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We give a systematic overview of compositional engineering by distinguishing the different defect-reducing

mechanisms. Doping effects are divided into influences on: (1) crystallization; (2) lattice properties. Incorporation of

dopant influences the lattice properties by: (a) lattice strain relaxation; (b) chemical bonding enhancement; (c) band

gap tuning. The intrinsic lattice strain in undoped perovskite was shown to induce vacancy formation. The

incorporation of smaller ions, such as Cl, F and Cd, increases the energy for vacancy formation. Zn doping is

reported to induce strain relaxation but also to enhance the chemical bonding. The combination of computational

studies using (DFT) calculations quantifying and qualifying the defect-reducing propensities of different dopants

with experimental studies is essential for a deeper understanding and unraveling insights, such as the dynamics of

iodine vacancies and the photochemistry of the iodine interstitials, and can eventually lead to a more rational

approach in the search for optimal photovoltaic materials.

solar energy  semiconductor  light harvesting  charge generation  photovoltaics

optimization  voltage loss  thin film materials  stabilization  doping

1. Introduction

Compositional engineering  has become an attractive approach to optimize perovskite structure

because of the advantage of directly tailoring other intrinsic material properties, which enables higher-quality

perovskite with enhanced photovoltaic performances. Reference  contains a condensed historic representation of

compositional changes related to record perovskite devices (see Table 2 of reference ). We can distinguish

between two types of additives: Inorganic (metal cations and inorganic acids) and organic additives (small

molecules, polymers, and fullerenes). Most additives can control the crystallization of perovskite in some way and,

therefore, enhance stability . However, organic molecules generally only passivate defect states at the surface

and not do not alter intrinsic material properties, while the bulk trap density might be reduced by the incorporation

of inorganic molecules into the lattice. In literature a variety of dopant- effects that enhance perovskite performance

are reported  which can be divided into influences on the crystallization and

influence on the intrinsic lattice properties. Most effects described in literature are still not well-explained making

rational compositional tailoring challenging. Here, current literature on Zn(II) and several other inorganic dopants

are reviewed with the aim to obtain a more mechanistic picture on how dopants affect different properties and

control the defect density.
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A considerable amount of literature has been published on the use of inorganic dopants that improve photovoltaic

performance of perovskite materials and many attribute this to the improved crystallization of doped perovskite 

. While the enhanced crystallization mechanisms do not seem to be fully understood, we review here

several studies on dopants that effectively improve crystallization, leading to larger crystal domains and reduced

defect density, and identify mechanisms behind this dopant effect.

Wang et al. discovered that Al , at low concentrations (<0.3%), facilitates crystallization of MAPbI3, and

specifically enhanced the growth of the (hh0) crystal plane . This was ascribed to reduced micro-strain in the

lattice during the crystallization process, resulting in better oriented crystalline domains and consequently a

reduced density of defects. Crystallography and mass spectrometry revealed that Al  was not significantly

incorporated in the lattice, which is expected from the ionic radius (53 pm and 199 pm for Al and Pb, respectively).

Crystal defects that potentially occur in the form of terraces are reduced via a selective growth of these terraces

induced by Al .

2. Defect Passivation through Compositional Engineering of
Perovskites 

Unlike Al , Zn -ions have been proven to be incorporated at the lattice B-site, replacing lead ions. Chen et al.

argued that this incorporation leads to better crystallization of MAPbI  perovskite . Using X-ray diffraction (XRD)

they showed successful doping of the perovskite and with attenuated total reflectance Fourier transform infrared

spectroscopy (ATR-FTIR), they demonstrated that the interaction of the Zn  and MA ions are stronger in

comparison to the Pb-MA interaction. Upon 0.1% Zn  doping of MAPbI , photovoltaic performances were

increased the most. This was attributed to higher chemical interaction and coordination between Zn  and anions,

and the organic group, which makes the doped system tend to grow into larger grains. They also observed an

over-doping effect for high Zn  concentration, which was believed to result in the accumulation of bigger grain

seeds on the previous small grain seeds affecting the general coverage and therefore reducing the photovoltaic

performances.

