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Electronic properties of metal halide perovskites
and their interfaces: the basics

Fengshuo Zu,a Dongguen Shin a and Norbert Koch *ab

We have witnessed tremendous progress of metal halide perovskite (MHP)-based optoelectronic

devices, especially in the field of photovoltaics. Despite intensive research in the past few years,

questions still remain regarding their fundamental optoelectronic properties, among which the

electronic properties exhibit an interplay of numerous phenomena that deserve serious scrutiny. In this

Focus article, we aim to provide a contemporary understanding of the unique electronic properties that

has been resolved by the community. First introducing some of the basic concepts established in

semiconductor physics, the intrinsic and extrinsic electronic properties of the MHPs are disentangled

and explained. With this, the complex interplay of interface-, dopant-, and surface state-induced

electronic states in determining the electrostatic landscape in the material can be comprehended, and

the energy level alignment in device architectures more reliably assessed.

1. Introduction

The unique structural and optoelectronic properties of metal

halide perovskites (MHPs) have led to tremendous success in a

variety of optoelectronic devices,1–5 and in particular in the

field of photovoltaics.1,5 Despite an impressive body of

research, it is still very challenging to draw a comprehensive

picture of some of the fundamental properties of these semi-

conductors. This also pertains to the electronic properties of

MHPs, which are key for achieving the full potential of these

materials in applications. In many reports on MHP-based

devices we can see schematic diagrams of how the frontier

energy levels of the involved materials align relative to each

other, but these diagrams are predominately presumed from

pertinent parameters that were reported for the individual

materials. Typically, the ionization energy (IE), electron affinity

(EA), and work function (F) values are plotted next to each

other with a constant electrostatic potential (often termed

vacuum level and set to zero) across all interfaces. In lieu of

an actual measurement of the energy level alignment, an

assumed level diagram can be a useful zeroth-order approxi-

mation, but one should be aware of the fact that it may be far
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off from the actual situation encountered in a device. One

underlying reason is that the IE, F, and EA are defined via the

removal/attachment of an electron from/to the sample surface.

Therefore, their values are not constant for a given material but

they are significantly influenced by the atomic composition and

structure, not only of the bulk, but particularly of the surface. In

addition to preparation-dependent MHP surface variations,

sample environment-dependent adsorbates can further influ-

ence the three key energy level parameters. Next, atomic-scale

structural defects, such as vacancies and interstitials, can be

electronically active and result in p- or n-type doping of the

MHP bulk. At the surface of a sample defects can pin the Fermi

level (EF) and induce surface band bending. Finally, extrinsic

dopants can additionally vary the doping level of the semicon-

ductor – near the surface or in the bulk.

While each individual aspect named above is well known

from other well-established semiconductors and can be inves-

tigated and understood also for MHPs, huge challenge arises

for these materials from the simultaneous occurrence of more

than one of these effects. This makes it often difficult to

disentangle the impact of each in experiment, as observed

from apparent inconsistencies reported during the early stage

of research on MHPs.6–14 Studies on the intrinsic and extrinsic

electronic properties of the MHPs continue to be demanding

because of their tendency towards degradation or defect for-

mation upon perturbation,15,16 i.e., depending on experimental

conditions these perovskites should be considered ‘‘living

materials’’. Overall, an estimated energy level diagram may be

off with respect to the actual level alignment by several 100

meV, which can introduce serious problems when trying to link

energy levels and devices performance.

The goal of this Focus article is to introduce the concepts of

semiconductor electronic properties and energy levels for the

most widely studied MHPs, with restriction to those bulk,

surface, and interface effects that appear to be on a solid

foundation at present. With the diverse composition of the

MHP-community in mind, this should help researchers that are

not concerned with the electronic structure on an every-day

basis to make better informed and critical judgements on how

to use published data on MHP electronic properties for their

own purpose.

