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The unprecedented speed at which the performance of solar cells based on solution processed 

perovskite thin films has increased, in some ways, appears to violate conventional 

understanding of device optimization. The relatively poor coverage of the TiO2 electron 

transport layer by the absorber should cause shunting of the cell. This, however, is not the 

case. In this paper, it is attempted to explain this “discrepancy”. Insights into coverage, 

morphology, local elemental composition, and spatially resolved electronic structure of 

CH3NH3PbI(3-x)Clx perovskite absorbers wet-chemically deposited on planar compact TiO2 

electron transport material (ETM) are revealed. Microscopy images indicate an incomplete 

coverage of the ETM. Depending on the degree of coverage, a variation in iodine oxidation 

and metallic lead formation is found. With the electronic structure of the absorber and the 

ETM established experimentally and taking literature on the commonly-used hole transport 

material spiro-MeOTAD into account, it is revealed that excellent charge selectivity occurs at 

the interfaces between the absorber and both the hole and electron transport layers. It can 

also be surmised that, crucially, any direct interface between the TiO2 and spiro-MeOTAD 

would be characterized by a large recombination barrier preventing shunts; to some extent 

minimizing the negative effects of absorber pinholes. 
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1. Introduction 

Solid-state hybrid solar cells using solution-processable organolead trihalide perovskite (AMX3, 

with A = e.g., CH3NH3
+ or CH(NH2)2

+; M = e.g., Pb or Sn; and X = I, Cl, or Br) absorber layers 

have exceeded 20% conversion efficiency.[1-5] The highest efficiencies are achieved with a 

mesoporous electron transport material (ETM) scaffold of either TiO2 or Al2O3 upon which the 

perovskite is spin-coated.[6] In principle, devices based on a simpler planar heterojunction 

configuration should also be capable of reaching high performances. Hence, significant efforts are 

aimed at developing a successful method to deposit the perovskite directly on compact ETMs such 

as TiO2 (e.g., from solution at low process temperatures <150 ºC).[7-9] Spin-coating perovskite on 

planar ETMs tends to lead to incomplete coverage, limiting efficiency.[7] It has been reported that 

pin-hole formation in the perovskite layer may decrease light absorption (limiting the current) and 

create low-resistance shunt paths where the hole transport material (HTM) and the ETM may come 

in direct contact, creating electron-hole recombination paths (limiting the voltage).[10] Recently, a 

transparent, insulating, shunt-blocking layer preferentially deposited on the uncovered ETM was 

introduced into the device structure,[11] enhancing open circuit voltage without deteriorating charge 

extraction. For future optimization efforts, a comprehensive “spatially resolved” understanding of 

the chemical and electronic properties of the perovskite/ETM interface formation is crucial. 

Studies investigating the chemical and electronic properties of interfaces found in 

perovskite-based solar devices are scarce.[12-17] This is particularly true for spatially resolved 

analysis. Here, we use scanning electron microscopy (SEM) and elemental distribution maps 

acquired by energy-dispersive x-ray spectroscopy (EDX) in combination with energy filtered 

photoemission electron microscopy (X-PEEM) to investigate the chemical and electronic properties 

of the interface formed between a CH3NH3PbI(3-x)Clx thin film wet-chemically deposited on a planar 

compact TiO2 (c-TiO2). SEM and EDX maps are used to gain insight into coverage, morphology, 

and local elemental composition; X-PEEM is used to study laterally-resolved chemical environment 
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with x-ray photoelectron spectroscopy (XPS) and x-ray absorption spectroscopy (XAS). These 

spatially resolved insights into the electronic structure at the CH3NH3PbI(3-x)Clx/TiO2 interface 

ultimately explain why perovskite absorbers with large pin-hole densities nevertheless result in 

working solar cells. Note that the impact of the morphology of similarly prepared CH3NH3PbI(3-

x)Clx layers on c-TiO2 on device performance was reported in detail in Ref. 7.  

Despite the recent improvements in film morphology, creating ever more pinhole-free perovskite 

absorber layers, we expect the results (in particular related to the CH3NH3PbI(3-x)Clx/TiO2 interface) 

to be valid and crucial for the understanding and thus for the improvement of the solar cell device. 

 

 

2. Results and Discussion 

Morphology and elemental distribution 

Figure 1a shows the SEM image of the surface of a nominal 300 nm thick CH3NH3PbI(3-x)Clx layer 

on c-TiO2. The brighter areas show a perovskite film consisting of large grains – up to a few µm – 

which incompletely covers the c-TiO2 substrate. The darker, small-grained areas are exposed c-

TiO2.[18] 

The attribution of the different regions is further corroborated by the EDX elemental 

distribution maps shown in Figure 1c-h, derived from the same sample area as shown in Figure 1a. 

