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1. Abstract 

Using advanced near-UV photoemission spectroscopy (PES) in constant final state mode (CFSYS) 

with very high dynamic range, we investigate the triple-cation lead halide perovskite 

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 and gain detailed insights into the density of occupied states 

(DOS) in the valence band and band gap. A valence band model is established which includes the 

parabolic valence band edge and an exponentially decaying band tail in a single equation. This 

allows to precisely determine two valence band maxima (VBM) at different k-vectors in the angle-

integrated spectra, where the highest one, resulting from the VBM at the R-point in the Brillouin 

zone, is found between – 1.50 eV to - 1.37 eV relative to the Fermi energy EF. We investigate 

quantitatively the formation of defect states in the band gap up to EF upon decomposition of the 

perovskites during sample transfer, storage, and measurements: During near-UV based PES, the 

density of defect states saturates at a value that is around four orders of magnitude below the 

density of states at the valence band edge. However, even short air exposure, or 3h of X-ray 

illumination, increased their density by almost a factor of six and ~ 40, respectively. Upon 

prolonged storage in vacuum, the formation of a distinct defect peak is observed. Thus, near-UV 

CFSYS with modelling as shown here is demonstrated as a powerful tool to characterize the 

valence band and quantify defect states in lead halide perovskites. 

2. Introduction 

Optoelectronic devices based on metal-halide perovskites (HaPs) have become a diverse field 

of research over the past decade. Prominent applications include light emitting diodes1, single 
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junction solar cells2 and top cells in tandem solar cells3 (CIGS/perovskite,4–6 silicon/perovskite7,8 

and perovskite/perovskite9), in which the community has achieved outstanding results. One of the 

main advantages of HaPs is the rather simple manipulation of their optical band gap, which has 

led to the investigation of a large variety of different perovskite compositions.10 So called “triple 

cation” HaPs, with a combination of organic (methylammonium (MA) and formamidinium (FA)) 

and inorganic (Cs) cations and mixed halides, I and Br, have gained special interest due to their 

comparatively high stability and reproducibility,11 as well as impressive power conversion 

efficiencies of 25.5 % in single-junction12 and well over 29 %  in perovskite/silicon tandem solar 

cells.8 

Despite strong interest and notable achievements in optimizing the HaP absorber materials as 

well as the charge-selective contact layers, a detailed understanding of the energetics (band edge 

energies, band alignments) at surfaces and interfaces is still an area of ongoing research. For such 

materials, Ultraviolet Photoemission Spectroscopy (UPS) is a well-established tool to investigate 

electronic properties such as the work function and the energy position of the valence band 

maximum (VBM), i.e. quantities which determine in a first approximation the band line-up and 

charge carrier redistribution upon the formation of electronic interfaces. However, conventional 

UPS with He-I excitation at 21.2 eV is of very limited use when it comes to the characterization 

of occupied defect states in the band gap, between the VBM and Fermi energy. Standard UPS is 

only capable of measuring a density of states (DOS) 2-3 orders of magnitude lower than the 

valence band DOS, which is not sufficient to detect typical defect densities in the band gap of 

HaPs. Additionally, very careful analysis is needed to correct for existing satellite lines.13 Due to 

the characteristically low DOS of HaPs at the VBM,14 the correct evaluation of the valence band 

edge is particularly difficult. Occupied trap-states in the band gap have been observed before, e.g. 
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by Zhang et al.15 and Wu et al.16 using conventional He-UPS. However, the resolution is limited 

and a quantification not easily achievable. 

In this work, we report on photoemission spectroscopy (PES) measurements with near-UV light 

excitation (h = 4-7 eV) to investigate the position of valence band features, electronic states in 

the exponential band tail and the density of occupied gap states of the triple-cation lead halide 

perovskite Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 (CsMAFA). Recently, it has been shown that 

such near-UV PES with varying excitation energies from 3.8 eV to 7.7 eV is a powerful technique, 

capable of probing very low densities of gap states in bromide-rich wide band gap mixed halide 

perovskites.17 However, in order to come to a quantitative measure of such densities of states, the 

variation of illumination intensity of commonly employed sources in this wide spectral range needs 

to be taken into account. This is done by calculating the photoelectron yield, i.e. the ratio of 

photoelectron count rate and absorbed photon flux. Combined with measuring the photoelectrons 

in constant final state mode, this technique is termed constant final state yield spectroscopy, 

CFSYS. It was first described by Sebastiani et al.18 and then mostly applied to hydrogenated 

amorphous silicon (a-Si:H).18,19 Here, we employ Near-UV CFSYS for the first time for a detailed 

investigation of CsMAFA valence band and the evolution of defect states. We demonstrate that 

with CFSYS, the DOS of HaPs can be measured over a very high dynamic range of up to seven 

orders of magnitude, which is four to five orders of magnitude below the noise level of typical He-

UPS measurements and thus enables detection of both the valence band DOS as well as low defect 

densities in the band gap. 

Determining the energetic position of the VBM for HaPs is however not straightforward and 

remains widely discussed.14,20,21 Angle resolved PES measurements as well as DFT calculations 

of the dispersion relation of MAPbI3 point to a strong dispersion of the energetically highest 
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valence bands.21,22 Thus, when measuring angle integrated PES, it is challenging to correctly 

account for the very low DOS at the VBM, which is not located in the center of the Brillouin zone, 

but at the R-point in reciprocal space.21–23 There are two main evaluation methods to obtain the 

VBM from valence band spectra measured by UPS found in literature: It is taken as the intercept 

of linear extrapolations of the leading edge of the energetically highest valence band feature and 

of the noise level, either a) on a linear (EV,Lin), or b) on a semi-logarithmic (EV,Log) scale. The 

former is the traditional approach for materials like Ge or GaAs24, while the latter was first 

proposed by Endres et al. to account for the low DOS at the valence band onset.14 This method 

circumvents the unphysically high values for the distance of EV to the Fermi level, EF, which 

sometimes even exceeds the known optical band gap, when using method (a). On the other hand, 

Yang et al. found that, by using method (b), the energetic position strongly depends on the applied 

UPS excitation energy.21 They state that using method (a) on spectra recorded at the M-point and 

adding a fixed energetic distance to the R-point, known from DFT calculations, leads to the most 

reliable results. 

We analyze our CFSYS spectra with a new band fluctuation model, which considers both the 

parabolic band edge(s) and the widely observed exponential band tail in a single expression.25 

With this, we evaluate the valence band maxima originating from different points in k-space, 

which are usually evaluated by angle-resolved measurements. The high resolution of our setup 

reveals several valence band maxima in one angle integrated spectrum. Furthermore, we 

investigate the influence of different sample histories, such as transfer through air or vacuum 

storage; exposure to UV light and X-rays during UPS/CFSYS and X-ray photoemission 

spectroscopy (XPS) measurements, on the density of occupied states in the HaP’s band gap.  
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3. Experimental Methods 

3.1 Sample Preparation 

Glass substrates, fully covered with indium tin oxide (ITO, 15 Ω sq-1 sheet resistance), supplied 

by Automated Research GmbH, were first washed in an ultrasonic cleaner, subsequently in 

detergent (Mucasol), water, acetone and isopropanol and then cleaned using UV-O3 just before the 

next preparation steps, which were conducted in an N2-filled glovebox. For the hole-selective 

layer, a self-assembling monolayer (SAM) molecule, MeO-2PACz, was spin-coated at a 

concentration of 0.3mg ml-1 following a previously published procedure.6 The perovskite 

precursor powders were dissolved in a 4:1 mixture of dimethylformamide (DMF) and dimethyl 

sulfoxide (DMSO), aiming for a perovskite precursor composition of 

Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 (abbreviated as CsMAFA). The solution was spin-coated 

with a rotation speed of 3500 rpm (5 s acceleration, 35 s constant) and 250 µl Anisole was used as 

an antisolvent (drip 28 s after the start of spinning). The same perovskite has proven to be 

reproducible,11,26 while showing a decent optoelectronic quality (~ 1 % photoluminescence 

quantum yield without further passivation). With C60 as electron transport layer and the exact same 

layer stack as investigated here, power conversion efficiencies of ~21 % for single junction solar 

cells were shown on SAMs,6 and a similar formulation with slightly higher Br amount has been 

used in the record 29.2 %-efficient perovskite/silicon tandem solar cell.8 While lower-bandgap 

perovskite composition due to its good batch-to-batch reproducibility and widespread use in 

multiple laboratories, with most of them yielding fairly similar results. 