In contrast to these studies, other work shows that the relation between optoelectronic quality and the orientation

and size of crystalline domains must be interpreted with caution. Muscarella et al. (2019) used electron back-

scattered diffraction (EBSD), which has higher spatial resolution than the conventional XRD and scanning electron

microscopy (SEM) methods, to obtain crystallographic parameters . They correlated the results with local

photoluminescence properties. The PL and carrier lifetimes did not show any dependence on grain size or

orientation. They argued that the contrasting findings with previous studies can be explained by the following: First,

morphological clusters observed in SEM and real crystallographic grains are often misinterpreted, clusters seen in

SEM can be wrongly assigned to grains. Secondly, the chemical additives that create enlarged grains and

preferential orientation can also passivate defects or grains.

Also Bowman et al. (2019) showed that zinc does not necessarily influence the crystal grain size or orientation but

can aid homogeneous incorporation of elements . Lead-tin based perovskite cells were fabricated employing
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different concentrations of ZnI  precursor and from the chemical spatial distribution mapping of the elements (by

using STEM/EDX = Scanning transmission electron microscopy / Energy-dispersive X-ray spectroscopy), as

shown in Figure 1, it was observed that Zn doping leads to more homogeneously distributed Sn through the films

(Figure 1b). The majority of the Zn localizes along the bottom of the film (Figure 1c) and, therefore, they proposed

that high doping concentration can form an insulating layer. This also explained the current and voltage

enhancement for the 1% and 2% ZnI  doping devices and the decreasing device performances at 10% doping.

The XRD results revealed a small increase in the lattice parameter so that it is expected that Zn is incorporated in

small amount but that the structure is not altered nor its grain sizes. They speculated on the role of Zn as an active

dopant, as suggested by Saidaminov et al.   and as additive assisting and seeding the growth of higher-quality

grains that are chemically more homogeneous.

Figure 1. Distribution of elements of FA (Pb Sn )I  with and without 5 % ZnI  added measured by STEM/EDX.

(a) Pb. (b) Sn. (c) Zn. (d) Change in lattice parameter with doping content. Reproduced with permission from ACS

Energy Lett. 2019, 4, 2301–2307. Reference .

When perovskite material is tolerant to the inclusion of extrinsic dopant, additional passivating effects are

observed. Here, we discuss several dopants that are able to incorporate on either the A, B, X-site or at interstitials

and the subsequent influence on the lattice. The tolerance for the inclusion of foreign atoms by the perovskite

lattice depends on the ionic radius. Small amounts of extrinsic doping at the A, B, X sites in the perovskite crystal

can lead to increased disorder if the radius is either too large or too small. These lattice distortions affect the phase

stability of the perovskite as empirically described by the Goldschmidt tolerance factor:
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where r are the ionic radii and 0.8 < t < 1 to maintain the 3D perovskite lattice, with a perfect cubic base at ideal 1.

For MAPbI3 the reported factor ranges between 0.92–0.95. The incorporation of Zn at the B-site has been

frequently reported and can also be expected from the calculated tolerance factor of 1.05 for MAZnI  . Shai et al.

argued that the incorporation of Zn(II) in MAPbI Cl  crystals caused the lattice to shrink, they observed

contraction of BX  octahedron, which is beneficial to fix the A-site cation and relax the lattice strain . This also

promoted the formation of ordered and uniform perovskite crystal with tetragonal structure. They ascribed the

formation of more stable perovskite to the increased electron-donating ability at the B site, creating stronger B-site–

X-site interactions.

Chemical bond enhancement can also be achieved through doping with more electronegative halides. Li et al.

fabricated a triple-cation perovskite (Cs FA MA )Pb(I Br )  and used several halides for doping, NaX

(X = I, Br, Cl or F), in a two-step solution process . All alkali halides improved the quality of the perovskite, with

the fluoride-containing material (0.1%) giving the best performance. Time-resolved PL showed increased carrier

lifetimes implying that non-radiative recombination is suppressed. The increased electronegativity of the fluoride

anion was argued to result in a stronger ionic bond with Pb and in formation of a hydrogen bond with FA ions,

leading to stabilizing of local structure and inhibiting mobilization of ions (I and MA/FA). Hydrogen bonding between

the NH of the organic ion and the F ion was confirmed by H-nuclear magnetic resonance (NMR). The F ions did

mainly occupy the surface and grain boundaries. In contrast to the other ions, devices with F  ions exhibit

negligible J-V hysteresis, indicating that the chemical bond enhancement with F immobilizes the counter ions. The

stabilization reported by Shai et al. resulting from lattice shrinking can be explained by the strain in the pristine

perovskite lattice. Lattice strain in MAPbI  was first observed by Huang et al. in high-temperature annealed thin

films MAPbI  perovskite . Using XRD and temperature-dependent conductivity measurements, they correlated

ion migration to increased lattice strain. Saidaminov et al. speculated that lattice strain is at the origin of vacancy

formation . DFT calculations showed that the formation energy of lead iodine vacancies was increased upon

replacing FA and I with the smaller Cs/MA and Br.