The substrate elements O, Sn, and Ti have the highest concentration in the darker areas of the SEM 

image, while I, Pb, and C have the highest concentration in the lighter areas. Thus, O, Sn, Ti and I, 

Pb, C are clearly anticorrelated; supporting the above conclusion that the perovskite does not 

completely cover the substrate. (See supplemental information, Figure S1, for the Cl K and N K 

fluorescence maps.).  

The morphology observed in the PEEM image (Figure 1b) is similar to that in the SEM 

image (Figure 1a). The PEEM image of the perovskite/TiO2 sample shows three distinct 

topographical regions, indicated in Figure 1b by differently colored rectangular boxes. The red box 
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indicates a region (hereafter called “perovskite”) where the perovskite layer completely covers the 

TiO2 substrate. The blue box indicates a sample area in which the perovskite layer seemingly does 

not cover the substrate, leaving the c-TiO2 exposed (hereafter, “exposed TiO2”). The area defined by 

the green box represents a sample area with a more complex (“intermediate”) topography, showing 

a mixture of the areas described by the other two boxes. To study the chemical and electronic 

structure in these sample areas in detail (i.e., identify chemical species in addition to the element 

distribution given by the EDX maps), we employed local XAS and XPS spectroscopy enabled by 

PEEM.  

 

Chemical speciation 

PEEM-XAS was used to locally study the spatial distribution of Ti and relate it to the coverage of 

TiO2 by the perovskite layer. Figure 2 shows the Ti L2,3-edge XAS spectra of the perovskite sample 

recorded at the different areas of interest. For the “perovskite” area (red box in Figure 1b), no XAS 

Ti L2,3-signal can be detected, indicating that the perovskite layer indeed completely covers the TiO2 

substrate in this area. The PEEM-XAS measurement is recorded in partial electron yield mode and 

thus the information depth is dominated by the inelastic mean free path (IMFP) of the detected 

photoelectrons. Taking into account that for the XAS measurements the electron analyzer is set to 

the kinetic energy of the secondary electrons (that induce maximum photoemission intensity) of 

only a few eV, we estimate the corresponding IMFP of these electrons, including multiple scattering 

in the material, based on the IMFP universal curve[19] to be in the range of around 3 nm. 

Considering that 95% of the exponentially attenuated signal comes from a “depth” of 3  IMFP, it 

can be concluded that the perovskite layer in this specific sample area completely covers the 

compact TiO2 with a minimal thickness of at least 9 nm (the nominal thickness is 300 nm).  

The “exposed TiO2” area that is indicated by the blue box in Figure 1b exhibits an intense Ti 

L2,3 absorption signal that resembles the XAS spectrum of a TiO2 anatase reference.[20] (The Ti L2,3 

XAS reference data of anatase has been digitized from Ref.[20] and is shown as the black spectrum 
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Figure 2. The PEEM-XAS data is shifted by 2.91 eV to higher photon energies for comparison. This 

shift could be due to energy miscalibration of the beamline.). The slight spectral differences can 

mainly be explained by the significantly lower energy resolution for the PEEM-XAS data. A clear 

Ti L2,3-edge XAS spectrum can also be recorded from the “intermediate” sample area indicated by 

the green box in Figure 1b. The spectral shape – in a coarse comparison – also resembles the shape 

of the TiO2 anatase reference; however, it is much less intense in comparison to the spectrum of the 

“exposed TiO2” area. These results again indicate that the sample area defined by the green box in 

Figure 1b has a surface topography intermediate to that of the other two areas: in this “intermediate” 

sample area the substrate is partially covered by the perovskite layer, but the coverage is either 

incomplete or thin enough (i.e., < 9 nm) that a Ti L2,3-signal from the exposed/underlying TiO2 is 

still detectable. 

For more information about the chemical environment of the perovskite layer and its 

spatially inhomogeneous interface with c-TiO2, PEEM-XPS measurements were performed. Figure 

3 shows the I 4d XPS spectra of the three areas of interest defined in Figure 1b. The detailed 

analysis of the data can be found in S.I.; briefly, I 4d XPS signals (of varying intensity - note the 

magnification factors indicated on the right side of Figure 3) are detected in all regions of interest. 

