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Abstract 

 

Solar cells based on inorganic perovskite CsPbI3 are promising candidates to resolve 

the challenge of operational stability in the field of perovskite photovoltaics. For stable 

operation, however, it is crucial to thoroughly understand the extractive and 

recombinative processes occurring at the interfaces of perovskite and the charge-

selective layers. In this study, we focus on the electronic properties of (doped) TiO2 as 

an electron-selective contact. We show via KPFM that co-doping of TiO2 with Nb(V) 

and Sn(IV) reduces the material’s work function by 270 meV, giving it stronger n-type 

characteristics compared to Nb(V) mono-doped TiO2. The modified electronic 

alignment with CsPbI3 translates to enhanced electron extraction, as demonstrated 

with steady-state photoluminescence spectroscopy, transient photoluminescence and 

transient surface photovoltage in triad. Importantly, we extract crucial parameters, 

such as the concentration of extracted electrons and the interface hole recombination 

velocity, from the SPV transients via 2D drift-diffusion simulations. When 

implementing the co-doped TiO2 into full n-i-p solar cells, the operational stability 

under continuous AM1.5G illumination is enhanced from 970 h to 25’000 h of projected 

TS80 lifetime. This study provides fundamental understanding of interfacial charge 

extraction and its correlation with operational stability of perovskite solar cells, which 

can be transferred to other charge-selective contacts. 
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Introduction 

 

Stable operation is one of the key factors for the successful market introduction of 

perovskite solar cells (PSCs). To achieve stable operation, photoinduced degradation 

processes in the perovskite light-absorbing layer must be minimized. Organic cations, 

such as methylammonium (MA+), are prone to intrinsic destabilization of the 

perovskite absorber due to their volatile nature.[1-4] From this perspective, inorganic 

perovskites, such as CsPbI3 (bandgap: Eg = 1.7 eV), are attractive candidates to 

achieve stable PSCs.[1][5][6] Recently, Zhao et al. have demonstrated impressively stable 

solar cells based on CsPbI3 with no detectable degradation after 3500 h at 35 °C.[5] 

 

In the field of inorganic perovskite CsPbI3 absorbers, most research efforts so far have 

targeted the crystallization dynamics via additive engineering, lowering the phase 

transition temperature to stabilize the metastable black β- and γ-phases (tetragonal 

and orthorhombic) at room temperature, as well as interfacial defect passivation.[7-11] 

Those strategies have led to efficiencies exceeding 21% with defect passivation strategies 

mainly contributing to an increase in open-circuit voltage (VOC).[11][12] 

 

The wide-bandgap semiconductor titanium dioxide (TiO2) in its anatase crystal phase 

is generally suitable as an electron-selective contact (ESC) in PSCs due to its wide Eg 

of 3.2 eV, and its electron affinity around -4.0 eV with respect to the vacuum level 

(Evac) reported in the literature.[13-16] In fact, best-performing n-i-p structured PSCs 

based on inorganic CsPbI3 use either TiO2 or SnO2 as ESC and spiro-OMeTAD as hole-

selective contact (HSC).[7][8][10][12][17][18] However, defective TiO2 surfaces, especially 

surface oxygen vacancies and Ti(III)-derived states serve as non-radiative 

recombination centers and are suspected to serve as oxidation sites for iodide to 

elemental iodine under irradiation, potentially leading to degradation of the adjacent 

perovskite.[19][20] A minimization of surface defects is therefore needed to improve charge 

extraction and the stability of the resulting solar cells. Moreover, the low electron 
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conductivity of pristine TiO2 results in an increased series resistance and, therefore, 

reduces the fill factor (FF).[21] 

 

In our study, we introduce a co-doping strategy for TiO2, which reduces the density of 

interfacial defects at the ESC/CsPbI3 interface. Aliovalent doping of anatase TiO2 with 

Nb(V) is an established procedure for enhanced n-type characteristics of the 

material.[22][23] Nb(V) enhances the conductivity of the material by releasing additional 

electrons into the conduction band (n-type effect).[22][24] The concentration-dependent 

decrease in resistivity reaches a plateau for Nb(V) above 3%, with values as low as 

2.310-4 Ωcm-2 at 300 K.[22] Moreover, Nb(V) inhibits the transition to undesirable rutile 

TiO2.[25] Nb(V)-doped TiO2 has first been applied in dye-sensitized solar cells in 2010 

and in perovskite solar cells in 2015, where the improved photovoltaic performance at 

a doping level of 0.5% Nb(V) was ascribed to suppressed Ti(III) defect creation.[26][27] 

However, the achievable upward shift of the Fermi level in anatase TiO2 by using 

Nb(V) is limited since the Fermi level decreases again beyond the maximum value, 

possibly due to localized Ti 3d1 states in highly Nb(V)-doped TiO2.[26][28][29] In this 

study, we add isovalent Sn(IV) as a co-dopant to Nb(V)-doped TiO2 to further increase 

the n-type character of TiO2. By combining both dopants, we surpass the limit of the 

single dopant, and achieve dopant-concentration-dependent upwards tunability of the 

Fermi-level position in TiO2. 

