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1. Introduction 

Lead halide perovskites (LHP) have received intensive attention in the past decades due to 

their easy synthesis, high absorption coefficient, long carrier diffusion length, and tunable 

bandgap.1 These materials are widely used as active materials in solar cells2, light emitting 

diodes3, photodetectors4, and lasers5. The extensive research effort boosted the power 

conversion efficiency of lead halide perovskite solar cells (PSCs) over 26% in a decade 

(Figure 1).6 With efficiencies approaching those of silicon single-junction solar cells, PSCs 

offer lower production costs due to the abundance of materials and low-temperature 

synthesis methods. The composition tunable light absorption of lead halide perovskites 

allows the preparation of tandem solar cells. These can utilize a wider range of the solar 

spectrum and achieve even higher conversion efficiencies than their single-junction 

counterparts (Figure 1).7 Additionally, lead halide perovskites can be deposited on a variety 

of substrates, including flexible ones, offering opportunities for wearable devices.8  
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Figure 1. Improvement of perovskite solar cell efficiency (data extracted from NREL database). 9 

 

PSCs typically have multiple components, namely a light absorption layer, electron 

extraction and hole layers, and metal contacts. In these architectures, the lead halide 

perovskite layer absorbs light and generates photo-excited charge carriers (electrons and 

holes). Free electrons and holes can be transported to the charge transfer layer 
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(CTL)/perovskite interface and in a subsequent step extracted and collected. Undesired 

carrier recombination at various trap states in the bulk and interfacial regions leads to carrier 

losses, deleteriously influencing carrier collection. To improve the efficiency (and stability) 

of PSCs, suppressing these carrier loss pathways is crucial. Current strategies focus on 

improving the quality (e.g., crystal quality and interface quality) of the lead halide perovskite 

layer and CTLs, passivating trap states both in the bulk and on the surface. The 

thermodynamic driving force behind efficient charge separation and extraction is related to 

the band energetics (band positions, alignment, and offset) at the CTL/LHP interface. 

However, as the charge extraction process is convoluted, exact design principles were not 

yet established. Some studies state that large band position offsets at CTL/perovskite 

interface are beneficial for assisting charge transfer.10–12 Other studies argue that smaller 

band position offsets at this interface facilitate smoother charge transfer.13–15 

By examining and understanding the fate of excited charge carriers design rules can be 

established that can aid the material choices for PSCs. Charge generation, recombination, 

and transfer processes typically occur on a short time scale (e.g., from fs to ns). Ultrafast 

techniques are required to track these processes, such as transient absorption spectroscopy 

(TA), time-resolved photoluminescence (TRPL), time-resolved microwave conductivity and 

transient surface photovoltage. Among them, TA and TRPL are the most commonly used 

techniques. Comparing the determined charge carrier transfer rate constants with these 

techniques, a large dispersion can be observed in the reported values, ranging from transit 

times between a few femtoseconds to tens of nanoseconds. Different factors can contribute 

to this variability, including sample properties, measurement parameters, measurement 

environment, and evaluation methodology. To further aid device design, it is crucial to 

understand the role these factors play in the determination of the charge carrier transfer 

rate constants and effort must be devoted to minimize the observed dispersion. 

Built-in/applied electric fields present in PSCs can also influence charge carrier 

dynamics and device stability. Therefore, it is important to understand how the applied 

electrical bias can influence charge separation, accumulation, and transfer. Operando 

spectroelectrochemical techniques can be used to monitor the influence of selective charge 
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carrier injection in in CTL/perovskite half-cell assemblies, with electron transfer layer (ETL) 

and hole transfer layer (HTL) separately. To reliably and accurately reveal the influence of 

external electric bias on the electron/hole injection process through the interfaces the 

electrochemical stability window of these perovskite layers must be determined (to avoid 

undesired phase/chemical changes of perovskite layer). 

1.1  Lead halide PSCs 

The term ‘perovskite’ describes a class of materials with the stoichiometry ABX3. The first 

discovered perovskite has a chemical compound of CaTiO3. Perovskite structure’s tolerance 

for site substitution enables the development of a new class of perovskites, namely LHP. 

Typically, the A site hosts a monovalent organic or inorganic cation, such as 

methylammonium (MA+), formamidinium (FA+), and K+, Rb+, Cs+. The B site can be a 

divalent metal cation, including Pb2+, Sn2+, or Ge2+. The X site is usually halide anions such 

as F−, Cl−, Br−, or I−. The material adopts a crystal structure of corner-linked BX6 

octahedrons. By tuning the composition of LHP, especially the X site, we can easily tune the 

bandgap and band position of the material.16 This allows for the possibility of full perovskite 

tandem-junction solar cells. Mixing organic and inorganic cation can provide a balance 

between PSCs efficiency and stability.17 Instability is still the major issue of PSCs. LHP is 

sensitive to many environmental factors, such as humidity, light, oxygen, and heat. LHP 

material and PSC structure optimizations are still needed to further improve the efficiency 

and stability of PSCs. 

1.1.1 The architecture of PSCs 

Lead halide perovskites were initially used in a similar architecture to dye-sensitized solar 

cells. In these, a ~ 10 µm mesoporous metal oxide scaffold (e.g., TiO2) acted as an ETL, and 

the LHP was anchored to this layer. The sensitizer (lead halide perovskite) absorbs light and 

generates electrons and holes. These excited electrons are then injected into the mesoporous 

metal oxide scaffold, and holes are transferred to a redox-active electrolyte (e.g., I2/I3
−). 

However, due to the instability of the perovskite layer when contacted with liquid 

electrolytes, rapid performance degradation was observed.18 To tackle this instability, solid-

state devices were developed by replacing the liquid electrolyte with a hole-transporting 
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layer (e.g., spiro-MeOTAD, Figure 2A).19,20 Apart from improving the stability, 

simultaneously the power conversion efficiency was also boosted from 3.8%18 to 15%19. It 

was also demonstrated that the electron conductive mesoporous scaffold (TiO2) can be 

substituted for an insulating Al2O3 scaffold.21 This Al2O3 could be thinned down to ~ 80 nm, 

while the perovskite layer thickness could be further increased (400 nm).22 This was the first 

example of lead halide perovskite thin film solar cells (Figure 2B).22 Together with the 

appearance of HTL free PSCs23, the ambipolar charge transport of metal-halide perovskites 

was recognized, which led to the rise of planar PSCs.24 Substituting the mesoporous metal-

oxide scaffold to thin film charge transfer layers can allow the use of a simpler processing 

procedure, where milder annealing temperatures (~500 °C) can be used. 

PSCs can be prepared in two different arrangements, depending on the order of the layer 

deposition: n–i–p (Figure 2C) and p-i-n (Figure 2D). The choice of CTL materials is 

different in these arrangements as in some metal halide compositions high temperature 

annealing steps must be avoided. In conventional n-i-p arrangements an n-type 

semiconductor (e.g.,TiO2, ZnO, and SnO2) is deposited on transparent conductive substrates 

(e.g., FTO) and used as an ETL. On top of the ETL an intrinsic (i) semiconductor (e.g., 

metal-halide perovskite thin film) is deposited. The PSC is completed by a p-type 

semiconductor, such as spiro-MeOTAD, P3HT, and CuSCN acting as an HTL. On the 

contrary, inverted p-i-n PSCs adopt an opposite structure. A p-type HTL, such as 

PEDOT:PSS, poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA), and NiO, is 

deposited on the FTO. Then followed by a sequential deposition of the perovskite layer and 

the ETL, such as PC61BM, C60. Conventional ETL (e.g.,TiO2, ZnO, and SnO2) cannot be 

used as they require high temperature sintering, which can damage perovskite layer. 

Although PSCs is n-i-p architecture show slightly better power conversion efficiency, PSCs 

with the p-i-n architecture generally show better stability and are better suited for tandem 

photovoltaic applications.25 
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Figure 2. The architecture of lead halide PSCs. (A) mesoscopic architecture with a thin perovskite 

layer. Adapted from ref 26. (B) mesoscopic architecture with a thick perovskite thin film. Planar 

architecture in (C) “n–i–p” order and (D) “p–i–n” order. Adapted from ref27. 

 

In all arrangements an appropriate band alignment is a necessity to ensure successful 

charge separation, extraction and collection (Figure 3). After light absorption in the 

perovskite layer the formed excitons dissociate into free carriers (small exciton binding 

energy at room temperature). The potential difference between electrons in the conduction 

band (CB) and holes in the valence band (VB) results in an internal voltage, which is referred 

to as quasi-Fermi level splitting (QFLS).28 The excited electrons can only be extracted by 

the ETL if the used material possesses a lower-lying CB compared to the LHP. In the 

meanwhile, the VB of ETL should be lower than the LHP to block the excited holes.  

Similarly, the excited holes in the VB can only be extracted by an HTL with a higher-lying 

VB than the LHP. Higher CB of HTL than the LHP is required to inhibit the excited electrons 
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transfer to HTL side. This arrangement ensures successful separation of the excited electrons 

and holes and suppresses electron-hole recombination. To passivate interface trap states, 

alleviate possible interfacial energy barrier, and assist better conductivity, an interlayer (e.g., 

graphene, fullerene C60 and its derivatives, and excess PbI2) can be inserted between the 

LHP and ETL or HTL.29 In some cases, insulating interlayers are employed, such as 

polystyrene and Teflon. The thickness of these insulating interlayers must be precisely 

controlled within 1–2 nm to enable electron tunneling.29 Some interlayers can also protect 

the LHP from moisture and boost the stability of PSCs.30 Theoretically, the achievable open 

circuit voltage (VOC) should be equal to QFLS. However, the measured VOC always differs 

from QFLS, caused by recombination losses, both in bulk and interfacial processes (Figure 

3).28,31  

 
Figure 3. Schematic diagram of band alignment and quasi-Fermi level splitting of a functioning PSC. 

 

1.1.2 The fate of generated charge carriers 

In LHP devices, the fate of the excited carriers after light irradiation is a convoluted process. 

Figure 4 represents a detailed photophysical picture, highlighting processes occurring in a 

CTL/perovskite assembly after light excitation, together with the corresponding time scale 

of these processes. Excitation with larger energy than the LHP band gap forms hot carriers 

within the LHP layer. These hot carriers thermalize and cool down to the CB of the 
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perovskite within 1 ps.32,33 Direct extraction of these hot carriers is an extensively studied 

area as it can lead to higher solar cell efficiencies, surpassing the Shockley–Queisser limit.34 

The thermalized charge carriers at the CB edge undergo either trapping or radiative band to 

band recombination (without the use of CTLs). The time scale of these two processes 

extends from picoseconds to microseconds.35 The trapped charge carriers can live as long as 

10 microseconds36, and then participate in various non-radiative recombination processes 

with free carriers. Charge carriers that escape recombination and trapping can diffuse (or 

migrate) to the respective CTL/perovskite interface to be extracted. However, the existence 

of interfacial defects can cause additional carrier losses or even introduce an energy barrier 

which hinders the charge transfer process.37 The time scale of the diffusion process depends 

on the thickness of the perovskite layer. Charge transfer is generally interpreted to be a fast 

process, which extends from picoseconds to nanoseconds.35 The reason for this large 

dispersion will be discussed in detail in the following paragraphs. Charge transfer and charge 

recombination/trapping are competitive processes. Suppressing charge carrier 

recombination/trapping and facilitating charge transfer lead to less carrier losses and thus an 

efficiency enhancement of PSCs. 

 

 

Figure 4. Schematic diagram of the photophysical processes occurring in a CTL/perovskite 

assembly following light excitation, together with the corresponding time scale of these processes. 

Reproduced from ref 35. 

 

1.1.3 Methods to improve PSC efficiency 

Although single-junction PSCs have achieved efficiencies exceeding 20% in recent years, 
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this remains below the theoretical Shockley–Queisser limit of 33%.38 There are still ample 

room for further improvement. In this vein, focus is devoted to improving the properties of 

the perovskite layer itself by material engineering and trap state management (Figure 5).39 

For example, solvent and template engineering can control the crystallization process, 

achieving perovskite layers with large grain size, dense microstructure and uniform 

morphology.40,41 These features usually lead to less intrinsic trap states and thus mitigate 

carrier recombination losses. Perovskite composition tuning, such as doping at cation and 

anion sites, helps to achieve a suitable bandgap and thus a higher VOC.42 Additionally, small 

amount of Cs and Rb can also increase the stability of perovskite layers suppressing phase 

segregation.43 Trap state passivation at the surface or at the CTL/LHP interface with PbI2
44,45, 

PEAI salt46, or PMMA47 can reduce extrinsic trap densities and suppress non-radiative 

recombination carrier losses.    

 

Figure 5. Methods to improve the efficiency of PSCs focusing on optimizing perovskite layer itself. 

Reproduced from ref 39. 

 

Further PSC efficiency improvements can be realized by carefully optimizing the properties 

of CTLs, that also directly participate in the charge extraction process. CTLs in high-

performing PSCs must meet several criteria, which fall into three main categories regarding 

electronic, optical and chemical properties. (Figure 6). CTLs should have an appropriate 
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band alignment with the corresponding perovskite layer to form the built-in electric field for 

charge separation. Generally, a CB position with lower energy is needed for an ETL and a 

VB position with higher energy is needed for a HTL. As stated previously it remains 

controversial whether a large energy offset will result in a more efficient charge transfer. 

Some studies suggest that a lower energy level offset at the interface creates an easier 

pathway for charge transfer.13–15 Therefore, either interlayers48 or hybrid layers13 with 

smaller band offsets are incorporated between the CTL/LHP to assist charge transfer and 

collection. Contrastingly other studies indicate that larger energy offset at the interface offers 

a higher thermodynamic driving force and thus facilitates charge transfer.10–12 CTLs 

possessing a high charge carrier mobility can improve charge transport and collection, which 

leads to less charge accumulation at the interface, suppressing back recombination and 

current–voltage hysteresis.49 The population of trap states in CTLs also need to be 

minimized to reduce carrier recombination losses. A balanced carrier extraction is vital to 

avoid carrier accumulation on both sides of CTL/perovskite interfaces. Contact potential 

difference (CPD) mapping conducted by kelvin probe force microscopy (KPFM) has 

revealed an accumulation of holes at the HTL/perovskite side, indicating hole extraction at 

HTL/perovskite is slower than electron extraction at ETL/perovskite interface.50,51 This hole 

accumulation caused by unbalanced charge separation can lead to severe current–voltage 

hysteresis thus a lower device performance. Furthermore, CTLs should have a wide bandgap 

and a small refractive index to minimize the parasitic absorption and undesired scattering of 

sunlight.52 UV-light and chemical stability are also essential properties to prevent gradual 

performance degradation. Commonly used CTLs include inorganic ones and organic ones. 

Examples of them are listed in Table 1. Generally, organic CTLs based PSCs demonstrate 

higher efficiency, but show relatively lower stability compared to PSCs prepared from 

inorganic CTLs due to ion diffusion into the structure.53 In this thesis, TiO2 and NiOx are 

used as ETL and HTL for investigation. Detailed introduction of these two materials as CTLs 

are given in the following paragraphs. Further investigation and optimization in CTLs, 

especially in HTLs, are essential to improve the performance of PSCs.  
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Figure 6. Essential properties of an ideal CTL. Adapted from ref52. 

 

Table 1. Examples of commonly used CTLs. 

Inorganic ETLs organic ETLs Inorganic HTLs organic HTLs 

TiO2, ZnO, SnO2, 

Nb2O5 

fullerenes and their 

derivatives (e.g., 

PCBM and C60) 

NiOx, CuxO, 

CuSCN, CuI 

Spiro-OMeTAD, 

PEDOT:PSS, PTAA 

and P3HT 

 

TiO2 as an ETL 

TiO2 has been extensively used in n-i-p configuration PSCs as an ETL because of its suitable 

CB position, high thermal stability, good transparency, and low cost.54 However, there are 

also some drawbacks associated to this material which hinders the further improvement of 

TiO2 ETL-based PSCs. For example, slow electron mobility in TiO2 can cause electron 

accumulation at the interface, and high density of surface trap states (e.g., oxygen vacancies) 

can lead to fast carrier recombination.55 Additionally, UV light instability of TiO2 ETLs 

results in the light-induced desorption of oxygen adsorbed on the surface causing critical 

performance degradation of PSCs.56 To mitigate these limitations, various modification 

methods have been developed, such as doping11, surface treatment57, and interface 

engineering 58. TiO2 doped with metal ions, such as Li, Nb and Mg, has higher electrical 

conductivity.11 Doping can also tune the CB of TiO2, enabling more efficient charge 

extraction.11 TiCl4 surface treatment is a common method to suppress surface trap states of 
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TiO2 and reduce carrier recombination at the TiO2/perovskite interface.57 A similarly 

effective strategy is interface passivation with very thin insulating layers (e. g., MgO, Al2O3, 

ZrO2).
58 Crystal-facet engineering, which has been demonstrated in photoelectrochemistry59 

and photocatalysis60 field, is also an effective method. Crystallographic orientation of the 

TiO2 ETL can also influence the band positions, thus influence charge transfer properties. 

Transient absorption (TA) spectroscopy has revealed that electron transfer from MAPbI3 to 

TiO2 (100) and (110) facets are faster than (001) facet.61 Single-crystalline TiO2 nanoparticle 

ETLs, with high electron mobility and low density of defects, were shown to be a good 

choice for PSCs.62 The derived devices show an efficiency of 24.05% with exceptional long-

term stability (1400 h). Also, the possibility to fabricate large-area modules based on these 

single-crystalline TiO2 nanoparticle ETLs can be achieved.  