For the “perovskite” and “intermediate” areas, the I 4d indicates the presence of one species 

(labeled component I in Figure 3). For the “exposed TiO2” area, the data suggest (at least) two 

different chemical iodine species (components I and II in Figure 3). The main (I) contribution to the 

I 4d5/2 peak as measured in all regions can be ascribed to iodine in an iodide/perovskite environment 

(i.e., CH3NH3PbI3). The assignment of the smaller I 4d (II) contribution (at higher BE) is difficult 

(see Figure S2 and S3 and related discussion for more details), however, we tentatively attribute it 

to an iodite (→ IO2
−) – type species. We caution that this assignment is speculative, because this 

compound is not stable (but exists as intermediate in iodide ↔ iodate reactions [21]). Furthermore, 

also the formation of a hypoiodite I+1 (→ IO−) and/or an iodate I+3 (→ IO3
−) species cannot be 

excluded (but is less likely– see S.I.). In conclusion, we will refer to this compound as “oxidized” 
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iodine species. Its presence could be explained by the formation of I-Ox bonds at the 

perovskite/TiO2 interface. Its detection in the “exposed TiO2” area can, however, only be 

understood by considering that before the crystallization annealing step the degree of coverage of 

the perovskite (precursor) layer on the compact TiO2 is significantly larger.[13,22] As a result, some 

areas of the TiO2 that have been covered with CH3NH3PbI(3-x)Clx pre-crystallization will then be 

exposed, revealing the remaining perovskite/iodite “seed layer”. In the “exposed TiO2” area, we 

derive a ratio of iodine species I:II (i.e., perovskite:“oxidized” iodine) of approximately 4:1. In the 

other areas the perovskite layer is too thick for surface sensitive XPS [inelastic mean free path 

(IMFP) for the I 4d photoelectrons excited with 120 eV is approximately 0.5 nm][23,24] to be able to 

probe the perovskite/TiO2 region, and so species II is absent from these spectra. Note that the 

“effective” thickness (see S.I. for determination details) of the perovskite/iodite “seed layer” in the 

“exposed TiO2” area is very thin; ca. 0.14 nm, which is smaller than the lattice constant of 0.64 nm 

and thus less than a monolayer of perovskite.[25]  

Despite the rather large experimental BE uncertainty of (  0.2) eV, relative energy shifts 

have a significantly lower error bar and thus the BE shift of (0.3  0.1) eV for the I 4d main 

contribution to higher BE values is small but significant. Taking into account that the I 4d intensity 

is significantly larger for the “perovskite” area (see the different magnification factors in Figure 3) – 

i.e., the CH3NH3PbI(3-x)Clx layer is thinner in the “exposed TiO2” and “intermediate” sample area – 

the I 4d shift to higher BE might be explained by (interface induced) band bending. (For the sake of 

simplicity our model assumes a homogeneous coverage of the TiO2 substrate.) Core level shifts to 

lower/higher BE indicate upwards/downwards band bending and thus the observed shift may 

suggest downward band bending towards the TiO2. This effect would accelerate electrons towards 

the substrate and repel holes, which would benefit the perovskite/TiO2 contact’s charge 

selectivity.[26] 

Figure 4 shows the results of the curve fit analysis of the Pb 4f XPS detail spectra of the 

examined areas. As with I, Pb is detected in all three regions of interest (see Figure 1b) but in 
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varying amounts (as denoted by the magnification factors on the right side of Figure 4). The BE of 

the Pb 4f7/2 peak recorded on the “exposed TiO2” area (blue spectrum in Figure 4) is determined to 

be (138.61  0.2) eV. There is only one Pb species found in this area. For the “perovskite” area (red 

spectrum in Figure 4), a single Pb species is also found with a Pb 4f7/2 BE of (138.34  0.2) eV. The 

BE shift between the Pb 4f spectra of the “exposed TiO2” and “perovskite” areas is in agreement 

with the shift observed in the I 4d spectra and can be (also) explained by interface induced band 

bending (see related discussion above). The Pb 4f XPS spectrum of the “intermediate” area (green 

spectra in Figure 4) clearly shows the presence of two different chemical Pb species. The Pb 4f7/2 

peak of the main Pb contribution (I) is located at a BE of (138.66  0.2) eV, whereas the second Pb 

contribution (II) is found at lower BE: (137.11  0.2) eV. The Pb 4f7/2 line recorded for the 

“perovskite” and “exposed TiO2” areas, and for the main Pb contribution (I) of the “intermediate” 

area is indicative for Pb in a perovskite.[27] The additional (minor) Pb contribution II (i.e., at low BE 

side) in the “intermediate” area (green spectra Figure 4) can be ascribed to metallic Pb. The 

composition ratio between the Pb species from the perovskite (I) and metallic Pb (II) is 

approximately 2:1.  