 

To unveil the effect of co-doping on the fundamental charge extraction and 

recombination mechanisms, we applied time-resolved surface photovoltage (trSPV) and 

drift-diffusion (DD) modeling. Qualitative assessment of recorded transient curves is 

frequently done in the photovoltaic community.[30-32] However, quantitative elucidation 

of extraction and recombination velocities requires precise knowledge of the material 

energetics and advanced curve fitting models. So far, the minimalistic kinetic model 

developed by Levine and Musiienko is mostly used.[8][30][33] The minimalistic model lacks 

incorporation of drift and diffusion phenomena, as well as consideration of the 

alignment of interfaces and the spatial distribution of charge carriers. These drawbacks 
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restrict our ability to acquire comprehensive insights into interface characteristics 

through time-resolved measurements. Here, we developed an approach of fitting SPV 

transients with the DD model, including drift and diffusion phenomena. With the help 

of the DD model, we reveal fundamental properties of electron extraction and 

recombination. We show that TiO2 co-doped with 0.5% Nb(V) and 0.1% Sn(IV) 

exhibits strongly reduced recombination of electrons with hole minority carriers. This 

reduction is expressed in an interfacial hole recombination velocity of 0.098 cm, 

representing a reduction by two orders of magnitude compared to 17.0 cm for TiO2 

mono-doped with 0.5% Nb(V). Consequently, the concentration of extracted electrons 

is enhanced from 3.71010 cm-2 to 4.81010 cm-2, respectively, as detailed below. 

 

The lower interfacial hole recombination velocity and increased number of extracted 

electrons for co-doped TiO2 is reflected in an improved PSC performance. PCE is 

enhanced by 1.0% absolute on average, mainly originating from a statistical 

improvement in FF by 2% to 80.8%. Further, VOC is slightly improved by 10 mV to 

1.18 V. The lowered extraction barrier in n-type co-doped TiO2 and the reduced hole 

recombination velocities are responsible for both FF and VOC improvement.[34] Most 

importantly, the co-doping approach translates to a drastic stabilization in MPP 

tracking under continuous AM1.5G illumination, where no significant degradation is 

detected within the first 300 h. As a result, the projected TS80 lifetime improves from 

970 h in mono-doped TiO2 to 25’000 h in co-doped TiO2 

 

Results and Discussion 

Energetic Manipulation of the Electron Selective Contact 

 

Doped TiO2 ESCs were deposited using the spray pyrolysis method, providing an 

oxidative environment via the O2 carrier gas. The process yielded compact layers of 

20 nm thickness, as confirmed by variable-angle spectroscopic ellipsometry (VASE, 

Fig. S1). To quantify the effect of dopant addition on the Fermi level position of the 
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as-deposited TiO2, we measured the surface potential via Kelvin-probe force microscopy 

(KPFM) in the dark. The details about the measurement conditions and data treatment 

are given in Sec. S3.3 in SI. Fig. 1B shows that with Nb(V)-doping alone, a reduction 

of the work function ϕ (WF) by 270 meV could be achieved at the optimum 

concentration of 0.5% Nb(V). The same dopant concentration was confirmed as 

optimum in other studies, although WF changes have not been characterized.[26][27] 

Furthermore, upon the addition of 0.1% of co-dopant Sn(IV), we observed an even 

lower WF by 80 meV compared to the mono-doped champion. The full optimization 

series of co-doped TiO2 was based on photovoltaic performance and is shown in 

Fig. S11 and Fig. S12. Assuming vacuum level alignment, the reduction of the WF 

can be interpreted as a raise of the Fermi level. It is accompanied by a slight increase 

in Eg, as estimated from UV/Vis spectra via (αhν)1/2 vs. hν plots (Tauc analysis for 

indirect semiconductors, Fig. S2). Bandgap widening in the same range of 40 meV has 

been observed for Sn(IV)-doped TiO2 and has been attributed to the mixing of Sn 5s 

and Ti 3d states at the conduction band minimum (CBM).[35][36] 

 

In both cases, the WF increases again beyond the optimum concentrations of 

0.5% Nb(V) and 0.1% Sn(IV), respectively. This increase can be associated with the 

creation of intragap defect states, such as the Ti 3d1 state for Nb(V) doped anatase 

mentioned above or, in case of Sn(IV) doping, a facilitated phase transition to rutile 

TiO2 which possesses a deeper EF.[35] The hypothesis of the partial transition to rutile 

(Eg = 3.0 eV[37]) is supported by a reversal of bandgap widening beyond the optimum 

Sn(IV) concentration (Fig. S2).[36] 

 

Beyond quantification of the average shift of the WF, effects such as phase segregation 

and transformation can be indicated in the full width at half maximum (FWHM) of 

the contact potential difference (CPD) histograms obtained on (5 x 5) µm2 KPFM 

scans (Fig. 1B). Compared to the reference line width of 25 meV obtained on non-

doped TiO2, only the sample co-doped with 2.0% Sn(IV) showed significant broadening. 

