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A B S T R A C T

Tin dioxide (SnO2), with its high optical transmittance and inherent n-type conductivity, is a promising electron 
transport layer (ETL) material. For application as an ETL material, it is desirable to enhance the charge carrier 
concentration and mobility of SnO2 to maximise its electron conductivity. This is typically achieved by incor
poration of dopants which donate electrons into the material. Here we demonstrate that the generation of defects 
within SnO2 controls the electrical properties of the doped material. The effects of solely defect engineering are 
demonstrated by ion implantation of the noble gas Xenon (Xe) into SnO2. Xe was chosen since it is similar in mass 
to the well-known chemical dopant antimony (Sb), which simplifies matching of the implantation conditions to 
cause the same number of ion-induced defects and implanted element distribution, for straightforward com
parisons. Our results show that there is no effect of electron donation of Sb, since the resistivities of the film after 
Xe and Sb implantations are identical. After annealing at 200̊ C, both implanted films show comparable re
sistivities of (160.8 ± 4.7) μΩ cm and (150.2 ± 8.7) μΩ cm for Sb and Xe, respectively. Differences only emerge at 
higher annealing temperatures due to the improved stability of defects after Sb doping. Sb doping increases 
conductivity through defects alone, with no electron donation effects. This will allow for development of better 
doping strategies to optimise defect engineering and increase performance of SnO2:Sb for ETL materials.

1. Introduction

ETLs are indispensable in perovskite solar cell (PSC) technology, 
where they facilitate efficient electron extraction, transport, and 
collection from the photoactive perovskite layer to the electrode [1,2]. 
Elevated ETL conductivity reduces series resistance, enhancing charge 
transfer and minimizing energy losses, which are critical for improving 
power conversion efficiency (PCE) [3]. Tin dioxide has emerged as a 
semiconductor material used in diverse applications, such as solar en
ergy conversion, catalysis, and gas sensing [4,5], and it is especially 
well-suited as a transparent electrode in thin-film optoelectronic devices 
[6]. Being a wide-bandgap semiconductor (>3.6 eV), is highly regarded 

as an ETL material due to it’s inherent n-type conductivity, and low 
formation energy of donor defects such as oxygen vacancies (VO) and tin 
interstitials (Sni) [7]. Intrinsic SnO2 films exhibit moderate conductivity 
(10–102 S/cm) which limits their potential for high-performance PSCs 
[8,9]. Efforts to enhance electrical conductivity often involve extrinsic 
doping with pentavalent cations, with Sb being particularly effective 
[10,11]. Optimal Sb doping 2 wt% has been shown to yield excellent 
optical transparency (>85%), low sheet resistance (32 Ω □− 1), high 
carrier concentration (6.35 × 1020 cm− 3), and high mobility 32 cm2 V− 1 

s− 1 [12]. Additionally, thermal annealing treatments are commonly 
used to further improve optical and electrical characteristics [13,14]. 
Numerous investigations have shown that SnO2 and SnO2:Sb layers 
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exhibit superior thermal stability compared to comparable transparent 
electrodes made of ZnO or In2O3 compounds [15,16]. While promising, 
the effects of Sb doping and annealing remain highly dependent on the 
initial properties of the SnO2 films and the fabrication process [17]. 
However, Bai and colleagues reported that low-temperature sol
ution-processed Sb-doped SnO2 films have demonstrated significant 
enhancements in conductivity, fill factor (FF), and efficiency in PSCs, 
compared to uniform thin films [18]. Hence, the combined effects of 
thermal annealing, dopant activation, and lattice disorder to optimise 
conductivity and transparency of SnO2 films require deeper investiga
tion, especially on non-uniform thin films.

Ion implantation is a versatile technique for tailoring the properties 
of transparent wide-bandgap semiconductors for diverse optoelectronic 
applications [19]. Noble gas dopants can provide insights into 
radiation-induced disorder, while electrically active dopants, such as Sb, 
can also enhance conductivity by introducing free carriers [20]. 
Post-implantation annealing not only activates dopants but also repairs 
radiation-induced disorder. Therefore, using ion implantation and 
annealing, it can be determined whether property changes after doping 
are due to lattice damage, introduction of free carriers, or both. How
ever, the interplay between dopant-induced chemical effects and ion 
radiation damage in SnO2 remains poorly understood.

