed on top of 
ITO and beneath PEDOT:PSS, so that ATO is separated from semi-
conductor and PEDOT:PSS is separated from ITO. As shown in Fig. 4I, 
the interface induced device degradation (mainly FF losses in the case of 
PEDOT:PSS and VOC losses in the case of ATO NPs) are successfully 
alleviated by using the bilayer concept. Compared to the OSCs based on 
either PEDOT:PSS or ATO, OSCs incorporating the bilayer HTMs 
exhibited comparably high time-zero PCE and maintained to 84% of the 
initial PCE under continuous illumination for over 1000 h (Fig. 4I). 
These solar cells exhibit a flat performance trend after about 300–500 h, 
highlighting that light induced interface degradation can be indeed 
brought under control by sophisticated interface engineering-even for 
such sensitive compositions like ternary PM6:Y6:[70]PCBM blends. 

3. Conclusion 

We demonstrate an efficient and versatile SnO2 NP ETM with high 
UV-resistance produced by flame spray pyrolysis synthesis, which cir-
cumvents the formation of “photo-induced” shunts and photocatalytic 
reaction issues with the photoactive layer in inverted OSCs. We suc-
cessfully switched the doping character of SnO2 NPs from being n-type 
to p-type by incorporating Sb3+ cations during the synthesis of SnO2 
NPs, resulting in ATO (SnO2:Sb) NPs with tunable optoelectronic 
properties. By combining experimental results from Hall Effect mea-
surements and HAXPES measurements, we are able to provide profound 
evidence that Sb3+ cations are the main substitutions for partial Sn4+

sites in the SnO2 lattice, leading to excess holes. OSCs based on 20% ATO 
NPs exhibited comparable performance to the well-known PEDOT:PSS 
based on various photoactive layers in normal architecture OSCs. While 
both interface material exhibit comparable time-zero performance, a 
distinctly different degradation behavior under long-time illumination is 
observed for the respective interface materials. More important, these 
interface specific device instabilities were successfully eliminated by 
inserting ATO between ITO and PEDOT:PSS. This bilayer stabilizes on 
the one hand the ITO interface and on the other hand the semiconductor 
interface and results in comparable time-zero performance and superior 
light-soaking stability for material composites, which have been 

discussed as inherently instable. Our work proposes a simple and viable 
approach for developing highly-efficient, reliable, and scalable interfa-
cial materials based on SnO2 NPs. We believe that SnO2 and ATP NPs can 
address many of the current major interfacial challenges found for 
solution-processed OSCs based on high performing NFA blends. We 
further demonstrate that each new generation of interface material 
imperatively needs to be investigated with respect to time-zero perfor-
mance as well as long time function stability. In this light, SnO2 and 
derived ATO NPs are indeed an interesting and promising material 
concept which deserves the attention of the emerging photovoltaics 
community. 
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