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Abstract 

Photovoltaic cells based on halide perovskites and possessing remarkably high 

power conversion efficiencies have been reported. To push the development of such 

devices further, a comprehensive and reliable understanding of their electronic 

properties is essential, but presently not available. To provide a solid foundation for 

understanding the electronic properties of polycrystalline thin films, we employ single 

crystal band structure data from angle-resolved photoemission measurements. For two 

prototypical perovskites (CH3NH3PbBr3 and CH3NH3PbI3) we reveal the band 

dispersion in two high symmetry directions, and identify the global valence band 

maxima. With these benchmark data, we construct “standard” photoemission spectra 

from polycrystalline thin film samples and resolve challenges discussed in the literature 

of determining the valence band onset with high reliability. Within the framework laid 

out here, the consistency of relating the energy level alignment in perovskite-based 

photovoltaic and optoelectronic devices with their functional parameters is 

substantially enhanced. 

TOC GRAPHICS 



3 
 

Keywords: single crystal and thin film perovskites, angle-resolved photoemission, 

low-energy electron diffraction and density functional theory 

 

Tremendous fundamental and application-oriented research efforts are currently 

devoted to halide perovskites (HaPs), an emerging semiconductor material class that 

has shown huge promise for highly efficient optoelectronic devices.1-7 Despite their 

success as active material in optoelectronic devices, especially in solar cells,8-10 

fundamental optoelectronic properties of HaPs are still not comprehensively 

understood.11-13 In particular, the electronic band structure is a key for unraveling the 

intrinsic charge transport properties of a semiconductor, as the effective carrier mass, 

and thus carrier mobility, is directly related to it. For methylammonium and lead based 

hybrid organic-inorganic HaPs (CH3NH3PbX3 or MAPbX3, X = Cl, Br, I), several 

theoretical studies, performed within the framework of density functional theory (DFT) 

or many-body perturbation theory, have investigated the band structure.2, 14-22 In these 

studies, the hole effective mass (mh*) of MAPbI3 was predicted to be in the range of 

0.2 m0
14, 23 to 0.5 m0,17 (where m0 is the free electron mass), with the precise value 

depending on details of the crystal structure, inclusion of spin-orbit coupling, the 

directions probed in reciprocal space (k-space), and the level of theory.  

Experimentally, the electronic properties of polycrystalline thin films of HaPs 

have been studied with photoelectron spectroscopy (PES), mostly to investigate the 

energy level alignment at device-related interfaces.24-30 Only few experimental studies 

have probed the band structure of single-crystalline hybrid HaPs directly using angle-

resolved PES (ARPES),31-35 where the focus so far was on MAPbBr3, with the 

exception of the reports by Lee et al.34 and Yang et al.35 Knowledge of the surface 

structure is likewise important, as the electronic structure, and therefore charge 

transport properties, of HaPs are a consequence of the structure. For example, the bulk 

structure of MAPbBr3 and MAPbI3 undergoes a transition from tetragonal to cubic as 

the temperature increases, and for MAPbI3 the coexistence of both structures around 

room temperature (RT) was reported.36 For the cubic phase of MAPbI3, mh* was 

estimated from ARPES to be in the range of 0.24 m0 to 0.35 m0 for the M and X points 
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of the Brillouin zone (BZ).35 However, no value for the global valence band maximum 

(VBM) at the R point, which has the lowest binding energy (BE) and thus is most 

relevant for carrier transport, has been reported for MAPbI3. 

While knowing the hole effective masses contributes to a better understanding of 

the intrinsic transport properties of HaPs, it is likewise important to link band structure 

data obtained on single crystals to the electronic properties of thin films that are applied 

in devices. One key parameter is the position of the VBM with respect to the Fermi 

level (EF), as this allows the assessment of the doping level of the materials, as well as 

– in conjunction with work function determination – the ionization energy (IE). 

