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Halide perovskites (HaPs) are a broad class of materials 
adopting an ABX3 crystal structure with corner-sharing 
BX6 octahedra, analogous to the prototype CaTiO3, 
but with a monovalent inorganic or organic A cation 
(for example, Cs+ or CH3NH3

+), a divalent metal B 
cation (for example, Ge2+, Sn2+ or Pb2+) and an halide  
X anion (for example, Cl−, Br− or I−). Lower-dimensional 
derivatives of this 3D structure have also been engi-
neered, using partial or full substitution of the A site 
with larger organic cations, enabling layered (2D), 
chained (1D) and multidimensional perovskites with 
unprecedented leeway to tune physical properties1,2. 
With appropriate selection of constituents, these sys-
tems exhibit outstanding semiconducting properties 
(for example, tunable direct bandgap, electronically 
benign defects and strong optical absorption) and 
form the basis for a variety of devices, including solar 
cells3–5, photodetectors6,7, transistors8,9, light-emitting 
diodes10,11, lasers12,13 and thermoelectric generators14. 
Notably, Pb-based HaPs have enabled unprecedented 
advancement in perovskite solar cell performance, with 
power conversion efficiencies (PCEs) reaching 25.2% 
in ~10 years of development15. In contrast to traditional 
inorganic electronics, such as Si-based or GaAs-based 
electronics, HaPs can be made mechanically flexible and 
semi-transparent, and they allow large-area solution 
processing at low cost16–18. Nevertheless, despite impres-
sive technological progress, a basic understanding and 
control of the underlying properties of these materials 
remain limited19,20.

Our ability to master semiconductor technology 
depends on control over the type (p or n) and density 
of electrical carriers (electrons or holes) in the design of 
optimized devices21. The term ‘doping’ is broadly used in 
HaP literature to describe the introduction of any kind 
of impurity into the lattice to control crystal growth and 

stability or to tune optoelectronic properties22,23. In this 
Review, we focus on electrical doping, that is, the intro-
duction of an impurity or defect to generate free carriers 
or to shift the Fermi level. Doping for the generation of 
free carriers has enabled the rise of microelectronics, with 
the formation of p–n junctions and improved contact 
quality between the semiconductor and the electrodes. 
Crystalline Si, Ge and GaAs exhibit excellent ambipo-
lar doping with carrier densities of up to 1018–1020 cm−3 
(refs21,24), whereas most other semiconductors present 
preferred n-dopability or p-dopability with variable 
effectiveness24. Considerations of HaP doping have been 
explored early on with the observation that Sn-based 
perovskites have p-type semimetallic properties and can 
be tuned upon Sn oxidation25–30. However, efficient and 
reliable tuning of carrier density remains particularly 
challenging in HaPs, because major difficulties have 
arisen, including compensation from intrinsic defects.

Different strategies have been explored for HaP 
doping, which can be categorized into intrinsic def-
ect dop ing, extrinsic defect doping and charge transfer 
doping. Intrinsic and extrinsic (impurity) doping rely 
on the formation of charged defects in the lattice struc-
ture. Charge transfer doping occurs through exchange 
of carriers between the perovskite semiconductor and 
an external entity, such as a molecule or interface. In 
this Review, we first briefly address the fundamentals of 
electrical doping in semiconductors, and then examine 
theoretical and experimental studies on HaP doping. 
Approaches used to assess doping further play an impor-
tant role in the conclusions drawn for perovskite doping 
studies, and, therefore, we also discuss the features and 
pitfalls of different characterization techniques. Finally, 
we discuss doping in the context of device engineering 
and highlight the central question of dopability (that is, 
the ability to generate free carriers). Of note, although we 
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focus on 3D perovskite systems, the same concepts also 
apply to lower-dimensional systems.

Fundamentals of electrical doping
Electrical doping of a semiconductor implies the addi-
tion of extra electrons (or holes) in the conduction  
(or valence) band to generate additional mobile carri-
ers. In intrinsic semiconductors, the electron n and hole  
p densities balance31:
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where NC and NV are the effective densities of states in the 
conduction and valence bands, respectively (dependent 
on effective masses and temperature), EG is the semicon-
ductor bandgap, kB is the Boltzmann constant and T the 
temperature. Electrical doping relies on the formation 
of intrinsic (vacancies, interstitials or site substitutions) 
and/or extrinsic (impurities) defects32. An example of an 
extrinsic defect is P (PSi) and B (BSi) substituted in silicon 
for n-type and p-type doping, respectively (fig. 1a). P and 
B have a different number of valence electrons compared 
with the substituted host, which leads to the creation 
of extra carriers upon defect ionization. Qualitatively, 
n-type and p-type dopants generate donor levels (ED) 

below the conduction band minimum (CBM) and 
acceptor levels (EA) above the valence band maximum 
(VBM), respectively (fig. 1b). The distance between the 
band edge and the dopant level, also called the transition 
energy, determines the rate of impurity ionization. A suf-
ficiently small transition energy, for example, within a 
few tens of meV, ensures complete impurity ionization 
at room temperature. Upon doping, the Fermi level, 
EF, defined at 50% probability of electron occupancy 
(f(EF) = 0.5) using the Fermi–Dirac distribution f(E)31:
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shifts towards the CBM for n-type doping and towards 
the VBM for p-type doping (fig. 1b). Therefore, Fermi–
Dirac statistics define n and p in a semiconductor under 
thermal equilibrium conditions31:
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Fig. 1 | n-Doping and p-doping in silicon and impact on interfaces. a | Schematic view of bond formation in silicon, 
n-doped and p-doped with phosphorous (P) and boron (B) impurities, respectively. b | Formation of donor and acceptor 
levels with ionization energy Ei and shift of the Fermi level EF towards the conduction band minimum (CBM) and valence 
band maximum (VBM) for n-type and p-type doping, respectively. f(E) corresponds to the Fermi–Dirac distribution and E  
is the energy with respect to the vacuum level. EC and EV are the energies of the CBM and VBM, respectively. c | Schematic 
of a p–n homojunction with formation of a space charge region and built-in potential Vbi. The presence of band bending 
implies an electric field in this region of the semiconductor. q is the elementary charge. d | Energy level diagram for  
a metal–semiconductor interface with a dipole Δ considering an intrinsic and an n-doped semiconductor. The space 
charge region exhibits a thickness w and a built-in potential Vbi. inj

nΦ  and inj
pΦ  are the electron and hole injection barriers, 

respectively, and E0 is the vacuum level.
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where EC and EV are the energies of the CBM and VBM, 
respectively. Upon high-level doping, EF may cross the 
band edge, leading to a degenerate semiconductor with 
essentially metallic properties. Although usually used 
to achieve higher electron or hole densities, doping can 
also be applied to compensate carrier concentrations 
(that is, to reduce carrier density or change the majority 
carrier type).

The ability to tune the Fermi level position pro-
vides the foundation for the engineering of efficient 
electronic devices. For example, n-doped and p-doped  
Si layers can be brought into contact to form the widely 
used p–n homojunction (fig. 1c). Owing to electron 
and hole density gradients, mobile electrons (or holes) 
diffuse from the n-type (or p-type) into the p-type  
(or n-type) region and recombine as minority carriers 
within approximately a diffusion length of the junction. 
Ionized impurities at the junctions are not compensated 
by mobile carriers and, thus, form a depletion or space 
charge region. Thermal equilibrium is achieved when 
the electric field in the space charge region balances the 
diffusion process. In a p–n junction, the built-in voltage 
Vbi is given by the difference between the Fermi ener-
gies in the n-doped (EF,n) and the p-doped (EF,p) regions: 

V E Eq = −bi F,n F,p, where EF,n and EF,p are defined relative 
to a universal ‘vacuum’ energy level and q is the elemen-
tary charge33. Therefore, strong doping increases EF shifts 
and Vbi. A metal–semiconductor interface can be com-
pared with a p–n junction, with one of the semiconduc-
tor layers being degenerately doped (fig. 1d). The space 
charge region extends exclusively in the semiconductor 
layer and the depletion width w of the space charge 
region decreases with increasing donor ND and acceptor 
NA densities for n-doped and p-doped semiconductors, 
respectively33:

w
ε ε V
N

=
2
q

, (5)r 0 bi

D/A

where εr is the relative permittivity of the semicon-
ductor and ε0 the vacuum permittivity. At high doping 
concentrations, band bending becomes sufficiently 
strong and depletion width sufficiently thin (a few nm) 
to allow charge injection and extraction by tunnelling 
through prospective interfacial barriers. Strong contact 
doping is widely used in microelectronics to transform 
a Schottky contact (fig. 1d), in which carriers need to 
be thermally activated to overcome the electron Φinj

n  or 
hole Φinj

p  injection barriers, to a quasi-ohmic contact 
for one type of carrier, thereby, addressing the key chal-
lenge of achieving effective electrical connection with 
the device.