They argued that if the size of the A cation does not match the lead halide octahedral cage, strain will be present in

the material. When local strain acts on the lattice, strain can be released through the formation of point defects or

by incorporation of small ions. Especially in FAPbI , where size mismatch is largest, this strain is likely to be

reduced by point defect formation since the calculated formation energies lie close to 0 eV. The strain relaxation

through the formation of vacancies has also been observed in oxide perovskites .

Saidaminov et al. successfully incorporated Cl  into the lattice of triple-cation perovskite films

(CsMAFAPbI Br ) . They observed increased long term stability and reduced superoxide generation, which

indicates that Cl reduces the density of defects. Using DFT calculations, they found ∼0.3 eV increase in formation

energies for iodine vacancies. Computations also showed that the Pb-X bond length decreased, as did Pb-X-Pb

distortion angles. Therefore, they proposed lattice strain relaxation as reason for reduced iodine vacancies. The

downside of the substitution with small halogen anions is the widening of the band gap . Although incorporation

might reduce non-radiative recombination, it will lower the device efficiency because of a sub-optimal band gap.

Furthermore, the incorporation of Cl ions inside other perovskite lattices, such as the MAPbI , has been
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unsuccessful as the energetically more favorable location is outside the lattice . In order to relax strain further at

the B-site, Saidaminov et al. incorporated Cd because it is isovalent to Pb but has a smaller ionic radius. DFT

calculation showed that Cd incorporation relaxes lattice strain and suppresses the formation of I vacancies by ≥0.5

eV. The Cd incorporation also increased the PL intensity of films tenfold.

Similar effects have been observed   upon doping with Zn(II) in combination with Cl , the latter originating

from the alkyl-ammonium additive (see Figure 2).

Figure 2. Characterization of MA/FA film with and without Cl  and Zn(II) dopants. (a) Relative yield of emission by

time-integrated photoluminescence (PL) spectra. (b) Time-dependent PL traces with different dopants, stretched

exponential fitting with function. Reproduced with permission from ACS Appl. Mater. Interfaces 2019, 11, 17555–

17562. Reference .

Lattice distortions can also implicate the perovskite band gap (Figure 3). Prasanna et al. successfully incorporated

Cs in Pb and Sn-based (FAPb/SnI ) perovskite and observed that the for tin-based films introduction of Cs at the A-

site decreased the band gap; whereas in lead perovskite films, introduction of Cs was observed to increase the

band gap . They used grazing incidence X-ray diffraction (GIXD) measurements and revealed the incorporation

of Cs has different effects in these two materials (Figure 4). The tin iodide perovskite maintains its cubic crystal

structure if FA is partly substituted by Cs and the only observed change is the isotropic contraction of the lattice.

However, “in the lead iodide perovskite, additional X-ray diffraction peaks are observed, indicating that the structure

experiences tilting of the BX  octahedra in addition to lattice contraction. Electronic structure calculations have

shown that the VBM of perovskite material is an antibonding hybrid state of the metal s and halide p orbitals, and

thus is sensitive to B-X orbital overlap (more than the CBM)” . This explains the different band gap response

observed in the tin iodide vs. lead iodide perovskites.
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Figure 3. Perovskite lattice and energy levels of undistorted cubic phase (center), with lattice contraction (left) and

with octahedral tilting (right). Reproduced with permission from J. Am. Chem. Soc. 2017, 139, 11117–11124.

Reference .[16]
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Figure 4. Optical band gap as function of cesium content for perovskites (FA Cs )MI , with M = Pb or M = Sn.

Reproduced with permission from J. Am. Chem. Soc. 2017, 139, 11117–11124. Reference .

In the former, lattice contraction increases orbital overlap, raising the antibonding VBM and the optical band gap is

decreased. “In the latter, octahedral tilting decreases orbital overlap, moving the VBM to deeper energies and

causing the band gap to increase. Band gap energies were directly measured with ultraviolet and X-ray

photoelectron spectroscopy (XPS) and the results support this model” . Thus, for Cs doping at the A-site

competing effects of octahedral tilting and lattice contraction were observed. When the X and B sites are doped,

the electronic contributions of the dopant give rise to more complicated band gap interference.