Reliably known IE values of HaPs help in guiding the selection of appropriate charge 

transport or blocking materials in multilayer devices. However, it transpired that the 

conventional way of determining the VBM, by linear extrapolation of the lowest BE 

PES feature on a linear intensity scale, does not return reliable values.11, 29, 37-38 Instead, 

it was proposed that due to an “unusually low” density of states (DOS) at the VBM of 

numerous perovskites, the extrapolation should be done for PES data plotted on a 

logarithmic scale.29 The low intensity tail of the DOS was explained via wide and 

possibly nonparabolic band dispersion.21 It should, however, be possible to derive the 

reasoning for using a logarithmic PES intensity scale to extract VBM values directly 

from experimental band structure data, in order to ascertain the consistency of 

experimentally determined key parameters such as the band structure and the DOS. 

 

Here, we present a combined low-energy electron diffraction (LEED) and ARPES 

study of MAPbI3 and MAPbBr3 single crystals, complemented by periodic-boundary-

conditions hybrid functional DFT calculations that account for spin-orbit coupling, with 

further a posteriori corrections. For these HaPs, the surface orientation, lattice 

parameters, and crystal symmetry group were determined by LEED, and the electronic 

band structure was investigated along high symmetry momentum directions by ARPES. 

We resolve strongly dispersive features in the band structure of the HaPs, particularly 

along the X-R direction, thus indeed reaching the global VBM. From the band structure, 

we assess that the VBM can be reliably retrieved with the conventional method used in 
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semiconductor physics of extrapolation on a linear PES intensity scale, if sample and 

experimental geometry allow reaching the appropriate point of the Brillouin zone. From 

our benchmark quality ARPES data, we then construct conventional PES spectra of 

polycrystalline thin film samples, and provide the underlying reasoning why the 

logarithmic scale provides a better approximation for VBM values. Based on this 

understanding of thin film spectra from single crystal experimental band structures, a 

solid foundation for obtaining highly reliable information on the electronic structure of 

HaP thin films is provided. 

Surface Structure 

The first bulk and surface Brillouin zones (BZ) of a cubic lattice are displayed in 

Figure 1(a). The LEED pattern of the MAPbBr3 single crystal surface at RT, shown in 

Figure 1(b), exhibits a square diffraction pattern, as expected for the (001) surface. The 

lattice parameters estimated from this LEED pattern are aLEED = bLEED = 5.72 ± 0.10 Å, 

in good agreement with the lattice parameters of the cubic structure (a = b = c = 5.90 

Å, space group Pm3m).39 It is noted that the crystal undergoes a structural transition to 

the β phase of the tetragonal lattice upon lowing the temperature, which is shown and 

discussed in Figure S1 of the supplementary information (SI). 

The LEED patterns obtained from our MAPbI3 single crystal (001) surface at RT 

exhibit a pattern that confirms the coexistence of cubic and tetragonal structures, as 

pointed out earlier. 35-36, 40 The LEED pattern taken with an electron energy of 21 eV 

[Figure 1(c)] features sets of bright and dim spots, whereas the dim spots are barely 

present in the LEED pattern taken with 33 eV primary energy, as shown in Figure 1(d). 

The lattice parameter determined from the dim spots in Figure 1(c) is aT = 7.96 ± 0.16 

Å, which corresponds within 10% to that of the (001) surface of the tetragonal phase 

(8.87 Å).39 The lattice parameter determined from the sets of bright spots at both 

electron energies is aC = 6.02 ± 0.11 Å, which is in satisfactory agreement with the 

known lattice parameter of the pseudocubic phase (6.30 Å)40, and also in line with a 

LEED study. Given the higher intensity LEED spots corresponding to the cubic phase, 

we suggest that it is predominantly abundant at the surface, as unambiguously 

confirmed by ARPES results shown below. 
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Figure 1. Single crystal surface structure. (a) The first bulk Brillouin zone (BZ) and 

surface Brillouin zone (SBZ) of a cubic lattice, with an inset showing a photograph of 

one of the MAPbBr3 single crystals. (b): LEED pattern of the (001) plane of a MAPbBr3 

single crystal, at an electron energy of 33 eV at 300 K. The reciprocal lattice parameter 

a*C refer to the cubic phase. ARPES measurements were performed along the X-M and 