Note that based on the presented I 4d and Pb 4f core levels, it is not possible to distinguish 

between CH3NH3PbI3 and PbI2, as the I- and Pb-related photoemission lines of both species have 

very similar BE.[28] Hence, the presence of PbI2 cannot be excluded. In fact, the comparison of the 

different scaling factors given in Figure 3 and Figure 4 is actually (at least for one specific sample 

area) in agreement with the presence of PbI2 as will be reasoned in the following. The ratio of the I 

4d / Pb 4f scaling factors for the three different sample areas is (by definition) 1 / 1 for the 

“perovskite” area, 2.2 / 1.3 for the “intermediate” area, and 3.0 / 6.7 for the “exposed TiO2”. Note 

that the scaling factors were chosen such that the main contribution (I) of the respective 

photoemission line covers the same area. Since Pb 4f and I 4d have additional contributions (II) for 

the “intermediate” area and the “exposed TiO2”, respectively, the factor ratios are underestimated 

and overestimated in these cases. We find the I 4d / Pb 4f scaling factor ratio to be < 1 for the 
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“intermediate” sample area and to be > 1 for the “exposed TiO2”. Hence, relative to the I/Pb ratio of 

the “perovskite” area the “intermediate” sample area is I-poor or Pb-rich and the “exposed TiO2” is 

I-rich or Pb-poor. While the former could be explained by the presence of PbI2 in the “intermediate” 

sample area, the latter might indicate the diffusion/incorporation of (excess) iodine into the (upper 

region of the) TiO2 substrate forming I-Ox bonds.  

The latter is corroborated by the fact that I is a well-known dopant in TiO2
[29] with nominal 

doping levels up to 15 wt%.[30] The I–O–I and I–O–Ti bonds that are suggested to result from the 

incorporation of I into the TiO2 structure [31] are so far in agreement with our results, as they are in 

line with the attribution of the high BE component (II) of the I 4d line to an “oxidized” I species 

(see discussion above and Figure 3). However, XPS data of I-doped TiO2 usually show the dopant 

related photoemission lines at even higher BE values,[29-31] indicating that I is present in higher 

valencies than in our case. This indicates that instead of having a classical I-diffusion into the TiO2, 

interfacial I-Ox bonds are formed upon CH3NH3PbI(3-x)Clx deposition by iodine incorporation in the 

upper c-TiO2 region However, the presence of I-doped TiO2 can also not be excluded.  

The presence of metallic Pb has recently been related to x-ray induced degradation of the 

perovskite,[32] and metallic Pb and PbI2 have been reported as products of degradation of 

CH3NH3PbI3 in vacuum under visible light (24 h exposure).[33] In our experiment, all areas of 

interest on the sample are irradiated equally and simultaneously, but metallic Pb can only be 

identified in the “intermediate” area, and as described in the previous paragraph there is also some 

indication of PbI2 formation in this area. This finding indicates that, if the formation of metallic Pb 

(possibly together with PbI2) in vacuum is indeed a photon-induced effect, then it occurs (or starts) 

only locally, and it presumably is affected by laterally varying composition. 

 

Lateral variation of the electronic structure 

The 0 – 50 eV BE range, covering the valence band maximum (VBM) and shallow core levels (Ti 

3p, O 2s, and Pb 5d), of the three regions of interest is depicted in Figure 5 (see S.I. for a more 
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detailed analysis). The photoionization cross section for the Ti 3p line at this excitation energy is 

roughly one order of magnitude higher than that of the Pb 5d line,[34,35]  which accounts for some of 

the intensity difference that can be observed and is reflected in the magnification factors. The VBM 

positions indicated in Figure 5 have been derived by linear extrapolation of the leading edge. The 

PEEM-XPS energy scale was calibrated by using an energy-calibrated data set measured at a 

different experimental setup, and so, also due to the low-signal-to noise ratio, only relative instead 

of absolute VBM positions are discussed below. The VBM of the “intermediate” and “perovskite” 

sample areas are shifted by (-0.2  0.2) eV and (-1.7  0.2) eV, respectively, with respect to the 

VBM of the “exposed TiO2”. The spectrum of the “intermediate” area is dominated by TiO2 signals 

with minor contributions from Pb 5d (see Figure 5); hence the VBM position is also dominated by 

the O 2p states of TiO2. The small VBM shift compared to the “exposed TiO2” area is ascribed to 

some marginal spectral intensity near the Fermi level (EF) – most likely caused by hybridized Pb 6s 

and I 5p states;[17] likely from the perovskite/iodite “seed layer.” The low signal-to-noise ratio 

prevents a proper accounting for this low-intensity signal. 