 

NiOx as an HTL 

NiOx is a commonly used HTL, especially in p-i-n configuration PSCs. NiOx has a wide 

band gap (~3.7 eV),63 ensuring transparency to solar light. A deep valence band position of 

NiOx allows hole extraction from perovskite layers. PSCs fabricated from NiOx possess 

imrpoved photo and thermal stability, owing to the stable crystal structure and non-corrosive 

properties of NiOx.
64 Various methods are being explored to prepare NiOx layers, including 

electrodeposition, sol-gel method, combustion, sputtering, and atomic layer deposition.65 

The chosen deposition technique will have a large impact on the cost and quality of the 

prepared NiOx layers. Similarly to TiO2, undoped NiOx has a low conductivity, which can 

cause hole accumulation at the NiOx/perovskite interface. The Fermi level of NiOx is 

relatively far from its valence band position, resulting in a small built-in electric field at the 

NiOx/perovskite interface (required for charge separation).64 Elements like Cu66, Li67, Mg68 

and N69 have been demonstrated to be effective dopants for improving conductivity and 

tuning the Fermi level, resulting in efficiency improvements in PSCs. UV ozone and oxygen 

plasma treatment is a convenient surface treatment method, which introduces more polar 

NiOOH species at the surface and thus leads to a higher work function.65 It can also improve 

the adhesion and uniformity of the deposited perovskite layer on NiOx. Nevertheless, the 
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surface work function tuning effect of oxygen plasma treatment is limited. Surface 

modification with organic monolayers, such as 4-cyanophenylphosphonic acid70 and 

diethanolamine (DEA)71, provides possibility for larger work function adjustments. This 

method is also effective in improving interface contact and thus achieving a higher fill factor 

and a better performance for PSCs.71   

  

1.2  Charge transfer at the CTL/perovskite interface 

1.2.1 Methods used to probe charge transfer processes 

To better understand the mechanism of charge transfer at the CTL/perovskite interface, 

various techniques (with differing applicable time-domains), such as time-resolved 

microwave conductivity72,73 transient surface photovoltage74, time-resolved 

photoluminescence (TRPL), and transient absorption/reflection (TA/TR) spectroscopy can 

be used. Time-resolved microwave conductivity can probe processes occurring on several 

hundreds of nanoseconds to several microseconds time scales. 72,73 Transient surface 

photovoltage can resolve time scale down to several microseconds, while surface 

photovoltage can expand to the second time scale.74 TRPL and TA/TR are the most widely 

utilized methods to evaluate the kinetics of charge transfer as their time scale expands from 

femtoseconds to nanoseconds and will be the focus of the following chapters.75  

TRPL 

TRPL employs pulsed laser to excite the sample and uses time-correlated single-photon 

counting (TCSPC) to record the photoluminescence intensity decay trend. TRPL can be used 

to probe the relaxation kinetics of the excited charge carriers in various perovskite materials. 

This method indirectly contains information on the charge carrier transfer rate to charge 

extraction layers. As the same pool of free carriers participates in both radiative and non-

radiative recombination channels, the radiative decay of the PL signal will be influenced by 

the presence of trap states and charge carrier transfer. By coupling modeling, the 

measurement can be extended to determine charge carrier diffusion lengths and charge 

transfer yields. TRPL results are shown to be also in good correlation with PSC 

performance.76 It is important to note that steady-state PL spectroscopy is also an important 
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method to show the effect of the CTLs on excited charge carrier in perovskite layers. The 

quenching of the PL signal can indicate charge transfer of excited charge carriers from the 

perovskite layers to the CTLs. Photoluminescence quantum yield (PLQY) is also an 

additional parameter that can be included in elaborate modelling studies.  

TA/TR spectroscopy 

TA is a pump-probe technique which employs short laser pulses and can resolute processes 

in the sub-picoseconds time range. The pump pulse is used to excite the sample and a probe 

pulse to monitor the change in absorption of the sample before and after excitation. In 

contrast to TRPL measurements, TA/TR spectroscopy can directly probe both radiative and 

non-radiative carrier relaxation processes. When performing TA measurements, the probe 

light passes through the perovskite sample, primarily capturing the bulk properties of the 

perovskite films (influenced by carrier diffusion). By contrast, the reflected light from the 

sample surface is recorded in TR mode, which is induced by the change of the refractive 

index after light excitation. This measurement mode is very sensitive to surface-related 

processes, such as surface charge carrier recombination.77 Perovskites have their 

characteristic ground state bleach (GSB) signal, induced by the excited carriers at the 

conduction band of perovskite after bandgap excitation. The recovery of GSB indicates 

charge carrier recombination, trapping or charge extraction with the presence of CTLs. 

TA/TR spectroscopy can also monitor the formation and decay of hot carriers (above 

bandgap excitation), which processes occur only in the first several picoseconds, which fall 

outside the detection range of TRPL measurements.78 Comparing the broadening of the 

TA/TR spectra on the higher energy side with and without CTLs can shed light on the hot 

carrier extraction kinetics in these assemblies.78 Additionally, the probing wavelength can 

be shifted to the infrared region. In this manner, transient signals related to the presence of 

electrons in the CB of the ETLs (e.g., TiO2)
61,79 or holes in the VB of the HTLs (e.g., 

PEDOT)80 can be observed. This can serve as a complementary tool to probe the charge 

transfer process. However, it should be noted that usually high-intensity excitation fluence 

needs to be applied due to the low signal intensity in the infrared range. The possible 

presence of higher-order recombination processes in such situations needs to be considered.  
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1.2.2 Analysis methods 

Different evaluation protocols are generally used to determine charge transfer rates from 

TRPL and TA/TR decay curves. This includes: 

(i) (multi)exponential fitting,  

(ii) stretched exponential fitting,  

(iii) calculation of the effective lifetime and using the charge transfer rate equation, 

(iv) modeling and global fitting.  

Among these methods, (multi)exponential fitting is the most frequently used approach due 

to its convenience in achieving a decent fit by increaseing the number of exponential 

components.  

 𝐼(𝑡) = 𝐴0 +  𝐴𝐶𝑇𝑒𝑥𝑝
(−

𝑡
𝜏𝐶𝑇

)
+ 𝐴𝑇𝑒𝑥𝑝

(−
𝑡

𝜏𝑇
)

+ 𝐴𝑟𝑒𝑐𝑜𝑚𝑏𝑒𝑥𝑝
(−

𝑡
𝜏𝑟𝑒𝑐𝑜𝑚𝑏

)
 (1) 

When attributing these time constants to physical processess in a CTL/perovskite 

bilayer, the longest lifetime component is usually attributed to band-to-band recombination, 

Arecomb and τrecomb are the amplitude and lifetime of this recombination processes, 

respectively. The middle component (AT and τT) is usually related to charge trapping or non-

radiative recombination at defect sites, and the fastest component (ACT and τCT) is interpreted 

as charge transfer from perovskite to CTL. Disentangling charge transfer from trap state 

related recombination is not straightforward, and often one component is used, merging 

these two processes.81 With this analysis method, one can calculate the charge transfer rate 

constant (kCT) by taking the reciprocal of the charge transfer lifetime: 

 𝑘𝐶𝑇 =
1

𝜏𝐶𝑇
 (2) 

However, the arbitrary number of exponential components in this method makes the 

physical meaning of the components ambiguous. To avoid such arbitrary fitting and 

ambiguity, one can calculate the charge transfer lifetime using the charge transfer equation 

(3): 

 
1

𝜏𝐶𝑇
=

1

𝜏𝐶𝑇𝐿/𝑝𝑒𝑟𝑜𝑣𝑠𝑘𝑖𝑡𝑒
−

1

𝜏𝑝𝑒𝑟𝑜𝑣𝑠𝑘𝑖𝑡𝑒
 (3) 

where τCTL/perovskite and τperovskite is the effective lifetime of CTL/perovskite sample and bare 

perovskite sample, respectively. Effective lifetime can be calculated by the following 
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equation: 

 𝐼(𝜏𝑒𝑓) =  
𝐼(0)

𝑒
 (4) 

Where I(0) is the intensity of photoluminescence or absorption at time 0. The advantage 

of employing an effective lifetime and charge transfer equation is that the result is 

independent on the used fitting function. Stretched exponential function can be used when 

TRPL and TA/TR decays deviate significantly from ideal cases: 

 𝐼(𝑡) = ∑ 𝐴𝑖𝑒𝑥𝑝
(−

𝑡
𝜏𝑖

)𝛽𝑖

𝑛

𝑖=1

 (5) 

The deviations are described by βi (0<βi<1), which represents the spatial inhomogeneity in 

perovskite layers. 

The most widely used modelling methods are the ABC model and Shockley−Read−Hall 

(SRH) model.36 In ABC model, the photogenerated charge carrier density can be modeled 

through decaying in three processes: (i) first-order, which includes charge trapping, and 

charge extraction by CTLs, (ii) a second-order electron-hole recombination process, and (iii) 

a three-body Auger recombination process: 

 −
𝑑𝑛

𝑑𝑡
= 𝐴𝑛 + 𝐵𝑛2 + 𝐶𝑛3 (6) 

Here, n is the photogenerated charge carrier density; A, B and C are the rate constants of the 

respective processes, and t is the time after photoexcitation. If one wants to obtain a more 

accurate model, separating the process of electrons and holes can be considered by the SRH+ 

model: 

 𝑑𝑛

𝑑𝑡
= 𝐺(𝑡) − 𝑘𝑟𝑛𝑝 − 𝑘𝑡(𝑁 − 𝑛𝑡)𝑛 − 𝑘𝐸𝑛𝑝(𝑁 − 𝑛𝑡) − 𝑘𝐴𝑛𝑝2 (7) 

Similarly, G(t) is the photogenerated charge carrier density at time t; n is the free 

electron density and p free hole density, nt is the density of electrons being trapped, N is the 

trap state density, and kr, kt, kE, kA are the rate constants of radiative recombination, electron 

trapping, Auger-assisted electron trapping, and Auger-assisted electron−hole recombination, 

respectively. When both kE and kA can be neglected (kE = 0, and kA = 0), SRH+ model can be 

simplified into SRH model. When no electrons are trapped (nt = 0), which means n = p, then 

SRH+ model can be simplified into ABC model. When perovskite is interfaced to a CTL, 
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one more process (i.e. charge transfer process) needs to be added to the rate equation.82 

Furthermore, the diffusion process can also be added to deconvolute charge transport and 

charge transfer.83,84 Additionally, a differential lifetime approach has been proposed to 

visually distinguish the two lifetimes resulting from transfer and from interfacial 

recombination, especially in the low excitation fluence regime.85 This approach has the 

advantage that all information about how the decay changes with time is retained. 

 

1.2.3 Parameters influencing charge transfer kinetics 

There are different parameters that can affect the kinetics of the charge carriers after light 

excitation. They can be summarized in two categories: (i) perovskite layer quality, such as 

trap states densities at grain and crystal boundaries, and interfaces (Figure 7); and (ii) 

measurement parameters, such as excitation fluence, wavelength, repetition rate, and 

direction. In the case of TRPL, it is also very sensitive to perovskite layer light soaking time 

and measurement atmosphere. As a result of these contributing factors, the measured carrier 

extraction rate constants can vary significantly. A selection of examples is presented in Table 

2. 

Table 2. The variation of reported lifetimes () related to charge transfer in different 

CTL/CH3NH3PbI3 assemblies. Reproduced from ref 35. 

Method Architecture Measurement parameters CT 
Rate Constant 

(10
7
 s

-1
) 

Reference 

TRPL TiO
2
/CH

3
NH

3
PbI

3 exc 
= 625 nm, 0.1 J cm

-2

 11 ns 9.1 86

 

exc 
= 464 nm, unknown fluence 2.1 ns 47.6 87

 

exc 
= 640 nm, unknown fluence 9.7 ns 10.3 88

 

TAS Compact-

TiO
2
/CH

3
NH

3
PbI

3 

exc 
= 400 nm, 10 J cm

-2

 370 ps 270.3 89

 

exc 
= 370 nm, 3.0 J cm

-2

 <10 ps >10000 90

 

exc 
= 485 nm, 0.5 – 75 J cm

-2

 50 ns 2.0 91
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TRPL Spiro-

MeOTAD/CH
3
NH

3
PbI

3 

exc 
= 600 nm, 1.3 J cm

-2

 0.7 ns 142.9 92

 

exc 
= 625 nm, <0.1 J cm

-2

 1.8 ns 55.6 86

 

Spiro-MeOTAD/FAMA 

perovskite 
exc 

= 460 nm, 0.4 W cm
-2

 100 ns 1 93

 

TAS Spiro-

MeOTAD/CH
3
NH

3
PbI

3 

exc 
= 600 nm, 10.0 J cm

-2

 0.7 ns 142.9 92

 

exc 
= 460 nm, 2.0 J cm

-2

 0.8 ps 125000 79

 

exc 
= 485 nm, 0.5 - 75 J cm

-2

 17 ns 5.9 94

 

 

Perovskite layer quality  

Perovskite layers have a granular structure, leading to the existence of various interfaces (i.e. 

grain boundaries). These interfaces are rich in defect states, which arise from crystal strain 

and element vacancies. Charge carrier recombination at defect states is one of the most 

significant factors contributing to efficiency losses in PSC devices. Furthermore, the time 

scale of charge carrier recombination falls into a similar scale of the charge transfer process, 

making it difficult to deconvolute these two processes.94 Therefore, influence of such charge 

carrier recombination can affect the observed charge transfer kinetics. 

The different photophysical behaviors of excited charge carriers at grain boundaries and 

interfaces are demonstrated by different experimental results. Lower PL intensity, PL 

quantum yield, and lifetime are found at grain boundaries95 and crystal misorientation sites96. 

Moreover, charge carrier recombination at defect sites is found to be more severe in 

perovskite layers with smaller grain sizes.97 Because excited charge carriers are more 

accessible to grain boundaries in these layers. Additionally, grain boundaries are also found 

to reduce the observed hole mobilities.98 However, it has less effect on electron mobility. 

Such property leads to asymmetric charge carrier transport in perovskite layers.98  

Defect states are also formed at interfaces, such as the HTL/perovskite, ETL/perovskite 

interface, and also on bare perovskite surfaces. Charge carrier recombination losses were 
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found to be more severe at these interfaces than at grain boundaries.77,99 Surface-sensitive 

TR measurements have shown that surface recombination in polycrystalline perovskite 

layers influences the determined carrier lifetime more strongly than bulk and grain boundary 

recombination processess.100 The severe surface recombination can be effectively 

suppressed by employing proper passivation layers.46,100,101  

Charge carrier dynamics also depends on the thickness of perovskite layers. Following 

light excitation, the generated free charge carriers first have to diffuse to CTL/perovskite 

interface to be extracted. The diffusion distance depends on the perovskite layer thickness if 

the excitation is not carried out directly at the CTL side. Previous studies have revealed that 

an increase in perovskite thickness leads to a reduction in the charge carrier transfer 

rate.102,103 When similar perovskite films were deposited on inert substrates perovskite layer 

thickness-independent PL lifetimes were determined (indicating constant layers qualities, 

and the absence of diffusion-limited processes).103 When perovskite films were deposited on 

CTLs, an acceleration of the excited state recovery was observed due to charge extraction.  

Moreover, such acceleration was more significant on thin perovskite layers due to the 

differences in diffusion distances of excited carriers before being extracted.103 These results 

demonstrate that diffusion and interfacial charge transfer jointly influence the overall charge 

transfer rate. 

The back contact texture can alter the contact area of the perovskite layer with the 

substrate. This feature can also lead to variation in carrier lifetimes, as a rough or a 

mesoporous back contact can lead to internal light-scattering effects and photon recycling.104 

Photons can be reabsorbed and re-emitted and thus influence the carrier distribution within 

the perovskite film, resulting in higher PL quantum efficiencies and lifetimes.105,106  
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Figure 7. Schematic representation of the perovskite layer properties which influence charge carrier 

dynamics and thus affect the observed charge transfer kinetics. Reproduced from ref 35. 

 

Measurement parameters 

TRPL measurements generally employ nanosecond excitation laser pulses, while TA/TR 

measurements use femtosecond pulsed lasers which allows them to probe sub nanosecond 

processes (e. g. hot carrier relaxation). The probing time frame of TRPL and TA/TR 

measurements are also different, which results in different observed excited carrier lifetimes 

from the two methods. Other measurement parameters, such as excitation fluence, 

wavelength, and repetition rate (see Table 3), can also induce variation in the observed 

carrier dynamics, thus influencing the calculated charge transfer rate. 

 

Table 3. Experimental parameters of TRPL measurements and their effect on the different 
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photophysical processes in CTL/perovskite assemblies. Reproduced from ref 35. 