This broadening further indicates the phase transition to rutile TiO2 promoted by 
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Sn(IV) as suggested above. In all other samples, the absence of line broadening indicates 

a homogenous phase formation without segregation phenomena.  

 

Fig. 1C shows the energetic positioning of the mono-doped TiO2 (green) and the co-

doped TiO2 (blue) in relation to CsPbI3 (brown). The WF of 3.49 eV for CsPbI3 

measured with KPFM in the dark is comparable to values measured with UPS reported 

elsewhere (for details see Sec. S3.3 in the SI).[8] EF – EVBM distances are determined 

via hard X-ray photoelectron spectroscopy (HAXPES), as described in Fig. SX in the 

Supporting Information (SI), while values for ECBM can only be estimated from addition 

of Eg to EVBM. By co-doping TiO2, the energetic misalignment to CsPbI3 is mediated. 

In addition, the conductivity of TiO2 is enhanced due to the shift of EF towards ECBM. 

 

 
Fig. 1. The WF of TiO2 can be tuned via co-doping (A) Nb(V) and Sn(IV) are added to TiO2, represented 

as supercell of anatase (space group 141, I41/amd). (B) The maximum reduction of the WF of Nb(V) 
mono-doped TiO2 can be overcome by co-doping with Sn(IV). All curves are extracted from (5 x 5) µm2 
KPFM scans in argon atmosphere, minimizing the influence of water adsorption on the measured WF 
values. (C) Schematic energy level representation of the CsPbI3 (depicted in brown) in relation to non-
doped (gray), mono-doped (green), and co-doped (blue) TiO2, where the co-doped sample shows the highest 
degree of n-type doping, explaining the lowest WF. The scheme assumes the separate materials with aligned 
vacuum level in dark conditions. The value marked with an asterisk was measured in a previous study.[8] 
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The chemical structure at the surface of the (co-)doped sample series was further 

investigated via synchrotron-based HAXPES, allowing for higher resolution of spectral 

line shapes than laboratory-based X-ray photoelectron spectroscopy instruments. Of 

special interest was the detection of the low concentration dopants and their impact on 

the Ti chemical environment of the samples. For this purpose, thin films of TiO2 (i.e., 

20 nm nominal thickness) with corresponding (co-)doping levels were deposited on 

fluorine-doped tin oxide (FTO) coated glass substrates (further sample preparation 

details are described in Sec. S2.3 in SI). The HAXPES survey spectra of the 

investigated samples are shown in Fig. S7 in SI. Inspecting the survey spectra reveals 

that signal detected from the samples originates predominantly from the TiO2 layers; 

however, a minor (yet significant) and varying fraction of the signal derives from the 

FTO substrate, indicating an incomplete coverage. As the FTO contains Sn(IV), we 

refrain from assessing the chemical environment and quantity of the Sn(IV) dopant, 

especially considering the low Sn(IV) (co-)doping levels (i.e., 0.1% and 2%) used in this 

study. Fig. 2 shows HAXPES detail spectra of the Ti 2p (A)and Nb 3d (B) energy 

regions of the investigated samples series, measured with 2 keV excitation, including 

curve fit results (for further details on the curve fit analysis of measured spectra, see 

Sec. S1). As shown in Fig. 2A, the binding energy (BE) position of the Ti 2p3/2 line 

is found at (459.3 ± 0.1) eV, consistent with reports for TiO2 in literature.[38] Moreover, 

no discernible signal is detected at BE ranges reported for Ti(III) (e.g., Ti2O3) or Ti(II) 

(e.g., TiO) in literature,[38][39] as denoted by the gray-filled areas in the figure. The 

highly similar line shape of the Ti 2p spectra for all investigated samples, with only 

one set of doublet peaks needed to obtain good fit results, indicates a homogenous Ti 

chemical environment throughout the sample series, comprised by one Ti chemical 

species (i.e., TiO2). Likewise, the Nb 3d spectra of all Nb-doped samples, shown in Fig. 