The layer stack for the investigated sample series is depicted in Figure 1. Each sample was 

transferred into the PES vacuum setup using an inert transfer unit filled with dry, pure nitrogen 

and has hence not been exposed to ambient atmosphere at any time. PES measurements were 
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started directly after transferring the samples into the vacuum system as soon as the necessary base 

pressure (<10-9 mbar) was reached. For the measurement, the sample was electrically grounded by 

two metal contacts which were pressed onto the ITO at the edge of the sample, where the 

perovskite had been scratched off beforehand. The ITO substrate assists here for lateral charge 

transport and ensures that severe charging effects can be excluded.  

 

Figure 1. Schematic of the device stack with ITO/glass substrates, MeO-2PACz as hole selective 

monolayer and spin coated Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 halide perovskite. 

Photoemission measurements were performed with different excitation energies. The samples 

were contacted via the ITO substrate, i.e. with EF,ITO as reference for the binding energy scale at 

EB = 0 eV 

3.2 Characterization methods 

The PES measurements were carried out at a base pressure of < 10-9 mbar with three different 

excitation sources: near-Ultraviolet Photoemission Spectroscopy using a Xenon gas discharge 

lamp and double grating monochromator (NUPS, hν = 6.5 eV), Ultraviolet Photoemission 

Spectroscopy with a Helium discharge lamp (He-UPS, hν = 21.2 eV) and X-Ray Photoemission 

Spectroscopy with Al-Kα radiation (XPS, hν = 1486.6 eV at 400 W). Furthermore, Constant Final 
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State Yield Spectroscopy (CFSYS) with the broad spectrum of the Xenon gas discharge lamp (3.7 

to 7.3 eV) in combination with a double grating monochromator was performed.  

To minimize the possible light-induced degradation of the samples, a strict sequential order of 

measurements was pursued: 1. NUPS (illumination time, till. ≈ 15 min), 2. CFSYS (till. ≈ 3 h), 

3. He-UPS (till. ≈ 40 min) and 4. XPS (till. ≈ 3 h). The measurement induced damage will be 

investigated in the results section. Note that, due to the necessary initial NUPS measurement, all 

CFSYS spectra were taken on samples that had been exposed to 15 min of UV-illumination, and 

had not been exposed to ambient air, unless stated otherwise. All methods share the same 

hemispheric electron energy analyzer EA-10 P, fabricated by SPECS. 

The Xe-lamp can provide a sufficient and stable photon flux (> 1011 photons s-1 cm-2) up to a 

photon energy of ~7 eV. The count rate of the photoelectrons, nel(Ekin, hν) is measured in the 

electron analyzer, with an energy resolution set to 125 meV. First, NUPS measurements with an 

excitation energy of hν  = 6.5 eV were conducted to determine the secondary electron cut-off 

(SECO) and thus the work function of the specific layer. The final state kinetic energy for the 

CFSYS measurement is then chosen around 0.2 eV above the work function of the specific layer. 

The incident illumination photon flux, nph,i, and the photon flux reflected by the sample surface, 

nph,r, thus the reflectivity, R, are monitored by two calibrated silicon photodiodes. From these 

quantities, the internal photoelectron yield, YIN, i.e. the ratio of detected photoelectrons per 

absorbed photon, can be calculated. YIN generally depends on the kinetic energy of the photo 

electrons, Ekin, and the incident photon energy, hν:  

𝑌𝐼𝑁(𝐸𝑘𝑖𝑛, ℎ𝜈) =
𝑛𝑒𝑙

(1 − 𝑅)𝑛𝑝ℎ,𝑖
⁄         ( 1 ) 

Following the approach by Winer and Ley, we assume a constant dipole transition matrix 

element in the small energy range covered here and measure the photoelectrons at one constant 
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final state (𝐸𝑘𝑖𝑛
0 = const), 𝑌𝐼𝑁 is directly proportional to the number of occupied states, Nocc.

27 This 

is a rather strong assumption, which we will discuss this in more detail during the interpretation of 

modelled densities of states. Note, that the measured DOS does not depend on the conduction band 

structure anymore, which is an important advantage of CFSYS: 

𝑌𝐼𝑁 ∝ ℎ𝜈 ∙ 𝑁𝑜𝑐𝑐(𝐸𝑘𝑖𝑛
0 − ℎ𝜈).         ( 2 ) 

The incident photon flux on the sample for the standard slit width of the double grating 

monochromator at 2 mm varies with the chosen photon energy from nph,i = 8∙1011 photons s-1 cm-2 

at around Eph = 6.7 eV to almost nph,i = 5∙1013 photons s-1 cm-2 at EPh = 3.7 eV (see supporting 

information, Figure S1a and b).  

3.3 Valence band modelling of CFSYS data 

The strong dispersion and “soft” onset of the valence band signal in UV photoelectron spectra 

measured on HaPs14 requires careful modelling of the valence band region. To this end, we adapted 

a model initially published by Guerra et al.25,28 for optical absorption measurements. It assumes 

parabolic band edges and their energetic fluctuation due to varying local disorder. Structural and/or 

dynamic disorder induces exponential band tail states, also known as Urbach tails, which are 

observed in the band edge of all materials. The inverse of the exponential slope is defined as the 

Urbach energy, in agreement with universally observed Urbach rule.29 In He-UPS measurements 

on HaPs, a similar exponential region has been found at the top of the valence band region.14,23 

Since there are fundamental differences between optical absorption measurements and near-UV 

PES methods, we define a more general parameter to describe the slope of this exponential tail 

caused jointly by the structural disorder and integration of the dispersion relation over the whole 

Brillouin zone, Et.  
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Our model describes the density of occupied states, NOCC, in dependence of the binding energy, 

EB, and is based on a ½-degree polylogarithm function, Li1/2, with only three fitting parameters: 

the valence band edge (EV,PLog), the inverse slope of the exponential band tail (Et) and an arbitrary 

amplitude scaling parameter (a0),  

𝑁𝑂𝐶𝐶(𝐸𝐵) =  −
𝑎0

2
√𝐸𝑡  Li1 2⁄ (−exp (

−𝐸𝐵+𝐸𝑉,𝑃𝐿𝑜𝑔

𝐸𝑡
)).     ( 3 ) 

Note, that such parameterizations of the valence band/tail region are often divided in two 

separate equations, being the assumed linear valence band edge and the exponential Urbach tail.30 

Our model describes both the parabolic and band tail region consistently in one single equation, 

without relying on arbitrary continuity conditions to join the two. For binding energies far below 

the valence band edge, EB << EV,PLog, it reproduces the conventional models for a square root DOS 

in the valence band, and for EB >> EV,PLog an exponential tail into the band gap. See Guerra et al. 

for a more detailed mathematical discussion of the model.25 

We modeled the measurements with a linear combination of 1) two Polylogarithm functions 

NOCC,1 + NOCC,2 according to Eq. 3 representing two parabolic band edges and corresponding to 

two different parabolic VBM in reciprocal space (EV,PLog,Low and EV,PLog,High, see the discussion 

section). EV,PLog,Low and EV,PLog,High then describe the respective valence band maxima and their 

amplitudes are fitted independently of each other. Here, Et of both valence bands, are assumed 

equal since both parabolic band edges experience the same fluctuation broadening. 2) Three 

Gaussian functions (as commonly assumed for localized defect bands19) are used for modelling 

the occupied gap states in the band gap. All three defect bands are assumed to have the same 

FWHM, while the energetic position, EDi, and the amplitude aDi were free fitting parameters. The 

fitting parameter of the defect amplitude can easily be converted into the area under the Gaussian 

(𝐴𝐷𝑖 = 𝑎𝐷𝑖 ∙ 𝐹𝑊𝐻𝑀 ∙ √𝜋 (4ln (2))⁄  ). Those two general parts of the model are convolved with 
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the Fermi distribution at 298 K, with EF also as a free fitting parameter with an upper limit of 

+ 0.2 eV relative to the reference Fermi level EF,ITO.  