 

 

The employed excitation fluence directly influences the generated carrier densities. At 

low excitation fluence, trap states are still active, trap filling competes with charge extraction 

processes, resulting in inefficient charge transfer.107,108 By gradually increasing the 

excitation fluence, the fast decay component in TRPL curves can be removed as the trap 

states being filled.109 However, at high excitation fluence, high order recombination (e.g. 

bimolecular recombination and Auger recombination) become dominant, also inducing 

inefficient charge transfer.108 Efficient charge transfer can only observed at intermediate 

excitation fluence (~ 1 sun irradiation).108 In TA measurements, using higher excitation 

fluences can lead to charge accumulation in the CB and VB respectively (i.e. band filling 

effect).110 These accumulated charge carriers can be beneficial for overcoming the potential 

barrier at CTL/perovskite interface and initiate subsequent charge transfer.12  

The excitation wavelength determines (i) the penetration depth of light excitation 

(excited volume), and (ii) the excess energy of the photogenerated charge carriers. Long 
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wavelength excitation sources have a deep penetration depth, resulting in uniform excited 

charge carrier generation across the entirety of perovskite films (Figure 8A and 8B). While 

a short excitation wavelength induces shallow penetration, limiting the excited volume to 

the sample surface. Carrier diffusion must be taken into consideration in such cases. On the 

other hand, short excitation wavelength, with higher energy, is beneficial for creating hot 

carriers to overcome either band position mismatch or interface potential barriers.89  

 

Figure 8. (A) Schematic diagram of light penetration conditions for a perovskite film (thickness: 

500 nm) excited by different wavelength lasers. Light penetration depth: the depth at which the 

intensity of incident light decreases to 1/e of its initial value. (B) Distribution of excited charge 

density across a 500 nm thick perovskite film illuminated by 400 nm and 700 nm wavelength lasers: 

excitation occurs from the perovskite/air interface (top) and the perovskite/CTL interface (bottom). 

Reproduced from ref 35. 

 

The direction in which light excitation is carried out also plays an important role. As 

presented in Figure 8B, front excitation (surface excitation) with short wavelength 

constrains the excited volume to the surface of the perovskite layers. These carriers have to 

diffuse to the CTL/perovskite interface first before being extracted. In the case of back 

excitation (CTL/perovskite interface), the excited carriers are formed in the vicinity of the 

CTL/perovskite interface and can be extracted directly. A fast decay in the early time scale 

of TRPL curve can be observed in the latter case, indicating charge transfer process is much 

faster than carrier diffusion.35  

The employed repetition rate can also influence the kinetics of the recovery of the 



Xiangtian Chen Ph. D. Dissertation   Introduction 

22 
 

excited state, especially in the case of TRPL which employs much higher repetition rate laser 

pulses compared to TA/TR. The recovery of trap states in perovskite layers can extend to 

the microsecond timescales.111 When the time interval between the two exciting pulses is 

short (high repetition rate), de-trapping processes cannot fully occur before the next pulse 

arrives. The filled trap states from the last pulse can introduce “residual effects” for the next 

pulse and influence the observed decay kinetics.36 Therefore, increasing the time interval 

between the two pulses (i.e. decreasing the repetition rate) to allow sufficient time for trap 

state depopulation is crucial.  

As perovskites are sensitive to environmental conditions (e.g. light and atmosphere), 

these parameters need to be carefully controlled to avoid changes in layer quality and 

inadvertently influencing carrier dynamics. Light soaking can lead to PL brightening and 

prolong the PL lifetime.112,113 For mixed-halide perovskites, light soaking can also cause 

phase segregation114, leading to PL peak shifts115, or even cause ion migration to the 

CTL/perovskite interface, altering band bending and ultimately influencing the charge 

transfer process itself.93 Perovskite layers exposed to oxygen can exhibit similar PL 

brightening and prolonged excited state lifetime due to defect healing.116,117 Small amount 

of water has similar curing effects116, while high amounts of water can accelerate the 

degradation of perovskite. 

 

1.3 The effect of electrical bias on charge transfer kinetics 

Investigation of PSCs under working conditions can help us better understand, how 

electrical bias modulates charge separation51, accumulation, and transfer118. Furthermore, 

the influence of phase and chemical changes in the bulk perovskite films or at the interfaces 

can be evaluated119. Direct measurement of full PSC stacks with or without applied external 

electric bias 120 121 gives insights on the charge carrier dynamics under working conditions, 

investigations of CTL/perovskite half-cell stack with transient spectroelectrochemistry 

allow us to separate the effect of ETLs and HTLs118. Due to the sensitivity of perovskites to 

polar solvents, careful solvent selection needs to be conducted before electrochemical 

measurements.122,123 MAPbI3 liquid junction solar cells were demonstrated more than 5 



Xiangtian Chen Ph. D. Dissertation   Introduction 

23 
 

hours of stability under irradiation in dichloromethane (DCM)/Bu4NPF6 electrolyte with 

benzoquinone redox couple.123 This long-term stability encourages further explorations of 

perovskite-based photoelectrodes. Electrochemistry coupled with in-situ UV-vis 

measurements can be used to probe the energy band positions of perovskite electrodes under 

selective electron injection conditions.124 However, it was demonstrated that these systems 

suffer from irreversible decomposition during electron injection without the use of 

appropriate redox couples.124 Similarly, hole injection was also shown to be able to cause 

gradual iodide expulsion from the perovskite lattice in a two-step process.125 These results 

addressed the importance of establishing electrochemical stability windows before carrying 

out electrochemistry measurements on perovskite electrodes.122 

Electrochemistry coupled with in-situ TA measurement is an effective method to reveal 

charge carrier dynamics of perovskite-based electrodes after photoexcitation (Figure 9A). 

With the perovskite layer exposed to laser irradiation, faster degradation of the layer can 

occur. This requires even more careful electrochemical stability potential window 

establishment, ensuring no decomposition of perovskite layer happening inside the probed 

potential window. Inside the stability window, transient spectroelectrochemistry was 

employed to investigate how trap state population and depopulation influence the carrier 

dynamic in CuI.126 The applied negative bias was shown to fill the trap states in CuI and 

accelerate exciton dissociation. Such features of CuI may impact the performance of PCSs 

when CuI is included as HTL.126 In another study, the charge carrier dynamics were 

compared at various applied potentials inside stability potential window between 

FTO/perovskite and mesoporous TiO2/perovskite electrodes.118 Results revealed that with 

TiO2 ETL layer, one was able to modulate charge recombination and transfer by applying 

electrical bias (i. e. by varying the Fermi level of TiO2). Positive bias was beneficial for 

accelerating electron transfer from perovskite to TiO2 as electrons were depleted in TiO2 in 

this condition (Figure 9B).118 Negative potential had an exact opposite effect (Figure 9B).118 

These effects were, however, not seen in FTO/perovskite electrode (Figure 9C). Transient 

spectroelectrochemistry techniques can also be used to probe how electron injection process 

is influenced by the presence of certain ions in the electrolyte.127 A delay of electron injection 
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from ITO to MoS2 was observed in aqueous electrolyte which contains H+, such as H2SO4 

and Na2SO4. This means that a threshold density of electrons is required in ITO before 

injected into MoS2. While in organic electrolyte (e.g., Bu4NPF6), such delay was not 

presented.127 Furthermore, longer time scale time resolved spectroelectrochemistry is 

capable to probe the carrier dynamics of long lived photogenerated electrons and holes (100 

ms - seconds) in photoelectrodes which can be used to drive useful chemical reactions, such 

as water splitting.128,129 This can help us to understand how catalytic and surface passivation 

layers improve the performance of a photoelectrode. Both CoOx (catalytic layer) and Ga2O3 

(surface passivation layers) were demonstrated to lead to an electron depletion in the 

hematite photoelectrode with an applied bias. The achieved electron depletion reduced 

electron and hole recombination rate and thus left more long-lived holes at the surface of 

hematite for water oxidation.129 

 

Figure 9. (A) A diagram of in-situ electrochemical and TA measurement setup. The relative lifetime 

of (B) TiO2/perovskite and (C) TiO2/perovskite influenced by the applied potential. Adapted from 

ref 118 .
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2. Aims 

Throughout my research, I aimed to explore open scientific questions related to charge 

transfer at the CTL/perovskite interfaces: 

• How does the used analysis method influence the determined charge transfer rate? 

• How can the dispersion of the determined charge transfer rate be rationalized? 

• What is the influence of the band alignment at different single crystal TiO2/perovskite 

interfaces on the electron transfer rate? 

• How does the band position of perovskite films influence the hole transfer rate at 

NiO/perovskite interfaces? 

• How does applied electrical bias influence the hole transfer process at NiO/perovskite 

interfaces and will the band alignment conditions at the interface affect it? 

As a first step, I explored different analysis methods and established an appropriate one 

for the explored systems (i.e. perovskite thin films) to determine the charge transfer rates. I 

used a 100 nm thick perovskite layer to minimize charge diffusion effect. Careful 

optimization and characterization were carried out to ensure that the perovskite layers 

properties were the same on different substrates. Then I coupled TA and TRPL to monitor 

electron extraction process from sub-picosecond to several hundreds of nanoseconds at 

TiO2/perovskite interface. TiO2 single crystals with different crystallographic orientation 

were used to explore the effect of band alignment on the kinetics of the electron extraction 

process. These substrates were chosen to ensure identical properties (e.g.,) apart from their 

CB positions. The band position tuning was also carried out from the perovskite side, by 

incorporating different amount of Br into the perovskite lattice. Three perovskite 

comopsitions with varying VB positions were deposited on ITO/NiO substrates. Hole 

transfer kinetics at these three NiO/perovskite samples were investigated by TA. 

Furthermore, Transient spectroelectrochemistry was carried out to explore the effect of 

external electric bias on the excited charge dynamics of these NiO/perovskite bilayers.         
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3. Materials and Methods 

3.1 Materials 

Chemicals used for the preparation of three composition of mixed perovskite 

(FA0.83Cs0.17PbI3, FA0.83Cs0.17Pb(I0.83Br0.17)3, and FA0.83Cs0.17Pb(I0.6Br0.4)3) thin films 

• lead (II) iodide (PbI2, Alfa Aesar, ultra dry, 99.999% trace metals basis) 

• lead (II) bromide (PbBr2, Alfa Aesar, Puratronic®, 99.998% trace metals basis) 

• formamidinium iodide (FAI, Greatcellsolar)  

• cesium iodide (CsI, Thermo Scientific, 99.9% trace metals basis)  

• dimethyl sulfoxide (DMSO, Sigma-Aldrich, anhydrous, >99.9%)  

• n,n-dimethyl-formamide (DMF, Sigma-Aldrich, anhydrous, 99.8%)  

• chlorobenzene (C6H5Cl, Sigma-Aldrich, anhydrous, 99.8%)  

These chemicals were used without further purification. 

 

Single crystal TiO2 

• single crystal TiO2 substrates with (100) (rutile, Mateck, 1 cm x 1 cm x 1 mm) 

• single crystal TiO2 substrates with (110) (rutile, Mateck, 1 cm x 1 cm x 1 mm) 

• single crystal TiO2 substrates with (111) (rutile, Mateck, 1 cm x 1 cm x 1 mm) 

 

Ultra flat glass used as an inert substrate 

• Ultra-flat quartz coated glasses (Ossila) 

 

Chemicals used for the preparation of NiO hole transfer layer 

• nickel sulfate hexahydrate (SigmaAldrich, 99%)  

• sodium acetate (anhydrous, Reanal, 99%)  

• sodium sulfate (anhydrous, Alfa Aesar, 99%) 

 

Chemicals used for the preparation of the electrolyte 

• dichloromethane (DCM, Sigma Aldrich, anhydrous, ≥99.8%) 

• tetrabutylammonium-hexafluorophosphate (Bu4NPF6, Sigma Aldrich, for 
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electrochemical analysis, ≥99.0%) 

Dichloromethane was dried over 3Å molecular sieves overnight. Tetrabutylammonium-

hexafluorophosphate was dried in a vacuum oven at 160 oC for more than 6 hours before 

use. 

 

3.2 Thin film preparation methods 

Preparation of FA0.83Cs0.17Pb(I0.83Br0.17)3 thin films 

The precursor solutions were mixed by adding chemicals in a stoichiometric ratio (0.1713 g 

FAI, 0.0530 g CsI, 0.4121g PbI2, and 0.1123 g PbBr2) in 1 mL DMF and DMSO mixture 

solution (volume ratio 7:3) to form 1.0 M solution. Before spin coating, the solution was 

placed on a hot plate (70 oC) with continuous stirring for more than 1 hour. Then it was 

filtered with a 0.2 µm PTFE filter. To achieve a thin perovskite film (~100 nm thickness), 

the solution was diluted to a final 0.3 M solution with pure DMF.  

 

Preparation of FA0.83Cs0.17PbI3 and FA0.83Cs0.17Pb(I0.6Br0.4)3 thin films 

0.3 M concentration solution was directly prepared by mixing 0.0159 g CsI, 0.0514 g FAI, 

and 0.1660 g PbI2 for FA0.83Cs0.17PbI3 and 0.0159 g CsI, 0.0793 g PbBr2, 0.0514 g FAI, and 

0.0664 g PbI2 for FA0.83Cs0.17Pb(I0.6Br0.4)3 in DMF and DMSO mixture solution (volume 

ratio 91:9). Identical heating, stirring and filtering procedure was carried out as 

FA0.83Cs0.17Pb(I0.83Br0.17)3 before spin coating for both compositions. 

 

Spin coating of the perovskite thin films 

Before spin coating, the substrates were subjected to UV ozone and oxygen plasma treatment 

for 20 min. For the first step, the perovskite precursor solution (50 µl) was uniformly spread 

on the substrate. The spin coating procedure contains two steps. In the first step, 1000 rpm 

spinning speed was used for 10 s (1000 rpm acceleration), and 4000 rpm spinning speed was 

used for 30 s (1200 rpm acceleration) in the second step. To assist crystallization, 100 µl of 

chlorobenzene was dynamically dispensed on the substrate at the last 10 seconds of the spin 

coating procedure. Afterwards, the sample was placed on a hot plate for 2 min to form the 
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perovskite phase. For the FA0.83Cs0.17Pb(I0.83Br0.17)3 and FA0.83Cs0.17Pb(I0.6Br0.4)3, 80 oC of 

annealing temperature was used, while 120 oC was needed for FA0.83Cs0.17PbI3, as the 

composition without Br incorporation requires higher temperature to achieve α-phase. All 

preparation procedures were conducted in a glove box with a nitrogen atmosphere (<0.1 

ppm H2O, <10 ppm O2). The obtained perovskite layers were also stored under the same 

conditions. 

 

Preparation of mesoporous NiO HTLs 

Mesoporous NiO HTLs were synthesized by galvanostatic electrodeposition.130 Before 

electrodeposition, the ITO substrates were cleaned by surfactant, and were then subjected to 

a three-steps of cleaning in deionized (DI) water, acetone and isopropanol (15 min for each 

sonication). The electrolyte was prepared by dissolving 0.13 M nickel sulfate, 0.13 M 

sodium acetate and 0.10 M sodium sulfate in DI water. The electrolyte was continuously 

stirred during the electrodeposition process. 0.5 mA cm−2 of current density was applied. 

The layer thickness was controlled by varying the passed charges(30 mC cm−2, 60 mC cm−2 

and 120 mC cm−2). To obtain NiO, the as prepared films were annealed at 300 oC for one 

hour in air. 

 

3.3 Characterization techniques 

3.3.1 Optical measurements 

Steady state and time resolved photoluminescence (TRPL) 

Steady state and time resolved photoluminescence (TRPL) measurements were performed 

by Horiba DeltaPro with a 467 nm laser source. The applied laser pulse frequency during 

measurement was 500 kHz. This setup uses time-correlated single-photon counting (TCSPC) 

to record the TRPL decay curve. The mechanism of TCSPC is illustrated in Figure 10. A 

pulsed laser is used to excite the semiconductor material (sample). Upon excitation, the 

sample emit one photon. An electronic timer is designed to record the arrival time (Δt) of 

the emitted photon (Figure 10A). Importantly, only one photon can be counted in each cycle. 

By repeatedly recording the arrival time of the single photons, a PL decay histogram can be 
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recorded (Figure 10B). Due to the limitation of the detector and the electronics, there’s an 

instrument “dead time” (usually in the range of several to tens of nanoseconds). This means 

that two consecutive photons should not be closer than this limitation. Otherwise, the 

obtained PL decay curve will be distorted. Therefore, the excitation/detection rate is always 

carefully optimized and kept lower than ~ 0.01 of the maximum detection rate. Additionally, 

the interval between two consecutive laser pulses should be kept 5 times longer than the PL 

decay time of the respective sample to make sure the detected photon is from the 

corresponding excitation pulse. When the PL decay time of the sample is similar to the 

instrument response function (IRF) of the detector and electronics, IRF correction should be 

carefully carried out to determine an accurate PL decay trend. 

 

Figure 10. TCSPC working principle. (A) An illustration of excitation laser pulses and the arrival 

time of the detected single photon. The process of detection of a single photon is carried out 

repeatedly. (B) An illustration of photoluminescence decay histogram over time created from TCSPC 

method. Adapted from Ref131. 

 

Transient absorption spectroscopy (TA) 

Transient absorption spectroscopy (TA) employs short laser pulses (6 fs in our case) and can 

resolute processes in the sub-picoseconds time range. TA is a pump-probe technique, which 

employs a pump pulse to excite the sample and a probe pulse to monitor the change in 

absorption of the sample before and after excitation (Figure 11). The pump and probe pulses 

are from the same laser source (fundamental beam, 1030 nm in our case) but split into two 

routes. The probe passes through a crystal, such as CaF2, or DI water to generate a white 

light continuum. A delay stage, which is capable to accurately introduce a small distance 

variation between the two beam paths, is used to vary the arrival time of probe light relative 
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to pump pulse. In this way, we can track the kinetics of the absorption change of the sample 

after excitation. The length of the delay stage determines the probing time window of a TA 

set-up (1600 picosecond in our case). The probe beam needs to be spatially overlapped with 

the excited volume of the sample and smaller sized than the pump beam. Furthermore, it 

must not induce any additional changes to the sample. To probe the absorption without pump 

excitation, a mechanical chopper is introduced to remove certain pump pulses. The data 

collected equals the difference between the absorption with both the pump and probe and 

with only the probe: 

 ∆𝐴 = 𝐴𝑝𝑢𝑚𝑏+𝑝𝑟𝑜𝑏𝑒 − 𝐴𝑝𝑟𝑜𝑏𝑒 (9) 

 

Figure 11. A scheme of typical TA set-up. Adapted from Ref 132. 