Further, previous studies of ion beam implanted Sb into SnO2 were 
based on uniform thin films [17], leaving a gap in understanding of the 
behavior of doped colloidal SnO2 films. We have previously demon
strated that the implantation of the noble gas Ar, has a significant effect 
on transparency and electrical conductivity, with an overall decrease of 
conductivity in Ar-doped SnO2 after annealing at 200̊C [21]. However, 
none of the previous studies could separate the effect of chemical doping 
and the introduced disorder into SnO2.

Hence there are conflicting information on which mechanism dom
inates charge transport in SnO2. One option is the formation of oxygen 
vacancies to solely dominate the resistivity [7,20,22]. In contrast, 
chemical doping by Sb through an electron donation has been postulated 
to increase conductivity [12,23,24]. This knowledge can be advanced by 
conducting a comparative study in which Sb and noble gas Xe ions are 
implanted into colloidal SnO2 thin films with identical acceleration 
energy and to the same fluence. The similar mass of Sb and Xe implies 
that the collision cascade between both elements are comparable, 
leading to an almost identical formation of oxygen vacancies. Hence, 
any difference in conductivity after Xe and Sb can be attributed to the 
chemical difference and electron donation of Sb. This is an established 
approach to distinguish if an underlying change of material parameters 
originates from chemical effects (electron donation) or vacancy gener
ation (defect engineering) [25].

2. Experimental methods

The substrates were ultrasonically cleaned in acetone followed by 
ethanol and then deionized water for 10 min each. Before the coating of 
the SnO2, a UV/Ozone treatment was employed on the substrates for 
30 min. The 15 wt% tin (IV) oxide SnO2 aqueous colloidal dispersion in 
H2O was purchased from Alfa Aesar. We observed that the colloidal 
SnO2 films contained Zr impurities. Tin oxide thin films were coated 
onto microscope glass and Si(001) substrates measuring 10 × 10 mm2. 
The solutions were spin-coated by using a spin coater (L2001A-0920, 
Ossila) with a one-step process at 2000 rpm for 30 s. The spin-coated 
samples were dried at 100 ◦C for 5 min and subsequently annealed 
under air atmosphere conditions at 150 ◦C for 1 h. The resulting 
colloidal film had a thickness of 90 nm.

Sb and Xe ion implantation in as-prepared SnO2 colloidal thin film 
was performed at the GNS Science low-energy ion implanter [26] using 
acceleration energies of 55 keV, resulting in a projected range (RP) of 
34 nm. The energy for the implantation depth was determined using 
TRIM-Dynamic (T-DYN), a Monte-Carlo ion implantation algorithm that 
utilizes the binary collision approximation. The T-DYN calculated 

implantation depth profiles are shown in Figure S1 [27]. The fluences 
utilized in this study were 5 × 1014 ions/cm², 1 × 1015 ions/cm², 
3 × 1015 ions/cm², and 5 × 1015 ions/cm², resulting in peak Sb and Xe 
concentrations at the projected range of 0.3%, 0.6%, 1.8%, and 2.9%, 
respectively. All samples were implanted with ion beam current den
sities below 1 μA cm− 2.

X-ray photoelectron spectroscopy (XPS) analysis was performed to 
investigate the chemical composition using an ESCALAB250Xi instru
ment equipped with a monochromated Al K α1 X-ray source with an 
energy of (1486.68 eV). The samples were in situ etched for 60 s with 
Ar+. The data analysis was conducted using CasaXPS [28]. The binding 
energy was calibrated to the known SnO2 486.7 eV binding energy of the 
Sn 3d5/2 peak with an uncertainty of 0.2 eV [29]. The structural prop
erties were evaluated with x-ray diffraction (XRD) using a Rigaku 
SmartLab x-ray diffractometer with a Cu X-ray source (Cu K α1 λ =
1.540 Å, Cu K α2 λ = 1.544 Å) with a grazing incidence angle of ω = 1.5◦. 
The film thickness was measured using Rutherford backscattering 
spectrometry (RBS) with the backscattering detector located at 165◦