Beyond interface engineering, electrical doping modi-
fies critical transport properties. For example, the con-
ductivities of electrons (or holes), σ nμ= qn n (or σ pμ= qp p), 
depend on the carrier densities n/p and mobilities μ μ/n p

. 
Therefore, conductivity measurements are often used to 
probe semiconductor doping. Importantly, conductivity 
increase does not necessarily imply electrical doping and 
EF shift, because an increase in mobility can also underlie 
this change. The effective semiconductor mobility μeff is 

limited by different scattering mechanisms and can be 
approximated by the Matthiessen’s rule34:

μ μ μ μ
1 = 1 + 1 + 1

(6)
eff impurity phonon defect

where μimpurity
, μphonon

 and μdefect
 are individual mobili-

ties, limited by coulombic interactions with impurities, 
phonon scattering with the lattice and surface or bulk 
defects, respectively. The introduction of carriers and 
ionized impurities may impact μeff through changes in 
the different scattering mechanisms.

Moreover, recombination mechanisms are influenced 
by doping. The generation and recombination dyna-
mics of charge carriers in semiconductors are usually 
described by (using electron density as an example)35:

n
t

G k n k n k nd
d

= − − − (7)1 2
2

3
3

where G (cm−3 s−1) is the generation rate and k1 (s−1),  
k2 (cm3 s−1) and k3 (cm6 s−1)are monomolecular (typically 
related to charge trapping), bimolecular (electron–hole 
recombination) and Auger recombination rates, respec-
tively. k2 and k3 are intrinsic parameters for a given semi-
conductor, and k1 is extrinsic and evolves with defect  
and doping density36.

Doping in halide perovskites
Different strategies have been explored to tune the car-
rier concentration and EF position in HaPs. Electrical 
doping is usually achieved through defect formation to 
provide extra electrons or holes to the lattice. Intrinsic 
defects can be engineered by changing the constituent 
chemical potentials or the precursor ratio during synthe-
sis, and extrinsic defects can be generated by introduc-
ing impurity atoms in the crystal structure. Alternatively, 
charge transfer doping takes advantage of the substrate 
work function or strong molecular acceptors or donors 
to induce charge transfer.

Intrinsic defect doping. Electrical doping can be 
achieved by introducing intrinsic defects in the ABX3 
crystal lattice (fig. 2a), namely, vacancies (VA, VB, VX), 
interstitials (Ai, Bi, Xi) and substitutions (AB, BA, AX, XA, 
BX, XB). Density functional theory (DFT) calculations 
are useful for predicting EF tuning as a result of defect 
formation37–42, with the calculated transition energy of 
each defect marking the position of the state (ED or EA) 
within the bandgap, for example, in MAPbI3 (where MA 
is methylammonium)37 (fig. 2b). Notably, many defects 
in MAPbI3 are shallow (close to VBM or CBM); shallow 
defects ionize more easily at room temperature and act 
as efficient dopants. The carrier density or EF is deter-
mined by the difference between shallow donor and 
acceptor defect densities. Typically, the carrier density 
in a semiconductor is limited by two major factors: the 
ability to incorporate sufficient dopant density within 
the structure and heavy compensation, that is, dopants 
incorporated with only a small difference in donor and 
acceptor densities. Under thermal equilibrium growth 
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conditions, the density of a particular defect α ionized 
to the charge state q depends on its formation energy 

H αΔ ( , q), which can be calculated by38:

∑H μ E H n μ EΔ ( , ) = Δ (0, 0) + + q (8)α
i

α
i i i

( ,q)
F

( ,q)
F

where ΔH(α,q)(0,0) is the defect formation energy for 
μi = 0, EF = 0, ∑ n μi i i

 is the sum of the chemical potentials 
of the constituent elements (with ni the number of ele-
ment i) and EF the Fermi energy referenced to the VBM. 
The growth conditions have an impact on the chemi-
cal potentials μi and, therefore, on the defect formation 
energy. Typically, defect formation energies ΔHf(α,q) are 
calculated as a function of EF for specific chemical poten-
tials, which are constrained by secondary phase forma-
tion. Notably, the above calculations are based on bulk 
materials under thermal equilibrium growth conditions.  

The growth of nanocrystals can be affected by kinetic 
factors and high surface-to-volume ratios, which make 
the accurate calculation of defect energies in these 
systems challenging.

The defect formation energies for MAPbI3 can be cal-
culated for different chemical potential conditions, such 
as I-rich and Pb-poor, moderate or I-poor and Pb-rich37 
(fig. 2c). The position of EF in MAPbI3 is pinned by com-
pensation among dominant donors and acceptors, that 
is, MAi and VPb (vertical dashed lines in fig. 2c), for which 
formation energies depend on the constituent chemical 
potentials. Accordingly, ambipolar doping is predicted 
for MAPbI3, depending on growth conditions37, a trend 
also observed in FAPbI3 (where FA is formamidinium)43. 
Interestingly, similar calculations for MAPbBr3 show  
a predominantly unipolar self-doping character39, with a 
tuning range from degenerately p-doped under Br-rich 
and Pb-poor condition to intrinsic or slightly n-doped in 
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Br-poor and Pb-rich condition. These theoretical calcu-
lations suggest the importance of compensation in HaPs, 
as well as the possibility of significant doping by intrinsic 
defect concentrations and different growth conditions. 
In addition to intrinsic defects, free carriers may have 
an impact on EF pinning, which are generally omitted 
in DFT calculations44. For MAPbI3, the impact of free 
holes associated with thermally excited band-edge 
donors (ΔH1) dominates over Schottky defects at 
room temperature, pinning EF at ~180 meV above the 
VBM (fig. 2d). However, it remains unclear how ther-
mal band-edge excitations, which become dominant 
for a high density of free carriers44, limit the EF tuning  
range in HaPs.

DFT calculations performed on the Sn-based per-
ovskites CsSnI3, FASnI3 and MASnI3 show high-level 
p-doping, owing to VSn stability under I-rich and 
Sn-poor conditions38,40,41. Computational modelling 
points to the possibility of mitigating (if necessary) 
strong p-doping by using Sn-rich growth conditions. 
For example, a decrease from 1019 cm−3 to 1015 cm−3 
is predicted for the hole density in MASnI3, which 
remains p-type under all proposed growth conditions41. 
Owing to a higher formation energy of VSn in FASnI3 
and CsSnI3, these compounds are predicted to achieve 
intrinsic or weakly n-type properties in a Sn-rich growth 
condition38,40. Notably, DFT calculation accuracy can 
be limited by a variety of factors, including exchange– 
correlation functionals, supercell size and secondary 
phase constraints45. For example, the use of a hybrid 
functional with an optimized mixing parameter and 
inclusion of spin–orbit coupling (SOC) is necessary 
to correctly predict Pb-based HaP bandgaps. In addi-
tion, challenges remain to employ these computational 
approaches for defect calculations, because large super-
cell sizes are necessary to avoid defect–defect interac-
tion. Most defect calculations do not consider hybrid 
functional and SOC. Therefore, although DFT cal-
culations are useful for qualitatively determining the 

compositional limits achievable for a given material 
under thermodynamic equilibrium growth conditions, 
the predictions should be experimentally verified.

Intrinsic defects for the doping of HaPs can be experi-
mentally realized by tuning the precursor ratio during 
film deposition from solution46–48 and evaporation49, 
or post deposition through thermal treatments50–52. 
Notably, precursor ratio variations do not directly 
relate to changes in constituent chemical potentials as 
typically considered in DFT studies, because synthetic 
studies involve addition or subtraction of a salt, rather 
than individual atoms. Experimental studies show 
qualitative agreement with theoretical calculations, 
with tunable carrier density and type being achieved 
through variations in the PbX2/AX ratio in the APbX3 
structure46–49,53 (fig. 2e, Table 1). A transition from 
p-type to n-type has been reported in MAPbI3, with a 
~500-meV EF up-shift upon varying the PbI2/MAI ratio 
from 0.3 (Pb-poor) to 1.7 (Pb-rich) in the precursor 
solution46,47 (fig. 2f); similar behaviour has been reported 
for FAPbI3 (ref.47). Hall effect measurements showed a 
large change in carrier density from p = 4.0 × 1016 cm−3 
(p-type) to n = 3.5 × 1018 cm−3 (n-type) over a PbI2/MAI 
ratio range of 0.3 to 1.7 (ref.46); however, such high 
doping levels have not been confirmed in subsequent 
studies, which, rather, point to a general limitation of 
carrier densities at <1014 cm−3 for MAPbI3 (Table 1). The 
EF positions of these MAPbI3 samples can be extracted 
using ultraviolet photoelectron spectroscopy46; applying  
Fermi–Dirac statistics (Eq. (3)) to these results with 
NC = 1.44 × 1018 cm−3 (ref.54) implies a maximum car-
rier density of n = 2 × 1012 cm−3, which is in good agree-
ment with values reported for MAPbI3 obtained in  
stoichiometric and non-stoichiometric conditions48,52,53,55.