For the least-square fitting routine of the combined model to the measured DOS by CFSYS, the 

instrumental broadening needs to be considered, which is ensured by the convolution of the model 

function with the instrument transfer function as described in detail by Korte.31  

4. Results and Discussion 

We divide our results into three parts. First, we compare the valence band spectra measured by 

He-UPS, NUPS and CFSYS and use well established methods for a first evaluation of the VBM 

region. Afterwards, we provide a quantitative analysis of these CFSYS spectra by applying the 

model introduced in the previous section for fitting the VBM region and gap state density of our 

CsMAFA films, and discuss its physical interpretation. In the last section, we investigate possible 

degradation effects induced by the UV and X-ray illumination during measurements and different 

sample environments, and quantify the increase of deep gap states. 

4.1 Comparing different UV photoemission spectroscopy modes 

Figure 2 shows a comparison of He-UPS, NUPS and CFSYS measurements of the valence band 

region of a CsMAFA metal-halide perovskite layer, plotted on a semilogarithmic scale. For the 

NUPS and CFSYS spectra, the measured internal yield, YIN (left), is shown whereas the ordinate 

of the He-UPS spectrum (right) was scaled such that the spectrum fits with the other two 

measurements in the VB region at binding energies between -2.2 and -1.4 eV.  

The first main advantage of the near-UV PES techniques (NUPS and CFSYS) is the high signal 

to noise ratio. A density of occupied states in the valence band at EB = -2 eV of roughly 

NOCC = 1021 cm-3eV-1 is obtained from the comparison to DFT calculations for MAPbI3 by 

Shirayama et al..22 We further calculate estimates for the detection limit of the respective methods 
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at NOCC ≈ 1019 cm-3eV-1 (He-UPS), 1016 cm-3eV-1 (NUPS) and 1015 cm-3eV-1 (CFSYS). The shown 

He-UPS data is corrected for the three main He-I satellite lines, similar to the procedure shown by 

Zhang et al.13 The relative contributions to the measured sum spectrum due to the satellite lines 

can be determined by measuring e.g. the Fermi edge of a gold film. Since the exact intensity of the 

signal excited by the satellites might vary slightly depending on the material, due to different cross 

sections, the correction in practice is mostly done by manually adjusting the relative intensities of 

the satellite lines, which is prone to over- or underestimation. Hence, in conventional UPS gap 

states and even the exponential tail region are difficult to distinguish from residuals of this 

correction. In contrast to that, the double grating monochromator used for NUPS and CFSYS 

provides a single band of monochromatic light, which makes any further data processing 

unnecessary.  

 

Figure 2. Valence band spectra of a metal-halide perovskite layer 

(Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 ). Comparison of the occupied states in the valence band 

region using three different PES methods: 1. Turquoise, right ordinate: UPS with He-I-excitation 

(hν = 21.2eV), 2. Purple: NUPS with monochromatized Xe-lamp at hν = 6.5eV and 3. Orange: 

Constant Final State Yield Spectroscopy (CFSYS). 

Using near-UV light for the photoemission process implies a second advantage of NUPS and 

CFSYS over conventional He-UPS: the information depth of PES depends primarily only on the 
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kinetic energy of the photoelectrons, which follows the so-called “universal curve” for the mean 

free path length.32 While He-UPS is limited to photoelectrons from the first monolayers up to 

~ 0.5 nm, with near-UV excited photoelectrons, the escape depth increases up to ~ 5 - 10 nm. In 

principle, this even permits directly investigating buried interfaces, which are usually only 

accessible with hard X-Ray PES.  

The determination of a consistent VBM position for HaPs is widely discussed in literature.13,14,33 

The two most applied evaluation methods (intercept between linear fit and noise on either linear 

or semi-logarithmic scale) are compared in Figure 3a-c for our different PES methods.  

 

Figure 3. Example for the VBM evaluation for a metal-halide perovskite 

(Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3) on fully covered ITO/glass substrate: Normalized intensity 

(left semi-logarithmic, right linear scale) as function of binding energy for a) satellite-corrected 

He-UPS, b) NUPS (6.5 eV) and c) CFSYS measurements. The VBM is obtained as the intercept 

of the leading edge of the spectrum with the background: Both the VBM and the background are 

fitted with linear models, either on a semi-logarithmic (red, top) or a linear (blue, bottom) scale. 

The red and blue shaded areas indicate the data fitting regions used for the fits on the semi-

logarithmic or the linear scale, respectively.  

Extrapolating the DOS on a semi-logarithmic scale gives greater weight to the characteristically 

low DOS at the VBM (which in HaPs is found not to be located at the origin of the Brillouin zone) 
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and therefore also leads to energetically higher VBM positions. Zu et al. compared ARPES 

measurements with angle integrated He-UPS measurements, supported by DFT calculations on 

MAPbI3. They evaluated the valence band spectra on a linear scale at different points in the 

Brillouin zone. Comparing them with VBM positions extracted on a semi-logarithmic scale from 

angle integrated UPS on thin films, they find good agreement between both methods.23 However, 

as discussed in more detail below, this exponential tail is caused by the specific shape of the 

dispersion relation between the highest VBM and the lower lying bands in the valence band region.  

Figure 3b and c show the VBM measured with NUPS and CFSYS (on the same sample as Figure 

3a), and exemplary fits on a linear and semi-logarithmic scale similar to the He-UPS evaluation. 

Indeed, as also found by He-UPS, we observe a long exponential tail over roughly two orders of 

magnitude, but by decreasing the detection limit using NUPS and CFSYS, we reveal that the noise 

level of He-UPS intersects with this low DOS at an arbitrary energetic position. However, it is 

obvious that a consistent determination of the energetic position of the VBM should not depend 

on the measurement technique, as also suggested by Yang and Yang.21 Additionally, the modelling 

of the noise itself by an exponential function is not justified by any physical reason.  

Comparing the results on the linear and the semi-logarithmic scale, we find more consistent 

values in between the different measurement techniques by fitting on a linear scale, as also found 

by Yang and Yang.21  

It can be seen that as the signal-to-noise ratio increases from the He-UPS to NUPS and CFSYS, 

EV,Log approaches the Fermi level. Measured with He-UPS (and corrected for satellite lines), the 

valence band maximum is found at EV,Log = -1.19 eV. With NUPS, and thus intermediate signal-

to-noise ratio, EV,Log = -0.81 eV is found, and using CFSYS yields by far the energetically highest 

VBM position at EV,Log = -0.68 eV. With a perovskite band gap of 1.63 eV the latter value would 
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indicate a slight p-type character of the surface. Evaluated on the linear scale, the deviation 

between the fitted VBM positions is much smaller with ~ 150 meV in between the different 

measurement techniques. Comparing both evaluation methods on a linear and semi-logarithmic 

scale for CFSYS, a difference of 850 meV is found which is quite tremendous and would result in 

completely different interpretations of the doping-type of the material.  