X-R directions [highlighted with red lines in (b)]. (c) and (d): LEED patterns of the (001) 

plane of a MAPbI3 single crystal at 300 K, at an electron energy of 21 eV and 33 eV, 

respectively, with the inset showing a photograph of a MAPbI3 single crystal. The 

reciprocal lattice parameters a*C and a*T refer to the cubic and tetragonal phases, 

respectively. ARPES measurements were performed along the X-M and X-R directions 

[highlighted with red lines in (d)].  

 

 

Single Crystal Electronic Band Structure 

ARPES measurements were conducted at RT along high symmetry directions, as 

indicated in the LEED patterns shown in Figure 1(b)and (d). For MAPbBr3, the as-
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obtained ARPES spectra as a function of k// (the electron wave vector component 

parallel to the sample surface, determined according to the relation:41 ћk// = 

2𝑚 𝐸  𝑠𝑖𝑛𝜃, where Ekin is the measured kinetic energy of the photoelectrons 

and θ the electron emission angle with respect to the surface normal) are shown in 

Figure S2 of the SI. For improved visualization of electronic bands and their dispersion, 

the ARPES spectra were analyzed using the 2D curvature method,42 as displayed in 

Figure 2. These treated ARPES data appear sharper, which assists in tracking the k-

dependent peak positions and allows for a more straightforward comparison with the 

DFT-calculated band structure. 

Because the electron wave vector component perpendicular to the surface (𝑘┴) is 

not conserved in ARPES experiments and the 𝑘┴ -resolution depends on the 

photoelectron kinetic energy, we need to consider whether our experimental conditions 

allow measurements within the so-called band structure regime (i.e., information about 

the 𝑘┴  position within the BZ is retained) or whether they only provide the one-

dimensional density-of-states (1-DOS).43-44 In the latter case, our measurement 

directions would be along 𝛤 - 𝑀  and 𝛤 - 𝑋  of the surface BZ [see Figure 1(a)]. 

According to the criterion for the band structure regime derived by Strocov,43 the 

photoelectron escape length  should be comparable to or longer than the crystal lattice 

parameter along the surface normal. Our data ( in the range of 3-20 Å 45-46 and aC  6 

Å) could be in that regime but could also be borderline. However, we can use our DFT 

calculations (see Methods section for details) to assign the probed directions more 

accurately. For both perovskite crystals, we find wide dispersion of the top valence 

bands along the two principal directions (inclined by 45° as indicated in Figure 1). This 

observation can be matched best by assuming the X-M and X-R momentum directions 

of the bulk BZ according to the calculated band structures (Figures S3 and S4 of the 

SI), as dispersion along -X is minimal. In fact, by overlaying the calculated bands 

along the X-M and X-R directions with the photoemission data, we find good overall 

agreement between theory and experiment, as seen in Figs. 2 (a), (b), (d), and (e). For 

example, in experiment the bandwidths found for MAPbBr3 amount to 1.3 eV and 0.7 
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eV along the X-R and X-M directions, respectively, comparing nicely with the calculated 

bandwidths (1.5 eV and 0.8 eV for these two directions). One more observation leads 

us to conclude that we do indeed capture the global VBM at R (as found in calculations, 

see Figs. S3 and S4), which is the fact that the BE of the valence band top in Figure 2(b) 

and (e) coincides with the valence band onset found when plotting our data on a 

logarithmic intensity scale (see Discussion section and Figure 3 below), as suggested 

in previous work.29  

 

 