 

Interpreting TA data is complicated as it can include signals from several different 

processes (Figure 12). With the excitation pulse, the transition from the ground state to 

excited state is achieved (Figure 12A), leading to less population in the ground state. This 

results in a smaller absorption signal in the wavelength of ground state absorption, thus a 

negative ground state bleaching (GSB) signal (Figure 12B) is observed. This signal decays 

over time indicating the recovery of the ground state. The probe pulse can also induce 

stimulated emission (SE) resulting in the emission of additional photons. This also leads to 

a negative signal, as the measured absorption becomes smaller with the emitted photons 

(Apump+probe< Aprobe). Similarly to the PL signal, a Stokes shift is present between the SE 

signal relative to GSB (Figure 12B). Induced absorption (IA) is the process when the excited 
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states absorb the photons in the probe pulse and are excited to an even higher energy level 

(if available). This leads to a positive signal as the photons in the probe pulse are absorbed 

and thus a higher Apump+probe is recorded (Figure 12B). Global analysis can be used to 

disentangle these complex processes, which fits the entire dataset to a kinetic model by 

assuming that the same kinetic processes govern the dynamics across all wavelengths. From 

this analysis, decay-associated spectra (DAS) can be obtained, representing the amplitude 

contributions of each exponential decay component across different wavelengths. DAS 

helps researchers to link specific spectral features to their corresponding kinetic processes. 

Additionally, the high energy tail of the GSB signal in the early time scales (< 1ps) can 

be used to evaluate the relaxation (cooling) of hot carriers. Maxwell–Boltzmann distribution 

function can be used to fit the tail to extract the hot electron temperature:  

 ∆𝐴(𝐸) = 𝐴0𝑒−(𝐸−𝐸𝑓)/𝑘𝐵𝑇𝑐 (10) 

, where Ef is the quasi-Fermi level energy, and kB is the Boltzmann constant.  

 

Figure 12. (A) Possible processes during TA measurement in a sample: ground state bleaching 

(GSB), induced absorption (IA) and stimulated emission (SE). (B) The corresponding typical spectra 

signals of the processes. 

 

To evaluate the results more accurately, the incident pump fluence (P) can be converted into 

the excited carrier density (n) using the following equation: 
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 𝑛 =
𝑃𝜆

ℎ𝑐𝑑
(1 − 10−𝐴) (11) 

Where 𝜆 is the wavelength of the pump pulse, h is plank constant, c is speed of light, d is 

the layer thickness of the sample, and A is the absorbance of the sample at the excitation 

wavelength. 

 

UV-vis absorption spectroscopy 

Steady state UV-vis absorption spectra of the prepared perovskite layers on various 

substrates were measured by an Agilent 8453 UV–vis spectrophotometer. All measurements 

were carried out in a sealed cell under a nitrogen atmosphere. By performing Tauc analysis 

on the obtained UV-vis absorption spectra, band gap of the material can be determined. For 

a given material, the absorption coefficient (α) and photon energy (hν) follow: 

 (𝛼ℎ𝜐)𝑛 = 𝐴(ℎ𝜐 − 𝐸𝑔) (12) 

where n is determined by transition type of the material. When the material has an indirect 

bandgap, 𝑛 =  
1

2
. When the material has a direct bandgap, 𝑛 =  2. A is material dependent 

constant and Eg is the bandgap of the material. 

 

Contact potential difference (CPD) 

Contact potential difference (CPD) measurements were conducted by KP Technology 

APS04. This technique was used to study the Fermi level and work function of a material. 

A vibrating gold tip, which has a constant Fermi level of −4.78 eV, is used to form a capacitor 

with a grounded sample for contactless measurement of the potential difference between the 

two. The Fermi level of the sample can be determined by the following equation:  

 Ef (sample)=Ef (gold tip) + CPD (13) 

 

Surface photovoltage spectroscopy (SPS) 

Surface photovoltage spectroscopy (SPS) measurements were also conducted by KP 

Technology APS04. A monochromatic light illumination, with wavelength scanning from 

1000 to 400 nm, was used during the measurement. When the illuminated photon energy 

exceeded the bandgap of the sample, electrons and holes were generated. These photo-

generated charge carriers can be separated, with electrons driven towards one direction and 
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holes to another, according to the internal electric fields of the sample. This can cause 

changes in surface potential of the sample, which is the origin of surface photovoltage. 

Surface photovoltage can be determined by taking the difference between the recorded CPD 

values in the dark and under illumination. This technique can reveal the electronic bandgap 

energy of the examined material, which is at the photon energy where surface photovoltage 

starts to increase. The surface photovoltage can also indicate how the photo-generated 

electrons and holes are distributed. Additionally, by investigating the kinetics of surface 

photovoltage signal the surface states influencing the charge dynamics (e.g. trapping and 

recombination) can be revealed. 

 

Ambient-pressure photoemission spectroscopy (APS) 

Ambient-pressure photoemission spectroscopy (APS) was conducted by the same KP 

Technology APS04 instrument, but with a stationary gold tip. The grounded semiconductor 

sample was illuminated by a variable deep UV light source to liberate the electrons from the 

VB. The liberated electrons interact with the gas molecules in the atmosphere and form a 

cloud of negative ions. These negative ions have a much longer mean free path than the 

electrons. With an applied voltage, they can be collected by the sensor as a photocurrent. 

The onset photon energy of illuminated UV light can be determined as the VB position of 

the sample. However, VB signals are usually week due to photoelectrons scattering with 

ambient gas. Cube root of photoemission is usually plotted to enhance the weak features.  

 

Ultraviolet photoelectron spectroscopy (UPS) 

Ultraviolet photoelectron spectroscopy (UPS) was carried out by a He (I) photon source with 

an energy of 21.22 eV. Due to the low energy of applied photons, UPS is sensitive to the 

surface of the sample. This technique is conducted in ultra-high vacuum condition, where a 

10 V of electric bias was applied to collect secondary electrons. The kinetic energy of 

collected electrons will be recorded to determine the Fermi level and the VB position of the 

sample. 
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3.3.2 Spectroelectrochemistry measurements 

Spectroelectrochemistry 

Spectroelectrochemistry is a powerful tool to track electrochemistry-induced processes that 

are accompanied by a color change. This color change can occur both in the electrolyte and 

on the surface of a transparent electrode. Simultaneously performing cyclic voltammetry 

(CV) and monitoring the sample absorption can be used to investigate the stability window 

of a perovskite electrode. A sealed three-electrode cell was used, with a perovskite layer as 

the working electrode, Pt wire as the counter electrode and a Ag/AgCl wire as a pseudo-

reference electrode. The used electrolyte was 0.01 M Bu4NPF6 DCM solution. CV was 

carried out by a Biologic VMP-300 potentiostat/galvanostat. Absorption measurement was 

carried out by an Agilent 8453 UV–visible spectrophotometer. 

 

In-situ transient spectroelectrochemistry 

The same three-electrode system and electrolyte were used for the in situ transient 

spectroelectrochemistry measurements. Potentiostatic measurements, carried out by a 

Metrohm Autolab PGSTAT302 type potentiostat–galvanostat, was used to tune the Fermi 

level of NiO beneath the perovskite layer. 

 

3.3.3 Materials characterization 

Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) images were recorded using a NT-MDT Solver AFM 

microscope to analyze the surface roughness of the single crystal TiO2 substrates. 

 

Scanning electron microscopic (SEM) 

Scanning electron microscopic (SEM) images were measured by a FEI Helios NanoLab 

DualBeam instrument to record the morphology and grain size distribution of perovskite 

layers.  

 

X-ray diffraction (XRD) 

X-ray diffraction (XRD) patterns were measured with a Bruker D8 Advance instrument to 

analyze the phase purity of the samples. Cu Kα (λ = 1.5418 Å) was used for X-ray source. 
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The measurement angle ranged from 10-80° for single crystal TiO2 and 10-46° for perovskite 

layers. The scan speed was set to be 1° min–1.
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4. Results and discussion 

4.1  Dispersion in the determined charge transfer rate constant  

4.1.1 The role of the evaluation method 

As discussed in Chapter 1, multiple different factors can contribute to the dispersion in the 

determined charge transfer lifetime through the CTL/perovskite interface. Different 

evaluation methods are available to interpret time-resolved data (TAS and TRPL) and extract 

the charge transfer rate constant, however, their role in the observed dispersion has not yet 

been explored. Therefore, we carried out different fitting and evaluation protocols on the 

same dataset, where the relaxation of the excited state of a TiO2 (110)/perovskite sample was 

measured with TRPL and TA. In all cases the goodness of the fit was evaluated by the 

residual traces. 

For the TRPL measurements, we adopted four different evaluation methods that follow 

widely used literature examples. In the first method, a biexponential function was used to fit 

the TRPL decay curves of both TiO2 (110)/perovskite (FA0.83Cs0.17Pb(I0.83Br0.17)3) and 

glass/perovskite (FA0.83Cs0.17Pb(I0.83Br0.17)3) samples. FA0.83Cs0.17Pb(I0.83Br0.17)3 will be 

referred to as perovskite in the subsequent discussion. The glass/perovskite sample was 

included as a reference sample, where no charge transfer was expected (insulating glass 

substrate). From these measurements, the charge transfer equation (Equation 3) can be used 

to extract the charge transfer rate constant.81 In the second method, the short lifetime 

component in the biexponential fitting was directly attributed to charge transfer lifetime.98 

The third method adopted a triexponential fitting function to the decay traces of the TiO2 

(110)/perovskite sample. Similarly, the shortest lifetime was used to determine the charge 

transfer lifetime.133 A stretched exponential function was used in the fourth method to 

account for carrier diffusion processes within the perovskite films. 134 Similarly, 

glass/perovskite, where there was no charge transfer, was used as a reference sample to get 

starting fitting parameters. The parameter  includes spatial inhomogeneities in the 

perovskite films. An additional short lifetime component was added in TiO2 (110)/perovskite 

sample, which was attributed to charge transfer lifetime.134 The TRPL decay curves, together 

with the results of the different fitting protocols and residual curves, are shown in Figure 
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13. The residual curves can indicate whether further components are necessary to accurately 

describe the decay traces, which are rarely shown. All the fitting parameters are shown in 

Appendix Table A1. For the same set of TRPL decay curves, just by varying the applied 

evaluation method, a charge transfer lifetime between 3.4 to 26.3 ns was determined (Table 

4), indicating a significant influence of the applied analysis method on the final extracted 

charge transfer lifetime.  

 

Figure 13. Representative TRPL decay curves, together with the fitting curves and the residuals. 

Biexponential fitting for (A) glass/perovskite (FA0.83Cs0.17Pb(I0.83Br0.17)3) and (B) TiO2 

(110)/perovskite (FA0.83Cs0.17Pb(I0.83Br0.17)3), triexponential fitting for (C) TiO2 (110)/perovskite 

(FA0.83Cs0.17Pb(I0.83Br0.17)3), stretched exponential fitting for (D) glass/perovskite 

(FA0.83Cs0.17Pb(I0.83Br0.17)3) and (E) TiO2 (110)/perovskite (FA0.83Cs0.17Pb(I0.83Br0.17)3). The excitation 

wavelength was 467 nm, and the decay traces were monitored at 750 nm. Extended data from ref 35. 

 

 

 

Table 4. Summary of TRPL decay curve fitting and evaluation methods, and the respective extracted 

charge transfer lifetime, rate constant, and literature example for the method. Reproduced from ref35 

 

Fitting protocol 

CT 

(ns) 

Rate 

Constant (107 

s-1) 

Reference 
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Biexponential fitting for glass/perovskite and TiO2 

(110)/perovskite TRPL decay curves. Solving the charge 

transfer equation. 

26.3  3.8 81 

Biexponential fitting for TiO2 (110)/perovskite TRPL decay 

curve. Attributing the short lifetime to charge transfer. 

11.2  8.9 98 

Triexponential fitting for TiO2 (110)/perovskite TRPL decay 

curve. Attributing the shortest lifetime to charge transfer. 

3.4  29.4 133 

Using a stretched exponential function to describe carrier 

diffusion processes within the perovskite films. Attributing the 

shortest lifetime to charge transfer. 

11.6  8.6 134 

 

For TA measurements, five commonly used data evaluation approaches to extract the charge 

transfer lifetime from the same set of data. Similar as in TRPL evaluation, charge transfer 

equation method19, shortest lifetime component extraction method from biexponential fitting 

135, triexponential fitting 136 and stretched exponential fitting were applied 86. Except for 

these four methods, the long lifetime component was attributed to charge transfer lifetime 

in the fifth method following one literature. The TA data together with various fitting results 

are shown in Figure 14. All the fitting parameters are shown in Appendix Table A2. For the 

same set of TA data, just by varying the applied evaluation methods, a dispersion of charge 

transfer lifetime from 0.2 to 14.1 ns can be observed (Table 5). 
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Figure 14. Representative TA decay traces graphed together with the fitting curves and the residuals. 

Biexponential fitting of (A) glass/perovskite (FA0.83Cs0.17Pb(I0.83Br0.17)3) and (B) TiO2 

(110)/perovskite (FA0.83Cs0.17Pb(I0.83Br0.17)3). (C) Triexponential fitting of TiO2 (110)/perovskite 

(FA0.83Cs0.17Pb(I0.83Br0.17)3). Stretched mono-exponential fitting of (D) glass/perovskite 

(FA0.83Cs0.17Pb(I0.83Br0.17)3) and (E) TiO2 (110)/perovskite (FA0.83Cs0.17Pb(I0.83Br0.17)3). (F) stretched 

biexponential fitting of TiO2 (110)/perovskite (FA0.83Cs0.17Pb(I0.83Br0.17)3). The excitation wavelength 

was at 600 nm, with a fluence of 5.7 µJ cm-2. The TA decay traces were extracted at 725 nm. Extended 

data from ref 35. 

 

Table 5. Summary of TA data fitting and evaluation methods, and the respective extracted charge 

transfer lifetime, rate constant and literature example for the data treatment. Reproduced from ref 35. 

Fitting protocol 

CT 

ns 

Rate Constant 

 (109 s-1) 

Reference 

Biexponential fitting for glass/perovskite and TiO2 

(110)/perovskite TA decay traces and solving the charge 

transfer equation. 

14.1  0.07 19 

Biexponential fitting for TiO2 (110)/perovskite TA decay 

traces. Attributing the short lifetime to charge transfer. 

0.9  1.11 135 
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Biexponential fitting for TiO2 (110)/perovskite TA decay 

traces. Attributing the long lifetime to charge transfer. 

6.4  0.16 137 

Triexponential fitting for TiO2 (110)/perovskite TA decay 

traces. Attributing the shortest lifetime to charge transfer. 

0.2  5.00 136 

Using a stretched exponential function to describe carrier 

diffusion processes within the perovskite films. Attributing 

the shortest lifetime to charge transfer. 

1.9  0.53 86 

 

We can identify two major factors that contribute to the observed dispersion: (1) the number 

of exponents used for the fitting and (2) the arbitrary assignment of the components to charge 

transfer. Therefore, rigorous validation of evaluation methods, such as a physical charge 

transfer model, is essential to ensure that each component is associated with a physical 

process. Also, careful background and control measurements (e.g., the inclusion 

glass/perovskite reference sample) need to be considered to evaluate the contribution of trap 

states to the decay kinetics. 

4.1.2 Proposed measurement protocols to minimize the dispersion 

We can conclude that the estimate of charge transfer lifetime at the CTL/perovskite interface 

from both TRPL and TA measurements depends on various factors: (1) the detection limit 

of the measurement technique, (2) the perovskite sample properties, which includes layer 

thickness, trap state densities, back contact conditions, (3) the measurement parameters, 

including geometry of excitation, excitation wavelength, fluence, and measurement 

atmosphere, (4) the evaluation method employed to interpret the transient decay traces. This 

has resulted in a wide range of charge transfer rate constants being reported in the literature. 

Unfortunately, standardizing the measurement protocols globally is nearly impossible. 

Therefore, it is important to keep in mind that there are limitations of transient spectroscopy 

measurements and evaluation methods. To minimize the dispersion and to obtain 

comparable results, a list of protocols was recommended for the researchers in the field to 

adopt. 
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A. Clearly describe the sample preparation, including composition, grain size 

distribution, and the thickness of each layer (including interlayers/passivation layers). 

B. Provide excitation conditions including geometry, fluence, excitation wavelength, 

and repetition rate.  

C. Include the absorbance of the sample at the excitation wavelength and indicate 

whether the excitation is homogeneous throughout the sample. 

D. A broader model to account for ultrafast (fs-ns) as well as slow (ns-s) components 

responsible for charge transfer should be adopted and not just tailored to a specific 

detection time window. 

E. A physical charge transfer model needs to be established first before attempting to 

analyze the kinetic traces. If possible, the reasons for ruling out other models need 

to be discussed. 