Figure 5 depicts the orbital contributions of the PbI framework to the band gap of MAPbI . “The top of the valence

band consists of an Pb 6 s—I 5p * anti-bonding hybrid state of the metal s and halide p orbitals. The conduction

band minimum is a hybrid of metal 6p and halide 5p orbitals with less anti-bonding and more non-bonding

character” . For dopants at the X-site in particular, the tuning of halogens has been frequently reported.

Increasing the electron binding energies, for example from I to Br (from 5p to 4p, respectively), the band gap can

be tuned from 1.5–2.3 eV by varying x in MAPb(Br  I )  . However, the band gap does not change linearly

indicating increased defect densities upon Br introduction. B-site dopants are reported to infer with the conduction

band. The replacement of lead with, for example, tin in MAPbI  widens the band gap . However, tin has also led

to instability because of oxidation to the IV oxidation state. A recent literature review of Zn doped MAPbI
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perovskite shows that generally the 3% doping leads to the most enhanced emission intensity and lifetimes,

creating PCEs between 18%–20% . The band gap for low concentrations like this remains virtually unchanged

, with valence bands shifting from −5.45 to −5.50 eV upon going from 0 to 10% Zn(II) doping. Conduction bands

shifting from −3.85 to −3.91 eV in the same doping range.

We believe that a perovskite paradigm shift is needed. The perovskite solar cell research field is in strong need of a

paradigm shift away from the prototypical reference material MAPbI  (methylammonium lead tri-iodide), towards a

new standard material in which MA is eliminated. Methylammonium is the weakest link in this field, as recently

reported by some of the top experts . We have to attempt to get this message across to all researchers in the

field. Still ~90% of the new papers on perovskite deal with MAPbI . If we look at recent records, there also is a

clear trend towards reducing the MA content (but so far it is not 100% eliminated) . A new reference material

could be formamidinium based, but not pure FAPbI  (formamidinium lead tri-iodide). Perhaps a composite material

with some bromide (~10%) Cesium and a lattice strain reducing dopant would be interesting options . A new

prototypical reference material for the perovskite solar cell research field is needed.

 

Figure 5. Band gap of MAPbI . The orbital contributions of Pb and I. Reproduced with permission from Chem.

Mater. 2016, 28, 4259–4266. Reference .

Table 1. The effects of doping on perovskite properties. Dopants are reported as the additive (= Add.), the content

(%) is the amount that improved photoluminescence or efficiencies the most, location of incorporation is given

when experimentally/computationally determined, property regulations are mostly experimentally measured, the
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V is given for the undoped and doped perovskite (ud = undoped, d = doped), together with the enhancement

factor (d/ud). The year is the year the article is published, reference is given.  marks a computational study. It has

to be noted that various device architectures and perovskite compositions are compared. The property regulation

and enhancement is however a generally observed effect.

OC 

1

Add. [%] Location Perovskite Property Regulation
V

(ud)

V

(d)

Enh.

d/ud

Year

(ref)

Alkali 5
A-site;

interstitial
MAPbI

Enlarge grain size;

enhance crystallinity

- - -

2018

 

Zn(II) 11 B-site CsSnI

Widen band gap (by 0.7

eV);

change shape CBM

- - -

2017

 

ZnI 1 B-site MAPbI Cl

Strain relaxation;

uniform crystals;

chemical bond

enhancement at B-X site

1.05 1.08 1.03

2018

 

ZnCl 3  MAPbI

Enlarged grains;

improved surface

morphology

1.05 1.09 1.04

2017

 

ZnI 1–2 B-Site FAPb Sn I p-type doping;

more chemically

homogenous grains

0.65 0.70 1.08 2019

OC OC

3
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ZnCl 0.1 B-site MAPbI Enlarged grain size 1.00 1.06 1.06

2018

 

CdI 5 B-site

CsMAFAPb

I Br

Strain relaxation;

suppressed vacancy

formations;

1.157 1.160 1.00

2018

 

PbCl 5 X-site

CsMAFAPb

I Br

Strain relaxation;

suppressed vacancy

formations;

increased band gap

1.157 1.160 1.00

2018

 

NaF 0.1 Surface

Cs FAMAPb

(I Br )

Chemical bond

enhancement;

increased grains;

suppressed vacancy

formations;

1.079 1.112 1.03

2019

 

Al-

acac
0.15 Surface MAPbI

Enlarged grain size;

enhanced crystallinity;

reduced defect density

1.01 1.06 1.05

2016

 

2 3
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