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Lead halide perovskites have proven to be a versatile class of visible light absorbers that allow rapid access to the long 

minority carrier lifetimes and diffusion lengths desirable for traditional single-junction photovoltaics. We explore the 

extent to which the attractive features of these semiconductors may be extended to include an intermediate density of 

states, for future application in multi-level solar energy conversion systems capable of exceeding the Shockley-Queisser 

limit. We computationally and experimentally explore the substitution of transition metals on the Pb site of MAPbX3 (MA = 

methylammonium, X = Br or Cl) to achieve a tunable density of states within the parent gap. Computational screening 

identified both Fe- and Co-substituted MAPbBr3 as promising absorbers with a mid-gap density of states, and the later 

films were synthesized via conventional solution-based processing techniques. First-principles density functional theory 

(DFT) calculations support the existence of mid-gap states upon Co incorporation and enhanced sub-gap absorption, which 

are consistent with UV-visible-NIR absorption spectroscopy. Strikingly, steady state and time-resolved PL studies reveal no 

sign of self-quenching for Co-substitution up to 25% , which suggest this class of materials to be a worthy candidate for 

future application in intermediate band photovoltaics.  

Introduction 

Lead halide perovskite semiconductors have been extensively 

studied for a variety of optoelectronic applications,1-2 including 

photovoltaics (PVs),3-9 photodetectors,10-12 and LEDs.13-17 There 

has been considerable interest in these materials due to their 

tunable optical properties, large absorption coefficients, 

excellent mobilities, long excited state lifetimes, low cost, and 

simple synthesis via solution-based deposition techniques by 

which most are commonly formed.1 Since the first report of 

these materials as light absorbers in single-junction 

photovoltaics in 2009,18 power conversion efficiencies 

exceeding 20% have been realized and rationalized owing to 

their excellent photophysical properties.19-20 

Intermediate band (IB) PVs are a class of multi-junction 

devices that have the theoretical potential to surpass the 

Shockley-Queissier limit for single p-n junction cells.21 IB PVs 

require an IB material sandwiched between two conventional 

(n- and p-type) semiconductors, which serve as selective 

contacts to the conduction band (CB) and valence band (VB), 

respectively. These PVs are designed to retain the high output 

voltages characteristic of large band gap semiconductors, 

while harvesting more energy from the available solar 

spectrum by absorbing pairs of sub-band gap photons to 

produce additional high-energy carriers. Only a handful of 

examples of materials that exhibit the properties necessary for 

IB PV operation have been reported to date.22-23 Thus far, GaAs 

is the most successful parent material owing to its excellent 

photophysical properties, to which perovskite halides have 

been compared, as well as the ability to form quantum wells 

with smaller gap. While the GaAs-quantum wells operate as IB 

PVs, the contribution to the photocurrent enabled by the 

intermediate band is meager, as it is limited by the achievable 

spatial density of the structurally strained quantum wells. The 

band gap of GaAs is also not ideal, as the optimal total band 

gap of an IB material has been calculated to be approximately 

2.0 eV, which is split by a mid-gap level into two sub-band gaps 

of approximately 0.7 eV and 1.3 eV (Fig. 1).22 In this 

arrangement, the maximum photovoltage is the difference 

between the quasi-Fermi levels (i.e. the electrochemical  

 

Fig. 1  (a) Idealized schematic energy level diagram illustrating the working 
principle of an IB PV. (b) Corresponding idealized absorption spectrum of an 
IB PV.  
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potentials of the electrons) in the CB and VB of the n- and p-

side electrodes (2.0 eV). 

We propose lead halide perovskites as potential candidates 

for IB PVs due to their outstanding photophysical properties, 

likely structural tolerance for metal substitution, and tunable 

band gap. Compared to conventional inorganic binary 

semiconductors like GaAs (band gap = 1.4 eV), a large 

compositional space has been identified for APbX3 perovskites 

(A = cations such as Cs+, methylammonium [MA], or 

formamidinium [FA] and X = Cl, Br, and/or I).1 We have 

identified MAPbBr3 as a promising parent material with nearly 

ideal parent band gap (~2.2 eV)24 and hypothesize that partial 

substitution of Pb for earth-abundant transition metals may 

provide stable mid-gap states with tunable energy level, while 

retaining many of the desirable optoelectronic attributes of 

the parent material.  