Figure 2. ARPES k-space 2D curvature band maps. Top row: Of a MAPbBr3 single 

crystal along the (a) X-M and (b) X-R high symmetry directions. Bottom row: Of a 

MAPbI3 single crystal along the (c) X-M and (d) X-R high symmetry directions. In all 

plots, corresponding DFT calculated bands are shown in light blue lines (shifted in 

energy to match experimental band positions). A zoom into the topmost valence band 

along the X-R direction is given in (c) for MAPbBr3 and in (f) for MAPbI3. Fitting the 

valence band edge regions with parabolic curves (green lines) yields a hole effective 

mass near R of ~0.25 ± 0.05 m0 for MAPbBr3 and ~0.50 ± 0.10 m0 for MAPbI3. 

Corresponding fits for the X-M direction are shown in Figure S5 of the SI. 
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According to the above assignment of directions, the periodicity of the ARPES 

spectra from MAPbBr3 in Figure 2(a) allows the determination of a lattice parameter, 

aARPES = 5.56 ± 0.29 Å, which matches the conclusions from LEED analysis regarding 

the presence of the cubic phase (see above). Furthermore, one key parameter for charge 

transport properties of hybrid HaP semiconductors is the hole effective mass, mh
*, 

which we determine for MAPbBr3 to be 0.25 ± 0.08 m0 for the near R (in the X-R 

direction), by applying a parabolic fit to the VBM, as illustrated in Figure 2 (c), and 

0.30 ± 0.15 m0 near M [Figure S5(a) in the SI]. 

The as-measured ARPES spectra for MAPbI3 are shown in Figs. S2(c) and (d), 

with the corresponding spectra processed with the 2D curvature method for better 

visualization given in Figs. 2(d) and (e). The assignment of band dispersion directions 

was performed as just described above. Notable contributions of the tetragonal structure 

to the photoemission spectra are not apparent, as in this structure the top of the valence 

band would appear along -Z (see Figure S6), where we do not observe intensity. The 

lattice parameter determined from the periodicity along X-M amounts to 5.97 ± 0.18 Å, 

corresponding very well with the lattice parameter of the cubic phase aC above. As for 

the Br-based HaP, also for MAPbI3 it can be clearly seen that the VBM is located at R, 

consistent with the theoretical results by Brivio et al.21 and our own for the cubic phase 

of MAPbI3. The topmost valence bandwidths are 0.6 eV (X-M) and 1.0 eV (X-R), again 

in excellent agreement with the calculated ones for the cubic structure (0.6 eV and 1.1 

eV, respectively). For some of the higher BE bands, differences between ARPES and 

DFT are found, most notably we do not clearly observe the calculated four bands just 

below the top valence bands in the experimental data (as can be seen best in the 

curvature spectra). The reasons for this deviation are unknown at this point, and are 

possibly related to matrix element effects given the polarization of the incident light, 

which can potentially modify the measured photoelectron intensity.47-48 There might 

also be a structural difference between the sample surface and bulk, as the cubic 

structure could be confined to the near-surface region in experiment, while calculations 

were performed for an infinite bulk. Identifying the origin of this observation should be 
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the subject of further studies. We note that, remarkably, features related to the tetragonal 

phase [its presence confirmed by the lower intensity LEED spots in Figure 1(c)] are not 

apparent in the ARPES spectra. This is consistent with the predominant intensity of the 

diffraction spots from the cubic phase, as the final state in photoemission corresponds 

to time-reversed LEED states within the one-step theory of photoemission.49 We also 

performed a parabolic fit of the VBM at R (M), as depicted in Figure 2(f) [Figure S5(b) 

in the SI], to evaluate mh
*. We find rather small values of 0.18 ± 0.06 m0 at M (along X-

M) and 0.50 ± 0.10 m0 near R (along the X-R momentum direction). These values are 

in good agreement with theoretically predicted ones.14, 23 While mh
* at R for MAPbI3 

was not experimentally determined in Ref.35, it was estimated to be 0.4 m0, i.e., 

reasonably close to our result. 