2. Intrinsic electronic band structure
and determination of band edges

The ABX3 structure of MHPs typically comprises a corner-

sharing BX6 octahedral cage, where B is a bivalent metal cation

(e.g. Pb2+ or Sn2+), X a halide anion (e.g. I�, Br�, or Cl�), and a

cation [often methylammomium (MA), formamidinium (FA), or

Cs+] in the interstices. Studies on the crystal structure revealed

that many MHPs exhibit phase transitions upon changing the

temperature (T). For instance, the prototypical methylammo-

nium lead triiodide (MAPbI3) was shown to undergo a struc-

tural transition from tetragonal at room temperature to cubic at

higher temperature (T 4327 K),17,18 owing to the fact that the

MA cation exhibits different degrees of disorder at elevated

temperature, accompanied by a slight distortion of the PbI6
octahedral cage.19 In contrast to bulk-sensitive methods, trans-

mission electron microscopy20 and low-energy electron

diffraction11 suggested that for MAPbI3 in ultra-thin slabs and

at the surface of thin films in vacuum tetragonal and cubic

phases coexist already at room temperature. It has not yet been

shown whether higher ambient pressure or deposition of

another material onto a mixed-phase surface stabilizes the

tetragonal phase at room temperature again, and this may be

a device-relevant aspect for future studies.

The electronic band structure of the MHPs was investigated

by several theoretical studies within the framework of density

functional theory (DFT).21–24 While DFT is a powerful tool to

predict the electronic and optical properties of functional

materials, it can fail to provide accurate band gaps.25 Depend-

ing on the levels of theory being applied and the extent to which

dispersive interactions and many-body effects are taken into

account, e.g., spin–orbit coupling,26 the computed electronic

band structure can vary considerably. Therefore, careful evalua-

tion of the chosen method’s reliability is indispensable.27,28

The calculations on MHPs were performed mostly on single

cation and halide perovskites, e.g., MAPbX3
23 and CsPbX3,

24

due to their simpler unit cell compared to the mixed-cation and

mixed-halide counterparts. The electronic band structure is

affected by structural changes, often leading to a shift of the

fundamental band gap from the Brillouin zone (BZ) center in

the tetragonal phase to a BZ edge in cubic phase, as schema-

tically given in Fig. 1. Experimentally, the electronic structure of

the MHPs has been and continues to be studied by means of

photoelectron spectroscopy (PES). PES is based on measuring

the kinetic energy and angular distributions of photoelectrons

emitted from a sample surface upon excitation with monochro-

matic light. It is widely used for assessing the occupied electro-

nic states of functional materials, from which the key electronic

parameters, such as F and the valence band edge position with

respect to Fermi level, can be directly determined. Due to the
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rather short electron inelastic mean free path (on the order of

1 nm when employing a typical excitation photon energy of

10–200 eV),29 valence spectra mainly reflect the electronic

structure of the surface region, rendering PES a surface sensi-

tive technique. By analyzing the kinetic energy and angular

dependence of the photoemitted electron flux, the electronic

band dispersion of crystalline solids can be mapped.30 How-

ever, most angle-resolved PES (ARPES) setups require mm-sized

single crystal samples, which could limit its applicability for

some materials. The ARPES on MAPbI3 single crystals revealed

strongly dispersive valence bands in accordance with theory,

but the surface was dominated by the cubic phase at room

temperature and in vacuum (the latter being a prerequisite for

ARPES measurements).11 That study further showed that the

position of the global valence band maximum (VBM) is at the

BZ edge at the R point. This is observable from the energy

distribution curves at different electron momentum values

(EDCs, the most common way to present PES data in the

community) in Fig. 1(e). The dominance of the cubic phase of

MAPbI3 (at room temperature and in vacuum) was also

observed in recent conduction band measurements by Yang

et al. using angle-resolved inverse PES measurements.31

With these benchmark band structure data at hand, the

global VBM, which is the energy level needed for sketching an

energy level diagram, can be reliably accessed. As suggested

first by Endres et al.,7 the global VBM (here at the R point)