2B, can be modeled with one set of doublet peaks, indicating a common Nb chemical 

environment. The Nb 3d5/2 line is located at a BE value of (207.8 ± 0.1) eV, matching 

reports of Nb(V) (e.g., Nb2O5) in literature.[38] Based on the intensities of the Ti 2p 

and Nb 3d measurements, the [Nb]:[Ti] composition ratio of the samples can be 

computed (for further details on HAXPES-derived quantification, see Sec. S3.4 in SI). 
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The results of this quantification are shown in Fig. 2C, which are in excellent agreement 

with the nominal Nb(V)-doping concentration. 

 

 
Fig. 2. Nb(V) dopant levels agree with nominal values. HAXPES detail spectra of the (A) Ti 2p and (B) 

Nb 3d energy regions of the differently (co-)doped TiO2 samples. The spectra were measured using a 2 keV 
excitation and normalized to background intensity, with vertical offsets added for clarity. Curve fit results 
are included. The gray-filled areas in (A) are binding energy (BE) ranges reported in the literature for Ti-
based reference compounds.[38][39] (C) [Nb]:[Ti] surface composition of variously treated TiO2 films, 
determined by the HAXPES measurements shown in (A) and (B). 

 

The KPFM maps show lateral homogeneity, suggesting that the derived WF values are 

not influenced by the coverage issues observed using HAXPES. The KPFM results 

indicate that the position of the Fermi level of the TiO2 ESC can be raised by the 

addition of 0.5% Nb(V) and 0.1% Sn(IV), while HAXPES Ti 2p results show no 

discernible Ti(III) contribution for these samples (Fig. 2A). Therefore, doping does not 

affect the density of Ti(III) defect states. The associated increase in conductivity 

reduces the series resistance and should mainly lead to an increase in the fill factor of 

respective solar cells, as discussed below. Next, we focus on the interfacial charge carrier 

dynamics when the doped TiO2 systems are put into contact with CsPbI3 perovskite. 

  



Page 10 of 27 

Interface Characterization 

 
To fully characterize the impact of doping on non-radiative recombination and charge 

extraction dynamics, we measured absolute steady-state photoluminescence (ssPL), 

transient photoluminescence (trPL) and transient surface photovoltage (trSPV) on 

photovoltaic half-cells with (doped) TiO2 and CsPbI3 (Fig. 3). 

 

Since a reversible shift in EF is observed with a maximum at 0.1% Sn(IV) co-dopant 

compared to the sample “over-doped” at 2.0% Sn(IV), we investigated those samples 

with ssPL. Increasing the co-dopant level of Sn(IV) to 2.0% leads to steady decrease of 

the PL peak amplitude (Fig. S8B) to 70% of the Sn(IV)-free intensity, indicating 

decreased radiative recombination with increased Sn(IV) concentration. Steady-state 

measurements alone cannot provide detailed insights into the interfacial charge-carrier 

dynamics. We therefore employed time-resolved spectroscopic methods for further 

characterization. 

 

We analyzed the transient decay of the PL signal obtained in trPL (Fig. 3B) via 

biexponential fitting. The carrier lifetime associated with the fast component of the 

biexponential decay (τfast) decreased from 5 ns to 4 ns upon addition of 0.1% Sn(IV) 

co-dopant compared to the 0.5% Nb(V) mono-doped TiO2 sample, while the slow 

component (τslow) decreased from 32 ns to 22 ns. Since the perovskite preparation and 

crystallization are the same in all cases, the bulk lifetime resulting from crystal quality 

is not expected to change, also consistent with the unchanged FWHM in the ssPL 

signal. 

 

Evidently, in a bilayer system the trPL decay is influenced not only by non-radiative 

recombination at defect sites and interface recombination but, importantly, also by 

charge carriers extracted to the ESC.[40] Specifically, electron extraction leads to a quick 

decrease of the photoluminescence signal at short timescales, dominating τfast. Since 

electron extraction to TiO2, in turn, is dependent on the extraction rate, the interface 
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recombination rate, and conduction band offset to CsPbI3. Once a maximum of 

electrons is accumulated in TiO2, the PL signal decay will slow down, and back-transfer 

to CsPbI3 or recombination with holes in CsPbI3 is favored (s. Fig. 4E). Therefore, the 

extraction process also becomes crucial when discussing τslow, especially at medium laser 

fluences of 30 nJcm-2 as used in this study.[40] 

 

Sn(IV) addition shortens both τfast and τslow. We suggest that those shortened lifetimes 

are a direct consequence of the improved energetic alignment between co-doped TiO2 

and CsPbI3, as demonstrated via KPFM and HAXPES (s. Fig. 1C). Closer matching 

of the WFs of TiO2 and CsPbI3 leads to faster extraction to the ESC, responsible for 

the lower τfast component. Accordingly, also electron back transfer from co-doped TiO2 

to CsPbI3 is faster, leading to comparatively higher carrier concentrations at longer 

timescales and, therefore, reducing the τslow component. Since it is difficult to 

disentangle electron back transfer and interface recombination in the observed trPL 

decay, we employed trSPV measurements to specifically focus on charge-separating 

phenomena at the CsPbI3/TiO2 interface. 