relative to the incident 2.0 MeV 4He+ beam to a charge of 20 μC [30]. To 
provide ohmic contacts for electrical measurements, the corners of the 
SnO2 colloidal films were coated with silver paste. These contacts were 
used for conducting four contacts van der Pauw electrical, and Hall ef
fect measurements to determine the samples’ electrical resistivity, Hall 
carrier concentration, and Hall carrier mobility. The measurements 
were performed using an Ecopia HMS-3000 Hall probe device with a 
0.55 T magnet. Electrical characteristics at room temperature were 
tested four times for each sample orientation, from which the average 
value and standard deviations were obtained. The colloidal SnO2 films 
visible transmittance to light was measured between 300 and 900 nm 
transmittance spectrum using a Perkin Elmer Lambda 365 
spectrophotometer.

3. Results and discussion

The crystal structure and orientation of both the as-deposited and 
Sb⁺-implanted SnO2 colloidal films were examined using X-ray diffrac
tion (XRD). Fig. 1a presents grazing incidence X-ray diffraction patterns 
for the as-deposited and antimony-implanted SnO2 thin films. The XRD 
data confirm the preferred orientation of the SnO2 films along the (110) 
plane, indicating a tetragonal rutile SnO2 structure (JCPDS No. 
01–090–6586). This orientation, thermodynamically preferred for thin 
film growth, is typical for spin coating processes due to the low surface 
energy of the (110) plane, promoting film stability as noted in the review 
by Batzill and Diebold on rutile-structured SnO2 [31]. Fig. 1b shows that 
the intensity of the colloidal SnO2(110) peak decreases after Sb⁺ im
plantation at fluences of 5 × 10 ¹ ⁴, 1 × 10 ¹ ⁵, 3 × 10 ¹ ⁵, and 5 × 10 ¹ ⁵ 
ions/cm². The as-deposited SnO2 colloidal film has a lattice constant of 
4.74 ± 0.01 Å, which remains unchanged even after implantation with 
the highest fluence of 5 × 10 ¹ ⁵ ions/cm². Similarly, the lattice constant 
c remains at 3.19 ± 0.01 Å, consistent with the accepted values for 
tetragonal rutile SnO2 [31]. A similar effect was noted for the 
Xe+-implanted samples, the XRD patterns of which are included in 
Figure S5.

XPS was employed to examine the surface composition of SnO2 
colloidal thin films implanted with antimony. Fig. 2 shows the XPS 
survey spectra (60 s Ar+ etched) of an as-deposited and a 5 × 1015 ions/ 
cm² implanted sample with fluence corresponding to 3 Sb.% for as- 
implanted and annealed SnO2 colloidal films. The survey spectra iden
tify the presence of tin, oxygen, carbon, and zirconium, in the as- 
deposited sample, and antimony in the 5 × 1015 ions/cm² implanted 
sample. The XPS measurements show that the as-deposited SnO2 
colloidal film has an atomic composition of 38.5% Sn, 59.4% O and 
2.3% Zr, while the colloidal SnO2 film implanted with a fluence of 
5 × 1015 Sb cm-² were 1.4% Sb, 35.2% Sn, 61.4% O and 2.1% Zr. The 
surface Sn:O ratio remained near 1:1.6 displaying a high concentration 
of oxygen vacancies near the film surface. RBS measurements of these 
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films (Figure S2) with the data analyzed with SIMNRA shows that the 
films have a bulk Sn:O ratio of 1:2 [32].