contributes comparably little to angle-integrated PES spectra

because of the pronounced dispersion of the topmost valence

band (VB). In analogy, a PES spectrum recorded from a poly-

crystalline MHP thin film comprises contributions from many

BZ directions and the signal from the global VBM is weak. For

instance, by adding up the angle-resolved spectra from a single

crystal in Fig. 1(e) one obtains the spectrum shown in Fig. 1(f),

which can serve as model for a spectrum from a polycrystalline

film. And indeed, one can observe similarity of the constructed

spectrum with that measured on a polycrystalline thin film as

shown in Fig. 1(g).11 Traditionally, the VBM is determined from

such a spectrum plotted on a linear intensity scale by extra-

polation of the leading edge towards the background. This,

however, returns an unreasonably large binding energy of the

VBM with respect to EF, sometimes even larger than the band

gap of the MHP. In contrast, using the same procedure with the

data plotted on a logarithmic intensity scale returns a much

more accurate value for the VBM. This is expected to be

applicable for all MHPs with strongly dispersing topmost VB,

so that using a logarithmic intensity scale to evaluate the global

VBM position from PES spectra of thin film samples is

recommended.7,11

3. Energy level alignment at electrode
contacts

Despite substantial amount of work devoted to understand the

energy level alignment at perovskite-related surfaces and inter-

faces, the level alignment with a conductive electrode substrate

remained a subject of debate for a long time, and as courteously

summarized then by S. Olthof.6 In the Schottky–Mott limit, one

would expect for an intrinsic (i.e., undoped) semiconductor that

the energy difference between the VBM/conduction band

Fig. 1 The MHP unit cell of the (a) tetragonal and (b) cubic phase, with the corresponding schematic band structure in (c) and (d), respectively. A, B and X

in (a) and (b) represent the halides, bivalent metals and cations, respectively. (e) Energy distribution curves of a MAPbI3 single crystal along the X–R high

symmetry direction. Red marks indicate the top VB peak positions. (f) A constructed angle-integrated PES spectrum from the spectra in (e). (g) A common

PES spectrum measured on a polycrystalline MAPbI3 thin film. In (f) and (g), the binding energy is given with respect to EF set to zero, and lin./log. indicate

the same spectrum plotted on linear/logarithmic intensity scale. Fig. (e–g) are adapted from ref. 11.
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minimum (CBM) and EF of the electrode vary with the substrate

work function (Fsub), in the ideal case with a slope of one,

where the slope is defined as
dFperovskite

dFsub

with Fperovskite being

the work function of the perovskite layer on top of the sub-

strate. An alternative phrasing of this phenomenon is that EF
moves in the band gap of the MHP as function of Fsub with that

slope. If Fsub becomes larger than the IE of the semiconductor,

EF would be placed below the VBM. To establish electronic

equilibrium, electrons are transferred from the semiconductor

to the substrate to form an interface dipole and/or band

bending that shifts EF (close) above the VBM and positions

the sample work function below the initial Fsub value. This

phenomenon is known as intrinsic Fermi level pinning at the

band edges (as opposed to Fermi level pinning at gap states),

and proceeds in full analogy also at the CBM for Fsub values

lower than the semiconductor’s EA. Graphically, this can be

represented by a plot of the sample’s work function after MHP

deposition (Fperovskite) as function of Fsub, as shown in Fig. 2(a).