 

In the trSPV experiments on CsPbI3/TiO2 systems as depicted in Fig. 3C, the signal 

is directly proportional to the charge extracted (Fig. 3D). The time-resolution allows 

for a differentiation of extracted charge carriers from other phenomena creating 

separated charges, such as (de-)trapping, recombination, or ionic displacement.[41][42] 

We show trSPV curves of mono-doped and co-doped samples in Fig. 3D. The initial 

slope in the nanosecond-regime of the transient curve is proportional to the extraction 

rate across the CsPbI3/TiO2 interface. Additionally, the absolute amplitude is directly 

correlated to the maximum charge separation possible within the bilayered system at 

the charge carrier density induced by the laser pulse. In the experiment, we controlled 

the laser fluence at 22.5 nJcm-2 for all samples. The sample co-doped with 0.5% Nb(V) 

and 0.1% Sn(IV) exhibits the highest extraction rate as well as the largest charge 

separation across all the tested excitation wavelengths (Fig. S10D). The increased 

charge separation for co-doped TiO2 corroborates the suggestions made in the trPL 
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analysis. We can, therefore, assign the shorter lifetime τfast to an increased electron 

extraction rate instead of interface recombination. 

 

Having derived faster and larger charge separation across the interface between CsPbI3 

and co-doped TiO2 from transient measurements, the question of the partially quenched 

ssPL signal remains open. We suggest that in steady state, extraction rate and back-

transfer rate do not necessarily equilibrate. Instead, extracted electrons can still 

recombine non-radiatively via interface defects with holes in the perovskite and are 

therefore removed from radiative recombination. The increased extraction rate of the 

co-doped TiO2 can therefore lead to a reduction of the photoluminescence quantum 

yield, resulting in a quenched PL signal.[43] 

 

Interestingly, the trSPV curves of doped TiO2 in Fig. 3D exhibit an overshoot below 

zero at millisecond timescales. We hypothesize that the signal can be assigned to the 

capture of electrons in deep trap states. Due to their depth, de-trapping times are 

significantly longer than for shallow trap states. After full back-transfer of electrons 

from the ESC and recombination, the remaining captured electrons are then responsible 

for the SPV signal in the opposite direction. The overshoot of the signal is not 

influenced by our co-doping strategy, implying that the deep trap states are located on 

the exposed surface of the perovskite. 

 

We have demonstrated that the charge extraction rates across the TiO2/CsPbI3 

interface can be improved by Nb(V) and Sn(IV) co-doping. Since trSPV measurements 

mostly allow for qualitative rather than quantitative characterization, we developed a 

simulation approach based on DD to further extract crucial parameters from the trSPV 

curves. 
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Fig. 3. Co-doping of TiO2 with Nb(V) and Sn(IV) reduces non-radiative recombination and 

improves the charge extraction efficiency. (A) ssPL intensity decreases upon co-doping 0.5% Nb 
TiO2 with Sn(IV). (B) trPL measurements showing faster PL decay at the Sn(IV)-free TiO2/CsPbI3 
interface. (C) Illustration of the origin of the SPV signal. Upon excitation, electrons will be extracted from 
CsPbI3 to (co-doped) TiO2. The separated charge is detected as a positive signal by the SPV probe in a 
fixed capacitor arrangement. (D) The corresponding trSPV curve qualitatively shows that, in co-doped 
TiO2, more electrons are extracted at a higher rate compared to mono-doped TiO2. 

 

Simulation of trSPV Curves 

 

By using KPFM, PL and SPV, we have demonstrated that the charge extraction across 

the TiO2/CsPbI3 interface can be improved via Nb(V) and Sn(IV) co-doping, possibly 

due to an elevated Fermi level and associated increase in conductivity. To fully 

interpret the trSPV data in terms of carrier photogeneration, diffusion, and extraction, 

we employed 2D DD simulations. We report more details on the simulations in the SI, 

together with the applied parameters (Tab. S6 – Tab. S9). 

 

In the DD simulation, we account for the development of the electric field according to 

Poisson’s equation., as described by Eq. 3 – Eq. 8 in Sec. S3.11 of the SI. Both the 
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trSPV curves of 0.5% Nb(V) doped and 0.5% Nb(V) and 0.1% Sn(IV) co-doped TiO2 

were fitted with the DD model, which features an non-doped perovskite layer, an non-

doped but defective TiO2 layer, an interface layer between the two, and a Schottky-

type contact at the back of TiO2. The two transients will be called mono-doped and 

co-doped in the following. 