The same trend can be observed for four different, but nominally similar processed samples 

(supporting information, Figure S2 and Figure S3). The slight variation of the Fermi-level position 

in the band gap will be discussed in the next section. 

In practice, the arbitrarily defined EV,Log found by evaluating He-UPS on the semi-logarithmic 

scale matches quite well with EV obtained from more advanced angle-resolved PES. However, the 

mentioned inconsistencies demonstrate clearly, that a more elaborated modelling of the valence 

band maximum including a physical interpretation of the fitted parameters is required, which we 

will provide in the next section. 

4.2 Combined modelling of valence band maxima and exponential band tail 

The large spread in EV values found in the previous section calls for a reliable model to describe 

the valence band structure and to consistently quantify the energetic position of the respective band 

edges. Figure 4a shows an exemplary valence band DOS of a CsMAFA thin film, measured by 

CFSYS. We propose a new model to describe the density of occupied states, NOCC, and fit it to the 

measured internal yield. A detailed description can be found in the experimental section. The 

model basically consists of a polylogarithm function (blue line, ‘VBM, PLog, High’) and trap 

states, modeled tentatively by three Gaussian functions (D1-D3). These peaks only serve to extend 

the modelled DOS into the band gap and to include the trap states in the model in a physically 

meaningful way. For the sake of completeness, the modelled parameters are shown in the 
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supporting information (Table S1). The data here is normalized to the amplitude scaling parameter 

of the respective band edge, a0. Note, that the actual NOCC (red line) is broadened by the transfer 

function of the PES setup, resulting in the convolved DOS (black line). 

As mentioned above, the model assumes parabolic band edges, which lead to a square root 

energy dependence of the NOCC, in combination with an exponential band tail described by the 

slope parameter Et.  

The full model also includes the Fermi distribution, which cuts off the spectrum at the Fermi 

energy. However, for some samples, a reliable fit of the Fermi edge to the measured data is not 

possible, even though it is included in our model: For samples with low defect densities, the gap 

state density at the Fermi-edge is close to the detection limit and can thus not always be fitted 

consistently. Occasionally, the fit converges to modelling the drop of the DOS, which is actually 

attributed to the Fermi edge, instead as the high-energy side of the defect Gaussian D3. Therefore, 

we additionally fitted a sigmoidial Boltzmann function to the Fermi edge and report the obtained 

values as EF
* as shown in Figure S4 and use this as consistent reference position. 

For E << EV,PLog,High the measured data clearly exceeds the modelled DOS. We account for this 

by a second polylogarithm function as shown in Figure 4b, which can be attributed to the 

energetically next lower VBM in the dispersion relation. Further, the (unoccupied) conduction 

band is indicated as a guide to the eye by adding another polylogarithmic function at an energetic 

distance of 1.63 eV, corresponding to the optical gap as measured by UV-Vis spectroscopy, and 

with a tail parameter of 15 meV and thus close to the Urbach energy. 
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Figure 4. Internal yield of Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 as measured by CFSYS. 

Modelling of the highest observed valence band edge(s) by a) one parabolic band edge (EV,PLog,High) 

with an exponential tail (slope = 1/Et), jointly described by a polylogarithm (PLog) function and 

b) two PLog functions belonging to two different transitions in k-space. The gap state density is 

modeled by three Gaussian functions. The data was fitted with this model DOS convolved with 

the instrumental broadening of the PES set-up, and EV,PLog,High is chosen as the origin of the energy 

axis. 

The Urbach energy can be evaluated by a linear fit on a semi-logarithmic scale of the sub-

bandgap absorption measured by various methods, which are usually based on optical 

spectroscopy. HaPs are well known to show low Urbach energies below 16 meV.34 For the herein 

used composition 15.5 meV was found by measuring external quantum efficiency6 (EQE) and 

14.3 meV by calculating the absorptivity from photoluminescence (PL) (see Figure S5) following 

a procedure as by Ledinský et al..34 To justify the suitability of our model for quantifying the band 

tail slope, we modeled the absorption calculated from the complex refractive index, ñ, measured 

by spectroscopic ellipsometry (SE) and spectral transmittance (T), with the same polylogarithm 

model as by Guerra et al..25 We found 15.3 meV as tail parameter (see Figure S6), which again, is 

in good agreement with the previously mentioned methods. In previous studies on hydrogenated 
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amorphous silicon, it has been shown, that CFSYS serves as reliable method to quantify the Urbach 

energy, yielding values in good agreement with literature.19 

However, the band tail slope, Et, which we observe in all our PES data is around 40-50 meV and 

hence over three times higher compared to the Urbach energy measured by sub-bandgap 

absorption spectroscopy methods. There are three principal differences of those methods compared 

to NUPS and CFSYS which need to be considered when comparing both tail parameters: i) PES 

is very surface sensitive, while both EQE and PL are averaging over the bulk of the HaP films. 

Disorder and defect states at the surface are expected to be enhanced compared to the bulk,35 which 

can be expected to result in an increased Urbach energy as measured by PES; ii) the energetic 

resolution of optical measurements is usually better than the herein used electron energy analyzer 

resolution of 125 meV. Although this is considered for the modeling, the broadening by the 

analyzer increases the uncertainty especially for very steep tails;31 iii) For the CFSYS 

measurements, the sample has not been exposed to any ambient air and was measured under ultra-

high vacuum conditions, whereas most optical spectroscopy measurements are recorded in 

ambient air. In the next section it will be shown, that on the one side even short exposure to ambient 

air affects the sample surface, such that the actual valence band structure is smeared out and Et 

strongly increased. On the other side, also degradation and enhanced trap state densities upon 

vacuum storage are observed. As the bulk of the film is expected to be less affected by the exposure 

to air or vacuum than the surface, the comparison between PES and the optical methods is not 

straight-forward and deviations between Et and EU need to be expected.  

In literature, several DFT studies of the dispersion relation for MAPbI3 single crystals can be 

found.20,22,23 The angle resolved DFT calculations by Shirayama et al. on MAPbI3 single crystals22 

here assist as an approximated reference to our experimental data, despite the fact, that the obtained 
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dispersion relation will deviate from the one of the herein used perovskite composition. Philippe 

et al. compared DFT calculations for CH3NH3PbI3 and CH3NH3PbBr3 and showed that the 

uppermost valence bands are dominated by I-related states, whereas the Br-related valence band 

states are found to be at lower binding energies.20 Since for the more complex crystal structure of 

mixed metal-halide perovskites, to our knowledge, no comparable studies are published so far, a 

comparison to calculations for CH3NH3PbI3 is the only option.  

According to Shirayama et al., the highest valence band has a global maximum at the R-point in 

reciprocal space and a second local maximum towards lower binding energies at the M-point with 

an energetic distance of EV,M - EV,R = - 0.32 eV.22 

The two main transitions that we observe in the measured data, and which are modeled by the 

two polylogarithm functions can be attributed to two different valence band edges, according to 

the respective parabolic VBM in the dispersion relation. While the attribution of EV,PLog,High to the 

R-point is reasonable since no energetically higher VBM with significant DOS is measured by 

CFSYS, the lower VBM with an energetic distance of around - 0.38 eV cannot be assigned with 

certainty. As in both DFT22 and angle resolved PES (ARPES)23 the energetically next lower VBM 

of MAPbI3 in the dispersion relation is found at the M-point, one could speculate that also for 

CsMAFA the energetically lower VBM can be attributed to the M-point.  