A similar transition from p-type to n-type with 
increas ing PbBr2/MABr ratio has been observed in 
MAPbBr3 single crystals56. However, close to intrinsic 
carrier densities of ∼107 cm−3 for both p-type (Pb-poor) 
and n-type (Pb-rich) suggest, pending further confirm-
ing studies, a limited doping range achievable through 
precursor ratio variations for X=Br. These experimental 
observations contrast with theoretical calculations, which 
suggest the possibility of a degenerate p-type doping 
behaviour at Pb-poor conditions for MAPbBr3 (ref.39). As 
an alternative to precursor ratio variation during deposi-
tion, post-deposition thermal treatments have been used 
to tune intrinsic point defects; for example, a 550-meV EF  
shift towards the CBM has been reported following a 
160 °C annealing treatment, changing the MAPbI3 layer 
from p-type to n-type as volatile MAI dissociates from 
the film during annealing51. Post-deposition annealing 
under I2 atmosphere further leads to a 150-meV EF shift 
towards the VBM, therefore, acting as p-dopant52. The 
p-doping effect can be attributed to a decrease in donor 
defect density VI or to defect complexes containing VI 
when exposed to I2 vapour. Non-intentional field and 
photoinduced doping owing to local accumulation of 
defects have also been reported and attributed to ion 
motion and photolysis, respectively, which may be 
particularly important for HaPs (that is, doping levels 
may change with time and depend on electrical fields, 
concentration gradients and lighting)57,58.

Fig. 2 | Halide perovskite doping through precursor ratio variations. a | Schematic 
view of substitutional (BX), vacancy (VB) and interstitial (Xi) intrinsic defects in an  
ABX3 perovskite crystal lattice. b | Calculated intrinsic acceptor (left) and donor  
(right) transition energy levels for MAPbI3 (where MA is methylammonium) (charge state 
transition specified in parentheses)37. c | Formation energies of intrinsic point defects in 
MAPbI3 calculated in I-rich and Pb-poor (left), moderate (middle) and I-poor and Pb-rich 
(right) conditions37. The Fermi level is given with respect to the valence band maximum 
(VBM). Defects with high formation energies are displayed as dashed lines. d | Calculated 
vacancy defect and thermally excited band-edge states (to account for free carriers) 
formation energies as functions of the Fermi level (given with respect to the VBM) for 
MAPbI3 at T = 300 K in I-rich conditions44. Vacancy defects (VMA, VI and VPb) and thermally 
excited band-edge states (ΔH1 and ΔH2) formation energies are displayed as solid and 
dashed lines, respectively. The Fermi level (point C) is pinned by VPb and band-edge 
states. e | Schematic view of the Fermi level EF evolution in APbX3 perovskite structures,  
if the PbX2/AX ratio is tuned from AX-rich to PbX2-rich conditions. The existence of APbX3 
is constrained by the formation of secondary phases (AX and PbX2). EC and EV are the 
conduction band minimum and VBM energies, respectively. f | Energetic levels obtained 
by ultraviolet photoelectron microscopy for MAPbI3 synthesized with varying PbI2/MAI 
ratio and for PbI2/MAI = 0.3 after annealing at 150 °C for 45 min (ref.46). CB and VB 
correspond to the conduction band and valence band, respectively. Panels b and c  
are reprinted from ref.37, with the permission of AIP Publishing. Panel d is adapted from 
ref.44, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). Panel f is reprinted 
from ref.46, with the permission of AIP Publishing.
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Table 1 | Doping densities and Fermi level position achieved by precursor ratio variation

Compound and processing Type n (cm−3) p (cm−3) EC − EF 
(meV)

EF − EV 
(meV)

Technique Ref.

MAPbI3

MAPbI3 p – 7.6 × 1010 – – Hall (CRPH) 137

PbI2/MAI = 0.3 p – 4.0 × 1016 – 700 Hall; UPS 46

PbI2/MAI = 1.7 n 3.5 × 1018 – 350 –

No annealing p – 6.3 × 1016 – 550 Capacitance; XPS 51

160 °C n 5.0 × 1017 – 400 –

No annealing p – ∼1012 – 600 Conductivity; UPS 52

Annealing in I2 vapour p – ∼9 × 1012 – 450

No annealing p – ∼2 × 1011 – 550 Hall; XPS 194

150 °C n ∼1011 – 530 –

PbI2/MAI = 0.3 p – – – 680 STS 47

PbI2/MAI = 1.7 n – – 390 –

PbI2/MAI = 0.91 p – ∼8 × 109 – 500 Hall; XPS 53

PbI2/MAI = 1.1 n ∼4 × 1012 – 320 –

PbI2/MAI = 1 n 1.3 × 1011 – – – Hall (CRPH) 48

PbI2/MAI = 1.05 n 2.7 × 1012 – – –

MAPbI3 (polycrystalline) n 1.5 × 109 – – – Hall 195

MAPbBr3

PbBr2/MABr = 0.2 p – 1.3 × 107 – – Hall 56

PbBr2/MABr = 1.5 n 4.9 × 107 – – –

MAPbBr3 p – ∼2 × 107 – – Hall 196

MAPbBr2.94Cl0.06 i ∼5 × 106 ∼5 × 106 – –

MAPbCl3 n ∼2 × 108 – – –

FAPbI3

PbI2/FAI = 0.3 p – – – 570 STS 47

PbI2/FAI = 1.7 n – – 410 –

(FA,MA)Pb(I,Br)3

(FAPbI3)0.88(MAPbBr3)0.12 p – 8.3 × 1011 – – Hall (CRPH) 137

MASnI3

MASnI3 p – 2.0 × 1019 – – Hall 25

MASnI3 (single crystals) p – ∼1011 – – Hall 197

MASnI3 (polycrystalline) n 9.1 × 1013 – – – Hall 195

MASnI3 (polycrystalline,  
open tube method)

p – 7.9 × 1014 – –

FASnI3

0 mol% SnF2 p – 2.2 × 1020 – – OPTPS 63

10 mol% SnF2 p – 7.2 × 1018 – –

0 mol% SnF2 p – 3 × 1019 – – Capacitance 67

15 mol% SnF2 p – 1.1 × 1017 – –

FASnI3 (single crystals) n ∼1011 – – – Hall 197

FASnI3 (polycrystalline) n 8.4 × 1013 – – – Hall 195

CsSnI3

0 mol% SnF2 p – ∼1019 – – Hall 66

20 mol% SnF2 p – ∼1017 – –

0 mol% SnF2 p – >5.7 × 1017 – – TA 68

20 mol% SnF2 p – ∼2.8 × 1016 – –

CsSnI3 (polycrystalline) n 8.7 × 1014 – – – Hall 195
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Experimental Sn-based perovskite studies are qual-
itatively consistent with theoretical predictions. Strong 
p-doping is generally observed in ASnX3 systems and 
attributed to the oxidation of Sn2+ to Sn4+ and to the facile 
formation of VSn during synthesis or through degradation 
processes25,28–30,59–62. As suggested by theory38,40,41, VSn can 
be altered in Sn-rich growth conditions, usually achieved 
by adding extra SnF2 in the precursor solution63–69. The 
presence of Sn salts in excess in the precursor solution, 
which, presumably, do not incorporate into the perovskite 
crystal structure itself66,68, may increase the VSn formation 
energy, thereby, reducing the background hole density; for 
example, a hole density decrease from 2.2 × 1020 cm−3 to  
7.2 × 1018 cm−3 with 10 mol% added SnF2 (with respect 
to SnI2) has been reported in FASnI3 (ref.63). The doping 
compensation with SnF2 decreases the recombination 
rate and improves carrier mobility from 23 cm2 V−1 s−1 
to 67 cm2 V−1 s−1 through a reduction of ionized accep-
tor scattering. Nevertheless, the intrinsic properties of 
FASnI3 suggested by DFT have not yet been experimen-
tally achieved40. Additional details on the effects of SnF2 
addition in Sn-based systems can be found elsewhere65.

Extrinsic defect doping. The dopability of MAPbI3 has 
been explored with various impurity atoms in DFT 
calculations70 (fig. 3a). As for intrinsic defect calcu-
lations, the selection of functional, SOC, supercell size 
and possible secondary phases may affect the accuracy 
of the predictions for extrinsic defect doping. Although 
many impurities produce shallow donors or acceptors, 
dopability is typically limited by compensation involv-
ing intrinsic defects (such as VPb, VI, Ii, MAI and MAi). 
Therefore, the formation energy of both extrinsic and 
intrinsic defects has been calculated for MAPbI3 under 
various growth conditions70. From DFT calculations, 
degenerate p-type doping is expected upon Pb substi-
tution with Na or K (NaPb, KPb) and I substitution with 
O (OI) in I-rich and Pb-poor growth conditions, whereas 
limited n-type doping has been suggested in I-poor and 
Pb-rich conditions. However, extrinsic dopants cannot 
achieve n-type doping beyond what can be realized 
with intrinsic defects, highlighting the importance of 
charge compensation in HaPs and that careful control 
of growth conditions may favour more efficient extrin-
sic doping. Extrinsic defects have also been studied in 
MAPbBr3 using DFT, with the particular objective to 

alter the unipolar p-type character of this compound39. 
Nevertheless, none of the impurities considered could 
achieve n-type doping, owing to heavy compensation 
from intrinsic defects, such as VPb and VBr. In CsPbI3, 
InPb and TlPb have been suggested to induce p-type 
doping, whereas SbPb and BiPb result in n-type doping71. 
However, intrinsic defect formation has not been consid-
ered, and, thus, the contribution of charge compensation 
from intrinsic defects remains elusive.