 

While certain parameters were common to the mono- and co-doped fit, such as the 

perovskite carrier mobility (µn,p) and the non-radiative characteristic time in CsPbI3 

(). Other parameters, such as the non-radiative recombination velocity at the 

CsPbI3/TiO2 interface (νinterf,e and νinterf,h), and the donor trap parameters in TiO2, 

were fitted independently on each curve. 

 

For both configurations, the band alignment between CsPbI3 and TiO2 is governed by 

the affinity χpero, while the bulk diffusion length depends on mobility and lifetime In 

addition to recombination in the bulk, we expect non-radiative recombination at the 

CsPbI3/TiO2 interface, which depends on the TiO2 composition since previous works 

have pointed out the presence of defects on the TiO2 surface such as oxygen vacancies 

and extrinsic adsorbed species.[16][30-33] 

 

To model the complex doping picture of TiO2, we chose to add single-energy level (EtD) 

bulk donor traps with defined density NtD and electron capture cross section σetD, and 

we let those parameters vary in order to fit the trSPV curves. These traps modify the 

carrier concentration in TiO2, inducing an n-type doping nature as well as storing 

photoelectrons injected in TiO2 from CsPbI3. 

 

In Fig. 4A, we report the result of the fit on the mono-doped TiO2 trSPV curve 

employing the parameters listed in Tab. S6. On the experimental curve, we can 

identify four different regions: a rapid rise of SPV signal at t < 10-8 s, followed by a 

slower rise between 10-8 s < t < 10-6 s, a decay of SPV signal between 10-6 s < t < 10-

3 s, and a negative tail after t > 10-3 s. The positive polarity is the result of an 
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accumulation of positive charges close to the surface, while negative charges are driven 

towards the bulk. This is in line with the result of our simulations, where the positive 

sign is due to electron diffusion towards the CsPbI3/TiO2 interface and subsequent 

injection into the TiO2 layer, while holes only diffuse towards the buried interface and 

cannot be injected into the TiO2 layer due to the energetic offset. Being governed by 

diffusion, we can estimate the transit time of electrons across the CsPbI3 layer to 33 ns 

via , where  is the CsPbI3 thickness, and D is the diffusion coefficient (D = kTµe,h/q, 

with kT being the electron thermal energy, µe,h and q being the electron mobility and 

charge, respectively). corresponds to the simulated SPV rise time in Fig. 4A. Electron 

injection in TiO2 is allowed by the CBM alignment between CsPbI3 and TiO2, and is 

further favored by the large concentration of deep donor traps in the TiO2 layer. In 

fact, these traps create states within the TiO2 bandgap, which capture and store 

electrons quickly, allowing further injection of electrons from CsPbI3. 

 

While the fast SPV rise and decay are decently reproduced by our model, the current 

set of parameters does not yet allow for modification of the simulated curve shape. To 

improve the fit, we introduced a delay component in the SPV rise, which allowed the 

SPV to continue growing slowly after the fast rise. This was accomplished by adding 

shallow electron acceptor traps close to the CBM of CsPbI3 (s. orange curve in Fig. 

4A, best-fit parameters in Tab. S8). With the newly found CsPbI3 carrier mobility, 

we find the electron diffusion time across the CsPbI3 layer, which coincides with the 

kink in the experimental trSPV curve at  = 12 ns. Simultaneously, shallow traps in 

CsPbI3 capture electrons with an average capture time of 1/(σetA ⋅ νth ⋅ NtA) = 10 ns, 

where NtA is the acceptor trap density in CsPbI3, σetA is the electron capture cross 

section associated with the traps, and νth is the electron thermal velocity. 

 

Between 10-8 s < t < 10-6 s, the signal rise is no longer dominated by electron diffusion, 

but rather by electron de-trapping from the shallow traps to the conduction band and 

subsequent diffusion towards TiO2. The electron re-emission time can be estimated 

at  = σetA ⋅ νth ⋅ NC ⋅ 𝑒𝑒(𝐸𝐸𝑡𝑡𝑡𝑡−𝐸𝐸𝐶𝐶𝐶𝐶𝐶𝐶,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝)/𝑘𝑘𝑘𝑘)−1 = 36 ns, which is close to the SPV peak time. 
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Here, NC is the conduction band effective density of states, (EtA – ECBM,pero) is the trap 

energy with respect to the CBM, and kT is the electron thermal energy. 

 

With the same principle, we can estimate the electron capture time  of TiO2 traps by 

employing the trap density NtD and the electron capture cross section σetD. We 

find  = 1/(σetD ⋅ νth ⋅ NtD) = 2.7 ⋅ 10-15 s, implying that it does not limit electron 

diffusion towards TiO2. In addition, we find  = 2.3 ⋅ 10-3 s for the electron release time 

from TiO2 traps.  roughly corresponds to the SPV decay time in our model, since the 

SPV decay is governed by electron re-emission from TiO2 traps, which is followed by 

recombination across the interface, with holes present in the CsPbI3 layer. Having 

obtained a satisfying fit, we can now evaluate the impact of each parameter on the 

simulated curve. 