F. While model is unsure, the average lifetime, which is model independent, can be 

analyzed to showcase charge transfer.35 

4.2  Effect of single-crystal TiO2 (SC TiO2)/perovskite band alignment on 

the kinetics of electron transfer 

To resolve the controversy regarding whether a large or small energy offset enhances charge 

transfer efficiency, we employ SC TiO2 with three different facets, which display varying 

conduction band positions while retaining similar surface properties. This allows us to 

attribute the variations in charge transfer kinetics at the TiO2/perovskite interface solely to 

differences in band alignment conditions. 

4.2.1 Characterization of the perovskite layer properties 

Following the protocols listed above, we first carefully characterized the properties of both 

the SC TiO2 substrates and the perovskite layers (FA0.83Cs0.17Pb(I0.83Br0.17)3). Three different 

SC TiO2 orientations were used. XRD measurements revealed that they were all rutile phase 

of (100), (110) and (111) orientation (Figure 15).138,139  
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Figure 15. XRD results of the rutile SC TiO2 substrates with three different orientations. (A) TiO2 

(100), (B) TiO2 (110), and (C) TiO2 (111). Reproduced from ref 12. 

 

AFM measurements (Figure 16) were carried out to confirm the surface quality of SC 

substrates. A surface roughness of 0.1 nm for TiO2 (100), 0.3 nm for TiO2 (110), and 0.3 nm 

for TiO2 (111) was determined, revealing smooth surfaces. These surfaces were used as the 

substrates for the perovskite thin films. 

 
Figure 16. AFM images of the three single crystal TiO2 substrates with different orientations. (A) 

TiO2 (100), (B) TiO2 (110) and (C) TiO2 (111). Average surface roughness was revealed to be 0.1 nm 

for TiO2 (100), 0.3 nm for TiO2 (110), and 0.3 nm for TiO2 (111). Reproduced from ref 12. 

 

In a subsequent step, FA0.83Cs0.17Pb(I0.83Br0.17)3 thin films were spin-coated on the SC TiO2 

and also glass substrates (reference without charge transfer). Considering the sensitivity of 

perovskite layers to the employed substrates, ultra-flat quartz-coated glass was used. To 

achieve the same absorbance spectra of the perovskite layers on all substrates, the deposition 

process underwent thorough optimization (Figure 17). As we were aiming for thin (~ 100 

nm thick) films to avoid the influence from carrier diffusion process, the optimization 

process turned out to be challenging. The optimized preparation procedures of the perovskite 

layers are described in the experimental part. In brief, the annealing condition is of vital 
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importance. The optimization included adjusting the employed annealing temperature, 

duration, and the number of steps to ensure that the desired perovskite phase was formed 

with no other impurity phases. We found that the composition of the used solution, such as 

the DMF/DMSO ratio, largely influenced the achieved phase composition and morphology 

of perovskite layers. Additionally, attention should also be given to the used antisolvent, 

such as its nature, volume, and the treatment time. 
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Figure 17. UV-vis spectra of perovskite layers prepared on glass and SC TiO2 substrates. Reproduced 

from ref 12. 

 

XRD measurements were carried out to examine the phase purity of the perovskite layers 

on all substrates. After the thorough optimization, the results (Figure 18) show that the 

desired perovskite phase was formed on all substrates. In alignment with previous reports, 

the position of diffraction peaks of FA0.83Cs0.17Pb(I0.83Br0.17)3
140 were slightly shifted in 

comparison to FAPbI3. This is caused by the lattice shrinking due to the incorporation of Cs+ 

and Br- into the perovskite lattice.141 No impurity phases were identified, revealing good 

layer quality of the prepared perovskite layers (additional diffraction peaks are from the TiO2 

substrates and the Al sample holder). 
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Figure 18. XRD results of perovskite layers prepared on glass and SC TiO2 substrates. Reproduced 

from ref 12. 

 

Ellipsometry measurements were carried out to determine the thickness of the prepared 

perovskite thin films (Table 6). The glass/perovskite sample has a layer thickness of 110 nm. 

Perovskite layers prepared on SC TiO2 substrates all have thicknesses of 90 nm. Ellipsometry 

results also revealed a surface roughness of around 2 nm for perovskite layers on all 

substrates. This confirms that the prepared perovskite films with the optimized deposition 

protocol have a similar layer thickness and smooth surfaces on the different substrates. 

Table 6. The thickness and surface roughness of perovskite films on glass and SC TiO2 substrates 

revealed by ellipsometry results. Reproduced from ref 12. 

Substrate Thickness (nm) Surface roughness (nm) 

glass 111 3.5 

TiO2 (100) 86 2 

TiO2 (110) 87 2 

TiO2 (111) 89 2 

 

SEM images showed similar morphology and grain size distribution of the perovskite layers 

on different substrates (Figure 19). An average grain size of 60 nm was identified for 

perovskite layers on all substrates. These results indicate that all parameters that can 

influence charge carrier dynamics, including layer thickness, absorbance, phase purity, 
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morphology and grain size, were carefully controlled. 

 

Figure 19. SEM images of perovskite films on (A) glass, (B) TiO2 (100), (C) TiO2 (110), and (D) 

TiO2 (111) substrates. Grain size distribution of the perovskite layers on (E) glass, (F) TiO2 (100), 
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(G) TiO2 (110), and (H) TiO2 (111) substrates. Reproduced from ref 12. 

 

4.2.2 Band alignment at the SC TiO2/perovskite interface 

UPS measurements were employed to reveal the VB positions of TiO2 single crystals. These 

measurements indicate a deep VB position for TiO2 (100) and (111) facets (−7.8 eV vs. 

vacuum), and a shallower VB position for the TiO2 (110) facet (−7.2 eV vs. vacuum) (Figure 

20 and Table 7).  

 

Figure 20. UPS results of single crystal TiO2 (100) (A), TiO2 (110) (B), and TiO2 (111) (C). 

Reproduced from ref 12. 

 

By performing Tauc analysis on the UV-vis spectra of the TiO2 single crystals, their 

respective band gaps can be determined. These substrates were shown to have a direct 

bandgap of 3.0 eV for all three orientations (Figure 21). Then the CB position of these TiO2 

single crystals can be calculated accordingly, the results are shown in Table 7. Similarly, a 

deeper CB position was revealed for TiO2 (100) and (111) facets (−4.8 eV vs. vacuum). TiO2 

(110) facet was shown to have a shallower CB position (−7.2 eV vs. vacuum). 

 

Figure 21. UV vis spectra (A) and Tauc plots for a direct transition (B) of SC TiO2 substrates. 
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Reproduced from ref 12. 

 

Table 7. VB and CB positions of SC TiO2 substrates revealed by UPS measurements and Tauc 

analysis of the UV-vis spectra. Reproduced from ref 12. 

Crystal 

orientation 

Esec / eV EVB / eV EVB vs. vacuum / 

eV 

ECB vs. vacuum / 

eV 

(100) 17.81 4.37 −7.78 −4.78 

(110) 18.04 3.97 −7.15 −4.15 

(111) 18.36 4.94 −7.80 −4.80 

 

APS measurements were employed to investigate the VB position of perovskite layers on 

the various substrates. The VB position of perovskite layers on all substrates was determined 

to be around −5.5 eV (Figure 22). This aligns well with the values reported in previous 

studies.142 Similarly, we carried out Tauc analysis (Figure 23) of the UV-vis spectra of the 

perovskite layers to evaluate the bandgap and to subsequently calculate the CB position. A 

direct bandgap of 1.7 eV was determined in all cases. Consequently, the CB position of 

perovskite layers was found to be −3.8 eV in all cases. 
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Figure 22. APS results of perovskite films on glass (A), TiO2 (100) (B), TiO2 (110) (C), and TiO2 

(111) (D). Reproduced from ref 12. 
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Figure 23. Tauc plots were determined for a direct transition of perovskite layers on glass and SC 

TiO2 substrates. Reproduced from ref 12. 
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According to the obtained band positions of the SC TiO2 and perovskite layers, the band 

alignment at the CTL/LHP can be visualized (Figure 24). The electron extraction process 

from the perovskite thin film will be influenced by the CB offset at TiO2/perovskite interface. 

A larger CB offset (ΔE = 1.0) at the TiO2 (100)/perovskite and TiO2 (111)/perovskite 

interfaces can be observed compared to the offset at the TiO2 (110)/perovskite interface (ΔE 

= 0.4). A larger CB offset can result in a greater thermodynamic driving force for the electron 

transfer in the two specific TiO2 orientations.  

We also employed CPD measurements to obtain the Fermi level of perovskite layers 

and the SC TiO2 substrates. Fermi levels of −5.5 ± 0.06, −5.2 ± 0.07, and −5.4 ± 0.1 eV were 

determined for the (100), (110), and (111) orientations (Figure 24), respectively. This result 

aligns well with the n-type semiconducting nature of TiO2. The Fermi level of perovskite 

thin films on glass substrates was determined to be −4.2 ± 0.1 eV. In the SC TiO2/perovskite 

assemblies, the perovskite Fermi-level shifted to −5.2 ± 0.1 eV. This results from the larger 

depletion width (~300 nm) of the perovskite material than the employed thickness in this 

study (100 nm).143 As a result, the depletion region stretches across the entire layer, which 

alters the surface Fermi level.144 

 

Figure 24. Band positions and Fermi levels of glass/perovskite and SC TiO2/perovskite assemblies. 

Error bars are derived from measurements taken on three separate samples. Reproduced from ref 12. 
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4.2.3 Electron extraction process at SC TiO2/perovskite interface 

SPS measurement is an effective technique to investigate the alteration in charge distribution 

of sample surfaces after light excitation. As shown in the SPS spectra (Figure 25), the 

perovskite layers on glass substrates show a positive photovoltage. This indicates an electron 

buildup at the surface, either in the space charge region of the films or at defect/trap 

sites.145,146 In contrast, negative photovoltages were obtained for TiO2/perovskite assemblies 

in all TiO2 orientations. This signals that the photo-generated electrons were efficiently 

extracted by the TiO₂ substrates, leaving the positive holes localized at the perovskite surface. 

These results show that the used rutile TiO2 single crystals can serve as ETLs in PSCs. 

Additionally, the photon energy onset of the SPS spectra can be used to determine the 

electronic bandgap value of the perovskite layers. A lower bandgap value (1.44 eV) was 

obtained for the perovskite layer on both glass and TiO2 single crystals, compared to the 

values from UV-vis spectra. This is an indication of the existence of defects and trap states 

at the surface of the perovskite layers. 

 

Figure 25. SPS spectra of perovskite layers on glass and SC TiO2 substrates. Reproduced from ref12. 

 

To understand the kinetics of charge transfer at the different TiO2/perovskite interfaces, both 

TRPL and TA measurements were carried out. As an initial step, we recorded the steady-

state photoluminescence (PL) spectra of the samples (Figure 26A). Perovskite layers on all 
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substrates showed a PL peak at 750 nm, aligning well with literature values. The intensity 

of the PL peak of the perovskite layers on the SC TiO2 substrates was smaller (29.4%, 44.3%, 

and 33.1% for TiO2 (100), (110), and (111), respectively) than that recorded on the glass 

substrate (Table 8). This PL quenching phenomenon can also be the result of electron 

extraction by the TiO2 substrate. Interestingly, a more pronounced quenching was observed 

for the interface with a larger CB offset, which can signal a more efficient electron transfer 

process. TRPL measurements, which monitor the radiative recombination of excited charge 

carriers, were performed to verify this notion (Figure 26B). Following the proposed 

evaluation protocols listed above, we adopted tri-exponential fitting and extracted the 

average lifetime, which is model independent, to analyze the TRPL decay curves. The details 

of the fitting parameters used and calculated average lifetimes are summarized in Table 9. 

Similar to the steady state PL results, shorter TRPL decay lifetimes were observed for 

perovskite layer on SC TiO2 substrates (TiO2 (100)/perovskite, avg=8.8 ns; TiO2 

(110)/perovskite, avg=16.7 ns; and TiO2 (111)/perovskite, avg=10.3 ns), compared with that 

on glass substrate (avg=24.0 ns). As the perovskite layer qualities were identical on all 

substrates, the decreased average lifetime further supports electron extraction by the TiO2 

substrates. Additionally, for the TiO2/perovskite interfaces with larger CB offsets (TiO2 

(100)/perovskite and TiO2 (111)/perovskite), the average lifetimes were even shorter 

compared with the interface with a smaller CB offset (TiO2 (110)/perovskite). The trend of 

average lifetime decreasing aligns well with the trend in the PL intensity quenching. In the 

fitting parameters, the longest component can be ascribed to direct band-to-band 

recombination (~100 ns).93,133,147 The middle component to trap state assisted charge 

trapping processes (~30 ns), and the shortest component to a combination of charge trapping 

and electron transfer processes (<10 ns). The trend of the shortest components does not seem 

to align with the trend observed for the average lifetimes (Table 9). However, the relative 

amplitudes of these fast decay components exhibit a clear dependence on the 

TiO2/perovskite CB offset (Table 9).  
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Figure 26. Steady state PL of perovskite layers on glass and single crystal TiO2 substrates. (A)  

TRPL decay curves monitored at peak wavelength (750 nm). (B) Excitation wavelength: 467 nm. 

Excitation fluence: 29 nJ /cm2. Reproduced from ref 12. 

 

Table 8. PL quenching percentage of SC TiO2/perovskite assemblies in comparison with 

glass/perovskite. Reproduced from ref 12. 

 

 

Table 9. Used fitting parameters and calculated average lifetimes of perovskite layers on glass and 

SC TiO2 substrates. Reproduced from ref 12. 
 

τ1 (ns) A1 τ2 (ns) A2 τ3 (ns) A3 τave 

(ns) 

Glass/perovskite 6.9 0.43 29.9 0.51 97.2 0.06 24.0 

TiO2 (100)/perovskite 4.8 0.78 19.6 0.21 97.2 0.01 8.8 

TiO2 (110)/perovskite 5.5 0.55 23.9 0.41 97.2 0.04 16.7 

TiO2 (111)/perovskite 3.7 0.63 17.2 0.35 97.2 0.02 10.3 

 

TRPL monitors the electron transfer process in a time scale of ~300 ns. TA measurements, 

are capable of probing sub-picosecond processes, were performed to investigate electron 

Sample PL intensity compared to glass/perovskite 

Glass/perovskite 100% 

TiO2 (100)/perovskite 29.4% 

TiO2 (110)/perovskite 44.3% 

TiO2 (111)/perovskite 33.1% 
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transfer processes on the ultra-fast time scales. We employed global analysis for evaluating 

the TA spectra of perovskite layers on various substrates. The obtained decay-associated 

spectra (DAS) are presented in Figure 27. In all cases, the transient spectra can be 

deconvoluted by one constant and three exponential components. In these cases the shortest 

component represents the hot carrier cooling process, as its characteristic timescale (~0.2 ps) 

aligns with typical hot carrier relaxation dynamics.90,148 This assignment is further supported 

by the DAS, which extends to the high-energy (short-wavelength) spectral region. The 

middle components were relatively small and were neglected in further analysis. The longest 

component describes the relaxation of the GSB signal, which can be monitored to reveal the 

recombination of the excited charge carriers. Consequently, we plotted the TA spectra at 

various delay times of perovskite layers on different substrates (Figure 28). The relaxation 

of the GSB peak is the result of the gradual recombination of excited carriers, being trapped 

in trap states or being extracted by a TiO2 layer. 

 
Figure 27. DAS obtained from the global analysis of the TA spectra of perovskite layers on glass 

and SC TiO2 substrates. Excitation wavelength: 600 nm, excitation fluence: 5.7 μJ/cm2. Adapted 

from ref 12. 
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Figure 28. TA spectra recorded at various time delays of perovskite layers on glass and SC TiO2 

substrates. Excitation wavelength: 600 nm, excitation fluence: 5.7 μJ/cm2. Adapted from ref 12. 

 

The normalized decay traces of the GSB signal at 725 nm of perovskite layers on different 

substrates were plotted in Figure 29. The employed excitation fluence can influence the 

initial carrier concentration generated in the perovskite layers. To investigate how this 

influences the kinetics of the electron transfer process at the TiO2/perovskite interface, we 

varied the excitation fluence. Notably, no difference was seen between the decay traces of 

perovskite layers on glass substrate and single crystal TiO2 substrates at low excitation 

fluences of 0.7 µJ/cm2 and 2.8 µJ/cm2 (Figure 29A and 29B). This indicated that no charge 

transfer occurred in the probed time scale (several ns) at these two excitation fluences, even 

when perovskite layers were interfaced with the TiO2 substrates. Differences between the 

glass/perovskite and TiO2/perovskite samples were only observed when an excitation 

fluence of 5.7 µJ/cm2 was applied (Figure 29C). Similarly to the TRPL results, an 

acceleration of the excited state relaxation in this case can be attributed to electron extraction. 

One potential explanation for the excitation fluence dependence of the electron extraction 

process can be the existence of an electric barrier at TiO2/perovskite interface region.89,149 
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Electron accumulation at the CB of perovskite, which results from high excitation fluence, 

is needed to conquer this barrier. However, in the case of TRPL results, the electron 

extraction process was observed at lower excitation fluences (29 nJ/cm2). This seeming 

contradiction can be rationalized by considering the higher excitation frequency used in the 

case of TRPL (1 MHz), compared to that employed in TA (1 kHz). In LHPs slow charge 

trapping and de-trapping processes (in the time scale of microseconds) were shown.36 In the 

case of TRPL, due to the employed high frequency, the time interval between the two laser 

pulses is shorter than the charge de-trapping processes. This means that the measurements 

were conducted with the trap states filled. This “photodoping” effect can cause a similar 

charge accumulation that can assist the overcoming the electric barrier at the TiO2/perovskite 

interface. 