Impurity doping in HaPs has also been experimen-
tally demonstrated (Table 2). Although not intentionally 
introduced in the structure, oxygen adsorption and 
dissolution can serve as acceptor, which causes ‘dedop-
ing’ of initially n-type MAPbI3, with a ~500-meV EF 
down-shift72. Moreover, oxygen exposure is shown to 
increase the conductivity by an order of magnitude 
for a supposedly p-type MAPbI3 (ref.73). A conversion 
from n-type to p-type MAPbI3 has also been observed 
upon NaI and RbI addition in solution74,75, consistent 
with DFT calculations70 and pending further confirm-
ing experimental studies. Moreover, the incorporation 
of the monovalent cations Cu+, Na+ and Ag+ in MAPbI3, 
with concentrations of ~1–2 mol%, improve solar cell 
PCE and lead to a ~100-meV work function (Wf) shift 
towards the VBM, attributed to surface passivation76. 
Although Cui is expected to be an n-type dopant70, 
ultraviolet photoelectron spectroscopy measurements 
have shown a 760-meV EF shift towards the VBM in 
MAPbI3 with a CuSCN additive (of note, X-ray photo-
electron spectroscopy suggests that the I and Pb peaks 
shift towards higher binding energies)77.

Sb3+ and Bi3+ doping has also generated interest, 
although DFT calculations suggest that it is not prom-
ising for MAPb(I,Br)3, owing to large formation ener-
gies and compensation from intrinsic defects39,70,78. 
Hall effect measurements showed that the electron 
density increases from 7.2 × 1014 cm−3 to 8.3 × 1016 cm−3 
for undoped and 2% Sb-doped MAPbI3 (ref.79), respec-
tively. However, ultraviolet photoelectron spectroscopy 
and scanning tunnelling spectroscopy measurements 
reveal only a weak EF shift towards the CBM, imply-
ing a shift of the semiconductor from intrinsic or 
slightly p-type to weakly n-type79,80. Moreover, it is 
unclear whether the introduction of Sb impurities 
influences the MAI/PbI2 ratio during film formation, 
which may subsequently impact doping. A ~300-meV 

Compound and processing Type n (cm−3) p (cm−3) EC − EF 
(meV)

EF − EV 
(meV)

Technique Ref.

CsSnBr3

0 mol% SnF2 n – – 50 – UPS 64

20 mol% SnF2 n – – 150 –

CsSnBr3 (single crystal, 
solution-grown)

p – 7.5 × 1016 – – Hall 131

CsSnBr3 (single crystal, 
melt-grown)

p – 6.2 × 1015 – –

The table displays the type (p or n), electron density n, hole density p, difference between the conduction band minimum energy EC 
and the Fermi level EF (EC − EF), difference between EF and the VBM energy EV (EF − EV) and the analysis technique used for each 
study. CRPH, carrier-resolved photo-Hall; OPTPS, optical-pump THz-probe spectroscopy; STS, scanning tunnelling spectroscopy; 
TA, transient absorption spectroscopy; UPS, ultraviolet photoelectron spectroscopy; XPS, X-ray photoelectron spectroscopy.

Table 1 (cont.) | Doping densities and Fermi level position achieved by precursor ratio variation
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bandgap narrowing and a carrier density increase from 
∼6 × 109 cm−3 to ∼1012 cm−3 has been reported upon Bi3+ 
addition in MAPbBr3 (ref.81). However, the bandgap 
narrowing observed in Bi-doped MAPbI3, MAPbCl3 
and CsPbBr3 (refs82–84) has been called into question in 
subsequent studies, which attributed the colour change 
to broader Urbach tails related to an increase in ener-
getic disorder78,85–88. Poor carrier generation efficiency 
has further been observed in Bi-doped MAPbBr3; for 
example, a free carrier density nfree of ∼8 × 1011 cm−3 
results from a 2 × 1018 cm−3 Bi atomic concentration Ndop 
in the MAPbBr3 structure81. Considering the doping 
efficiency defined as η n N= /dop free dop, we deduce that 
only ∼10−5% of the impurities ionize and ηdop further 
decreases as the Bi concentration increases. Bi3+ doping  
has been suggested to introduce defects rather than 
direct carrier supply85, supported by the significant 
increase in electron and hole recombination rates87 
(fig. 3b). Formation of deep defects, as suggested by DFT 
calculations39, could be consistent with poor ionization 

efficiency, raising doubts of the ability of Bi3+ to act as 
an efficient dopant. As a consequence of charged defect 
formation, which leads to scattering centres, a mobil-
ity decrease is observed with doping87. Nevertheless,  
a five orders of magnitude increase in carrier density of 
up to ~2 × 1016 cm−3 at 10 mol% Bi in solution has been 
reported89, which is higher than the saturation previ-
ously observed in Bi-doped MAPbBr3 (ref.81), evidently 
overcoming the limitation from intrinsic defect forma-
tion suggested by DFT for MAPbBr3 (ref.39). Although 
there is consensus in terms of the detrimental effects 
of Bi3+ doping on charge transport and recombination 
in several Pb-based perovskites, the position of Bi3+ in 
the structure (for example, interstitial, substitutional or 
segregation) and the ability of Bi3+ to effectively generate 
free carriers remain to be determined.

Other substitutions also impact carrier density 
and EF position in HaPs. For example, AgPb was used 
as p-type dopant to compensate the n-type doping of 
native MAPbI3 (ref.90) or to further p-dope CsPbBr3 
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Fig. 3 | Halide perovskite doping with substitutional and interstitial impurities. a | Truncated periodic table of elements 
summarizing density functional theory (DFT) and experimental (Exp) studies on MAPbI3 (where MA is methylammonium) 
doping with impurities70,74,75,79,90,94. DFT results suggesting an impact of the impurity on the Fermi level EF are blue (promising), 
whereas yellow (not promising) represents impurities that should have no impact on the EF position. b | Electron–hole sum 
mobility μ (red squares) and monomolecular decay rates k1 extracted from optical-pump THz-probe (OPTP) measurements 
for undoped and Bi3+-doped MAPbBr3 (ref.87). A single value of k1 (magenta right-pointing triangle) was extracted for 
electrons and holes in the undoped sample. For doped samples, decay rates k1

e (green down-pointing triangles) and k1
h 

(blue up-pointing triangles) were extracted and assigned to initial fast trapping of electrons and slow decay of the 
photoexcited hole population, respectively. c | Energy band diagram at the Au–perovskite interface at zero bias. d | Current– 
voltage (I–V) characteristics of light-emitting diodes without (black) and with (red) a Li+-doped CsPbBr3 hole transport 
layer95. EF, CB and VB correspond to the Fermi energy, conduction band and valence band, respectively. Panel b is adapted 
with permission from ref.87, American Chemical Society. Panels c and d are reprinted with permission from ref.95, American 
Chemical Society.
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Table 2 | Doping densities and Fermi level positions achieved by extrinsic defect doping

Compound and 
processing

State Type n (cm−3) p (cm−3) EC − EF 
(meV)

EF − EV 
(meV)

Technique Ref.

MAPbI3

Group I

Rb (RbI in solution) 0 mol n 1.0 × 1012 – – – Hall 75

1.8 mol p – 5.0 × 1011 – –

Na (NaI in solution) 0 mol n 1.0 × 1012 – – – Hall 74

0.22 mol p – 1.0 × 1012 – –

Group IB

Cu (CuSCN  
in solution)

0 mg ml−1 n – – 140 – UPS 77

15 mg ml−1 p – – – 600

Ag (AgI in solution) 0 mol% n 5.1 × 1016 – 90 – Capacitance; UPS 90

1 mol% n 1.6 × 1016 – 440 –

Group V

Sb (SbCl3 in solution) 0 mol% n 7.2 × 1014 – 810 – Hall; UPS 79

2 mol% n 8.3 × 1016 – 470 –

Sb (SbI3 in solution) 0 mol% n – – ~700 – STS 80

10 mol% n – – ~500 –

Group VI

O (O2 exposure) Vacuum n – – 200 – From Wf using KP 72

O2 n – – 700 –

MAPbBr3

Group V

Bi (BiBr3 in solution) 0 mol% n ∼109 – – – Hall 81

5 mol% n ∼1012 – – –

CsPbBr3

Group IB

Ag (Ag+ precursor) 
(CsPbBr3 NCs)

0 mol% p – – – 1,100 UPS 91

0.48 mol% 
(ICP-EOS)

p – – – 600

Group V

Bi (BiBr3 in solution) 
(CsPbBr3 NCs)