 

We found that the SPV signal height depends mostly on generation and recombination-

related parameters, which control the number of electrons that can be injected in TiO2. 

In particular, it depends on the laser fluence Flaser, on the bulk non-radiative 

characteristic time in CsPbI3 () and carrier mobility in CsPbI3 (μ), which control the 

bulk diffusion length, and νinterf,e and νinterf,h. The signal height also depends on the 

shallow electron acceptor trap parameters, since these defects are capable of 

recombining electrons with holes in bulk CsPbI3, in addition to storing electrons. 

 

Crucially, νinterf,e and νinterf,h should strongly depend on the TiO2 composition. While in 

our model, νinterf,e controls both the SPV amplitude and decay time, νinterf,h influences 

primarily the SPV amplitude. If we compare the trSPV curves of mono- versus co-

doped TiO2, νinterf,h decreases from 17.0 cm ⋅ s-1 to 0.098 cm ⋅ s-1, with the other 

parameters being set according to Tab. S8. In addition, by increasing the TiO2 donor 

trap energy level from 2.673 eV to 2.758 eV from the TiO2 valence band maximum 

(VBM), the fit further improves. The obtained parameter values closely match the 

best-fit parameters for co-doped TiO2 found in Tab. S9. The best-fit curves for both 

mono- and co-doped TiO2 are shown in Fig. 4B. Therefore, according to our model, 
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the signal height difference between the two curves is mainly due to an improvement 

of the CsPbI3/TiO2 interface, which translates into a reduced νinterf,h of two orders of 

magnitude in co-doped TiO2 with respect to mono-doped TiO2. Fig. S17 reports the 

signal height dependence on νinterf,h. 

 

The other crucial difference between the mono- and co-doped parameters is the TiO2 

donor trap energy level. Since these traps control the TiO2 equilibrium Fermi level 

(EF), a WF difference of about 80 meV is found (ϕmono – ϕco = 80 meV), implying that 

the co-doped TiO2 EF moves closer to the CBM compared to mono-doped TiO2, 

synonymous with larger n-type character. 

 

To further consolidate the improvement in the extraction properties, Fig. 4C shows 

the total extracted electron concentration for each of the two fitted configurations. In 

Fig. 4D, we report the band diagram out of equilibrium for t = 0.35 µs, i.e. the SPV 

peak, for the fitted co-doped TiO2. The lack of doping in the CsPbI3 layer manifests in 

the absence of electric field across the layer, where the equilibrium Fermi level is 

controlled by TiO2. If a doped HSC was deposited on CsPbI3, a constant electric field 

would appear across the layer, improving extraction with respect to a purely diffusive 

scenario. In mono- or co-doped TiO2 we notice a potential drop, synonym of a mismatch 

between the contact WF (ϕcont = 4.35 eV), and the TiO2 WF at the top interface 

(ϕco = 4.003 eV, ϕmono = 4.085 eV). The large potential drop in TiO2 is due to the large 

donor trap concentration, which partially screens the back contact. 
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Fig. 4. 2D DD simulations of recorded trSPV data reveal a reduction of the interface hole 

recombination velocity by two orders of magnitude. (A) The match between the original data 
(green) and the simulated curve (red) improves after consideration of shallow electron traps in the CsPbI3 
layer (orange). (B) In the simulation model, the signal height is sensitive to the interface hole 
recombination velocity νinterf,h. Fitting the original data yields 17.0 cms-1 for mono-doped TiO2 and 
0.098 cms-1 for co-doped TiO2. (C) Reduction of νinterf,h. leads to a higher concentration of extracted 
electrons. (D) Calculated out-of-equilibrium band diagram at maximum charge separation (SPV peak at 
t = 0.35μs). (E) DD simulations enabled us to associate decelerated electron extraction (10 ns – 1 µs) with 
the presence of shallow traps in CsPbI3. For simplicity, the schematic disregards band-bending effects. (1) 
At t = 0, electrons (blue spheres) and holes (red spheres) are photo-generated in CsPbI3 (brown box). (2) 
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Electron extraction to the TiO2 ESC (blue box) is the reason for the charge separation at around 10 ns as 
measured with trSPV. (3) The kink in the trSPV curve between 10 ns – 1 µs implies ongoing charge 
separation by extraction at decelerated velocity until a maximum of extracted electrons nextr is reached. 
The kink was reproduced by DD simulation via introduction of shallow traps in CsPbI3. (4) Signal depletion 
between 1 µs – 1 ms is caused by charge carrier recombination via different pathways, comprising electron 
back-transfer and subsequent classical radiative or non-radiative pathways, or interface recombination 
without back-transfer. 