The fact, that we indeed measure the very highest VBM is further supported by the ARPES 

measurements on MAPbI3 performed by Zu et al.23, who quantified the VBM at the R-point using 

a linear extrapolation of the respective ARPES spectrum and found EV,Lin,R = -1.41 eV. When 

aligning their ARPES data to our measured CFSYS spectrum (see Figure S7), our modelled 

EV,PLog,High is found 70 meV below EV,Lin,R evaluated by Zu et al. and is thus in very good 

agreement, especially considering that a slightly different material is investigated. 
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In angle-integrated PES on spin-coated HaPs thin films, where the small crystallites are oriented 

in arbitrary directions, the detected photo electrons in general originate from the whole Brillouin-

zone.36 In case of any preferential orientation, the different k-vectors might not be weighted equally 

and suppress or enhance emission in certain directions. While the attribution and correlation to the 

DFT calculated DOS needs to be taken very carefully, the fact of observing two separate VBM 

with an energetic distance of around 0.38 eV, most likely resulting from different points in the 

Brillouin zone can be stated more confidently.  

All PES measurements are carried out under illumination, namely by the UV light or X-rays 

used to excite the measured photoelectrons. In decent photovoltaic absorbers such as our HaPs, 

this should lead to both, a) a splitting of the quasi Fermi levels (QFLS), and b) a change of band 

bending due to charge redistribution in the perovskite arising from a combination of 

inhomogeneous depth profiles of photogeneration, recombination and charge extraction at 

contacts. Specifically, in our sample structures, photoelectrons are emitted on the front, and holes 

are extracted through the rear contact. The surface Fermi level that we model, EF
*, is then the quasi 

Fermi level of the electrons under measurement illumination conditions: EF
* = EF,n,front. Since our 

rear contact is a very efficient hole extraction layer, as evidenced both by high solar cell fill factors8 

and in direct measurements6, we can assume a relatively flat quasi Fermi level of the holes 

throughout the perovskite film, EF,ITO,back ≈ Ef,p,rear ≈ Ef,p,front. Thus, EF,ITO - EF
* is equal to the 

QFLS between EF,p on the back of the perovskite film and EF,n on its front, i.e. it is the surface 

photovoltage under these specific illumination conditions.37 With EV,PLog,High = – 1.41 eV relative 

to the surface quasi Fermi level and a band gap of 1.63 eV (also indicated by the sketch of the 

conduction band in Figure 4), we find the electron quasi Fermi level to be close to the conduction 

band, which should not be surprising in a highly efficient photoabsorber under illumination. 
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However, the observed difference of EF
* - EF,ITO is much less compared to the expected QFLS, 

which is in the order of several hundreds of meV under these illumination conditions. Thus, a 

significant drop of Ef,n from the illuminated bulk to the surface in combination with a downwards 

band bending needs to be present. Considering the large amount of defects created under the 

illumination and the vacuum conditions, affecting the perovskite’s surface, such a drop due to 

recombination at these defects is easily conceivable. It is important to note, again, that we actually 

observe the Fermi edge of the electrons, EF
*, while in conventional He-UPS measurements, this 

edge is not visible because it is below the noise floor. Therefore, Ev from He-UPS is usually 

reported on the binding energy scale, thus relative to the contact’s Fermi level (in our case, this 

would be EF,ITO on the rear of the sample), which can lead to an unrecognized SPV as a result of 

quasi Fermi level splitting. Indeed, in some He-UPS measurements, the sample is illuminated with 

very low photon fluxes in order to minimize this effect as well as changes in band bending.38 

Importantly, SPV and changes in band bending might also occur in other PES measurements, 

which could be a reason for the widely observed “n-type”-character of the surface of HaPs37 as 

well as other inconsistencies e.g. when comparing parameters extracted from XPS and UPS 

measurements which use very different illumination, thus charge generation conditions. 

To sum up the discussion of our modelling approach: We have shown that, with a higher 

resolution and lower detection limit, two distinct valence band edges can be observed. Different 

to conventional angle integrated He-UPS, CFSYS can trace the DOS of the very highest VBM, 

assumed to be at the R-point in reciprocal space from DFT on the similar HaP MAPbI3. The ad-

hoc evaluation method of a linear extrapolation on a semi-logarithmic scale has been shown to 

strongly depend on the detection limit and thus an advanced model was adapted to consistently 

quantify the VBM. Thus, near-UV high-resolution PES can assist to better understand the valence 
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band structure of complex multi-cation multi-halide perovskites. Knowing which band edge 

exactly is experimentally probed by He-UPS and either calculating the energetic distance of the 

highest VBM to the measured one with the support of DFT calculations, or experimentally 

determining the energetic distance (e.g. by a method with a low noise floor such as CFSYS) seems 

to be the most exact approach for determining the Fermi level position in the band gap (as also 

suggested by Yang and Yang21). However, if no high sensitivity PES such as CFSYS is available, 

support by precise DFT calculations for each specific material might be necessary to assess the 

position of the highest VBM with high confidence. However, these are very demanding for 

complex multi cation and multi halide perovskites.  

After discussing in detail the energetic positions of an exemplary sample, we want to point out 

that, even with the very same sample history and material composition, slightly varying values 

might be obtained. We therefore measured the valence band region for four individual, but 

nominally identical CsMAFA layers and summarized the obtained fitting parameters in Table 1 

(the fitted spectra as well as all obtained fitting parameters can be found in the supporting 

information, Figure S8 and Table S1, respectively). 

Table 1. Obtained fitting parameters for four different CsMAFA 

((Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3) layers with nominally identical processing history.  

Sample Precedent 

condition 

ΔEV,Plog 

 

[eV] 

(EV,PLog,High  

- EF
*) 

[eV] 

(EF
*  

- EF,ITO) 

[eV] 

Et 

 

[meV] 

Dit  

 

[rel. to a0 ] 

Dit 
a) 

 

[cm-3] 

1 After NUPS meas. 0.38 - 1.41 0.03 43 1.5 x 10-4 7.9 x 1016 

2 After NUPS meas. 0.39 - 1.50 0.13 48 1.8 x 10-4 9.2 x 1016 

3 After NUPS meas. 0.38 - 1.42 -0.12 44 3.8 x 10-4 2.0 x 1017 

4 After NUPS meas. 0.36 - 1.37 -0.17 41 1.3 x 10-4 6.8 x 1016 

 Mean (±std. dev.) 0.38(1) - 1.43(5) - 44(3) 2(1) x 10-4 1.1 x 1017 
a) The defect density (Dit) per volume unit is estimated by normalization based on DFT 

calculations for MAPbI3. 
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The energetic position of the highest detectable valence band edge, EV,PLog,High, with respect to 

the surface Fermi level, EF
*, varies from - 1.37 eV to -1.50 eV with a mean value of – 1.43 eV. 

The distance from EV,PLog,High to EV,PLog,Low, EV,PLog, is consistently about 0.36-0.39 eV. The 

calculated distance between EV,R and EV,M for MAPbI3 taken from literature, is found to be around 

0.32 eV,21,22 thus slightly below these experimentally found values, which are for CsMAFA. This 

can be attributed to the different composition of our samples.  