Recently, Andalibi et al. reported a theoretical study 

describing Hg doping into MAPbI3, creating a fully-occupied, 

narrow IB approximately 0.5 eV above the valence band 

maximum (VBM).25 In experimental studies, the only elements 

that have been substituted for Pb in APbX3 are in the same 

group IV, Sn26-31 and Ge,32-33 closely-related (periodic table 

neighbors) Bi,34-35 and transition metal Cu.36 These alternatives 

have garnered interest as a compromise in order to avoid the 

toxicity of Pb but at the expense of stability and device 

performance relative to their Pb-containing analogues.37-39 

Recently, Bi has also been utilized in conjunction with Ag to 

form the double perovskite Cs2AgIBiIIIBr6, which exhibits an 

encouraging photoluminescence lifetime, but retains a single 

gap, and only in single crystal form.40  

In order to screen the widest range of substitutional 

possibilities for Pb in APbX3, we have utilized computational 

high throughput screening with density functional theory (DFT) 

calculations to select promising substituents that might be 

incorporated into the hybrid perovskite halide framework. Our 

goals in this screening were to select substituents that will 

create a mid-bandgap density of states near the optimal 

energy for an intermediate band within the parent gap (1.3 eV 

from VBM or –0.7 eV from CB minimum [CBM]).41 The details 

of the high throughput computational screening approach will 

be the focus of a separate report. DFT screening of over 60 

elements for Pb-site substitution in the room temperature, 

cubic MAPbBr3 perovskite structure revealed that both Fe and 

Co, among others, may be expected to produce states within 

the parent gap.  

Here, we report the synthesis and characterization of Fe- 

and Co-substituted MAPbBr3-yCly (i.e. MAPb1-xFexBr3-yCly and 

MAPb1-xCoxBr3-yCly) thin films, prepared via one-step solution 

processing. Thin films are characterized by X-ray diffraction 

(XRD), UV-Vis absorption spectroscopy, and 

photoluminescence (PL) spectroscopy to understand both the 

structural and photophysical dependences on the transition 

metal substitution level (x). DFT calculations predict minimal 

structural changes and near-zero thermodynamic penalty with 

1/8 Fe or Co substitutions on the Pb site, indicating the 

feasibility of Fe and Co incorporation into the structural 

framework that is experimentally corroborated by XRD 

measurements. Electronic structure calculations further show 

Fe- and Co-induced deep levels in the band gap that results in 

sub-gap absorption, consistent with UV-Vis results for the Co-

substituted sample. Although predicted by computations, 

attempts to experimentally substitute with Fe did not produce 

sub-gap absorption. Finally, time-resolved photoluminescence 

reveals the potential for these materials in future IB PVs. The 

studies and findings reported here provide new insight into the 

development and implementation of perovskite halides for IB 

PVs. 

Results and discussion 

Thin film fabrication 

Thin films of Fe- and Co-substituted MAPbBr3-yCly (MAPb1-

xFexBr3-yCly and MAPb1-xCoxBr3-yCly, pictures of Co samples in 

Fig. S1) were prepared on either fused quartz (FQ) or fluorine-

doped tin oxide (FTO) by simple one-step spin coating, 

following a method adapted from previous reports (see 

Experimental section for complete details).42 Attempts to 

prepare Fe- or Co-substituted perovskite films via two-step 

deposition or adding solvents or other additives to single-step 

deposition did not result in any observable improvements in 

film morphology or grain size as compared to one-step 

deposition. Attempts were made to soak MAPbBr1-yCly films in 

FeBr2 or CoBr2 solutions in isopropanol in order to explore the 

ability for transition metal substitution to occur in pre-

fabricated films; however, in most cases, this resulted in 

destruction of the films.  