The decay traces under the highest excitation fluence were fitted to evaluate the electron 

transfer kinetics. A stretched exponential function was applied.150,151 The details of used 

fitting parameters used can be found in Table 10. The perovskite layers on different 

substrates shared similar stretching parameters (β), allowing us to directly compare the four 

lifetime components. The lifetime (𝜏) followed the trend: 𝜏 (glass/perovskite, 6.1 ns) > 𝜏 

(TiO2 (100)/perovskite, 5.3 ns) > 𝜏 (TiO2 (110)/perovskite, 4.1 ns) > 𝜏 (TiO2 (111)/perovskite, 

3.1 ns), indicating that all TiO2 facets were effective in extracting electrons. The TiO2 (111) 

substrate was the most efficient, and TiO2 (100) was the least efficient, in the probed 

timescale (several ns). This result is inconsistent with the trend derived from the TRPL result 

(in the time scale of several hundreds of ns), where TiO2 (100) was found to be the most 

efficient. Can this inconsistency come from the influence of processes at even earlier time 

scale? We decided to investigate the excited charge carrier dynamics within 1 ps to explore 

the hot carrier behaviours. 



Xiangtian Chen Ph. D. Dissertation   Results and Discussion 

56 
 

 

Figure 29. TA decay traces at 725 nm for perovskite layers on different substrates at the excitation 

fluence of (A) 0.7 μJ/cm2, (B) 2.8 μJ/cm2, and (C) 5.7 μJ/cm2. Excitation wavelength: 600 nm. 

Adapted from ref 12. 

 

Table 10. Fitting parameters for TA decay traces of perovskite layers on different substrates at an 

excitation fluence of 5.7 µJ/cm2. Reproduced from ref 12. 

Sample 𝜏 (ns) β 

Glass/perovskite 6.1 ± 0.1 0.64 ± 0.02 

TiO2 (100)/perovskite 5.3 ± 0.1 0.70 ± 0.01 

TiO2 (110)/perovskite 4.1 ± 0.1 0.64 ± 0.1 

TiO2 (111)/perovsskite 3.1 ± 0.1 0.64 ± 0.2 

 

We turned our attention to the TA spectra in the several picoseconds timescales, where the 

contribution of hot carriers can be evaluated. Hot carriers are generated by excitation 

energies that exceed the bandgap of the perovskite. These hot carriers thermalize to the CB 

of perovskite within 1 ps. 90,148 By fitting the GSB high energy tail with a Maxwell–

Boltzmann distribution function, the hot electron temperature (Tc) can be extracted.90,148 To 

reveal how the excitation fluence influences the hot carrier relaxation process, data recorded 

with two different excitation fluences were evaluated. The fitted high energy tails of the TA 

spectra at an excitation fluence of 5.7 μJ/cm2 and 2.8 μJ/cm2 are shown in Figure 30 and 31, 

respectively. The high energy tails of perovskite layers are wider in the case of 5.7 μJ/cm2 

compared to 2.8 μJ/cm2, indicating that more hot carries were generated. 

The extracted hot electron temperatures (Tc) were plotted at different times for all samples 

(Figure 32). As a baseline, the employed 600 nm wavelength excitation possesses a photon 

energy of 2.06 eV. Subtracting the perovskite bandgap energy (1.68 eV), an excess energy 

of 0.38 eV can be calculated, which corresponds to a Kelvin temperature of 4410 K. The 
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determined hot electron temperatures extracted from the fittings showed a ~1000 K starting 

value, which means that within 10 fs, the majority of the excess energy is lost (Figure 32). 

When the applied excitation fluence was at 2.8 μJ/cm2, the cooling kinetics of hot electron 

temperatures of perovskite layers on all substrates were similar (Figure 32A). In contrast, 

the cooling kinetics of all TiO2/perovskite samples were observed to be faster than the 

glass/perovskite one, suggesting that portions of hot electrons that were close to the 

TiO2/perovskite interface were extracted (Figure 32B). The hot electron extraction of TiO2 

(100) was the fastest, followed by TiO2 (111) and (110). This trend aligns well with the CB 

position offset trend. This fast hot electron extraction of the TiO2 (100) substrate can cause 

a rapid electron accumulation at the TiO2 side after 1ps. These accumulated electrons in the 

CB of TiO2 can suppress the lateral electron extraction process, as shown in the slow TA 

decay traces (at the time scale of several ns). The extraction of electrons accelerates only 

after the accumulated electrons are depleted, either through diffusion or recombination with 

holes in the perovskite.152,153 This delayed acceleration in extraction dynamics is evidenced 

by the TRPL decay traces, which occurs on a timescale of several hundred nanoseconds. 
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Figure 30. Normalized TA spectra with fitting results of perovskite layers on different substrates, 

measured at various delay times within 1 ps. (A) glass/perovskite, (B) TiO2 (100)/perovskite, (C) 

TiO2 (110)/perovskite, and (D) TiO2 (111)/perovskite. The x-axis is presented in energy units. 

Excitation fluence: 5.7 μJ/cm2, excitation wavelength: 600 nm. Reproduced from ref 12. 
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Figure 31. Normalized TA spectra with fitting results of perovskite layers on different substrates, 

measured at various delay times within 1 ps. (A) glass/perovskite, (B) TiO2 (100)/perovskite, (C) 

TiO2 (110)/perovskite, and (D) TiO2 (111)/perovskite. The x-axis is presented in energy units. 

Excitation fluence: 2.8 μJ/cm2, excitation wavelength: 600 nm. Reproduced from ref 12. 

 

 

Figure 32. Hot electron cooling profiles of perovskite layers on different substrates at the excitation 

fluence of (A) 2.8 μJ/cm2 and (B) 5.7 μJ/cm2. Excitation wavelength: 600 nm. Adapted from ref 12. 
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The effect of excitation fluence on the charge transfer processes is often overlooked. Figure 

33 summarizes the effect of excitation fluence on both hot electron and band-edge electron 

transfer processes. With a high excitation fluence, more hot electrons are generated. In this 

case, the chance of these hot electrons being extracted by the TiO2 is higher. In the band-

edge electron extraction process, electron accumulation is required at the CB position of 

TiO2 to overcome the electric barrier and initiate electron transfer. This also requires a high 

excitation fluence to generate more excited charge carriers in the perovskite layer. 

 

 

Figure 33. Mechanistic insights on how the employed excitation fluence influences hot electron and 

band-edge electron extraction processes at TiO2/perovskite interface. Reproduced from ref 12. 
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4.3  The Effect of Valence Band Offset on the Kinetics of Hole Extraction 

in mp-NiO/Perovskite assemblies 

4.3.1 Characterization of mp-NiO/perovskite layers 

As an initial step, we prepared mesoporous-NiO (mp-NiO) layers with galvanostatic 

electrodeposition. By varying the amount of passed charge (30 mC cm−2, 60 mC cm−2 and 

120 mC cm−2) the thickness of the produced mp-NiO layer can be tuned. SEM images show 

that the mp-NiO layers have a porous morphology (Figure 34), and the walls of the 

interconnected nano-flakes grow larger as the passed charges increases. 

 

Figure 34. Top-down SEM images of the prepared mp-NiO layers with galvanostatic 

electrodeposition with passed charges of 30 mC cm−2 (A), 60 mC cm−2 (B) and 120 mC cm−2 (C) on 

ITO substrates. Reproduced from ref154. 

 

Perovskite layers of 3 different compositions (FA0.83Cs0.17PbI3, FA0.83Cs0.17Pb(I0.83Br0.17)3, 

and FA0.83Cs0.17Pb(I0.6Br0.4)3) were prepared by spin coating method on top of the thickest 

mp-NiO layers to avoid short circuit contact. To separate charge transfer and charge trapping 

processes by TA measurements, control over the perovskite layer properties (e.g., 

crystallinity, grain size, film thickness) are needed.35 The XRD patterns (Figure 35) of 

perovskite layers of three compositions revealed the formation of desired phases in all cases. 

The position of the (100) plane shifts toward higher diffraction angles as more bromide is 

incorporated into the lattice that causes lattice shrinking .141,142  
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Figure 35. Full-range (A) and magnified region of the XRD patterns (B) of the three different 

perovskite compositions. Reproduced from ref154. 

 

To check the grain size of perovskite films with different compositions, SEM images were 

recorded (Figure 36). Grain size distribution show that the FA0.83Cs0.17PbI3 composition has 

an average grain diameter of 116 ± 47 nm, while the other two compositions have smaller 

grain diameters (95 ± 31 nm). This can be caused by bromide incorporation into the lattice.155 

 

 

Figure 36. Top-down SEM images and grain size distribution of FA0.83Cs0.17PbI3 (A, D), 

FA0.83Cs0.17Pb(I0.83Br0.17)3 (B, E), and FA0.83Cs0.17Pb(I0.6Br0.4)3 (C, F) prepared on ITO/mp-NiO 

substrates. Reproduced from ref154. 

To ensure there is no contact between ITO and perovskite through mp-NiO layer, SPS 

measurements were carried out (Figure 37A). The intermediate bromide composition was 

chosen to optimize the layer thickness. When this perovskite was directly deposited on the 

ITO substrate, negative SPV was detected, indicating a decreased number of electrons at the 

surface. This reveals that electrons can be transferred to the ITO substrate, while holes can 
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accumulate on the surface. When we deposited the perovskite layer on the thinnest (30 mC 

cm-2) mp-NiO substrates, the obtained SPV remained negative, indicating there is still direct 

contact between the perovskite layer and the ITO substrate. This behavior changed when 

thicker (60 mC cm-2) mp-NiO substrates were used as the SPV became positive at shorter 

excitation wavelength. This suggests an electron build-up at the surface of the perovskite 

layers, while holes are extracted by the mp-NiO layer. However, at this mp-NiO thickness, 

the cut-off of the positive SPV signal was seen at slightly shorter wavelengths compared to 

the expected bandgap of this compositions. This means separation between ITO and 

perovskite layer was not fully achieved and a mixed behavior can be observed. The complete 

separation could only be achieved by depositing thick (120 mC cm-2) mp-NiO layers. These 

showed positive SPV at all excitation wavelengths and were used with all three perovskite 

compositions. 

SPS of other two perovskite compositions were also measured (Figure 37B), positive 

values were detected at all wavelengths in both cases, indicating effective hole extraction 

from the perovskite layer by the mp-NiO layer. The onset wavelengths of all three perovskite 

compositions reveals a lower band gap (1.4 eV for FA0.83Cs0.17PbI3; 1.5 eV for 

FA0.83Cs0.17Pb(I0.83Br0.17)3; and 1.55 eV for FA0.83Cs0.17Pb(I0.6Br0.4)3) than from optical 

measurement, which is a sign of the existence of surface trap states.12 

 

Figure 37. Surface photovoltage measurements of perovskite layer (FA0.83Cs0.17Pb(I0.83Br0.17)3) on 

ITO and ITO/mp-NiO substrates (A). Surface photovoltage results of perovskite layer of three 
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compositions on ITO/mp-NiO substrates (B). Reproduced from ref154. 

 

4.3.2 Band alignment at the mp-NiO/perovskite interface 

To characterize the optical and electronic properties of the perovskite layers, UV-vis spectra 

were recorded (Figure 38A). The absorption edge shifted to shorter wavelengths as more 

bromide was incorporated into the lattice (FA0.83Cs0.17PbI3, 800 nm; 

FA0.83Cs0.17Pb(I0.83Br0.17)3, 750 nm; FA0.83Cs0.17Pb(I0.6Br0.4)3, 700 nm). As a result, Tauc-

analysis (Figure 38B) reveals a smaller direct band gap for FA0.83Cs0.17PbI3 (1.5 eV), 

compared to bromide richer compositions (1.6 eV for FA0.83Cs0.17Pb(I0.83Br0.17)3; and 1.8 eV 

for FA0.83Cs0.17Pb(I0.6Br0.4)3). Based on the molar absorption coefficient of perovskites 12, a 

layer thickness of ~150 nm can be estimated.  

 

Figure 38. UV-vis absorption spectra of the three perovskite compositions on ITO/mp-NiO 

substrates. Reproduced from ref154. 

 

APS was used to characterize the VB position of both mp-NiO and the three perovskite 

compositions (Figure 39 A-D). The results revealed that mp-NiO has a VB position of -5.2 

eV. For the perovskite layers a more negative VB position was determined in all three cases, 

which thermodynamically allows the hole extraction process from perovskite layer to mp-

NiO layer. Among all, FA0.83Cs0.17PbI3 has the most positive VB position (-5.4 eV), followed 

by -5.5 eV for FA0.83Cs0.17Pb(I0.83Br0.17)3 and -5.6 eV for FA0.83Cs0.17Pb(I0.6Br0.4)3. Therefore, 

mp-NiO/ FA0.83Cs0.17PbI3 has the smallest VB position difference at the interface (0.2 eV), 

followed by mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 (0.3 eV) and mp-

NiO/FA0.83Cs0.17Pb(I0.6Br0.4)3 (0.4 eV). Together with the previously determined band gaps, 
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the CB positions can be calculated accordingly. The band alignment condition of mp-NiO 

and perovskite with three compositions are summarized in Figure 39E. 

 

Figure 39. Ambient-pressure photoemission spectroscopy (APS) results of mp-NiO (A), 

FA0.83Cs0.17PbI3 (B), FA0.83Cs0.17Pb(I0.83Br0.17)3 (C), and FA0.83Cs0.17Pb(I0.6Br0.4)3 (D). Schematic 

representation of the band alignment of mp-NiO layer and perovskite layers of three compositions 

(E). Adapted from ref154. 

 

4.3.3 Hole extraction process at mp-NiO/perovskite interface  

To ensure sample stability to laser exposure and confirm the validity of the results, multiple 

measurements on the same spot and perovskite layer homogeneity check were carried out. 

The obtained GSB positions depend on perovskite composition, with bromide-rich 

compositions exhibiting GSB at shorter wavelengths (Figure 40 A, C, E). This negative 

GSB peak decreased over time caused by recombination, trapping, or extraction of holes by 

the mp-NiO layer. For mp-NiO/FA0.83Cs0.17PbI3 and mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 

samples, the obtained GSB intensities and decay kinetics show no obvious difference even 

after three consecutive measurements (Figure 40 A-D), indicating good sample stability as 

it being exposed to laser. However, for the mp-NiO/FA0.83Cs0.17Pb(I0.6Br0.4)3 sample, the 

GSB peak shifted towards longer wavelengths by ~ 9nm even within one measurement 

(Figure 40E and 40C), suggesting slight phase segregation. To trace the decay kinetic 

precisely, we plot the decay traces at each GSB maximum at every time delay, no obvious 

difference was observed from three measurements (Figure 40F). TA measurements were 

carried out on three different spots on mp-NiO/perovskite of three compositions samples to 

check the sample homogeneity. All three compositions samples showed good sample 
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homogeneity in terms of both GSB intensities and decay kinetics, except mp-

NiO/FA0.83Cs0.17Pb(I0.6Br0.4)3 shows the same segregation problem (Figure 41). 

 

Figure 40. TA measurements were conducted on the same spot of mp-NiO/FA0.83Cs0.17PbI3, mp-

NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 and mp-NiO/FA0.83Cs0.17Pb(I0.6Br0.4)3 for three times. TA spectra of 

mp-NiO/FA0.83Cs0.17PbI3 (A), mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 (C) and mp-

NiO/FA0.83Cs0.17Pb(I0.6Br0.4)3 (E) at various delay times of first measurement, decay traces at GSB 

maximum of mp-NiO/FA0.83Cs0.17PbI3 (B), mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 (D) and mp-

NiO/FA0.83Cs0.17Pb(I0.6Br0.4)3 (F) at the same spot for three times. Excitation wavelength: 515 nm, 

excitation fluence: 16 µJ/cm2. Adapted from ref154. 
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Figure 41. TA measurements were carried out at three different spots on mp-NiO/perovskite layers. 

Decay traces at GSB maximum of mp-NiO/FA0.83Cs0.17PbI3 (A), mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 

(B) and mp-NiO/FA0.83Cs0.17Pb(I0.6Br0.4)3 (D). TA spectra at 5 ps and 1500 ps at 3 different spots of 

mp-NiO/FA0.83Cs0.17Pb(I0.6Br0.4)3 sample (C). Excitation wavelength: 515 nm, excitation fluence: 16 

µJ/cm2. Adapted from ref154. 

 

To evaluate the kinetics of hole transfer from the perovskite layers to mp-NiO, TA 

measurements were conducted. As the initial carrier concentration influences the 

photophysical processes12,35, we varied the excitation fluence. As we increased the excitation 

fluence from 3 to 48 µJ/cm2, higher ground state bleach (GSB) peak was recorded (see 

Figure 42A, and 42B). This is the result of an increased number of excited charge carriers 

generated at higher excitation fluences. The ΔA recorded at the GSB maximum for each 

perovskite compositions shows a linear trend in the 3-32 µJ/cm2 excitation fluence range 

(excited carrier concentration: 0-5 × 1018 cm-3, Figure 42B), indicating the samples were 
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not oversaturated. At higher excitation fluences (excited carrier concentration > 5 × 1018 

cm-3), slight saturation was seen which can signal the prevalence of higher order 

recombination processes.156 Due to the band filling effect110, higher excited charge carrier 

concentration can also cause charge accumulation at higher energy levels of the CB, leading 

to GSB peak (bandgap) widening (Figure 42C). The FWHM of the GSB peak of each 

perovskite composition was plotted versus the excitation fluence (Figure 42D). Linear 

trends were seen in all cases. Due to a slight phase segregation, narrower band broadening 

was observed in mp-NiO/FA0.83Cs0.17Pb(I0.6Br0.4)3 sample, compared to that with mp-

NiO/FA0.83Cs0.17PbI3 and mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 samples. 