As an example, we also modelled the He-UPS spectrum of Sample 2 (which is shown in Figure 

2 and Figure 3, see Figure S9 for the modelling) with a polylogarithm function. Because of the 

different noise level, only the energetically lower VBM can be modeled, and we do not consider 

any measurement induced broadening. We obtain EV,PLog,Low = -1.9 eV and as ΔEV,PLog = 0.39 eV 

is known from the CFSYS modelling, EV,PLog,High = -1.51 eV can be estimated. This is in very good 

agreement with the values obtained by modelling the CFSYS data. To summarize, the situation for 

this or closely related materials appears to be as follows: in He-UPS only the region between the 

very highest and the next lower VBM is visible, whereas the actual VBM itself and an eventual 

disorder related Urbach tail are hidden below the noise floor. This, in turn, may lead to the 

extraction of EF - Ev values which are larger than the bandgap, which are clearly unphysical. In 

contrast CFSYS clearly reveals the VBM, with a square-root shape as expected from theory for a 

parabolic band edge.  

Turning now to the Fermi level position relative to the substrate Fermi level (EF
* - EF,ITO), a shift 

of up to 300 meV in between the samples is observed. This however is not attributed to inconsistent 

modelling, but to a shift of the whole spectrum relative to EF,ITO (see supporting information, 

Figure S2), which can be attributed to three main reasons:  
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a) During the measurement, the samples are illuminated by UV-light. Charge carriers that are 

photogenerated during the measurements lead to a splitting of the quasi Fermi levels, which results 

in a surface photovoltage (SPV), i.e. a potential difference between the Fermi level positions at the 

top and the bottom of the layer stack (also indicated in Figure 1). In fact, the situation is similar to 

a solar cell with the HaP film as the absorber, being held close to open circuit conditions. (Not 

exactly at Voc conditions, however, since there is a small current flow due to the photoemitted 

electrons, balanced by the extraction of holes at the SAM/ITO rear contact.) These holes then 

recombine with electrons supplied through the sample contact. This leads to a charge carrier 

imbalance across the film, thus a photovoltage.39 Since these non-intended charge separations 

happen to a different extent for every sample, also a slightly different SPV ≠ 0 eV is expected. 

Note, that the effect of SPV might be greatly enhanced once an electron selective layer is applied 

to the front side.39 

b) Positive charging of the surfaces might occur when photoelectrons are generated at a higher 

rate than the corresponding states can be refilled by electrons from the sample contact. This leads 

to a shift of the spectrum towards lower binding energies. From the evaluation of the Pb 4f and 

I 3d peak position of the XPS spectra, a slight charging was indeed observed with 0.1-0.3 eV for 

samples 2-4 compared to sample 1 (Figure S10). Since the charging (observed in the core levels 

with XPS illumination) does not directly correlate to the observed shifts of EV on the binding 

energy scale (observed in the VB region with UV illumination) and, at least for sample 4, is even 

larger than the observed deviation of the surface Fermi level, it cannot be the only reason.  

c) The sample surface condition can be different between samples for a variety of reasons. First 

the processing history, including the solution mixing, spin coating timing, minor changes in the 

atmosphere surrounding the sample and the sample transfer influence the surface conditions of the 
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respective sample.36 Also other mechanisms, such as the usage of DMSO in the solvent mixture 

of the perovskite are discussed in literature to induce surface trap-states,15 which influence the 

Fermi level position in the band gap due to charge redistribution between bands and gap states 

(“Fermi level pinning”). Additionally, the measurement-induced degradation due to UV-light 

leads to increased defect densities, which will be discussed in the next section.  

Since all these physical reasons (charge carrier generation and separation, charging and Fermi 

level pinning) shift the spectrum along the binding energy axis, thus relative to EF,ITO, it is not 

possible to distinguish the exact underlying mechanism.  

The slope of the exponential tail, quantified by the tail parameter Et, varies from 41 meV to 

48 meV for the four measured samples. The true value might be lower, because the obtained values 

are at the limit of the energetic resolution with this experimental setup. The shape of the DOS in 

the valence band should be consistent in between different samples and only shift relative to EF,ITO, 

as elaborated above.  

With the low detection limit of CFSYS we are capable of measuring and even quantifying the 

density of occupied states above the modeled band edges, Dit, using a convolution of the gap states 

DOS modeled as three Gaussian functions (D1-D3), multiplied with the Fermi distribution and 

convolved with the instrument transfer function. We explicitly do not provide any physical 

interpretation of the nature or total number of defect bands. Relative to the amplitude scaling 

parameter, a0, belonging to EV,PLog,High, the defect density varies from 1.3∙10-4 to 3.8∙10-4 with a 

mean value of 2.1∙10-4. Since the measured internal yield is directly proportional to the density of 

occupied states, assuming a similar excitation cross section over the whole spectral range, we can 

obtain a rough estimate for the density of occupied gap states per volume unit by normalizing the 

internal yield to a known DOS at a defined position. We use the amplitude scaling parameter a0 of 
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EV,PLog,High and attribute it to a density of states in the valence band of 5.13∙1020 cm-3eV-1 as 

calculated from DFT calculations for MAPbI3 by Shirayama et al.22 (see Figure S12 for a detailed 

description). The obtained densities of occupied trap states vary between 6.8∙1016 cm-3 and 

2.0∙1017 cm-3 with a mean value of 1.1∙1017 cm-3. We note that these estimated defect densities are 

very high considering the high PCE in solar cells obtained with this exact material. Indeed, a 

combination of several factors may lead to an overestimation of the defect densities found here 

(1016 - 1017 cm-3) compared to those reported in literature (1013-1016 cm-3)40–43 for high-quality 

polycrystalline MAPbI3 and CsFAMA films: (1) Depending on the measurement method (e.g. for 

deep level transient spectroscopy41 or time-resolved microwave conductivity42) the defect density 

is estimated from modelling recombination processes, which provide an indirect way of 

determining the defect density also including assumptions about the capture cross section; it can 

be speculated that even though the defect states are present in the material in the amounts we report 

on here, their charge carrier capture cross sections could be lower than assumed in the electrical 

measurements. Thus they would not contribute strongly to trap-assisted non-radiative 

recombination in the working device; (2) our assumption of a constant matrix element in the 

studied photon energy range (4-7 eV) might be invalid, and the matrix element decreases 

significantly as the photon energy increases, implying that the signal in the defect region is 

“amplified” with respect to the signal originating from the VB;44 note, that the excitation cross 

sections for extended (VB) states and localized (defect) states might differ; (3) the obtained defect 

densities are only relevant to the surface region, and the actual amount in the bulk is much lower;35 

and (4) the actual surface density is further strongly influenced by a variety of sample conditions 

as well as the measurement itself, which will be discussed in the next section.  
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4.3 Defect generation upon sample illumination and handling 

We proceed by investigating changes in the valence band DOS upon different illumination 

conditions and sample handling, such as transfer and storing conditions before measurements.  

 

Figure 5. CFSYS spectra of CsMAFA ((Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3) for different 

sample histories: a) and d) with two sequential CFSYS scans, b) and e) after measurements with 

varying illumination (NUPS, He-UPS, XPS), c) and f) after two weeks of vacuum storage and 

< 10 min exposure to ambient air. a)-c) are the spectra as measured and aligned to the lower 

valence band edge, EV,PLog,Low; d)-f) show the measured internal yield minus the two modeled 

valence bands aligned to the surface Fermi level, EF
*.  

In Figure 5a-c the spectra of the internal yield for different sample histories are shown. The 

resulting modelling parameters are summarized in Table 2. The modeled spectra and a detailed 

comparison of all obtained parameters is shown in the supporting information in Figure S13 and 

Table S3, respectively. Additionally, we show the residuals of the measured data minus the two 

polylogarithm functions in Figure 5d-f, aligned to the surface Fermi level, EF
*. The area under 
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these residuals is a direct measure of the occupied defect density per volume unit in the band gap 

and is modeled by the defect peaks D1-D3. 