If the “exposed TiO2” VBM – despite the fact that I- as well as Pb-related XPS signals have 

been identified in this sample area (see discussion above and Figure 3 and Figure S5) – is 

considered to represent the electronic structure of bare TiO2, then the observed VBM shift with 

respect to the “perovskite” would approximate the VB offset (VBO) at the CH3NH3PbI(3-x)Clx/TiO2 

interface. This assumption is somewhat justified by the significantly lower photoionization cross 

sections of the Pb- and I-derived compared to the O-derived VB states. However, in order to derive 

the true VBO, the observed VBM shift would have to be corrected for interface induced band 

bending (iibb). In any case, the VBM difference between the “perovskite” and the “exposed TiO2” 

sample area of (-1.7  0.2) eV is in good agreement with the value of -1.86 eV found by Schulz et 

al. for CH3NH3PbI(3-x)Clx and bare TiO2.[14] 

We can infer a complete energy level alignment of the CH3NH3PbI(3-x)Clx/TiO2 interface, 

including conduction band minima (CBM), from our measurements and literature data[14] (see S.I. 
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for more details). Figure 6 shows this “zero-order” approximation (the “exposed TiO2” data is 

assumed to represent the properties of the bare TiO2 substrate, and any potential impact of iibb is 

neglected) suggests that a small negative (cliff-like) CB offset (CBO) is formed at the 

CH3NH3PbI(3-x)Clx/TiO2 interface. However, following the discussion related to Figure 3 and Figure 

S5, interpreting the (0.3  0.1) eV shift of the I 4d and Pb 4f lines to higher BE values when going 

from the completely covered “perovskite” to the “exposed TiO2” area indicating downward band 

bending in the perovskite towards the interface would result in a small positive (spike-like) CBO 

[i.e., CBM (CH3NH3PbI(3-x)Clx) > CBM (TiO2)]. Similarly, the VB difference of (-1.7  0.2) eV 

would have to be iibb corrected, resulting in a true VBO of (-1.4  0.2) eV. The CBO and VBO of 

the CH3NH3PbI(3-x)Clx/TiO2 layer stack would produce an ideal charge selective contact: The VBO 

is a sufficient barrier for holes; even more, the downward iibb towards the ETM TiO2 will repel 

holes from, and accelerate electrons towards, the CH3NH3PbI(3-x)Clx/TiO2 interface. Even if a small 

spike-like CBO is formed, it is not expected to significantly hinder electron transport. Device 

simulations[36,37] for chalcopyrite-based solar cells have shown that a positive CBO of up to + (0.3 – 

0.4) eV does not have any detrimental impact on device performance; in fact, a spike-like CBO will 

enlarge the interface band gap[38]: Eg,i(CH3NH3PbI(3-x)Clx/TiO2) = Eg,perovskite + CBO=CBMTiO2-

VBMperovskite, which represents the (beneficial) energetic barrier for charge carrier recombination 

across the interface. 

 

Why to (not) worry about pin-holes 

To address whether pinholes in the perovskite on the ETM will limit efficiency[7] by creating low-

resistance shunts where electrons and holes can recombine directly,[10] we compare our derived 

“exposed TiO2” electronic structure to that of the most prominent HTM (spiro-MeOTAD). We align 

the energy level scheme for the spiro-MeOTAD surface found in Ref. [14] to our measurements 

using the reported relative shift between the VBM of CH3NH3PbI(3-x)Clx and the HOMO (highest 

occupied molecular orbital) of spiro-MeOTAD of 0.2 eV.[14]  
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In a zero-order approximation (i.e., neglecting any impact of band bending on the electronic 

structure of the spiro-MeOTAD/TiO2 interface), Figure 6 suggests significant (ca. 2 eV) energetic 

barriers between spiro-MeOTAD HOMO and TiO2 VBM and between spiro-MeOTAD LUMO 

(lowest unoccupied molecular orbital) and TiO2 CBM and thus would effectively prevent direct 

charge carrier transport between HTM and ETM.[39] Consequently, despite the formation of 

pinholes where the HTM and ETM can come in direct contact, perovskite-based solar cells 

deposited by e.g., spin-coating on planar TiO2 still result in working solar cells. However, note that 

“real-world” interfaces are more complex. Imperfect lattices, grain boundaries, defects, and 

chemical interactions at the interface may very well also impact charge carrier recombination. In 

addition, the resulting interface band gap, i.e. Eg,i(spiro-MeOTAD/TiO2) = CBMTiO2-HOMOspiro-

MeOTAD is presumably smaller than that discussed for the CH3NH3PbI(3-x)Clx/TiO2 interface above. 