In that figure, we observe a region where the Schottky–Mott

limit – i.e., vacuum level alignment – holds (curves with a slope

of 1) and Fermi level pinning at lower and higher Fsub values

(slope of zero). The transition between the two regimes is not

abrupt because of a finite density of states of the corresponding

bands at which pinning occurs. Additionally, the presence of

tail states near the band edges32 leads to a more gradual

transition. Another observation is that the apparent Fsub at

which the transition occurs seemingly depends on the MHP

film thickness. This is due to the fact that the charge carriers

induced in the semiconductor by the pinning diffuse away from

the interface and cause band bending, illustrated by the lower

inset in Fig. 2(a) for the case of high Fsub. At different film

thickness the magnitude of band bending varies, and in turn

the range over which the EF position in the gap appears tunable

becomes narrower for larger film thickness. For organic semi-

conductors the relevant thickness scale was estimated to a few

10 nm,33 but notable band position changes might occur on the

100 nm scale for MHPs because of their much higher dielectric

constant (er). For appropriately prepared MHP thin

films, i.e., with suitably low effective doping concentration,

the regimes of Schottky–Mott limit and Fermi level pinning –

and the transition between them – were observed

experimentally.14,34–37

On the contrary, for MHPs with a considerable doping

concentration, the range over which EF is free to move can be

significantly reduced or even pinned. This can be understood

from the consideration that for MHPs with high doping

concentration (Nd) of, e.g., 10
17 cm�3, the resulting depletion

width (w ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2e0erVbi=qNd

p

, where e0, er and q are the vacuum

and relative dielectric constant, and unit electric charge, respec-

tively; Vbi is the built-in voltage given by the work function

difference between the substrate and the MHP) of ca. 100 nm is

much shorter than the typical film thickness of ca. 500 nm in

most experiments. As a result, the surface energy levels are

solely controlled by the doping concentration. On the other

extreme, the depletion width can extend to ca. 1 mm with a

doping concentration of r 108 cm�3. This is exemplified in

Fig. 2(b), showing that the EF position measured at the surface

of a thin film may not represent the bulk doping level if the film

thickness is lower than the depletion width.

It thus appears that the simultaneous actions of the two level

alignment regimes and the MHP doping concentration are very

challenging to unravel, because possibly counter-acting band

bending effects and the pronounced film thickness depen-

dence require a huge set of parameter variations in experiment.

Frankly, the sole observation of EF close to the VBM (CBM) for

one sample does not imply that the material is p-type (n-type) in

the bulk, and the band positions between substrate and film

surface may vary considerably.

Fig. 2 (a) F of MHP films with different film thicknesses as a function of

the substrate work function (Fsub). The insets in (a) depict the vacuum level

alignment (top) and Fermi level pinning regimes (bottom). The slope

indicated as the dashed blue line is defined as
dFperovskite

dFsub

. (b) Schematic

energy level diagram of a substrate electrode/MHP interface depending on

the doping concentrations. Low doping concentration of ca. 108 cm�3 and

high doping concentration of ca. 1017 cm�3.
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4. Surface-specific electronic
properties