First, we assess the influence of the near UV irradiation during UPS and CFSYS measurements 

on the valence band region and on defect generation in the band gap. In Figure 5a, the internal 

yield spectra of two sequential scans obtained from a typical CsMAFA layer (Sample 2 from the 

previous section) aligned to the modelled EV,PLog,Low are shown. Usually, the sample is first 

illuminated for the NUPS measurement for 15 min with a photon energy of 6.5 eV, which is 

necessary to find a suitable final state kinetic energy for the CFSYS measurement. For each 

CFSYS scan the UV-illumination time is 60 min with photon energies varying from 3.7 eV to 

7.3 eV. Considering the fitting results in Table 2, we observe that the high DOS valence band 

positions (EV,PLog,High and EV,PLog,Low) are not affected by this prolonged UV irradiation. In contrast, 

the slope parameter decreases and the defect density in the energy region of E-EF
* = -0.6 eV up to 

the Fermi energy increases with illumination time (see also Figure 5d). The decrease of the slope 

parameter can be attributed to a change in the energetic position of D1, which is a free parameter 

of the fit: if the fit shifts D1 towards the valence band edge, it includes more states in the 

exponential band tail region, which thus can decrease the fitted slope parameter slightly. 

Considering Peaks D1-D3, between the 1st and 2nd CFSYS scan, the total density of gap states is 

significantly increased from 1.8∙10-4 to 4.6∙10-4 relative to a0 (9.2∙1016 to 2.4∙1017 cm-3). However, 

this is partially attributed to a fitting artifact due to the shift of D1 towards the valence band edge. 

Considering only D2 and D3, which can be fitted reliably since they are not influenced by the 

valence band parameters, the increase of the combined gap state density in these peaks is slightly 

lower with 2.4∙10-5, from 2.3∙10-5  to 4.8∙10-5 relative to a0 and thus around 1.2∙1016 cm-3, and can 

indeed be attributed to defect generation during the near UV illumination, induced by the 



 29 

measurement. To investigate the dynamics of the formation of those trap states upon illumination 

with less pre-assumptions from the advanced modelling of the whole spectrum, CFSYS in a very 

small photon energy range (4.9 eV to 5.0 eV) was measured repeatedly on a previously not 

illuminated area of the sample, directly after the transfer into the vacuum system. Immediately 

after starting the illumination, gap states start to increase by about half an order of magnitude and 

saturate at an internal yield of YIN = 2.5∙10-12 eV-1 and thus around 3.3∙1016 cm-3eV-1 after 20 min 

illumination time (see supporting information, Figure S14a and Figure S14b).  

Since all other samples experience initially 15 min of UV irradiation, the formation of the gap 

states is already close to its saturated value when the CFSYS measurement starts and thus, no 

difference between scan 1 and 2 is observed for most samples. To confirm that the saturation 

persists upon longer illumination time, a sequence of 10 scans was performed and no further defect 

formation could be observed (Figure S14c). This implies that for this specific material an intrinsic 

gap state density below ~ 1016 cm-3eV-1 will not be detectable by our CFSYS tool. However, we 

can approximate the defect densities above this saturated value, while being confident to not 

further degrade the sample with the irradiation required for the measurement itself. Considering 

the broadly observed degradation of lead based halide perovskites upon UV-illumination in 

literature, especially in combination with ETL or HTL materials,45 the saturation of defect 

formation as observed here is remarkable.  

With its low measurement-induced damage, CFSYS may assist to investigate the degradation of 

perovskite absorber materials under harsher illumination conditions, such as He-I and X-rays. 

Figure 5b shows the CFSYS spectra of a CsMAFA film (sample 3), which has been measured after 

NUPS (same as all samples in the previous section), after He-UPS (21.2 eV, till. = 40 min) and 
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after XPS (Al-Kα, 1486.6 eV, till. = 3 h). The respective residuals after subtracting both 

polylogarithm model functions, i.e. the gap states, are shown in Figure 5e.  

Table 2: Valence band and defect parameters obtained from fitting our model to CFSYS measured 

on CsMAFA, Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3, with different sample histories. 

Sample Sample history ΔEV,Plog 

 

[eV] 

(EV,PLog,High  

- EF
*) 

[eV] 

(EF
* 

- EF,ITO) 

[eV] 

Et 

 

[meV] 

Dit  

 

[rel. to a0 ] 

Dit 
a) 

 

[cm-3] 

2 After NUPS meas., 

initial CFSYS scan 

0.39 - 1.50 0.13 48 1.8 x 10-4 9.2 x 1016 

2 Second CFSYS scan 0.39 - 1.50 0.13 43 4.6 x 10-4 2.4 x 1017 

3 After NUPS meas. 0.38 - 1.42 -0.12 44 3.8 x 10-4 2.0 x 1017 

3 After He-UPS meas. 0.37 - 1.46  -0.15 51 3.0 x 10-4 1.6 x 1017 

3 After XPS meas. 0.25 - 1.65 -0.15 109 7.7 x 10-3 3.9 x 1018 

- 10 min. air exposure 0.42 - 1.52 -0.15 76 1.2 x 10-3 6.1 x 1017 

- Vacuum storage 0.38 - 1.41 -0.13 45 2.2 x 10-3 1.1 x 1018 

a) The defect density (Dit) per volume unit is estimated by normalization based on DFT 

calculations for MAPbI3. 

 

The exposure to He-I irradiation had a comparably minor impact on the sample. The observed 

valence band structure, especially the clear distinction between EV,PLog,High and EV,PLog,Low was 

maintained, but their energetic distance slightly decreased from 0.38 eV to 0.37 eV. Relative to 

the substrate Fermi level, EV,PLog,High is shifted towards higher binding energies by 40 meV. Et also 

slightly increased from 44 meV to 51 meV, which might indicate partial degradation of the crystal 

structure. The decreasing total gap state density from 3.8∙10-4  to 3.0∙10-4 (2.0∙1017 to 1.6∙1017 cm-

3) is somewhat misleading and again attributed to the energetic position of D1, which moved 

further away from EV,PLog,High. This fitting artefact here leads to a concomitant decrease of its area. 

Considering the measured spectra in Figure 5b the increase in defect density is better quantified 

by the area of D2 and D3, which slightly increased from 6.9∙10-5 to 8.6∙10-5 (3.6∙1016 to 4.4∙1016 cm-

3) after NUPS and He-UPS, respectively. With this, we can conclude that aside from the possible 
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damage that may have occurred upon the initial exposure of the sample to UV irradiation, the 

additional damage induced by additional He-I radiation in the investigated time scale is negligible. 

This is an important finding, since He-UPS is widely applied as the standard method for valence 

band spectroscopy. 

Exposure to X-Rays for about 3 h however changed the shape of NOCC in the whole valence band 

region, such that it is hardly possible to model both high DOS valence band maxima as done for 

all other samples. For both, EV,PLog,High and EV,PLog,Low, the energetic position relative to the 

substrate Fermi level shifted towards higher binding energies and at the same time their energetic 

distance decreased to 0.25 eV. The exponential tail slope parameter Et strongly increased to 

109 meV, which can be interpreted as a significant structural damage on the sample surface. The 

density of gap states was also further increased by more than one order of magnitude to 7.7∙10-3 

(3.9∙1018 cm-3) as compared to after He-I and Near-UV illumination. 