Based on these mh* values, we conclude on lower limit hole mobilities in the range 

of several tens of cm2/Vs, in agreement with Yang et al.35 While a theoretical approach50 

based on the Kane model estimated the hole mobility (µh) for pseudocubic MAPbI3 to 

be 800-1500 cm2/V·s, depending on charge carrier concentration, experimentally 

determined mobilities are 1-2 orders of magnitude lower.13 We note that such 

discrepancy between small effective mass and relatively low mobility has been recently 

brought up in the discussion of hybrid organic-inorganic lead halide perovskite 

electronic properties.11-12, 51-54 To explain the lower than expected mobility, it was 

proposed that transport properties are not a result of bare carriers (i.e., electrons or holes) 

but, because of efficient Coulomb screening and soft lattices, resembling large polarons 

(i.e., exhibiting radii extending over a few unit cells) bands with potentially heavy 

masses.51-53, 55-56 While polaron formation certainly impacts charge transport, we do not 

observe polaronic effects in the band structure, owing to the fact that photoemission 

typically occurs on the fs time-scale, while large-polaron formation is expected to take 

place within ~102 fs.51 It would therefore be of much interest to investigate this further, 

e.g., by performing time-resolved two-photon ARPES measurements on such materials. 

From Single Crystals to Thin Films 

With the detailed knowledge of the single crystal band structures of the two HaPs, 

we can unambiguously understand the electronic structure of polycrystalline films and 
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resolve the challenges of reliable valence band onset determination. Using MAPbI3 as 

an example, we plot energy distribution curves (EDCs), i.e., photoemission intensity as 

function of electron BE for defined emission angles at different k// values (full range 

shown in Figure S7 in the SI). Selected “cuts” through the band structure between X-M 

and X-R are shown on a linear intensity scale in Figs. 3(a) and (b) (the directions of the 

cuts through the band structure are marked in the respective figure insets). As indicated 

in the figures, for each direction of k// one can find the valence band (VB) onset well by 

extrapolation of the leading edge towards the background. However, due to the wide 

dispersion of the topmost valence bands, the onset varies substantially with k//. The 

respective values are plotted in Figure 3(c). As expected, they follow the valence band 

dispersion, with a clear highest binding energy VB onset at X (𝛤) [Figure 3(c)] and the 

lowest BE onset of 1.41 eV at R. For comparison, and as suggested earlier,29 we also 

plot the same data on a logarithmic intensity scale, again determining the VB onset 

from the intersection with background (Figure S8). In contrast to the data from linear 

scale, the k//-dependent VB onsets determined from the semi-log plot do not reproduce 

the dispersion curve. There is only little variation with k//, but the lowest binding energy 

VB onset is also found at R with 1.30 eV. Therefore, the lowest binding energy VB 

onset is in the range of 1.30 eV – 1.41 eV, where indeed the global VBM is located 

(Figure S4 in the SI), depending on determination procedure. Possibly, the nearly-

absent k//-dependence of the onset determined on logarithmic scale is due to very low 

photoemission intensity originating from surface patches in the tetragonal phase, whose 

global VBM is expected at the BZ center. Additionally, that low intensity aside from R 

may arise from the photoelectrons being scattered by adsorbates on the surface, which 

has been previously reported to have final-state diffraction effects in photoemission 

experiments.57-59 
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Figure 3. Energy distribution curves (EDCs) and VBM determination for MAPbI3. 

(a) and (b): EDCs at selected k-values along the X-M and X-R directions, respectively. 

The corresponding k values for the EDCs are indicated by the vertical dashed lines in 

the ARPES k-space maps [insets in (a) and (b)]. Spectra are normalized at the 

corresponding top valence band peaks positions (shown in Figure S7) in order to better 

illustrate the k-dependence of the valence band onsets. (c) Valence band maximum 

determination from the EDCs plotted in (a) and (b), using linear and logarithmic 

intensity scales for selected k values along M-X-R. (d) Simulated MAPbI3 

polycrystalline thin film UPS spectrum, obtained by summation of all EDCs from (a) 

and (b), shown on linear and logarithmic scales to highlight the variation in VBM 

determination. Fully analogous data for MAPbBr3 are given in Figure S9 of the SI. 