 

Figure 42. TA spectra measured at various excitation fluences at 5 ps for mp-NiO/FA0.83Cs0.17PbI3 

samples (A). GSB ΔAmax for all three perovskite compositions at various excitation fluences (B). 

Normalized TA spectra at 5 ps at different excitation fluences for mp-NiO/FA0.83Cs0.17PbI3 samples 

(C), and the FWHM of the GSB for all three perovskite compositions (D). Employed excitation 

wavelength: 515 nm. Reproduced from ref154. 

 

TA spectra of mp-NiO/FA0.83Cs0.17PbI3 recorded at a fluence of 16 µJ/cm2 at various delay 
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times are shown in Figure 43A. This negative GSB peak decreased over time caused by 

recombination, trapping, or extraction of carriers by the mp-NiO layer. The decay kinetics 

at GSB peak were plotted at each excitation fluence (Figure 43B). At low excitation fluences 

a slow recovery of the excited state can be observed. The recovery was accelerated as the 

excitation fluence was increased due to acceleration of carrier recombination and hole 

extraction (Figure 43B). To assess the decay kinetics and to separate first order (carrier 

trapping and hole extraction) and second order (charge carrier recombination) processes, the 

decay traces were normalized and fitted by a multi-exponential function (Figure 43C). The 

analysis was conducted only in 3-32 µJ/cm2 range to avoid the influence of higher order 

recombination processes. Figure 44 presents the decay traces and fitting results for the 

remaining two perovskite compositions. A summary of all fitting parameters, along with the 

determined average lifetime and the apparent rate constant (k=1/τave), is provided in 

Appendix Tables A3, A4, and A5. 

 

Figure 43. TA spectra at various delay times for mp-NiO/FA0.83Cs0.17PbI3 sample (A), decay traces 

(B) and normalized decay traces (C) at the GSB maximum for mp-NiO/FA0.83Cs0.17PbI3 samples. 

Excitation wavelength: 515 nm. Adapted from ref154. 
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Figure 44. Decay traces (A) and normalized decay traces (B) at the GSB maximum for mp-

NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 samples. Decay traces (C) and normalized decay traces (D) at the 

GSB maximum for mp-NiO/FA0.83Cs0.17Pb(I0.6Br0.4)3 samples. Excitation wavelength: 515 nm. 

Adapted from ref154. 

 

 

For further analysis, the apparent rate constant (k) was plotted versus excitation 

concentrations (N) (Figure 45). Linear relationships were found in all cases, in agreement 

with a previous report.94 This result is another support that higher order recombination is not 

prevalent in the studied excitation fluence range. Thus, the obtained k-N trend can be fitted 

by function: 

k=k1+k2N                              (14) 

The intercept k1 is the rate constant of first order processes, which includes charge trapping 

and hole extraction processes. While k2 is the rate constant of second order recombination 

(band to band recombination) process. A summary of fitting details for all three perovskite 

compositions are shown in Table 11. The first order process is primarily governed by charge 

extraction in mesoporous CTLs/perovskite assemblies.94 Therefore, k1 can be related to the 

hole extraction process. The trend k1(mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3) > k1(mp-

NiO/FA0.83Cs0.17PbI3) > k1(mp-NiO/FA0.83Cs0.17Pb(I0.6Br0.4)3) indicates hole extraction from 

perovskite to mp-NiO is the most efficient in the case of mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3. 
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This can be explained by its large VB offset at the interface compared to mp-

NiO/FA0.83Cs0.17PbI3. Although mp-NiO/FA0.83Cs0.17Pb(I0.6Br0.4)3 has the largest VB offset, 

phase segregation can lead to hole trapping in iodide-rich regions, thus hindering hole 

extraction to mp-NiO.157 Similarly, mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 also has the highest 

band to band recombination rate constant (largest k2). This result aligns with earlier reports, 

which indicate that the inclusion of bromide largely reduces the PL lifetime.158 In a similar 

fashion, mp-NiO/FA0.83Cs0.17Pb(I0.6Br0.4)3 has a largest bromide ratio though, the segregated 

iodide-rich region causes additional charge trappings and recombination, leading to a 

smaller k2.
157 These results suggest that, when phase segregation is properly controlled, a 

larger VB offset at mp-NiO/perovskite interface is beneficial for assisting hole extraction. 
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Figure 45. The relationship between excited carrier concentration and the apparent rate constant (k) 

for three samples. Adapted from ref154. 

 

Table 11. Fitting results of average rate constant (k) versus excitation concentration (N) linear 



Xiangtian Chen Ph. D. Dissertation   Results and Discussion 

72 
 

relationship. Reproduced from ref154. 

 

4.4  The effect of electrical bias on the kinetics of hole extraction in mp-

NiO/perovskite bilayers 

4.4.1 Establishing the electrochemical stability window 

The previous sections focused on a “static interface”, in which charge extraction takes place 

without the application of an external electrical bias. To monitor the effect of electrical bias 

on the charge extraction process, in-situ transient spectroelectrochemistry118,126 

measurements were carried out. As the first step, the stability window of mp-

NiO/FA0.83Cs0.17PbI3 and mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 samples was established by 

spectroelectrochemical measurements (Figure 46 and 47). The mp-

NiO/FA0.83Cs0.17Pb(I0.6Br0.4)3 sample was not included in this section because of its 

segregation even without the use of an electrolyte. Both samples exhibited three redox waves 

in the anodic scan, agree with previous results (Figure 46A and 46C).125 The first oxidative 

waves (+0.63 V vs Ag/AgCl for mp-NiO/FA0.83Cs0.17PbI3, and +0.73 V vs Ag/AgCl for mp-

NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3) are attributed to hole trapping and iodide ion movement 

inside the perovskite lattice. The second oxidative waves (+1.05 V vs Ag/AgCl for mp-

NiO/FA0.83Cs0.17PbI3, and +1.18 V vs Ag/AgCl mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3) are the 

result of direct hole injection into the VB of the perovskite. This process causes iodide 

expulsion from the lattice and leads to absorbance loss (Figure 46B and 46D). Therefore, 

the position of this oxidative wave indicates VB position.125 A 0.13 V shift in the second 

oxidative wave from mp-NiO/FA0.83Cs0.17PbI3 to mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 

matches well with the APS results. The only reductive wave (−1.50 V vs Ag/AgCl for both 

mp-NiO/FA0.83Cs0.17PbI3 and mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3) in cathodic scan is 

 
k

1
 (ns-1) t

1
 (ns) k

2
 (ns-1) t

2
 (ns) 

Cs
0.17

FA
0.83

PbI
3
 0.15 6.67 0.06 16.67 

Cs
0.17

FA
0.83

Pb(I
0.83

Br
0.17

)
3
 0.40 2.50 0.31 3.23 

Cs
0.17

FA
0.83

Pb(I
0.6

Br
0.4

)
3
 0.13 7.69 0.10 10 

 



Xiangtian Chen Ph. D. Dissertation   Results and Discussion 

73 
 

attributed to the reduction of Pb2+ to Pb (Figure 47A and 47C), accompanied by an 

absorbance loss (Figure 47B and 47D).125 For both perovskite composition samples, a 

stability potential window of −0.5 to 0.5 V vs Ag/AgCl was determined. 

 

 

Figure 46. Spectroelectrochemical measurement, where the electrochemical traces are shown 

together with the absorbance change monitored at 500 nm during the anodic scan for mp-

NiO/FA0.83Cs0.17PbI3 (A) and mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 (C) samples. Absorption spectra of 

mp-NiO/FA0.83Cs0.17PbI3 (B) and mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 (D) at electrochemical anodic 

scan at various potentials. Electrolyte: 0.01 M Bu4NPF6/dichloromethane, sweep rate: 10 mV s−1. 

Adapted from ref154. 
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Figure 47. Spectroelectrochemical measurement, where the electrochemical traces are shown 

together with the absorbance change monitored at 500 nm during the cathodic scan for mp-

NiO/FA0.83Cs0.17PbI3 (A) and mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 (C) samples. Absorption spectra of 

mp-NiO/FA0.83Cs0.17PbI3 (B) and mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 (D) at electrochemical cathodic 

scan at various potentials. Electrolyte: 0.01 M Bu4NPF6/dichloromethane, sweep rate: 10 mV s−1. 

Adapted from ref154. 

 

To examine the long-term stability of the samples, further spectroelectrochemistry 

measurements were carried out inside the stability window, where the samples were 

subjected to constant potential cycling for 4000s with 10 mV s-1. No obvious current and 

absorbance change were seen for both mp-NiO/FA0.83Cs0.17PbI3 and mp-

NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 samples during the whole process, indicating good stability 

(Figure 48). 
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Figure 48. Spectroelectrochemical stability tests for both mp-NiO/perovskite samples inside the 

proposed stability window. Cyclic voltammetries (CVs) (A) and absorption spectra during CV 

measurements (B) for mp-NiO/FA0.83Cs0.17PbI3. CVs (C) and absorption spectra during CV 

measurements (D) for mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3. Electrolyte: 0.01 M 

Bu4NPF6/dichloromethane, scan rate: 10 mV s−1. Adapted from ref154. 

 

Furthermore, to assess the role of mp-NiO in the spectroelectrochemical results, we also 

conducted measurements for bare mp-NiO samples (Figure 49). The resulting current 

density and absorbance changes were lower compared to those of the mp-NiO/perovskite 

layers, which confirm that the redox peaks observed in Figure 46 and 47 are mainly related 

to the electrochemical alterations of the perovskite layers. 

 

Figure 49. CVs (A), absorption spectra (B) and absorbance change at 500 nm during CV 
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measurements (C) for pure ITO/mp-NiO. Electrolyte: 0.01 M Bu4NPF6/DCM, scan rate: 10 mV s−1. 

Adapted from ref154. 

 

4.4.2 Effect of electrochemical bias on the hole extraction process in mp-

NiO/perovskite bilayers 

To investigate the influence of the electrochemical bias on the hole extraction process, in-

situ transient spectroelectrochemical measurements were performed within the 

electrochemical stability window. As the first step, the reproducibility of the excited state 

recovery of the samples was determined at the same spot at the open circuit potential (515 

nm excitation, laser fluence: 16 µJ/cm2) with three consecutive measurements (Figure 50 A 

and C). For both samples, the three decay traces were almost identical (Figure 50 B and D). 

Compared to the decay traces measured without electrolyte, slightly faster decay kinetic was 

observed for both samples when immersed in the electrolyte (Figure 50B and 50D) as the 

result of the formation of the electrical double layer on the sample surface (accelerates 

charge recombination).  
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Figure 50. TA measurements of mp-NiO/FA0.83Cs0.17PbI3 and mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 

with electrolyte at open circuit potential (0.3 V vs. Ag/AgCl) were carried out three times at the same 

spot. TA spectra at various delay times at open circuit potential for mp-NiO/FA0.83Cs0.17PbI3 (A) and 

mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 (C) (first measurement). Decay kinetics at GSB maximum of the 

three measurements at open circuit potential compared to that measured without electrolyte for mp-

NiO/FA0.83Cs0.17PbI3 (B) and mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 (D). Electrolyte: 0.01 M 

Bu4NPF6/DCM, laser fluence: 16 µJ/cm2. Adapted from ref154. 

 

As the next step, electrochemical bias inside the stability window was added during transient 

spectroelectrochemical measurements. To check the reversibility of the influence of applied 

bias to charge dynamics, the GSB decay traces were monitored at 0.4 to −0.4 and then back 

to 0.4 V vs Ag/AgCl at the excitation fluence of 19 µJ/cm2 (Figure 51A and Figure 52A). 

To investigate the influence of excitation fluence on the effect of applied bias, GSB decay 

traces were also recorded at potentials of −0.4, 0 and +0.4 V vs Ag/AgCl at various excitation 

fluences for both samples (Figure 51B-D and Figure 52B-D). Similarly, all decay traces 

were fitted by multi exponential functions, and the fitting details, calculated average lifetime 

and apparent rate constant (k) were summarized in Appendix Tables A6, A7, A8, A9, A10, 
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A11, A12, and A13. 

 

Figure 51. Normalized decay kinetics of mp-NiO/FA0.83Cs0.17PbI3 at GSB maximum from 0.4 V vs. 

Ag/AgCl to -0.4 V vs. Ag/AgCl and back to 0.4 V vs. Ag/AgCl at excitation fluence of 19 µJ/cm2 to 

check reversibility (A). Normalized decay kinetics of mp-NiO/FA0.83Cs0.17PbI3 at GSB maximum at 

applied potential of 0.4 V vs. Ag/AgCl (B), 0 V vs. Ag/AgCl (C), and -0.4 V vs. Ag/AgCl (D) at 

various excitation fluence. Electrolyte: 0.01 M Bu4NPF6/dichloromethane, excitation wavelength: 

515 nm. Adapted from ref154. 
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Figure 52. Normalized decay kinetics of mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 at GSB maximum from 

0.4 V vs. Ag/AgCl to -0.4 V vs. Ag/AgCl and back to 0.4 V vs. Ag/AgCl at excitation fluence of 19 

µJ/cm2 to check reversibility (A). Normalized decay kinetics of mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 

at GSB maximum at applied potential of 0.4 V vs. Ag/AgCl (B), 0 V vs. Ag/AgCl (C), and -0.4 V vs. 

Ag/AgCl (D) at various excitation fluence. Electrolyte: 0.01 M Bu4NPF6/dichloromethane, 

excitation wavelength: 515 nm. Adapted from ref154. 

 

The determined k values were plotted versus different excited carrier concentrations at all 

applied potentials (Figure 53A and 53B). Notably, by applying a negative potential, the 

GSB relaxation kinetics can be accelerated (larger k). The applied bias alters the Fermi level 

of the materials, thereby affecting the hole extraction process from the perovskite to the mp-

NiO.118 However, this acceleration was only observed at high carrier concentrations and only 

negligible effects were observed at low carrier concentrations. Due to this non-linear 

dependence on carrier concentration, the previous used separation method for the first and 

the second order processes were not applicable. These results also indicate that the built-in 

potential at mp-NiO/perovskite interface is sufficient to assist hole transfer at low excited 
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carrier concentrations. On the contrary, when high excitation fluence was applied, higher 

carrier concentration was generated, the applied negative potential became effective in 

accelerating hole transfer at the interface. Interestingly, this effect of the negative bias in 

accelerating the GSB decay kinetics was more pronounced for mp-

NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 (~6 times), compared to that for mp-NiO/FA0.83Cs0.17PbI3 

(~1.5 times). This suggests that the electrochemical bias has a more significant impact on 

the interfaces which have a larger band offset. To confirm that no chemical changes took 

place during the measurements, reversibility tests at the excitation fluence of 19 µJ/cm2 was 

conducted (Figure 53C and 53D). Both samples demonstrated good reversibility with an 

accelerated GSB decay kinetic at negative potentials. 

 

Figure 53. The effect of electrochemical bias on the apparent rate constant of mp-

NiO/FA0.83Cs0.17PbI3 (A) and mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 (B) at different excited carrier 

concentrations. Reversibility test of the apparent rate constant of mp-NiO/FA0.83Cs0.17PbI3 (C) and 

mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 (D) at the excitation fluence of 19 µJ/cm2. Electrolyte: 0.01 M 

Bu4NPF6/dichloromethane, excitation wavelength: 515 nm. Reproduced from ref154. 
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To check if the applied bias has an influence on band broadening, the normalized FWHM 

was examined at 0.4 ps, 5 ps and 1 ns (Figure 54). No notable differences were seen on the 

normalized FWHM at different applied potentials. This result suggests that the applied bias 

does not affect carrier distribution and band renormalization processes.  

 

Figure 54. The normalized FWHM of the GSB spectra at 0.4 ps (A), 5 ps (B) and 1 ns (C) at various 

excitation fluences for mp-NiO/FA0.83Cs0.17PbI3. The normalized FWHM of the GSB spectra at 0.4 

ps (D), 5 ps (E) and 1 ns (F) at various excitation fluences for mp-NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3. 

Reproduced from ref154. 

  

From the previous measurements a schematic energy diagram was summarized to help 

understand the impact of the applied electrochemical bias on the hole transfer process at the 

mp-NiO/perovskite interface (Figure 55). Applying a positive bias injects holes into the mp-

NiO (lowering the Fermi level). This process suppresses hole transfer from the perovskite 

layer to mp-NiO (Figure 55A, C). In this case, band-to-band recombination is dominant in 

dictating the charge carrier dynamics of these systems. On the contrary, applying a negative 

bias depletes holes in the mp-NiO layer (elevating the Fermi-level), which assists hole 

transfer from perovskite to mp-NiO (Figure 55B, D). In this case, hole transfer dominates 

the charge carrier decay kinetics, resulting in a large k value. Comparing the two perovskite 

compositions can illustrate the role of VB offset in the effect of applied bias on hole transfer 
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processes. When the VB offset at the interface is large, the effect of applied potential is more 

significant on hole transfer processes (Figure 55D). Conversely, when a smaller VB offset 

is present, the applied potential still plays a role in assisting hole transfer, but with a much 

weaker effect (Figure 55B).  