The chemical origin of the defect formation might be linked to a combination of several 

decomposition routes. As discussed by Lin et al. for CH3NH3PbI3, two main routes might play a 

role,46 where either the material is decomposed into PbI2 and CH3NH3I or into PbI2 combined with 

out-gassing of the volatile methylamine and HI species. Then, PbI2 could be further decomposed 

into metallic Pb0 and iodine. Often the appearance of Pb0-states in the Pb 4f core level is thus used 

as an indication of degradation in HaP surfaces.46–48 We also performed XPS measurements and 

analysis (Figure S10), but no indication of metallic lead could be found in all our samples within 

the detection limit. We hence conclude that the observed gap states might be attributed to either 

decomposed perovskite and thus PbI2, or already show the appearance of a low amount of Pb0, 

which is not observable by XPS yet. Since our analyzer is not very sensitive at the high kinetic 

energies used for XPS, the measurement time of 3 h for all detail spectra is rather long. However, 
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several studies confirm, that this is still below the X-ray illumination time, where metallic lead 

could be observed.46,47 CFSYS measurements on pure PbI2 confirm that indeed it shows a similar, 

almost constant defect density in the band gap up to the Fermi level (see Figure S15), which might 

originate from the lead-iodine composition or already from metallic lead formed by photolysis. In 

further studies by Wu et al. on lead-iodine based perovskites, a similar distribution of trap states 

throughout the band gap up to the Fermi level was observed by means of near-UV PES.16 Our 

results are proof, that even though no indication of degradation or decomposition of the lead halide 

perovskites film might be observed by means of XPS, a partial decomposition is to be expected. 

Further studies, e.g. with varying amounts of excess PbI2 in the HaP precursor solution, different 

solvents and compositions as well as systematic variation of X-ray illumination time would be 

needed for a clear assignment and understanding of those gap states. For example, Zhang et al. 

investigated the influence of different solvents used in the perovskite precursor solution and found 

that a chemical reaction between DMSO and methylammonium (MA+) within the perovskite 

precursor is linked to the formation of defect states related to DMA+ and NH4
+.15  

Last, we want to discuss the influence of different sample environment conditions: short 

exposure to air (< 10 min) and storage in vacuum for two weeks. The corresponding spectra shown 

in Figure 5c and f. While both conditions do not severely affect the high DOS valence band region, 

as the energetic position relative to the Fermi level as well as the energetic distance between 

EV,PLog,High and EV,PLog,Low stay almost constant, the DOS in the band tail region as well as the gap 

state density are very sensitive to those conditions. Interestingly, the short exposure to air led to a 

similarly severe formation of gap states as the long illumination with X-rays, up to 1.2∙10-3 relative 

to a0 (6.1∙1017 cm-3), being almost equally distributed up to the Fermi level. Furthermore, the 

exponential tail slope parameter, Et, increases significantly to 76 meV. The equal distribution of 
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the gap states up to the Fermi level and amount of gap states relative to the valence bands at lower 

binding energy is reminiscent of the spectra obtained by Levine et al. for mixed APbBr3-

perovskites,17 where similarly, the layers have shortly been exposed to ambient air. The interaction 

of lead halide perovskites with humid air has been shown to enhance the degradation of lead halide 

pervoskites49 with again, decomposition into PbI2 and other species. Thus, observed trap states in 

HaPs, especially with highly sensitive PES methods, need to be evaluated carefully, and any 

exposure to air should be avoided. Since the amount of gap states is still below the detection limit 

of most He-I based PES systems, this conclusion could not be drawn until now.  

It is worth paying special attention to the sample, which had been stored in vacuum for two 

weeks. While for most samples the gap states seem to be rather equally distributed throughout the 

band gap (up to the Fermi level), here we observe the appearance of a distinct and localized defect 

band D1 at +0.38 eV relative to EV,PLog,High and the overall defect density was increased to 2.2∙10-

3 relative to a0 (1.1∙1018 cm-3). However, the prolonged storage in vacuum did not affect the 

exponential tail slope, which remained at 45 meV. The volatile methylamine is known to leave the 

HaP material during annealing at 100°C48 (“outgassing”) and a slowed down, but similar behavior 

should be expected in ultra-high vacuum.47 Note, that also in finalized HaP-based solar cells, a 

degradation in reduced ambient pressure has been observed, and was linked to outgassing and 

phase separation.50 Thus, the observed appearance of a distinct defect band might be caused by an 

intermediate decomposition state induced by prolonged exposure to vacuum conditions, especially 

in combination with UV-illumination.51 Further systematic studies will be needed to clarify how 

the density and energetic position of defects evolve under different environmental conditions.  
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5. Conclusions 

In this study, we applied Near-UV excited constant final state yield spectroscopy (CFSYS) to 

halide perovskites (HaPs) and systematically determine the valence band edges, as well as 

investigate the evolution of gap states for the first time systematically and quantitatively. We have 

demonstrated that CFSYS enables deep insights into the valence band structure of HaPs and can 

trace the density of occupied states over a high dynamic range of up to seven orders of magnitude.  

By comparing CFSYS to conventional He-I and near-UV (hν = 6.5 eV) based UPS on CsMAFA 

(Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3) metal-halide perovskite thin films, we have demonstrated 

that a substantial part of the DOS in the valence band region is hidden below the noise floor of 

conventional He-I UPS. We found that evaluating the leading edge of the energetically highest 

valence band feature on a semi-logarithmic scale gives inconsistent results, especially when 

methods with higher signal-to-noise ratio are applied. Additionally, the definition of a consistent 

energetic position on the exponential tail slope is not possible.  

To solve this issue, we proposed a new model to describe the HaPs valence band, considering 

parabolic band edges and energetic band fluctuations. Until now, only angle-resolved methods 

could provide information about the strong dispersion of valence bands in HaPs. With our new 

fitting approach applied to Near-UV CFSYS data, we were able to resolve two features in the 

valence band DOS, resulting from local maxima at different points in the Brillouin zone, with a 

mean energetic distance of 0.38 eV, from which only the energetically lower one is observable in 

classical He-UPS due to the higher density of states. Further, the Fermi edge could directly be 

observed and thus a reliable energetic position of the valence band edge at -1.50 eV to -1.37 eV 

relative to the surface Fermi level of the electrons is found for four different samples of CsMAFA. 

We were able to quantify occupied gap states with a density of states around four orders of 

magnitude below the density of states at the highest valence band edge, which are partially 
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generated by the UV-illumination used for the measurements. By normalizing the density of states 

to DFT calculations of MAPbI3 from literature we could roughly estimate the defect density in 

volume units to be in the order of ~ 1016 cm-3. 

Furthermore, we investigated the effect of different sample environments and illumination 

conditions on the valence band DOS of CsMAFA. We found that near-UV illumination induces a 

total density of occupied gap states up to a mean value of 2.2∙10-4 (1.1∙1017 cm-3), which was not 

significantly enhanced by further He-I irradiation, while the characteristic energy, describing the 

slope of the exponential band tail, Et, slightly increased. X-ray illumination had an enormous 

impact on the valence band DOS with both a strongly increased density of occupied gap states and 

increased Et. Short exposure to ambient air had a similar severe influence on the gap state density, 

however Et was less affected. A prolonged storage in ultra-high vacuum mainly led to the 

appearance of a distinct defect band at +0.38 eV relative to the highest modeled valence band edge 

with an approximate density of 2∙10-3 (1018 cm-3).  

With the herein provided results, we have demonstrated that CFSYS with Near-UV excitation 

is a useful and suitable tool to investigate the characteristically low density of states at the valence 

band edge of HaPs. Even very low electronic defect densities can be directly traced and hence 

important information about the energetics, as well as a quantification of defects on or close to the 

HaP film’s surface, can be obtained. The lack of similarly sensitive PES measurements, combined 

with the strong dispersion of HaPs, might partly explain the large spread of energetic values for 

VBM with respect to the Fermi level found in literature for perovskites and charge-selective layers. 

The high information depth of several nm will also enable the investigation of buried interfaces as 

employed in, e.g. carrier selective contacts for perovskite solar cells.  
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