Semiconductor surfaces are often subject to modifications of

the electronic properties, distinct from the bulk. This is fre-

quently due to the presence of surface states, which can

originate from reconstruction due to dangling bonds at the

surface or reactions with adsorbates. Surface states generally

exhibit either electron donor (n-type) or acceptor (p-type) char-

acter. As a result, near-surface charge rearrangements occur,

often leading to a space-charge layer and associated band

bending beneath the surface. This has a large impact on the

energy levels of the semiconductor surface, and has been widely

investigated for traditional semiconductors,38,39 such as GaN40

and ZnO.41 In the presence of donor-type surface states, as

schematically shown in Fig. 3, the difference in the EF position

between the semiconductor bulk and the surface states drives

electrons to redistribute so that electronic equilibrium, i.e., one

common alignment of EF, is reached. Consequently, additional

electron density builds up in the sub-surface region, accompa-

nied by downward surface band bending, as illustrated in

Fig. 3(a). One method to examine the presence of surface band

bending is to perform surface photovoltage (SPV) measure-

ments. A simplified picture of the SPV effect is shown in

Fig. 3(b). By above band gap optical excitation of the sample,

photo-generated electron–holes pairs near the surface dissoci-

ate and the carriers are driven in opposite direction by the

electric field in the depletion region. Consequently, the accu-

mulation of the photo-induced charge carriers, if recombina-

tion is suitably low, produces an electric field that compensates

the surface band bending, eventually leading to band flattening

at the surface upon sufficiently strong illumination.42 Note that

in Fig. 3(b) EF indicates the Fermi level of the conductive

substrate on which the MHP film resides, and that under

illumination the carrier distribution should be described by

the quasi-Fermi levels for electrons and holes; these are, how-

ever, not accessible from PES measurements. The SPV phenom-

enon was repeatedly observed for various MHPs.12,43–45 For

apparently n-type MHPs (i.e., EF at the surface close to the

CBM), from PES and Kelvin probe measurement under varied

optical excitation intensities, EF was found to shift by up 0.8 eV

towards approximately mid-gap due to the SPV effect. This

evidenced that the samples were not n-type in the bulk, and

that the strong n-type character of the surface could be attrib-

uted to the presence of donor-type surface states, assigned to

Pb0 species.9,12 It is important to note that even the vacuum

ultraviolet (VUV) light as typically used in PES experiments to

excite the photoelectrons can induce a large SPV, giving rise to a

measurement of the energy levels in a non-equilibrium condi-

tion of the surface.12 Therefore, in order to approach the

equilibrium electronic properties of MHPs by PES measure-

ments, it is highly recommended to always carefully check for

SPV effects by both, variation of optical and VUV irradiation

intensities of the sample.

The Pb0-related surface states can be created on purpose by

illumination of a MHP sample with visible light in vacuum, up

to such a high dosage that metallic Pb clusters form.9 In this

light-induced degradation process, organic cations and halides

as volatile species leave and residual solid PbI2 and metallic Pb

remain on the sample surface. Upon oxygen exposure, Pb0 is

oxidized and the these electronic defects become

passivated,14,46 which is also observed as a recovery of the

photoluminescence quantum yield of Pb0-defective MHPs films

upon oxygen exposure.47 The photo-induced decomposition of

MHPs in vacuum can be significantly suppressed when the

surface is covered with a thin inert layer, e.g., of a molecular or

polymeric insulator, because this keeps the reaction products

in close proximity so that the rather effective back-reaction to

the original perovskite can occur.15

5. Environmental effects on the energy
levels

It is further of importance to take into account possible

environmental effect on the electronic structure of MHPs, as

this is highly relevant not only for practical film fabrication but

also for many characterization methods. For instance, MHPs

films are typically made with solution-processes that involve

solvents, and impurities (e.g., water and oxygen molecules) may

readily be introduced. If samples are exposed to air, one must

further consider gas diffusion into the material and various

Fig. 3 Schematic energy diagrams of the surface band bending situations induced by donor-type surface states (a) at the electronic ground state,

(b) non-equilibrium state under photo-excitation, i.e., band flattening due to SPV effect and (c) upon O2 exposure, i.e., the O2 passivation effect on the

Pb0-related surface states.
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adsorbates, which can impact IE, EA, and F of the sample.