Thus, we speculate that the rate/probability of charge carrier recombination at the spiro-

MeOTAD/TiO2 interface is enhanced, limiting the open circuit voltage of devices based on 

perovskite layers containing pin holes. This interpretation agrees with the observed improvement in 

open circuit voltage induced by a shunt-blocking layer.[11]  

 

3. Conclusion 

In summary, a combined SEM, EDX, PEEM-XPS and -XAS investigation of the surface of 

a 300 nm thick CH3NH3PbI3-xClx layer deposited on (compact) TiO2 FTO/glass shows an 

inhomogeneous morphology with an incomplete coverage of the substrate by the perovskite 

including holes that seemingly reach to the substrate. Spatially resolved XPS measurements reveal 

the presence of Pb and I in the “exposed TiO2” area, which could not be resolved with EDX maps 

of the same sample type, suggesting the presence of perovskite remnants and/or the formation of a 

Pb-I(-O) containing seed/interface layer on the TiO2 substrate. Additional indications of the 

formation of metallic Pb and an enhanced iodine-oxidation in the proximity of the perovskite/c-

TiO2 interface were observed. Depending on the degree of coverage, we find inhomogenous 
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chemical compositions of the absorber material, also reflected in the electronic structure. 

Combining the spatially-resolved VBM values determined from PEEM-XPS data with CBM values 

from literature, it was outlined that the energy level alignment at the HTM/perovskite and 

perovskite/ETM interfaces correlate to the performance level of respective solar cells. The HTM 

(here: spiro-MeOTAD)/perovskite and the perovskite/ETM (here: TiO2) junctions represent 

(almost) ideal charge selective contacts for holes and electrons, respectively. Furthermore, the 

estimated energy level positions in the pin-hole areas, i.e. where the HTM and ETM are in direct 

contact, indicate a sufficient energetic barrier preventing high-rate charge carrier recombination and 

thus allowing solar cell devices to function even with high pin-hole densities. 

 
4. Experimental Section  

Sample preparation: Device-relevant CH3NH3PbI(3-x)Clx perovskite thin films of 300 nm nominal 

thickness were prepared on compact TiO2/FTO/glass substrates at University of Oxford following 

the standard “one-pot” preparation approach.[6,8] The compact TiO2 layers were spin-coated on 

fluorine-doped tin oxide (FTO) substrates (Pilkington, TEC7) by depositing an acidic solution of 

titanium isopropoxide dissolved in ethanol at 2000 rpm for 60s followed by drying at 150°C and 

annealing at 500°C for 45 min. The precursor solution for the perovskite was formed by dissolving 

methylammonium iodide (CH3NH3I, “MAI”) and lead (II) chloride (PbCl2) in anhydrous N,N-

dimethylformamide (DMF) in a 3:1 molar ratio with a final concentration of 2.64 mol/l MAI and 

0.88 mol/l PbCl2. This solution was spin-coated onto compact TiO2 at 2000 rpm in a nitrogen-filled 

glovebox for 45 s. After spin-coating, the films were left to dry at room temperature inside the 

glovebox to allow the solvent to slowly evaporate, followed by an annealing step for 2.5 h at 90°C 

(this step is needed for the crystallization and formation of the perovskite structure). After 

preparation, samples were sealed in a container under inert gas and transferred from the University 

of Oxford to the Helmholtz-Zentrum Berlin für Materialien und Energie, where they were unpacked 

and mounted on sample holders in a N2-purged glovebox. During introduction of the samples into 



  

14 
 

the load lock of the X-PEEM endstation the samples were briefly (i.e., less than 2 min) exposed to 

air. 

Scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy (EDX): SEM 

images of the sample surface were recorded using a commercially available Zeiss UltraPlus 

scanning electron microscope by measuring secondary electrons at a working distance of 47.8 mm 

and a primary electron beam acceleration voltage of 5 kV.  

 Energy dispersive x-ray spectroscopy (EDX) elemental distribution maps were acquired in 

the same microscope using an Oxford Instruments X-Max 80 X-ray detector and the AZtec 

acquisition and evaluation software. The beam energy and current were 7 keV and about 1 nA, 

respectively. 