0 mol% p – – – 340 From Wf using KP 
and PESA

93

2.1 mol% p – – – 530

MASnI3

Group IV

Sn4+ (SnI4 in solution) 0 mmol p – 9 × 1017 – – Hall 29

0.2 mmol p – 7 × 1018 – –

CsSnI3

Group IV

Sn4+ (air exposure) 0 min p – 2.4 × 1018 – – Hall 100

12 min p – 1.1 × 1019 – –

MA3Sb2I9

Group IV

Sn (SnI4 in solution) Sn/Sb = 0 p – – – ~1,000 STS 102

Sn/Sb = 0.5 n – – ~500 –

The table displays the type (p or n), electron density n, hole density p, difference between the conduction band minimum energy EC 
and the Fermi level EF (EC − EF), difference between EF and the valence band maximum energy EV (EF − EV) and the technique used for 
the analysis for each material doped with a given concentration or processing (state). ICP-OES, inductively coupled plasma optical 
emission spectroscopy; KP, Kelvin probe; NCs, nanocrystals; PESA, photoelectron spectroscopy in air; STS, scanning tunnelling 
spectroscopy; UPS, ultraviolet photoelectron spectroscopy.
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nanocrystals91,92. CsPbBr3 nanocrystals also exhibit less 
p-type behaviour compared with the undoped material 
with BiPb as n-type dopant92,93. Further comparison of 
bulk and nanocrystal behaviour with similar extrinsic 
dopants would be particularly interesting. Li+ cations 
have been used as n-dopant in various perovskites;  
a 440-meV EF up-shift has been measured in Li-doped 
MAPbI3, leading to reduced non-radiative losses 
through trap filling94. CsPbBr3 can be electrochemi-
cally n-doped with Li+, resulting in improved electron 
injection efficiencies95 (fig. 3c). Moreover, Li+ diffu-
sion from a bis(trifluoromethane)sulfonimide lithium 
(Li-TFSI)-doped hole transport layer leads to uninten-
tional doping of the perovskite active layer96. Indeed, 
Li+ has proven to be effectively stored in perovskites 
through electrochemical reactions for applications in 
Li-ion batteries97,98; in addition, DFT calculations sug-
gest energetically favourable interstitial occupancy 
compared with A-site substitutions99. Sn2+ oxidation 
(air exposure) or substitution with Sn4+ in the precursor 
solution leads to an order of magnitude increase in hole 
density in Sn-based HaPs27–29,100. Although substitution 
of Sn2+ with a higher oxidation state, such as Sn4+, should 
lead to n-type doping, p-doping has been experimen-
tally observed, owing to the concomitant formation of  
Sn vacancies (VSn), which possess a low formation energy 
in Sn-based perovskites38,40,41. Indeed, increasing VSn 
formation energy through partial Pb substitution of Sn 
leads to increased stability to oxidation41,101. Introducing 
Sn4+ in the 0D perovskite MA3Sb2I9 results in a transition 
from weak p-type to n-type, as measured by scanning 
tunnelling spectroscopy102.

In future impurity-based doping studies, several 
key points should be considered when conducting 
and interpreting experiments. It is important to estab-
lish the difference between the dopant quantity added  
in the growth solution and the amount effectively intro-
duced in the film or crystal. Furthermore, the dopant 
location is important, including whether it segregates 
at surfaces or interfaces or whether it incorporates in 
the perovskite structure as a substitutional or intersti-
tial atom. Additionally, care needs to be taken regarding 
the potential influence of the added impurity on the 
perovskite stoichiometry, either owing to variations in 
the starting solution precursor ratio or changes in the 
crystallization process. Further work is also required to 
improve extrinsic defect doping efficiency. For exam-
ple, a new technique for B-site substitution uses a metal 
carbo xylate solution to anchor the dopant elements to the 
perovskite surface103. Dopant solubility within a struc-
ture may also depend on growth conditions104; for exam-
ple, Pb-substituting dopants may be more soluble under 
host Pb-poor conditions. Moreover, a well-dissolved  
impurity with appropriate oxidation state does not guar-
antee ionization; the transition energy, usually evaluated 
by DFT calculations, also plays a vital role in deciding 
the relevance of an impurity in a host. A major obsta-
cle to carrier generation is charge compensation, for 
example, involving intrinsic defects39,70. Impurity dop-
ing can be improved by applying appropriate growth 
conditions that limit the formation of compensating 
defects104. Therefore, n-doping and p-doping in MAPbI3 

may be improved under PbI2-rich and MAI-poor or in 
PbI2-poor and MAI-rich growth conditions, respectively.

Charge transfer doping. Changes in perovskite electronic 
structure can arise through charge transfer between the 
semiconductor and a third-party entity, located either 
at a surface or at a grain boundary. Ultraviolet, inverse 
and X-ray photoelectron spectroscopy characteriza-
tion can reveal the influence of the substrate on per-
ovskite Wf and EF (refs105–108). The substrate disposition 
(p-type or n-type) directly impacts EF in the MAPbI3 
overlayer105 (fig. 4a). Although different substrates may 
induce different defect formation energies, leading to 
variable EF positions, charge transfer is the most likely 
cause for EF pinning if alignment with the substrate Wf 
is observed. n-Type substrates, such as TiO2 or ZrO2, 
donate electrons to the perovskite, therefore, shifting 
EF towards the CBM, whereas p-type substrates, such 
as Cu2O, donate holes and move EF towards the VBM. 
A similar substrate dependence has been observed if 
TiO2 is replaced by NiOx, which changes MAPbI3 from 
n-type to slightly p-type106. These observations indicate 
a low density of intrinsic carriers and mid-gap states, 
because substrates dictate the EF position deep into the 
perovskite layer. Ultraviolet photoelectron spectroscopy  
measurements of incrementally evaporated MAPbI3  
on various substrates (indium tin oxide (ITO), MoO3, 
poly(3,4-ethylenedioxythiophene)-poly(styrenesul-
fonate) (PEDOT:PSS) and polyethylenimine ethoxy-
lated (PEIE)) further confirm the impact of the substrate  
Wf on the perovskite EF position and demonstrate the 
formation of interface dipoles and band bending in 
the perovskite layer following charge redistribution108. 
Therefore, the EF position in low-carrier-density sem-
iconductors, such as most perovskites, must be ana-
lysed with caution (that is, different substrates may lead  
to different results). In addition, MoO3 has been used to 
intentionally p-dope CsPbBr3 nanowires through charge 
transfer in a core–shell structure109. Substrate Wf can 
also be tuned through surface treatments (for example, 
with ionic liquids)110,111, which impact the EF position in 
the adjacent perovskite layer. For example, a perovskite 
grown on a SnO2 electron transport layer, treated with 
fluorinated ionic liquid, exhibits a trap density lower by 
an order of magnitude compared with untreated SnO2 
(ref.110). This passivation effect or lower tendency of 
defect formation with treated SnO2 is attributed to the 
charge-transfer-induced n-doping effect of the ionic liq-
uid, as observed with ultraviolet photoelectron spectros-
copy measurements. Nevertheless, EF tuning with the 
substrate Wf is generally not appropriate to achieve high 
carrier densities, owing to the range of Wf available for 
common substrates, thereby, limiting the charge transfer 
processes with the perovskite.

More efficient charge transfer may be induced 
through deposition of appropriate molecular donors and 
acceptors, which n-dope or p-dope the semiconductor 
locally without disrupting the crystal structure112 (fig. 4b). 
Surface charge transfer doping with molecules has previ-
ously been used in organic semiconductors and inorganic 
materials, such as diamond, graphene or silicon112–116, 
and has also been reported for perovskite materials117–119.  
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Strong acceptor and donor molecules are widely used to 
dope organic semiconductors through a charge trans-
fer mechanism, which relies on the relative position of 
the host and dopant energy levels120,121. To enable charge 
transfer for perovskites, the dopant highest occupied 
molecular orbital (HOMO) must lie close to or above 
the perovskite CBM for n-type doping, whereas the 
dopant lowest unoccupied molecular orbital (LUMO) 
must lie close to or below the perovskite VBM for p-type 
doping (fig. 4c). To estimate the potential doping ability 
of a molecule, the relative position of the perovskite (for 
example, MAPbI3) EC and EV must, therefore, be con-
sidered (fig. 4d). In addition to energy level alignment, 
the surface defect density must remain sufficiently low 
to allow free carrier generation in the semiconductor115, 
which is generally true for HaPs that exhibit low surface 

recombination velocities122,123. Upon surface charge 
transfer, the molecular layer becomes negatively (or pos-
itively) charged for p-type (or n-type) doping, and the 
generated holes (or electrons) form a space charge region 
at the semiconductor surface112 (fig. 4b). Therefore, the 
generated carriers are subject to an electric field that 
attracts the free carriers close to the surface through 
coulombic interactions.