 

Figure 55. Schematic diagram showing how band offset (A, C) and electrochemical bias (A-B and 

C-D respectively) affect charge carrier dynamics at mp-NiO/perovskite interface, where kHT 

represents hole transfer process and kr represents band-to-band recombination process. Reproduced 

from ref154.
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5. Summary 

Ultrafast spectroscopic techniques (e.g. TA and TRPL) can be powerful tools to monitor the 

charge dynamics in PSCs. However, many different aspects, such as sample properties, 

measurement parameters, and evaluation protocols, can lead to large variation in the 

obtained results. We proposed guidelines for such measurements to minimize the variation 

and facilitate comparable results. Following these guidelines, we investigated how different 

energy offsets at the interfaces of CTL/perovskite influence charge transfer dynamics. TiO2 

single crystal of different orientations, which exhibiting different CB levels, were employed 

as ETL. The effect of the employed excitation fluence on the electron transfer process 

revealed a convoluted photophysical picture where charge accumulation processes also 

played a role. Using mp-NiO as a HTL, we also monitored the hole transfer process while 

varying the composition of perovskite. To reveal the effect of electric bias on charge 

dynamics, in-situ transient spectroelectrochemistry was carried out.        

The key findings of the dissertation are outlined as follows: 

1. Different sample properties and measurement parameters lead to a large dispersion (from 

0.8 ps to 100 ns) of the reported charge transfer rates (determined by time-resolved 

techniques) in the literature for various charge transfer layer/perovskite interfaces (e.g. 

TiO2/perovskite). We summarized reported charge transfer rates at different charge 

transfer layer/perovskite interfaces according to the used time-resolved techniques (TA 

or TRPL), used electron transfer layers (TiO2, PCBM) and used hole transfer layers 

(Spiro). We concluded that this is influenced not only by the sample properties (e.g., the 

type of ETL and HTL) but also by other factors, including perovskite layer thickness, 

excitation wavelength and fluence, and the evaluation methods used.  

2. Apart from sample properties and the specific measurement conditions, the kinetic 

analysis used to interpret the transient decay has a large contribution in the observed 

dispersion of charge transfer rates. Different methods which are used frequently in the 

literature, were evaluated on the same dataset for both TA and TRPL measurements. 

After multiexponential fitting of the decay traces the charge transfer rate constant was 

extracted from (i) as one of the exponents from the multi-exponential fits, (ii) by solving 
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the charge transfer equation or (iii) as the exponent of a stretched exponential fits. By 

using these methods different charge extraction rate constanst were obtained (0.2- 14.1 

ns), that we could link to be one of the causes behind the dispersion in the literature. 

3. The energy offset at the interface between SC TiO2 (with specific orientations) and lead-

halide perovskite significantly influences the electron extraction rate from the perovskite 

to TiO2. While TiO2 single crystals of different orientations exhibit distinct CB energy 

levels, their surface properties remain similar. UPS and APS measurements were 

employed to determine the VB position of single crystal TiO2 and perovskite. UV vis 

absorbance spectra and Tauc analysis revealed the bandgap of single crystal TiO2 and 

perovskite, allowing us to calculate the corresponding CB positions. A larger CB offset 

(ΔE = 1.0) at the TiO2 (100)/perovskite and TiO2 (111)/perovskite interfaces can be 

observed compared to the offset at the TiO2 (110)/perovskite interface (ΔE = 0.4) Time 

resolved photoluminescence results reveal electron extraction kinetic is faster at the 

single crystal TiO2/perovskite interface with larger CB offset ((100) and (111)), and it is 

slower at the interface with smaller band offset (110).  

4. We demonstrated the presence of an electrical barrier at the interface of TiO2/perovskite, 

which can be overcome by increasing the excitation fluence. At low excitation fluence 

(0.7, 2.8 μJ/cm2), the decay kinetics of all three single crystal TiO2/perovskite are the 

same with that of glass/perovskite sample, indicating the absence of charge transfer. 

When the excitation fluence is increased to 5.7 μJ/cm2, the recovery of the excited state 

of single crystal TiO2/perovskite start to deviate from that of glass/perovskite samples, 

indicating electron accumulation at the interface that can overcome the electrical barrier 

and initiate electron transfer. 

5. The overall kinetics of the electron extraction (ns timescale – free charge carriers) at the 

TiO2/perovskite interface strongly depends on the early extraction processes (ps 

timescale - hot-carriers). TA spectroscopy data (ps range) reveals hot carrier extraction 

is faster at interfaces with a larger band offset (100). This results in a relatively high 

concentration of electrons in the CB of TiO2 (100) after 1 ps, which can bottleneck longer 

timescale electron extraction, leading to slow electron extraction in the time range of 1-
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6 ns at this TiO2 orientation (TA results). In longer timescales (TRPL results (in the time 

range of ~300 ns)), when the electrons can be removed from the CB of TiO2 efficient 

band edge electron extraction can be achieved by the TiO2 (100) facet again. 

6. The VB energy offset affects the hole transfer process at mp-NiO/perovskite interface. 

By incorporating different ratio of bromide into FA0.83Cs0.17PbI3 

(FA0.83Cs0.17Pb(I0.83Br0.17)3 and FA0.83Cs0.17Pb(I0.6Br0.4)3), the VB of perovskite can be 

lowered, creating a larger VB offset at mp-NiO/perovskite interface. Excitation fluence 

dependent TA measurements revealed that a larger VB offset can accelerate hole transfer 

process when segregation was kept under control. 

7. The electrochemical stability window of lead-halide perovskites (FA0.83Cs0.17PbI3 and 

FA0.83Cs0.17Pb(I0.83Br0.17)3) was determined by spectroelectrochemical measurements. 

Results revealed multiple redox events coupled to distinct absorbance changes of the 

layers outside the stability window. Ultimately, a stability window of −0.5 V – +0.5 V 

vs Ag/AgCl was determined for both FA0.83Cs0.17PbI3 and FA0.83Cs0.17Pb(I0.83Br0.17)3, in 

which the material can stay stable for more than 4000 seconds under continuous cycling. 

8. Transient spectroelectrochemical measurements were used to probe the dependence of 

applied electrochemical bias on the rate of hole transfer at the mp-NiO/perovskite 

interface. Results revealed that applying a negative electrochemical bias can accelerate 

hole transfer process from perovskite layer to mp-NiO, by depleting the holes in mp-

NiO layer (i.e. increase the Fermi level). In contrast, applying a positive bias injects 

holes into mp-NiO (i.e. lowering the Fermi level), thus suppresses hole transfer process 

at the interface. Furthermore, this effect of electrochemical bias was observed to be more 

pronounced at the mp-NiO/pervskite interface with a larger VB offset. 
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Appendix 

Table A1. Details of the fitting parameters obtained with the different evaluation methods of the 

TRPL decay curves. 

 Sample Method A1 

1 

(ns) 
A2 

2 

(ns) 
β A3 

3 

(ns) 

eff 

(ns) 

Exponential 

fitting 

Glass/perovskite 
Bi-

exponential 
- - 0.74 22.1 - 0.26 84.2 28.0 

TiO2/perovskite 

Bi-

exponential 
- - 0.82 11.2 - 0.18 49.0 13.5 

Tri-

exponential 
0.43 3.4 0.49 17.6 - 0.08 64.9 - 

Stretched 

exponential 

fitting 

Glass/perovskite 
Bi-

exponential 
  0.88 23.9 0.88 0.12 117.7 - 

TiO2/perovskite 

Add one 

more 

exponential 

component 

0.69 11.6 0.29 23.9 0.88 0.02 117.8 - 

 

Table A2. Details of fitting parameters for different evaluation methods of the TA decay traces. 

 Sample Method A1 

1 

(ns) 
A2 

2 

(ns) 
A3 

3 

(ns) 
β 

eff 

(ns) 

Exponential 

fitting 

Glass/ 

perovskite 

Bi-

exponential 
- - 0.26 1.1 0.74 10.8 - 7.5 

TiO2/ 

perovskite 

Bi-

exponential 
- - 0.27 0.9 0.73 6.4 - 4.9 

Tri-

exponential 
0.03 0.2 0.50 1.8 0.47 11.9 - - 

Stretched 

exponential 

fitting 

Glass/ 

perovskite 

Mono-

exponential 
- - - - 1.00 6.7 0.67 - 

TiO2/ 

perovskite 

Mono-

exponential 
- - - - 1.00 3.6 0.67 - 

TiO2/ 

perovskite 

Bi-

exponential 
- - 0.3 1.9 0.67 6.7 0.67 - 
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Table A3. Fitting details, calculated average lifetime and apparent rate constant k of mp-

NiO/FA0.83Cs0.17PbI3 at different excitation fluences. 

Fluence 

(µJ/cm2) 
A1 

T1 

(ps) 
A2 

T2 

(ps) 
A3 

T3 

(ps) 

Average 

lifetime (ps) 
k (ns-1) 

32 0.37 5217 0.42 552 0.23 72 2178 0.46 

25 0.45 5217 0.51 280 - - 2496 0.40 

19 0.53 5217 0.44 303 - - 2902 0.34 

16 0.57 5217 0.37 578 - - 3201 0.31 

13 0.63 5217 0.33 562 - - 3480 0.29 

10 0.74 5217 0.22 493 - - 3974 0.25 

6 1.00 5217 - - - - 5217 0.19 

 

 

 

Table A4. Fitting details, calculated average lifetime and apparent rate constant k of mp-

NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 at different excitation fluences. 

Fluence 

(µJ/cm2) 
A1 

T1 

(ps) 
A2 

T2 

(ps) 
A3 

T3 

(ps) 

Average 

lifetime 

(ps) 

k (ns-1) 

32 0.29 1619 0.31 286 0.41 72 587 1.70 

25 0.33 1619 0.32 253 0.35 69 639 1.56 

19 0.44 1619 0.52 146 - - 791 1.26 

16 0.52 1619 0.48 144 - - 911 1.10 

13 0.58 1619 0.35 193 - - 1011 0.99 

10 0.74 1619 0.23 232 - - 1253 0.80 

6 1.00 1619 - - - - 1619 0.62 

 

 

 

Table A5. Fitting details, calculated average lifetime and apparent rate constant k of mp-

NiO/FA0.83Cs0.17Pb(I0.6Br0.4)3 at different excitation fluences. 

Fluence 

(µJ/cm2) 
A1 

T1 

(ps) 
A2 

T2 

(ps) 
A3 

T3 

(ps) 

Average 

lifetime 

(ps) 

k (ns-1) 

32 0.34 5216 0.48 373 0.1 39 1957 0.51 

25 0.43 5216 0.54 329 - - 2426 0.41 

19 0.45 5216 0.5 476 - - 2598 0.39 

16 0.48 5216 0.48 542 - - 2775 0.36 

13 0.33 5216 0.59 1519 - - 2695 0.37 

10 1.00 5216 - - - - 5216 0.19 

6 1.00 5576 - - - - 5576 0.18 
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Table A6. Fitting parameters, average lifetime and apparent rate constant (k) of mp-

NiO/FA0.83Cs0.17PbI3 at applied potential of 0.4 V vs. Ag/AgCl at various excitation fluence. 

Fluence 

(µJ/cm2) 
A1 

T1 

(ps) 
A2 

T2 

(ps) 
A3 

T3 

(ps) 

Average 

lifetime (ps) 
k (ns-1) 

25 0.70 1698 0.25 127 - - 1222 0.82 

19 0.79 1698 0.27 85 - - 1363 0.73 

16 0.88 1698 0.19 180 - - 1526 0.66 

13 1.00 1698 - - - - 1698 0.59 

10 1.00 2573 - - - - 2573 0.39 

6 1.00 2577 - - - - 2577 0.39 

 

 

 

 

Table A7. Fitting parameters, average lifetime and apparent rate constant (k) of mp-

NiO/FA0.83Cs0.17PbI3 at applied potential of 0 V vs. Ag/AgCl at various excitation fluence. 

Fluence 

(µJ/cm2) 
A1 

T1 

(ps) 
A2 

T2 

(ps) 
A3 

T3 

(ps) 

Average 

lifetime (ps) 
k (ns-1) 

25 0.62 1731 0.34 130 - - 1119 0.89 

19 0.76 1731 0.23 36 - - 1324 0.76 

16 0.84 1731 0.08 272 - - 1478 0.68 

13 1.00 1731 - - - - 1731 0.58 

10 1.00 3387 - - - - 3387 0.30 

6 1.00 4532 - - - - 4532 0.22 

 

 

 

Table A8. Fitting parameters, average lifetime and apparent rate constant (k) of mp-

NiO/FA0.83Cs0.17PbI3 at applied potential of -0.4 V vs. Ag/AgCl at various excitation fluence. 

Fluence 

(µJ/cm2) 
A1 

T1 

(ps) 
A2 

T2 

(ps) 
A3 

T3 

(ps) 

Average 

lifetime (ps) 
k (ns-1) 

25 0.22 1717 0.45 452 0.35 58 601.0419608 1.7 

19 0.54 1717 0.38 223 - - 1019 0.98 

16 0.74 1717 0.17 153 - - 1299 0.77 

13 1.00 1717 - - - - 1717 0.58 

10 1.00 2046 - - - - 2046 0.49 

6 1.00 2031 - - - - 2031 0.49 

 

 

 

Table A9. Fitting parameters, average lifetime and apparent rate constant (k) of mp-
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NiO/FA0.83Cs0.17PbI3 at various potentials at the excitation fluence of 19 µJ/cm2. 

Potential 

(V vs. 

Ag/AgCl) 

A1 
T1 

(ps) 
A2 

T2 

(ps) 
A3 

T3 

(ps) 

Average 

lifetime (ps) 
k (ns-1) 

0.4 0.73 1910 0.28 101 - - 1423 0.70 

0.2 0.77 1910 0.32 132 - - 1513 0.66 

0 0.68 1910 0.27 118 - - 1332 0.75 

-0.2 0.61 1910 0.3 182 - - 1225 0.82 

-0.4 0.59 1910 0.4 149 - - 1187 0.84 

-0.2 0.62 1910 0.34 189 - - 1251 0.80 

0  0.67 1910 0.3 112 - - 1314 0.76 

0.2 0.69 1910 0.23 140 - - 1353 0.74 

0.4 0.69 1910 0.3 211 - - 1382 0.72 

 

 

 

Table A10. Fitting parameters, average lifetime and apparent rate constant (k) of mp-

NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 at applied potential of 0.4 V vs. Ag/AgCl at various excitation fluence. 

Fluence 

(µJ/cm2) 
A1 

T1 

(ps) 
A2 

T2 

(ps) 
A3 

T3 

(ps) 

Average 

lifetime (ps) 
k (ns-1) 

25 0.24 2192 0.31 44 0.43 243 646 1.55 

19 0.3 2192 0.21 31 0.50 223 775 1.29 

16 0.48 2192 0.46 220 - - 1160 0.86 

13 0.62 2192 0.29 192 - - 1420 0.70 

10 0.74 2192 0.24 124 - - 1652 0.61 

6 1.00 2192 - - - - 2192 0.46 

 

 

 

Table A11. Fitting parameters, average lifetime and apparent rate constant (k) of mp-

NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 at applied potential of 0 V vs. Ag/AgCl at various excitation fluence. 

Fluence 

(µJ/cm2) 
A1 

T1 

(ps) 
A2 

T2 

(ps) 
A3 

T3 

(ps) 

Average 

lifetime (ps) 
k (ns-1) 

25 0.009 2396 0.73 72 0.25 644 236 4.24 

19 0.06 2396 0.6 319 0.35 53 354 2.83 

16 0.18 2396 0.54 449 0.28 52 768 1.45 

13 0.48 2396 0.44 248 - - 1269 0.79 

10 0.63 2396 0.33 336 - - 1625 0.62 

6 1.00 2396 - - - - 2396 0.42 

 

 

 

Table A12. Fitting parameters, average lifetime and apparent rate constant (k) of mp-
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NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 at applied potential of -0.4 V vs. Ag/AgCl at various excitation 

fluence. 

Fluence 

(µJ/cm2) 
A1 

T1 

(ps) 
A2 

T2 

(ps) 
A3 

T3 

(ps) 

Average 

lifetime (ps) 
k (ns-1) 

25 0.03 2242 0.31 198 0.75 39 155 6.43 

19 0.03 2242 0.65 73 0.38 308 225 4.44 

16 0.14 2242 0.37 31 0.52 337 495 2.02 

13 0.24 2242 0.49 639 0.27 93 967 1.03 

10 0.62 2242 0.36 346 - - 1517 0.66 

6 1.00 2242 - - - - 2242 0.45 

 

 

 

Table A13. Fitting parameters, average lifetime and apparent rate constant (k) of mp-

NiO/FA0.83Cs0.17Pb(I0.83Br0.17)3 at various potentials at the excitation fluence of 19 µJ/cm2. 

Potential 

(V vs. 

Ag/AgCl) 

A1 
T1 

(ps) 
A2 

T2 

(ps) 
A3 

T3 

(ps) 

Average 

lifetime (ps) 
k (ns-1) 

0.4 1 1080 - - - - 1080 0.93 

0.2 0.6 1080 0.27 99 - - 675 1.48 

0 0.46 1080 0.51 93 - - 546 1.83 

-0.2 0.67 1080 0.28 22 - - 730 1.37 

-0.4 0.24 1080 0.4 23 0.38 128 316 3.16 

-0.2 0.34 1080 0.46 17 0.38 223 447 2.24 

0  0.27 1080 0.41 62 0.34 560 504 1.99 

0.2 0.42 1080 0.46 663 - - 800 1.25 

0.4 0.76 1080 0.14 63 - - 831 1.20 

 

 