Fig. 3a shows that the implanted sample there is a notable increase in 
a low binding energy shoulder peak for the Sn 3d core level, suggesting 
an enhanced electron density through Sb doping. Fig. 3b shows that the 
binding energy values of the 3d5/2 core level of Zirconium (182.3 eV) 
associated with the Zr4+ oxide (ZrO2) oxidation state were consistent 
with reported values from literature [33]. Similarly, to the Sn 3d core 
levels, the Zr 3p core level splits into a ZrOx peak with reduced binding 
energy. The O 1 s and Sb 3d core levels are depicted in Fig. 2c which 
show the presence of a pair of oxygen peaks associated with lattice O2- 

derived from tin oxides. The peak at 530.5 eV is attributed to O2- anions 
bonding to Sn4+ cations in the stoichiometric SnO2 lattice [34], while 
the peak at 530.8 eV corresponds to O2- ions located in oxygen-deficient 
regions of SnO2 [22]. Notably, in the implanted sample a low binding 
energy oxygen peak also appears, which is possibly related to the change 
in oxidation states of the Sn and Zr. In the same spectral region as the O 
1 s core level, Sb 3d5/2 and Sb 3d3/2 peaks are found in the implanted 
sample. The Sb 3d3/2 peak is very broad, justifying a subdivision into 
two peaks, located at binding energies of 539.7 eV and 540.5 eV which 
correspond to Sb3+ and Sb5+, respectively [35].

The UV–VIS transmittance spectra (Fig. 4) were acquired to deter
mine the optical properties of the antimony and xenon implanted SnO2 
colloidal thin films deposited on soda-lime glass substrates. Optical 

transparency decreases as Sb+ is incorporated into SnO2 colloidal films 
in the wavelength range between 400 nm to 500 nm, while for longer 
wavelengths from 600 nm to 900 nm, the transparency of the implanted 
colloidal film increases (Fig. 4a). Generally, the transparency decreases 
with enhanced implantation fluence. Below 400 nm, the transmittance 
rapidly declines due to SnO2 absorption. The UV-Vis data are consistent 
with implantation-induced disorder which may introduce more optical 
absorption centers [36]. Xenon was separately implanted into identi
cally prepared and processed SnO2 colloidal films, and no variation in 
lattice constant due to ion implantation were observed, consistent with 
previous results from argon implantation [21]. In addition, the UV–VIS 
results showed a consistent decrease in transparency (400 – 900 nm) 
with increasing implantation fluence (Fig. 4b).

Hall effect measurements were performed using the van der Pauw 
method at room temperature to determine the resistivity (ρ), Hall 
mobility (μH), and Hall carrier concentration (nH) of the SnO2 colloidal 
films. The electrical measurements are summarized in Tables S3 and S4, 
for the Sb and Xe-implanted samples, respectively. All films exhibited n- 
type conductivity, confirmed by the negative Hall coefficients. The n- 
type conductivity originates from shallow donor levels created by oxy
gen vacancies and interstitial tin ions in the SnO2 lattice [37,38]. The 
carrier concentration was calculated from the Hall coefficient using the 
expression nH=qRH

− 1, where the electron charge and Hall coefficients are 
q and RH, respectively. The Hall carrier mobility was calculated from the 
Hall coefficient and resistivity with µH=RH/ρ. The Hall factor was 
assumed to be unitary due to the high carrier concentrations. For the 
as-deposited SnO2 colloidal films, the resistivity, mobility, and carrier 
concentration were measured as (192.1 ± 5.5) μΩ cm, (41.5 ± 1.2) 
cm²⋅V⁻¹ ⋅s⁻¹ , and (7.8 ± 0.2)× 10²⁰ cm⁻³ , respectively. These values are 
consistent with ranges reported in the literature, despite different 
fabrication methods [39].

Fig. 5 presents a detailed analysis of electrical resistivity (ρ) data 
obtained from room temperature electrical measurements for the (a) Sb- 
implanted and (b) Xe-implanted samples. The as-deposited film 
exhibited an electrical resistivity (ρ) of (192.1 ± 5.5) μΩ cm. Following 
Sb ion implantation, notable changes in the measured electronic prop
erties were observed. Films implanted with an Sb fluence of 3 × 1015 

ions/cm2 demonstrated an increase in resistivity to (316.1 ± 8.8) μΩ 
cm. Interestingly, at a higher fluence of 5 × 1015 ions/cm2, a slight 
reduction in resistivity to (298.6 ± 8.6) μΩ cm was noted, although this 
value still represented a significant increase compared to the as- 
deposited film. Annealing at 200 ◦C in air led to a consistent decrease 
in resistivity. The samples with the highest fluence (5 ×1015 ions/cm2) 
possessed the lowest resistivities of (160.8 ± 4.7) μΩ cm and (150.2 
± 8.7) μΩ cm for Sb and Xe implantations, respectively. However, 