Molecular surface doping with cobaltocene (CoCp2) 
and Mo(tfd-COCF3)3, which satisfy energetic alignment 
conditions with their perovskite host (fig. 4d), resulted 
in n-doping and p-doping with a 620-meV up-shift and 
670-meV down-shift of EF, respectively117,118. Moreover, 
ionization of the Mo-based dopant and, therefore, 
charge transfer have been verified using nuclear  
magnetic resonance spectroscopy118. Despite localized 
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and EV values reported in the literature from ultraviolet photoelectron spectroscopy measurements are given for 
comparison108,203,204. CoCp2, cobaltocene; F4TCNQ, 2,3,5,6-tetrafluoro-7 ,7 ,8,8-tetracyanoquinodimethane; F6TCNNQ, 
1,3,4,5,7 ,8-hexafluoro-tetracyanonaphthoquinodimethane; Mo(tfd)3, molybdenum tris(1,2-bis(trifluoromethyl)
ethane-1,2-dithiolene); Mo(tfd-COCF3)3, molybdenum tris[1-(trifluoroethanoyl)-2-(trifluoromethyl)ethane-1,2-dithiolene; 
PEDOT:PSS, poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate). Panel a is reprinted with permission from ref.105, 
Royal Society of Chemistry.
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doping at the perovskite surface, the lateral conduc-
tivity of the 120-nm-thick MAPbI3 film treated with 
CoCp2 increases by two orders of magnitude compared 
with the untreated film117, suggesting efficient gener-
ation of carriers (assuming constant mobility). Two 
different zethrene molecules have also been explored 
for surface n-doping and p-doping of CsPbBr3 (ref.119). 
Furthermore, surface p-doping with the hole transport 
material 4,4′,4″,4‴-(pyrazine-2,3,5,6-tetrayl) tetrakis 
(N,N-bis(4-methoxyphenyl)aniline) (PT-TPA) has 
been reported124. However, with a LUMO at approx-
imately −1.5 eV, charge transfer from the perovskite 
VBM to the dopant LUMO and, therefore, p-doping, 
appears unlikely. In addition, introduction of molecular 
dopants throughout the perovskite film thickness has 
been investigated. For example, the acceptor molecule 
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane 
(F4TCNQ) has been introduced in the precursor solu-
tion to p-dope MAPbI3, improving the efficiency of 
hole-transport-layer-free solar cells125, with an order 
of magnitude increase in conductivity and a factor of 
four increase in carrier density (from capacitance) at an 
incorporation of 0.03 wt% F4TCNQ. F4TCNQ has fur-
ther been used in MAPbI3-based perovskite solar cells 
to suppress recombination at grain boundaries and imp-
rove the PCE126. 1,3-Dimethyl-2-phenyl-2,3-dihydro-
1H-benzoimidazole (DMBI) derivatives have been 
introduced in MAPbI3 films, leading to n-type doping, 
with an EF shift of up to 520 meV towards the CBM, as 
obtained from ultraviolet photoelectron spectroscopy127.

Molecular doping of CsPbI3 nanocrystals with the 
p-dopant F4TCNQ and the n-dopants benzyl viologen 
and CoCp2 has been achieved through immersion of the 
perovskite films in dopant-containing solutions128. Doping 
resulted in an increase in conductivity by a factor of 2.5 for 
F4TCNQ and a decrease of the initial p-type conductivity 
by a factor of 10 with benzyl viologen and CoCp2, attrib-
uted to doping compensation. Ultraviolet photoelectron 
spectroscopy measurements show a 560-meV EF up-shift 
upon n-doping with benzyl viologen, despite a lack of 
strong electron conductivity enhancement, expected for 
an EF of 160 meV below the CBM. Additionally, questions 
arise regarding the possibility for charge transfer, owing 
to the energetic barrier of 570 meV between the CsPbI3 
VBM and the F4TCNQ LUMO, suggesting inefficient 
p-doping of the semiconductor (given a thermal energy 
of only ~26 meV at room temperature).

HaP molecular doping remains underexplored and 
further work is required to assess and better under-
stand the interactions between the host and the dopant. 
Moreover, the location of the molecular dopant in the film 
remains uncertain; that is, whether the dopant segregates 
at the surface or at grain boundaries or, less likely for  
3D perovskites, enters the crystal lattice. If the dopant seg-
regates at surfaces, it is of interest whether dopant  
clumping occurs or whether the dopant forms a uniform 
coating, and how this impacts doping efficiency.

Doping characterization and assessment
Electrical doping directly impacts semiconductor 
carrier density. Therefore, film conductivity, σ, rep-
resents an easy and convenient first check for doping, 

although no firm conclusions can be drawn from this 
measurement because both mobility and carrier den-
sity control conductivity. The extraction of the resist-
ance from single current–voltage (I–V) (two-point 
probe) measurements may further be flawed by poor 
contact quality129. Four-point-probe techniques or the 
transfer length method should be used to measure 
bulk resistivity and avoid measurement errors owing 
to contact resistance129,130. Resistivity must be extracted 
in the ohmic regime, where the resistance does not 
vary with the applied bias. Conductivity evolutions 
below one order of magnitude have been reported with 
doping52,74–76,118,125,127,128,131,132. Considering the often 
strong sample-to-sample variability in perovskites (even 
within a laboratory, using the same film preparation 
approach), which can exceed an order of magnitude 
(Table 1), statistics are crucial to verify the reproduci-
bility of such limited evolution. Additionally, potential 
persistent photoconductivity phenomena may arise in 
HaPs133, which can lead to erroneous conductivity and 
carrier density values. Indeed, measurements performed 
in the dark, before thermal equilibrium is reached for 
a light-exposed film, may lead to overestimation of the 
dark conductivity and variability among measurements. 
Ageing issues can also interfere with accurate assessment 
of doping. In particular, Sn-based perovskites readily 
oxidize, potentially promoting more pronounced p-type 
doping with time60.

To confirm that conductivity increase originates 
from electrical doping rather than mobility varia-
tion, carrier density and/or the EF position should be 
directly measured (fig. 5). Mott–Schottky analysis using  
capacitance–voltage (C–V) measurements provide the 
ionized dopant density (N NorD

+
A
−), often assumed to be 

identical to the free carrier densities (n or p)130. By apply-
ing a reverse bias to a Schottky diode, a space charge 
region of width w forms and ND

+ or NA
− is obtained from 

the slope C Vd(1/ )/d2 . Basic Mott–Schottky analysis 
relies on the depletion approximation (no free carriers 
in the depletion region)130, which may not always be 
satisfied. The validity of the Mott–Schottky analysis has 
been called into question in organic p-i-n solar cells134, 
owing to the limited density range that can be probed, 
which causes overestimation of the doping concentra-
tion for intrinsic or slightly doped semiconductors. 
Similar limitations can be expected in p-i-n perovskite 
solar cells. Moreover, the requirement that the depletion 
region must extend across the perovskite material130 may 
not be met for certain device structures, including those 
with organic semiconductor hole and electron transport 
layers. Indeed, charge transport layers have an impact 
on the capacitance response of perovskite solar cells and 
are responsible for discrepancies in reported εr values135. 
To properly exclude capacitive contributions from the 
hole and electron transport layers, Schottky devices with 
appropriate structures must be designed for C–V meas-
urements. Additionally, the signal frequency must be 
carefully selected to avoid parasitic capacitive responses, 
the extraction regime in the Mott–Schottky plot properly 
identified and a slow sweep rate employed to avoid hys-
teresis issues136. As Mott–Schottky-derived carrier den-
sities often substantially exceed values obtained by Hall 
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measurements (Tables 1,2), questions arise regarding the 
correct interpretation of results.

As an alternative to Mott–Schottky analysis, steady- 
state Hall effect measurements (box 1) enable the deter-
mination of carrier density and type (n-type or p-type). 
However, this technique requires ohmic contacts (which 
are not always easily achievable with perovskites) and is 
limited by sensitivity. Standard Hall setups with static 
(DC) magnetic fields are insufficient for examining 
low mobility (≤1 cm2 V−1 s−1) and high sheet resistance 
(≥10 MΩsq−1) semiconductors, such as most perovskites. 
To increase the signal-to-noise ratio and reduce the 
impact of drifting background signal, an oscillating (AC) 
magnetic field must be used in combination with lock-in 
detection137,138. A high-purity single harmonic and unidi-
rectional field alleviates higher harmonic content in the 
Hall signal139. For example, a parallel dipole line system 
can be applied to extract Hall signals as demonstrated in 
(FA,MA)Pb(I,Br)3 and MAPbI3 (up to 40 GΩsq−1)48,137,139. 
Owing to the difficulty in extracting reliable Hall signals 
from transverse resistance measurements, which always 
give a numerical value (correct or incorrect), details 
need to be provided for the nature of signal extraction 
and statistics. Moreover, the scattering factor r (which 
lies between 1 and 2), which is usually not known for 
new semiconductors and depends on the magnetic field 
and the temperature, needs to be assumed130. A typical 
assumption is r = 1, which should not lead to an error of 
>30%. Nevertheless, r may change with doping.