Note that SEM and/or EDX measurements recorded with an electron-beam energy of a few 

keV always risk being influenced (or, in the worst case, dominated) by artifacts due to beam-

induced alteration of the material properties. This is particularly true for organic or 

inorganic/organic hybrid materials such as perovskites, as described in detail in Ref.[40]. The risks 

can be mitigated by limiting the exposure time of a particular area of the sample. Note that for the 

SEM and EDX data discussed in this paper, the comparison before and after measurements never 

showed visible changes in the morphology. Furthermore, no change of the elemental distribution of 

the surface (e.g., due to beam exposure-induced decomposition) was detected. Therefore, our 

measurements can be considered to be mainly free of electron beam induced artifacts, unless such 

deterioration occurs immediately at the beginning of the measurement.  

Photoemission electron microscopy (PEEM): The PEEM characterization was performed in the 

Spectro-Microscope with Aberration correction for many Relevant Techniques (SMART) endstation 

installed at the UE49-PGM BESSY II beamline of the Helmholtz-Zentrum Berlin (HZB).[41,42] The 

UE49-PGM beamline offers an excitation energy range of 100 to 1200 eV. The SMART endstation 

is equipped with an imaging energy analyzer allowing for spatially resolved studies of samples 

(with in the best case) a maximal spatial resolution of 18 nm and an energy resolution of 180 meV 
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for X-PEEM.[43] All PEEM images have been recorded in a field of view of 12.4 µm. 

The sample surface is imaged by recording photoemission from each point by means of a 

fluorescence screen in front of the imaging detector (here a CCD camera). For these PEEM 

topography images photon energy of 510 eV was used for excitation.  

For the spectroscopy techniques (XPS, XAS) used within the microscopy mode, the electron 

energy resolution is realized by an energy filter (here an imaging energy analyzer) positioned in 

front of the detector. For visualization of the sample surface the contrast of each image is then 

determined according to the fulfillment of the energy conditions for a certain core electron (more 

details can be found in Refs. [41,42]). Briefly, the XPS measurements in microscopy mode (PEEM-

XPS) are performed with a fixed photon energy by tuning the photoelectron kinetic energy detected 

by the analyzer through the energy range of interest. Spatially-resolved I 4d, Pb 4f, and extended 

valence band (i.e., shallow core level) XPS spectra were recorded in different areas of interest, 

using photon energies of 120, 380, and 200 eV, respectively.  

XAS spectra in microscopy mode (PEEM-XAS) are recorded by setting the kinetic energy 

detected by the electron analyzer to the range of the secondary electron induced maximum 

photoemission intensity[41] and tuning the photon energy through the energy range of interest (i.e., 

the absorption edge). Thus, the XAS spectra are detected in partial electron yield mode. To measure 

the Ti L2,3-edge XAS spectra, the photon energy was scanned from 450 to 470 eV.  

Measured XPS peaks were fitted by using the fitting program “Fityk”[44] version 0.9.8. The 

binding energy (BE) of the core levels was determined by fitting a linear background and using 

Voigt profiles for the peaks. The fit parameters were constrained by fixing the area ratio of the spin-

orbit doublets according to the multiplicity (2j+1) and coupling the peak shape and width for every 

core level of the same element and subshell. The spin-orbit splitting was fixed to 1.76 eV for the I 

4d3/2 and 4d5/2 and to 4.86 eV for the Pb 4f5/2 and 4f7/2 levels.[45,46] The BE axis of the XPS data was 

calibrated by means of an energy-calibrated data set[12,13] measured at the High Kinetic Energy 

Photoelectron Spectrometer (HiKE) endstation installed at the KMC-1 beamline of BESSY II.[47,48] 
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The experimental BE uncertainty on an absolute energy scale is estimated to be (  0.2) eV. 

However note that relative BE changes will have a significantly lower error bar. 

As with electron beam irradiation, exposure to x-rays can also lead to measurement induced 

artifacts via degradation of the sample. However, similar to the SEM/EDX analysis for the data 

presented in this paper no indication for a modified sample morphology before and after 

accumulation of the PEEM data was observed. In addition, no spectral changes during XPS and 

XAS measurements were observed. However, x-ray-irradiation-induced changes on a shorter time-

scale (i.e., any changes that occurred immediately upon irradiation) cannot be excluded.  