 

To relate the single crystal electronic structure to those of polycrystalline MAPbI3 

thin films, we integrated the individual single crystal EDCs (from Figure S7) over the 

full BZ. The resulting “artificial” thin film spectrum is shown in Figure 3(d), on both 

linear and logarithmic intensity scales. It can be clearly seen that the VB onset evaluated 



13 
 

from extrapolation on the linear scale is very subjective, and readily overestimates the 

VB onset BE. From the semi-log plot, however, the VB onset is found at 1.40 eV, which 

is virtually identical to the global VBM found from the appropriate ARPES spectrum 

taken at R [Figure 3(c)]. Fully analogous data analysis for MAPbBr3 are shown in 

Figure S9 and provide essentially identical insight. Therefore, as for standard PES 

measurements on polycrystalline HaP films, using the semi-log plot is indeed more 

useful for estimating the VB onset, in agreement with Endres et al.29 

To evaluate the reliability of applying semi-log plots for HaP thin films, two 

different MAPbI3 polycrystalline thin films measured using two different 

photoemission systems are compared in Figure 4. The overall valence band features are 

very similar, with one apparent peak at 3.7 eV BE for both films (linear intensity scale). 

Similar to the observations made for the "artificial" thin film spectrum of Figure 3 (d), 

the logarithmic-scaled intensity plots for both films lead to VB onset values that are 

close to the global VBM. Note that the VB onset position of MAPbI3 films varies with 

the density of surface states60 and the history of exposure to water and oxygen61, i.e., 

these values are sample-specific and not an intrinsic material constant. In contrast, the 

linear scale plots give rise to overestimated VB onset BE. It is worth pointing out that 

the signal-to-background level differs by a factor of four between the two spectra shown 

in Figure 4; however, this impacts the onset determined in the semi-log plot by only ca. 

40 meV, as demonstrated and discussed in the SI (Figure S10). Similarly, we show in 

Figure S11 that even ca. twofold variation of the typical experimental broadening 

changes the VB onset determined on logarithmic intensity scale by only 50 meV. 

However, it is important to note that HaPs tend to form textured thin films,38, 60, 62 with 

preferential surface orientation to some degree. As a consequence, the accurate position 

of the VB onset may be missed in standard (and normal-emission) PES experiments, as 

the relative contribution of intensity from the global VBM may vary considerably [see, 

e.g., Figure 3(c)]. Furthermore, a careful consideration of the presence and abundance 

of gap-states63 as well as non-monochromated light source satellites is advisable when 

studying HaP thin films with PES. 
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Figure 4. UPS spectra of two different MAPbI3 polycrystalline thin films measured 

using (a) SPECS Phoibos 150 analyzer (same system as ARPES) and (b) SPECS 

Phoibos 100 analyzer; the signal-to-background ratio (S/BG) of the spectra differs by a 

factor of four (see Figure S10 for details). 

 

The electronic band structure of MAPbBr3 and MAPbI3 single crystals with cubic 

surfaces was determined along high symmetry directions by combining LEED and 

ARPES measurements. In conjunction with DFT calculations, we identified the widely 

dispersing (more than 1 eV) top valence bands, as well as the global valence band 

maxima at the R point for both prototypical HaPs, and determined the hole effective 

masses there to be ~0.25 m0 (MAPbBr3) and ~0.50 m0 (MAPbI3). From the 

experimental single crystal band structures, the electronic spectra of polycrystalline thin 

films were constructed, revealing that the comparably small contribution from the 

global VBM at R to area- and angle-averaged spectra compromises a straightforward 

valence band onset determination of HaPs. This problem is further aggravated by the 

energetic proximity of many weakly dispersing bands close to the top valence bands. 