Photoelectron spectroscopies, that is, ultraviolet 
and X-ray photoelectron spectroscopy, and Kelvin 
probe measurements, can be used to study the impact 
of doping on the electronic properties of a semicon-
ductor surface140,141 (box 2). Upon electrical doping, EF 
shifts towards the CBM (or the VBM) because electrons  
(or holes) are added to the structure. Therefore, deter-
mining the EF position within the bandgap allows 
quantification of doping (using Eqs (3) and (4)). Kelvin 
probes, which require calibration of the tip Wf (ref.142), 

measure the contact potential difference at the semicon-
ductor surface, enabling the extraction of the perovskite 
Wf at the surface143. However, Wf determination is insuf-
ficient to confidently infer successful doping, because 
changes in Wf may also arise owing to the formation of 
interfacial dipoles. To confirm doping, photoelectron 
spectroscopy can be used to determine the EF position 
relative to the VBM, which can be further corrobo-
rated by other measurements (for example, scanning 
tunnelling spectroscopy)143. However, problems can 
arise during measurement and analysis. For example, 
substrate Wf can have a strong impact on the measured 
EF in nearly intrinsic perovskites. With increasing free 
carrier density, EF is expected to become independent 
of the substrate Wf and shift closer to the VBM or the 
CBM. Therefore, it is important to be aware of EF pin-
ning effects and variable depletion width in materials 
with varying carrier density.

Ultraviolet and X-ray photoelectron spectroscopy use 
high-energy radiation to probe electrons and, thus, may 
degrade samples, leading to misinterpretation of data140; 
for example, illumination in vacuum leads to long-term 
changes in the perovskite surface Wf owing to the loss 
of halide species142. Moreover, the high-vacuum envi-
ronment in photoelectron spectroscopy measurements 
may have an impact on the EF position, which can shift 
towards the CBM, as observed for various lead HaPs144. 
VBM extraction and, thus, determination of the associ-
ated relative position to EF, by common linear extrap-
olation of ultraviolet photoelectron spectroscopy data 
to the background level may lead to overestimation of 
the ionization potential, owing to low density of states 
near the VBM; therefore, a logarithmic detection mode 
and analysis have been suggested to be more appropri-
ate for HaPs142. In addition, photon line satellites must 
be subtracted because they can be mistakenly attributed 
to gap states extending above the VBM142. X-ray photo-
electron spectroscopy can also provide information on 
doping, based on the expected rigid shift of the core level 

Probing Direct assessment of doping Complementary characterization

Electrical doping
characterization

Fermi level
• UPS
• XPS
• KP (W

f
)

Conductivity
• Four-point probe
• TLM

Carrier density
• Mott–Schottky
• Hall effect

Contact quality
• I–V
• TLM

Dopant
• TEM
• SEM
• EDS
• 2D ToF-SIMS
• XPS
• FTIR
• UV-vis

Optoelectronic
properties
• TRPL
• TA
• TRMC
• ToF
• Hall
• CRPH

Fig. 5 | Characterization of doping. Conductivity measurement provides a convenient way to probe potential doping, 
but may be impacted by changes in mobility. Direct assessment of doping includes carrier density and Fermi level 
position studies, which can probe and quantify doping. Complementary characterizations include changes in Fermi 
level position, which also impacts contact quality and injection mechanisms. The ability to directly probe the dopant can 
provide information on its localization and ionization within the film or crystal. The impact of doping on various perovskite 
optoelectronic properties is also of interest. 2D ToF-SIMS, 2D time-of-flight secondary-ion mass spectrometry; CRPH, 
carrier-resolved photo-Hall; EDS, energy-dispersive X-ray spectroscopy; FTIR, Fourier-transform infrared spectroscopy; 
I–V, current–voltage; KP, Kelvin probe; SEM, scanning electron microscopy; TA, transient absorption; TEM, transmission 
electron microscopy; TLM, transfer length method; ToF, time-of-flight; TRMC, time-resolved microwave conductivity; 
TRPL, time-resolved photoluminescence; UPS, ultraviolet photoelectron spectroscopy; UV-vis, ultraviolet–visible 
absorption spectroscopy; Wf, work function; XPS, X-ray photoelectron spectroscopy.

nATure revIews | MaTERialS

R e v i e w s

  volume 6 | June 2021 | 543



0123456789();: 

positions. n-Type or p-type doping leads to a EF shift 
towards the CBM (or the VBM), increasing (or decreas-
ing) the binding energy EB. However, charging effects 
can also cause an apparent EB shift, thereby, leading to 
wrong conclusions140. Furthermore, photoelectron spec-
troscopy and Kelvin probe characterization techniques 
probe the sample surface, which may have a different 
electronic structure than the bulk. Surface contami-
nants and defects also have an impact on measurements, 
and surface cleaning, for example, gentle sputtering or 
heating, likely impacts HaP surface chemistry. Despite 
these caveats, direct measurement of EF shift provides an 
important pathway to validate and quantify intrinsic and 
extrinsic doping in perovskites (Tables 1,2).

Doping also has an impact on the injection current 
at a Schottky contact. Heavy doping of the semicon-
ductor can transform a Schottky contact to an ohmic 
contact by reducing the depletion width at the inter-
face, enabling carrier tunnelling (fig. 1d) and enhancing 
injection and collection of charges33. I–V measurements 
on single-carrier Schottky diodes with undoped and 
doped perovskites and analysis of underlying mecha-
nisms (that is, thermionic emission, tunnelling and 
space-charge-limited current) should provide evidence 
of doping and information on injection and transport 
properties145,146. Although such characterization has 
not yet been widely applied for HaPs95 (fig. 3c), it is 
commonly used to assess electrical doping in organic 
semiconductors145–148, and could also be applied to 
analyse doping for contact quality improvement, ena-
bling hole and electron transport layer-free perovskite 
devices.

To confirm doping potential, the impact on the 
dopant itself can be assessed. For charge transfer doping 
with molecules, optical spectroscopy can be applied to 
detect dopant ionization at high dopant concentrations 
(typically >5–10 mol%). For example, the F4TCNQ 
anion leads to the formation of absorption peaks at 
~1.4–1.7 eV, which are visible if dopant ionization occurs 
in the semiconductor host (and if host absorption does 
not prevail in this energy range)149. Additionally, the 
cyano-vibrational bands of F4TCNQ shift to lower 
wavenumber upon ionization and can be measured by 
Fourier-transform infrared spectroscopy150. The doping 
efficiency in F4TCNQ-doped organic semiconduc-
tors is often assessed by the degree of charge transfer 
extracted from Fourier-transform infrared spectroscopy 
measurements149. Similar measurements could be per-
formed in F4TCNQ-doped perovskites and extended 
to other molecular dopants. X-ray photoelectron spec-
troscopy can further probe the oxidation state of an 
introduced impurity (for example, extrinsic dopant)150. 
X-ray diffraction can detect secondary phases, such as 
excess PbI2 (refs47,48), but, often, cannot detect changes in 
the crystal structure at the low-impurity concentrations  
typically used for electrical doping76,81,90.

The ability to detect the molecular dopant or impu-
rity is necessary to determine its localization in the 
perovskite layer (for example, at the surface, grain 
boundaries or within the bulk crystalline lattice) and to 
assess the potential formation of aggregates or clusters. 
Transmission electron microscopy, scanning electron 
microscopy (SEM) and energy-dispersive X-ray spec-
troscopy (EDS) can be used to localize the dopant. SEM 
requires a strong difference in average atomic number 
for backscattered electron mode SEM analysis and EDS 
requires a sufficiently high dopant concentration for 
elemental analysis151. For example, excess PbI2 or SnF2 
phases have been observed in SEM and transmission 
electron microscopy images of perovskites, confirmed 
by EDS analysis48,67,152. Large molecular dopants can 
be probed by SEM, if they form aggregates, as demon-
strated in organic semiconductors153. Alternative imag-
ing spectroscopy techniques can also be considered, for 
example, 2D time-of-flight secondary-ion mass spectro-
metry or near-field optical microscopy (for example, in  
the infrared range to probe molecular dopants) to map 
dopant-rich regions with a resolution of 20–100 nm 
(refs96,154,155). Time-of-flight secondary-ion mass spectro-
metry can further probe dopant distribution as a func-
tion of depth for the perovskite layer. For paramagnetic 
impurities, nuclear magnetic resonance spectroscopy 
has been suggested to confirm substitutional doping and 
to allow assessment of cluster formation156.

In addition to confirming doping and dopant dis-
tribution, the impact of the dopant on optoelectronic 
properties beyond carrier density can be analysed. The 
evolution of mobility and carrier lifetime reflects changes 
in scattering and recombination mechanisms, as well as 
trap-filling phenomena63,157. A variety of characterization 
techniques can be used to extract optoelectronic para-
meters, including time-resolved photoluminescence, 
transient absorption spectroscopy, THz spectroscopy, 
time-of-flight time-resolved microwave conductivity, 

Box 1 | Hall effect measurements

Hall effect measurement relies on the lorentz force experienced by free carriers  
when exposed to a magnetic field34. A magnetic field 

→
B applied perpendicular to the 

semiconductor layer and to the current (I) direction deflects carriers towards one side 
of the Hall bar, owing to the magnetic force ν→ ×

→
Bq , where ν→ corresponds to the carrier 

velocity and q to the electric charge (q = −e for electrons and q = +e for holes).
The created transverse voltage is called the Hall voltage VH, and a Hall coefficient  

H can be extracted from the relation H = dVH/IB, with d representing the sample thickness. 
The carrier density nHall can be deduced from H according to the relation H = r/qnHall,  
with the scattering factor r lying between 1 and 2, depending on the scattering 
mechanism in the semiconductor130. Therefore, the sign of the Hall coefficient reveals 
the semiconductor type (n or p) and the associated value provides the majority carrier 
density. The sample conductivity σ can be determined by measuring the longitudinal 
voltage with a 
four-point-probe 
technique, and, thus, 
the majority carrier 
mobility can be 
calculated using 

σ=µ ∓ Hn/p
. The 

measurement must 
be performed in  
the dark for these 
equations to be valid. 
under illumination, 
electrons and holes 
need to be taken into 
account, leading to 
more complex 
formulae130.