Fig. 1. (a) GIXRD patterns of the SnO2 colloidal film after Sb+ implantation. (b) SnO2(110) peak intensity evolution as a function of fluence.

Fig. 2. XPS survey spectra of as-deposited and 5 × 1015 ions/cm2 Sb+

implanted SnO2 colloidal thin films.
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annealing at an elevated temperature of 300 ◦C revealed distinctive 
behaviors between the samples implanted with antimony and those 
implanted with xenon. For the antimony-implanted films, the higher 
temperature further reduced resistivity, with the highest fluence 
5 × 1015 ions/cm2 sample reaching (149.3 ± 4.3) μΩ cm, while for the 
same fluence, the Xe resistivity doubles to a value of (313.0 ± 9.1) μΩ 
cm.

Fig. 6 illustrates the carrier concentration (nH) on (a) Sb-implanted 
and (b) Xe-implanted colloidal SnO2 films, and subjected to annealing 
treatments at 200 ◦C and 300 ◦C. In the as-implanted state, after Sb 
implantation, the carrier concentration exhibits a steady decrease from 
(7.8 ± 0.2)× 1020 cm− 3 to (5.7 ± 0.2)× 1020 cm− 3 as the implantation 
fluence increases. Following annealing at 200 ◦C in air an increase in 
carrier concentration was observed, with values ranging from (7.5 
± 0.2)× 1020 cm− 3 with fluence of 5 × 1014 ions/cm2 to (9.1 ± 0.3)×
1020 cm− 3 for the highest fluence of 5 × 1015 ions/cm2. A comparable 
trend is observed for the Xe implantation series. However, at a higher 
annealing temperature of 300 ◦C the carrier concentrations of Sb- 
implanted and Xe-implanted samples differ. For the Sb-implanted 

films, an additional increase in carrier concentration was observed, 
reaching (9.9 ± 0.3)× 1020 cm− 3 for the highest fluence of 5 × 1015 

ions/cm2. In contrast, Xe-implanted films show a significant reduction of 
the carrier concentration to a value of (4.9 ± 0.2)× 1020 cm− 3 for the 
highest fluence of 5 × 1015 ions/cm2, even below the concentration of 
(6.3 ± 0.2)× 1020 cm− 3 obtained prior to annealing.

The electrical properties highlight that the change in the resistivity is 
predominately determined by the change of the charge carrier concen
tration, since the charge carrier mobility is almost constant for all 
samples (Figure S5). We attribute the reduction of the number of charge 
carriers after ion implantation to radiation damage which causes the 
formation of compensating acceptor states, such as oxygen interstitials 
(Oi) and tin vacancies (VSn). These defects trap electrons, leading to a 
reduction in free carrier concentration and an increase in the electrical 
resistivity of the films [20,40].

Even a moderate thermal treatment (>200 ̊C) is sufficient to remove 
these defects, leading to an overall enhancement of carrier concentra
tion in the colloidal film. In addition, the treatment of the antimony- 
implanted colloidal films leads to an activation of the electron donor 

Fig. 3. High resolution (a) Sn 3d, (b) Zr 3d, and (c) O 1 s and Sb 3d core level XPS of as-deposited and 5 × 1015 ions/cm2 Sb+ implanted SnO2 colloidal thin films.