 

Photovoltaic Performance 

 

We tested how doping affects the WF of the ESC and its consequences on the charge 

carrier dynamics when contacted with CsPbI3. Finally, we implemented the developed 

(co-doped) TiO2 layer in full photovoltaic devices in n-i-p architecture as shown in Fig. 

5A, with spiro-OMeTAD as HSC and gold as the back contact. The resulting J-V 

characteristic curves show, on average, a slightly enhanced VOC by 12 meV from 

1.167 V to 1.179 V (Fig. S12). Most evident, however, is the FF increase by 2.0% 

from 78.8% to 80.8%, as shown statistically in Fig. 5C. These factors lead to a generally 

improved PCE by 1% from 16.4% to 17.4% (Fig. 5C), with champion pixels of 17.2% 

for the mono-doped TiO2 and 18.0% for the co-doped TiO2 (Fig. 5B). 

 

Further, we assessed the stability of the PSCs via maximum power point (MPP)-

tracking under 1-sun continuous illumination according to the ISOS-L1I protocol.[44][45] 

Fig. 5D, for comparability, shows the normalized performance of our solar cells. 

Absolute performances are referred to in Fig. S14. All solar cells show an initial fast 

decay of efficiency within the first 30 h, the so-called burn-in.[46] This burn-in phase is 

typical for device structures containing spiro-OMeTAD, and was associated with Li+ 

ion migration.[47] The end of the burn-in phase is marked by the time TS when the 

curve transitions into a linear regime which is set to 50 h for all traces in Fig. 5D. It 

is evident that, in the average of around 10 pixels, co-doped TiO2 at 0.5% Nb(V) and 

0.1% Sn(IV) outperforms the Nb(V) mono-doped champion as well as the sample over-

doped with 0.5% Nb(V) and 2.0% Sn(IV). Fitting the traces with linear regression 

starting at TS = 50 h, as indicated in Fig. 5D, yields degradation rates of –0.06⋅10–

4 %/h, –1.50⋅10–4 %/h, and –5.24⋅10–4 %/h, respectively. From those slopes in the linear 
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regime, we calculated time at which the cells have degraded to 80% of the initial 

stabilized PCE (TS80),[33] yielding projected TS80 lifetimes of around 25’000 h, 970 h 

and 280 h (Fig. S16). The linear degradation observed in our over-doped TiO2 system 

suggests the continuous formation of deep, detrimental defects. In case of the ESC co-

doped at optimum, the formation of those defects is suppressed. Based on ab initio 

density functional theory calculations, compound defect [2Cs]Pb has been suggested as 

the only electronically active defect introducing deep trap levels under operating 

conditions in CsPbI3.[48] We speculate that, by elevating the Fermi level in TiO2, the 

resulting change of chemical potentials inhibits the formation of a detrimental defect 

type. The improved stability is, therefore, a result of the optimized extractive and 

recombinative properties of the co-doped TiO2 ESC. 
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Fig. 5. The co-doping approach improves the photovoltaic parameters. (A) General device structure of 

the fabricated solar cells with Nb(V) and Sn(IV) being present in c-TiO2. (B) J-V-Characteristic of the 
best performing devices, showing increased VOC and FF for the co-doped sample. (C) Statistical evaluation 
of the solar cells’ photovoltaic parameters shows significant improvement in PCE from 16.4% to 17.4%, 
mainly originating from FF improvement from 79% to 82%. (D) Normalized device performance tested in 
MPP-tracking under continuous AM1.5G illumination. The co-doped champion does not exhibit significant 
performance loss over 300 h after the initial burn-in phase. TS80 projections were obtained via linear 
regression of the MPP-tracking data. 
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Conclusion 

 

The aim of the presented study was the development of a strategy to improve the 

stability of CsPbI3 PSCs by tailoring the Fermi-level position via (co-)doping of the 

TiO2 ESC. Via compositional control of TiO2, we improved electron extraction from 

CsPbI3. Qualitative assessment of trSPV curves of the bilayered system revealed an 

optimum extraction rate at co-doping levels of 0.5% Nb(V) and 0.1% Sn(IV) in TiO2. 

Further, we introduced a method to fit trSPV curves with a DD model of the system. 

The model enabled us to extract fundamental parameters, such as defect densities, 

interface recombination velocities, and extracted charge concentrations. We found that 

implementing co-doped TiO2 leads to reduced interface hole recombination velocities 

and, consequently, increased concentration of extracted electrons. When applied in full 

photovoltaic devices, the co-doped ESC outperforms the mono-doped ESC in all 

relevant figures of merit. Consequently, the addition of 0.1% Sn(IV) increased the 

projected TS80 lifetimes by a factor of 25. These results show that a small compositional 

intervention at the interface has the potential to translate to strong long-term 

stabilization of the photovoltaic device. 
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