V
H

x

y

z

Lorentz force

B

I

F = q(E + ν × B)
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Hall effect and carrier-resolved photo-Hall137,158,159. 
Nevertheless, limitations of each technique and analy-
sis need to be considered to prevent dissemination of 
misleading results. Importantly, most of the tools com-
monly used for doping analysis are advanced character-
ization techniques, which require expertise to analyse 
experimentally obtained numerical values160,161. It is also 
important to report the experimental setup and condi-
tions to ensure reproducibility, confirm findings with 
different characterization techniques and critically assess 
experimental evidence.

Outlook
Controllable doping in HaPs is a critical step for opto-
electronic device optimization. For example, the abil-
ity to dope perovskites at interfaces could improve 
metal–perovskite interfaces, with the aim of removing 
additional electron and hole transport layers, therefore, 
reducing device production costs162. A good contact 
facilitates carrier injection and extraction, providing 
low-contact resistance and avoiding significant volt-
age drops at the interfaces (for example, for solar cells, 
light-emitting diodes or transistors). Nevertheless,  
a quasi-ohmic contact created upon doping requires 
high local dopant densities with limited diffusion into 
the undoped perovskite region, which remains to be 
demonstrated for HaPs. Moreover, direct contact of 
the perovskite surface with the electrode requires inert 
conducting materials to avoid chemical reaction with 

the semiconductor layer, which is not an easy task for 
HaPs163–165. The ability to relax stringent requirements 
of the electrode Wf (by doping) should facilitate the  
development of adequate contact materials.

HaP p–n junctions may also be developed, assum-
ing the possibility to strongly dope perovskites without 
dopant migration. Indeed, p–n junctions have been 
reported in perovskite solar cells49,53; however, the stabil-
ity and efficacy of these structures remain uncertain166,167. 
For example, Cui et al.53 use a precursor ratio varia-
tion to modulate MAPbI3 carrier densities between 
p = 8 × 109 cm−3 and n = 4 × 1012 cm−3 and form a p–n junc-
tion, which improves solar cell efficiency compared with 
a reference p-i-n structure. However, facile ionic mobil-
ity remains a problem for perovskite doping and device 
design168,169, because it promotes defect inter-diffusion 
between initially p-doped and n-doped layers. Thus, 
the improved performance suggested by Cui et al.53 may 
actually be a result of improved optoelectronic proper-
ties owing to slight n-doping throughout the perovskite 
layer following defect inter-diffusion166. In addition, the 
formation of an effective p–n homojunction is unlikely 
with such low doping densities; indeed, doping con-
centrations ND and NA beyond 1016 cm−3 are required to 
ensure a sufficiently small depletion width with respect 
to the perovskite thickness167.

In addition to carrier density and EF tuning, semi-
conductor optoelectronic properties, such as mobility 
or carrier recombination lifetime, also depend on dop-
ing. For example, doping may have a negative impact 
on the mobility μeff, owing to a reduction of μimpurity with 
increasing density of coulombic scattering centres, 
which may become the limiting factor for mobility at 
room temperature (Eq. (6))170,171. Polar optical phonons 
have been identified as major scattering mechanisms 
in 3D perovskites172–174; however, trap-filling phenom-
ena upon irradiation of the perovskite have also been 
reported94,175–178, suggesting that μdefect could also be a lim-
iting factor. Low-level electrical doping could perform 
such trap passivation, thereby, improving μdefect and μeff. 
Improvement of charge transport properties through 
trap filling with dopants has been achieved in organic 
semiconductors157,179–184, which exhibit strong structural 
and energetic disorder. Therefore, mobility and carrier 
density evolutions need to be decoupled in conductivity 
measurements to understand doping. The introduction 
of free carriers also impacts the monomolecular recom-
bination rate k1 (Eq. (7)), which is orders of magnitude 
higher in MASnI3 than in MAPbI3, owing to self-doping 
of Sn (ref.35). An increase in k1 implies a decrease in car-
rier recombination lifetime τ and diffusion length LD; 
for example, in FASnI3, an increase in radiative recom-
bination between photogenerated minority carriers and 
background majority carriers from self-doping has been 
suggested185. Therefore, a thorough understanding of 
doping involves the study of its impact on semiconductor 
optoelectronic properties.

Despite substantial progress, the doping efficiency 
achieved in HaPs remains limited and the key ques-
tion remains: can we dope HaPs and to what extent? 
Compensation represents a key issue, because it is 
influenced by the EF position within the bandgap39,44,70 

Box 2 | Electronic levels and photoelectron spectroscopy

The semiconductor energy levels are defined with respect to the vacuum level Evac, the 
energy of an electron at rest just outside the surface of the solid143. The Fermi level EF, 
which is located in the bandgap for a non-degenerate semiconductor, is defined at  
50% probability of electron occupancy following the Fermi–Dirac distribution. Therefore, 
the work function Wf is defined as Wf = Evac − EF. Although Evac is highly dependent on the 
nature of the semiconductor surface, including the formation of dipoles, EF depends  
on the density of states, carrier density, doping concentration and temperature143.  
The electron affinity (eA) and ionization potential (IP), both positive values, correspond 
to the energy difference between Evac and the conduction band minimum (CBm) and 
valence band maximum (vBm), respectively. The bandgap energy EG is the energy 
difference between vBm and CBm energies.

Photoelectron spectroscopy, such as ultraviolet photoelectron spectroscopy and 
X-ray photoelectron spectroscopy, rely on the photoelectric effect to excite electrons 
upon irradiation with high-energy photons hν140. The kinetic energy Ekin is measured  
and the photoelectron binding energy EB is extracted using the relation:

ν= − −E h E W ,kin B f

where Wf is the spectrometer 
work function. ultraviolet 
photoelectron spectroscopy 
probes electrons in the 
valence band and helps  
identify the vBm and its  
position relative to the  
Fermi level, whereas X-ray 
photoelectron spectroscopy 
probes core level electrons  
to study the chemical 
pro perties of the surface. 
X-ray photoelectron 
spectroscopy may also provide 
information about the position 
of EF with respect to the vBm.
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and observed in various materials (for example, wide- 
bandgap semiconductors)104,186,187. Compensation pre-
vents strong ambipolar p-type and n-type doping for 
most HaPs. Limitations resulting from self-compensation 
may possibly be overcome by using non-equilibrium 
growth conditions188. For example, DFT calculations have 
shown that, for CdTe (a similar bandgap semiconduc-
tor as the most commonly explored HaPs for perovskite 
applications), processing under high-temperature growth 
conditions, which enhances defect formation, followed by  
rapid quenching to avoid self-compensation, allows tuning 
of EF beyond the thermodynamic limit189. Nevertheless,  
non-equilibrium growth approaches remain to be tested 
in HaPs and face experimental challenges, such as HaP 
decomposition at elevated temperatures. Compensation 
might not be the only challenge for doping efficiency in 
HaPs. The validity of the commonly used static point 
defect model (generally assumed in DFT calculations) has 
been questioned and predominance of dynamic defects 
(~ps lifetime) highlighted190,191. Dynamic disorder leads 
to the desired self-healing ability of perovskites, but com-
plicates traditional doping, which requires kinetically sta-
bilized defects to prevent the re-formation of the lattice. 
To circumvent problems dictated by the dynamic nature 

of defects, doping by charge transfer at surfaces and grain 
boundaries may be a promising solution. In particular, 
perovskite nanocrystals have a high surface-to-volume 
ratio for charge transfer doping. Moreover, nanocrys-
tals provide tunable CBM and VBM levels with quan-
tum confinement, and allow tuning of defect formation 
energies128. Bulky molecules could also be used for dop-
ing by charge transfer within grain boundaries, providing 
an interesting route to inhibit ion migration. Molecular 
dopants could further be directly introduced into the lay-
ered 2D perovskite structure to generate charge transfer 
between the organic and inorganic layers192,193.

Overall, while electrical doping is key to the devel-
opment of microelectronic technologies, HaP doping 
has proven particularly challenging. Tackling these 
challenges will require innovative materials design, 
judicious application of DFT and materials modelling, 
and careful and well-validated experimental character-
ization. Through such studies, the spatial and temporal 
control over charge carrier concentration in HaPs will 
continue to advance the development of this exceptional 
semiconductor class.
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