 
Supporting Information  
Supporting Information related to the EDX maps, the data evaluation of the I 4d and shallow core 
levels, as well as the energy level alignment is available from the Wiley Online Library. 
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Figure 1. SEM (a) and PEEM (b) images of similarly prepared 300 nm thick CH3NH3PbI(3-x)Clx 
layers on compact TiO2 on FTO/glass substrates. EDX maps of the iodine L (c), oxygen K (d), lead 
M (e), carbon K (f), tin L (g) and titanium K (h) fluorescence of the same sample spot as show in 
(a). Different areas of interest are indicated in the PEEM image (b) by differently colored 
rectangular boxes. 
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Figure 2. PEEM-XAS (shifted by 2.91 eV) spectra of the Ti L2,3-edge recorded in the three 
different areas of interest defined in the PEEM image shown in Figure 1b of the nominal 300 
nm thick perovskite layer on compact TiO2: “exposed TiO2” – blue box; “intermediate” area – 
green box; “perovskite” – red box. For comparison, a TiO2 (anatase) reference spectrum from 
Ref.[20] is depicted.  
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Figure 3. PEEM-XPS I 4d detail spectra (including fit analysis) of a nominal 300 nm thick 
perovskite/compact TiO2 sample recorded in different areas of interest (as defined in the PEEM 
image shown in Figure 1b): “exposed TiO2” – blue box; “intermediate” area – green box; 
“perovskite” – red box. Note the different magnification factors. The raw data is shown as solid 
squares; the resulting fits are given as black lines. The different contributions due to spin-orbit 
splitting and different iodine species are given as shaded areas in orange (species I) and purple 
(species II). The corresponding residual (i.e., the difference between data and fit) is shown below 
each spectrum. The spectral shift is indicated for the I 4d3/2 spin-orbit split main component with a 
vertical dashed line. 
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Figure 4. PEEM-XPS Pb 4f detail spectra (including fit analysis) recorded in different areas of 
interest (as defined in the PEEM image of Figure 1b) on the nominal 300 nm thick 
perovskite/compact TiO2 sample: “exposed TiO2” – blue box; “intermediate” area – green box; 
“perovskite” – red box. Note the different magnification factors. The raw data are shown as solid 
squares; the resulting fits are given as black lines. The different contributions due to spin-orbit 
splitting and different lead species are given as shaded areas in orange (species I) and purple 
(species II). The corresponding residual (i.e., the difference between data and fit) is shown below 
each spectrum. The spectral shift is indicated for the Pb 4f5/2 spin-orbit split component with a 
vertical dashed line. 

 

146 144 142 140 138 136

II

5/2

I

II

x 6.7

x 1.3

Pb 4f

h= 380 eV

N
o

rm
a
liz

e
d

 I
n

te
n

si
ty

Binding Energy (eV)

exposed TiO
2

intermediate
perovskite       

x 17/2



  

25 
 

Figure 5. PEEM-XPS spectra of the shallow core levels and valence band region of the different 
areas of interest (as defined in the PEEM image of Figure 1b) on the 300 nm thick 
perovskite/compact TiO2 sample: “exposed TiO2” – blue box; “intermediate” area – green box; 
“perovskite” – red box. Note the different magnification factors. The shallow core level lines are 
labelled and the positions of the valence band maxima (VBM) are indicated by arrows. 
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Figure 6. Schematic presentation of the relative difference between the PEEM-XPS derived VBM 
positions of the “exposed TiO2” and “perovskite” sample area surface (black lines). The CBM 
positions (blue lines) were estimated by using the electronic band gap values for TiO2 (3.3 eV) and 
CH3NH3PbI(3-x)Clx (1.7 eV) reported by Schulz et al.[14] For comparison of the electronic structure 
of a prominent ETM (TiO2) with that of a prominent HTM (spiro-MeOTAD), the energy level 
scheme of a spiro-MeOTAD (red lines) was also taken from Ref. [14] and aligned according to the 
reported energy difference between the VBM position of CH3NH3PbI(3-x)Clx and the HOMO of 
spiro-MeOTAD. All values are given in eV and the experimental uncertainty of the stated VBM 
shift between the “exposed TiO2” and “perovskite” sample area is (  0.2) eV.  
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Spatially resolved chemical and electronic structure investigations of  
CH3NH3PbI(3-x)Clx/TiO2 samples show an incomplete coverage and inhomogeneous properties. 
We find varying likelihood of iodine oxidation and metallic lead formation, an excellent charge 
selectivity at the contact interfaces, and a large recombination barrier between electron and hole 
transport layer, minimizing negative pinhole effects. 
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