As suggested earlier,29 using a logarithmic intensity scale to determine the VB onset is 

thus preferable (with a remaining fundamental uncertainty of ca. 50 meV, mostly 

underestimating the onset BE), but all experimental parameters, such as instrumental 

limitations and sample gap states, must still be carefully considered. It is particularly 

important to know the surface structure of thin films when discussing HaP electronic 

properties in relation to energy levels in devices. We expect that the fundamental 

insights on thin film electronic spectra, derived from benchmark single crystal band 
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structures, will enhance progress in device performance, as superior consistency of 

correlating electronic level alignment and device characteristics is readily enabled. 
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Experimental Methods 

Perovskite thin films and single crystals preparation. Large-sized (millimeter) single 

crystals of MAPbBr3 and MAPbI3, with high crystalline quality, were grown from a 

saturated solution using a seed-induced nucleation method.39 The crystals were cleaved 

with a scalpel in a N2-filled glove box before photoemission measurements and 

transferred to the UHV system without air exposure. The MAPbI3 thin films were 

prepared in a N2-filled glove box using one-step spin-coating method 25 and transferred 

to the UHV system without air exposure. 

Low-energy electron diffraction (LEED), ultraviolet photoelectron spectroscopy 

(UPS) and angle-resolved PES (ARPES). LEED and ARPES experiments were 

performed in an ultrahigh vacuum (UHV) system consisting of two sample preparation 

and analysis chambers (all at base pressure of 2 × 10-10 mbar), as well as a fast load-

lock (base pressure of 2 × 10-7 mbar).64 LEED experiments were conducted using a 

Micro-Channel-Plate LEED (OCI BDL800IR-MCP). All LEED patterns presented 

were corrected from distortion following the procedure described by Mom et al.65 

ARPES measurements were carried out using plane-grating monochromatized He Iα 

radiation (21.22 eV, SPECS UVS300) and PHOIBOS 150 analyzer equipped with 

monochrome CCD detector (1376 × 1040 pixels). A Au (111) surface was used to 

calibrate the system and the energy resolution was set to 80 meV. Because the 

acceptance angle of ± 12º is not enough to cover the first BZ, ARPES measurements at 

three emission angles (0º, -20º and +20º) were conducted sequentially for each 

momentum direction. Consequently, the presented ARPES spectra over a wide range of 

k-space consist of three sub-ARPES measurements. All measurements were performed 

at RT (300 K). 

UPS measurements on polycrystalline MAPbI3 thin films were performed using above 

mentioned ARPES setups, as well as using a setup equipped with a SPECS Phoibos 100 

analyzer combining with standard helium discharge lamp (21.22 eV).  

Valence band onset determination. Graphical determination of VB onsets using linear 

and semi-log extrapolation methods was done by determining the intersection point 

between the background line and a tangent line taken at the inflection point of the top 
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valence band. 

All valence band spectra were first normalized to the maximum peak intensity before 

applying the semi-log extrapolation method. 

Density functional theory. DFT calculations were performed using the VASP plane-

wave code,66 using the HSE exchange-correlations functional67 including spin-orbit 

coupling, and ‘normal’ PAW potentials (treating the 5d electrons of Pb explicitly) with 

a plane-wave kinetic energy cutoff of 400 eV. To allow for interpretation of the 

experimental data despite the remaining deficiencies of our theoretical approach, we 

performed an a posteriori correction by “stretching” the eigenvalue spectrum according 

to the values reported in our previous study.29 Cubic unit-cells of MAPbI3 and 

MAPbBr3 with previously calculated lattice constants68 and a 4x4x4 -centered k-point 

grid were used for self-consistently calculating the charge-density. Subsequent band-

structure calculations were performed non-self-consistently using an equally–spaced k-

grid of 50 points between the high-symmetry points of the Brillouin zone. 
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