Regarding the latter, Fig. 4(a) depicts the situation where polar

surface adsorbates are present. These possess a permanent

dipole moment, which is the case for water and many solvent

molecules, and if they assemble with a preferred orientation

with respect to the surface, a surface dipole will result. This

surface dipole induces a change of the sample work function

(DF) according to the Helmholtz equation DF ¼

enm

e0er
, where n, e

and m are the molecule area density, the elementary charge, and

the molecular dipole moment component perpendicular to the

surface. For instance, it was shown that water molecules

adsorbed on a MHP surface decreased the sample work func-

tion by 100 meV. The bulk electronic states of the sample are

not influenced by the adsorbate, i.e., the position of EF with

respect to the band edges does not change. But DF affects the

IE/EA values because they are defined as energy difference

between the VBM/CBM and the vacuum level (Evac), as can be

seen from Fig. 4(a) for the two possible opposite preferred

dipole orientations. Water adsorption is reversible, and the

molecules desorb readily at room temperature in high vacuum,

implying physisorption on the MHPs surface.46 The use of

dipolar molecular layers or ionic liquids at the surface of MHPs

to tune their F and thus the energy level alignment with

subsequently deposited charge transport layers was shown to

be beneficial for solar cells.48–50 Another approach, often

termed surface transfer doping, allows for even larger DF of

MHP surfaces. It comprises the use of strong molecular accep-

tors or donors deposited on the surface, so that ground state

charge transfer occurs, which also induces an interface dipole

and thus modifies F.51–53

A different important process changes the majority charge

carrier type and density, as well as F of a MHP, but leaves IE

and EA unaffected: doping. Aside from intentionally introduced

dopants in the bulk of MHPs, oxygen can diffuse into and out of

MHP thin films, at least those containing organic cations.14,54

Starting from an intrinsic MHP sample with EF about mid-gap,

O2 exposure leads to a shift of EF towards the VBM over the

course of several 10 min., i.e., the sample becomes p-doped.

Bringing this sample into (ultrahigh) vacuum leads to O2 out-

diffusion and the MHP returns intrinsic, but on a long time

scale of several hours at room temperature. In conjunction with

DFT calculations, it was suggested that O2 molecules occupy

iodine vacancy sites, resulting in the p-type doping effect.14,54,55

Apparently, oxygen-induced p-doping is reversible but features

rather long characteristic timescales. Consequently, one should

bear in mind that experiments performed on organic cation

containing MHPs in air most likely return information about a

rather strongly p-type doped material. It should thus be worth-

while to enforce experiments – particularly including optical

methods – to be performed in inert atmosphere or ultrahigh

vacuum, despite the admittedly more involved apparatuses and

procedures.

6. Summary and outlook

Metal halide perovskites are semiconductors that exhibit the

rich electronic phenomena known from their more established

counterparts, such as interface- and dopant-induced band

bending, surface states and surface band bending, and surface

photovoltage. But they feature even more complexity due to

moderate stability under optical excitation in vacuum that can

induce surface states, and reversible p-doping by (ambient)

oxygen. The simultaneous occurrence of all these phenomena

has initially retarded progress towards a comprehensive under-

standing of their electronic properties. Now that several impor-

tant fundamental questions are resolved, such as those

described here, we can look forward to obtaining deeper insight

into even more complex properties and processes of this

fascinating material class. This, however, necessitates design-

ing and performing experiments with careful consideration of

all intrinsic and extrinsic factors that are known to influence

the electronic (and thus also optoelectronic) properties

of MHPs.

For instance, the electronic band structure of the presently

widely used mixed-cation and mixed-halide perovskites is still

to be uncovered theoretically and experimentally. Also the

impact of carrier-lattice coupling on the electronic structure

Fig. 4 Schematic representation of the impact of (a) an adsorbate-

induced surface dipole, and (b) O2 diffusion and doping on the energy

levels of MHPs. (a) Molecules with opposite dipole moment m orientation

on the MHP surface lead to a decrease or increase of the work function

(indicated by the colored arrows) by the respective DF. Evac is the vacuum

level. (b) Reversible O2-doping by exposing the MHP to O2 and vacuum

consecutively, resulting in a shift of the EF position within the band gap.
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has barely been explored, at least in experiment. A more

elaborate knowledge about the atomistic surface structure is

needed, particularly for thin films and in vacuum. The latter

two aspects are critically important for improved device design

that is based on interfacial energy level management. The most

direct manner to assess energy levels is the use of photoelec-

tron spectroscopy, which is done in vacuum. Any structural

change after interface formation can also alter the MHP elec-

tronic properties – and thus the level alignment. To lessen the

constraints of performing PES measurements in ultrahigh

vacuum, it will be interesting to see increasing activity with

near-ambient pressure ultraviolet and X-ray PES, which might

result in higher confidence in correlating interfacial energy

levels and device performance. We hope that our article moti-

vates and helps researchers to tackle the challenges on the way

towards an indeed comprehensive understanding of MHP

electronic properties.
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