Fig. 4. UV-Vis spectra of SnO2 colloidal films deposited on glass substrates: (a) implanted with Sb⁺ and (b) implanted with Xe⁺.
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attributed to the ratio Sb3+ and Sb5+ ions present in the lattice [24]. The 
presence of Sb5+ contributes additional free electrons to the conduction 
band, thereby enhancing conductivity and increasing the charge carrier 
concentration [12,23,24]. Sb5+ ions substitute for Sn4+ in the lattice, 
creating shallow donor levels within the material [17]. Xe implantation 
is known to introduce shallow defect levels on the surface of wide band 
gap semiconductors, caused predominately by nuclear stopping [19,41]. 
The presented results are thus consistent with the formation of shallow 
defects due to ion implantation. In addition, the colloidal form of the 
deposited film enhances the effective surface area. Physical vapor 
deposited Sb-doped SnO2 films have shown a dramatic reduction of re
sistivity in the temperature range between 200̊C and 300̊C, attributed to 
the chemical activation of defects by Sb in reaction with water vapor 
[20]. That transition range does contribute to the observed differences 
between Sb and Xe implantation. For Sb implantation, the beneficial 
shallow defects are stable at 300̊C and additional donor sites are created 
due to the substitutional incorporation of Sb into the SnO2 lattice. In 
contrast, after Xe implantation, the weaker interaction with SnO2 leads 
to the annihilation of the carrier concentration enhancing defects.

We have demonstrated that ion implantation effectively enhances 
the electrical conductivity and thermal stability of colloidal SnO2 thin 
films, making them more efficient as charge transporting layers. 

Specifically, the resistivity of the film is reduced from (187.6 ± 8.1) μΩ 
cm to (150.2 ± 8.7) μΩ cm for xenon and annealed at 200 ◦C and to 
(160.8 ± 4.7) μΩ cm for antimony. We have demonstrated that at a post- 
implantation annealing temperature up to 200 ̊C, the difference between 

Fig. 5. Room temperature electrical resistivity (ρ) of SnO2 colloidal films as a function of fluence for: (a) Sb+ implantation (closed squares) and (b) Xe+ implantation 
(closed circles), measured in as-implanted films and after annealing at 200 ◦C and 300 ◦C.

Fig. 6. Hall carrier concentration (nH) of SnO2 colloidal films as a function of fluence for As-implanted, annealed at 200 ◦C and annealed at 300 ◦C. The data is 
represented as follows: (a) closed squares represent the Sb+ implantation and (b) closed circles represent the Xe+.

Fig. 7. Comparison of Sb and Xe samples after as-deposited, after ion im
plantation to a fluence of 5 × 1015 at.cm− 2 (implanted) and the ion implanta
tion (5 ×1015 at.cm− 2) followed by thermal annealing at 200 ̊ C (implanted 
+ annealed).
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the chemical contribution of electron-donating Sb+, in comparison to 
non-electron donating Xe+ is irrelevant for the materials resistivity 
(Fig. 7). In contrast a change in fluence causes a consistent variation, 
highlighting the importance of the oxygen vacancy formation.

This implies that the resistivity, charge carrier concentration and 
mobility are solely determined by the introduced defects into SnO2 and 
no significant contribution from electron donation of Sb occurs.

Only samples annealed at 300 ◦C after ion implantation show a de
viation. For antimony the resistivity reduces even further to (149.3 
± 4.3) μΩ cm, while the resistivity of Xe implantation doubles to (313.0 
± 9.1) μΩ cm. This effect is attributed to the higher stability of the 
introduced defects in the presence of Sb. In all cases, implantation re
duces transparency in the wavelength range of 400–500 nm which is 
more pronounced for xenon implantation. Hence, antimony implanta
tion is only the preferred choice if a subsequent high temperature pro
cess or exceptional transmittance is required.

4. Conclusion

We designed an experiment to reveal if the electrical performance of 
SnO2 nanoparticles films is dominated by electron donation or vacancy 
formation. Ion implantation of elements with similar mass of Sb and Xe 
with the same acceleration energy to the same fluence provides an 
identical formation of vacancies in the deposited SnO2 film. The com
parison of the resistivity reveals that these are similar up to an annealing 
temperature of 200̊C. Hence, the effect of Sb electron donation is 
negligible in these films. Our results imply that strategies to improve the 
electrical properties of ETLs in PSC should focus on optimising vacancy 
formation.
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