Initially, Fe- and Co-substituted films were only prepared 

by substituting the Br-only parent material, MAPbBr3. Cl was 

later introduced in order to better support Fe2+ and Co2+ ions 

in the perovskite framework, as Cl is expected to give a more 

desirable perovskite ‘tolerance factor’ and ‘octahedral 

factor’.43 The Goldschmidt tolerance factor (t) for an ABX3 

perovskite is calculated as shown in eqn (1). 

t = (rA + rX)/(21/2[rB + rx])       (1) 

Here, rA, rB, and rX are the ionic radii for the cation (A), metal 

(B), and halide (X) sites, respectively. The ‘octahedral factor’ 

(μ) is simply the ratio of the ionic radius of B and X atoms, and 

is calculated as shown in eqn (2). 

μ = rB/rX        (2) 

Together, the tolerance factor and octahedral factor have 

been established as widely accepted metrics for determining 

perovskite stability. Perovskite halides possess tolerance and 

octahedral factors in the ranges of 0.813 – 1.107 and 0.442 – 

0.895, respectively.43 In qualitative terms, as Fe2+ (rFe = 92 pm) 

and Co2+ (rCo = 90 pm) have a much smaller ionic radii than 

Pb2+ (rPb = 129 pm), one would expect smaller Cl– (rCl = 181 pm) 

to better support Fe2+ and Co2+ in the Pm-3m perovskite 

structure as compared to Br– (rBr = 196 pm). For Fe2+, t = 0.923 

and 0.935 and μ = 0.469 and 0.508 for Br– and Cl–, respectively. 

For Co2+, t = 0.930 and 0.942 and μ = 0.459 and 0.497 for Br– 

and Cl–, respectively. For both Fe2+ and Co2+, the octahedral 

factor for Br– yields a μ on the border of predicted stability for 

perovskite halides. 
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This prediction is borne out in films of the mixed Br/Cl 

perovskite that appear more uniform by optical microscopy 

and SEM than Br-only perovskites; however, both Br-only and 

mixed halide films possess a homogeneous structure, as 

evidenced by X-ray diffraction (XRD) studies (vide infra). 

Additionally, all films displayed relatively uniform distributions 

of Fe2+/Co2+, Pb2+, and Br–/Cl–, both in the cross section of the 

films (see GDOES, Fig. S2 and S3) and across the planar 

direction of the films (see EDX maps, Fig. S4. We note that the 

exact stoichiometry of the films is difficult to determine. The 

relative ratios of the inorganic cations (Pb and Fe/Co) and the 

halides (Br and Cl) refer to the ratios of the precursors in 

solution prior to spin coating. It is possible that the final 

stoichiometry of each film is slightly different than the nominal 

values. 

 

Structural prediction and characterization 

DFT calculations predict that 1/8 Co and Fe substitution for Pb 

in MAPbBr3 and MAPbBr3-yCly will not change the lattice 

constant appreciably, as summarized in Table 1. Using PBE, the 

optimized lattice constant of MAPbBr3 is 6.065 Å with an 

insignificant change in lattice constant (Δlat = -0.05% and -

0.13 % for Co and Fe, respectively) to 6.062 and 6.057 Å upon 

Co and Fe substitution (MAPb0.87Co0.13Br3 and 

MAPb0.87Fe0.13Br3), respectively. Comparing calculations 

performed with and without spin-orbit coupling, the difference 

in lattice parameters changes upon doping is of order 0.1%. 

For Co, the lattice constant is also largely insensitive to the U 

value selected. U values of 3 and 7 eV result in lattice 

constants of 6.057 Å  (Δlat = -0.13 %) and 6.059 Å  (Δlat = -

0.10 %), respectively. Similar behavior is also observed for 

MAPbBr1.5Cl1.5, which has a smaller lattice constant than 

MAPbBr3. In all calculations, the change of the lattice constant 

upon Co/Fe substitution is less than 0.3%, which will be shown 

to be consistent with experimental findings below. 

Table 1  Optimized lattice constant of MAPb1-xMxBr3-yCly  (M = Co, Fe) from 
DFT calculations. 

Material U for M 3d 

(eV) 

Lattice constant 

(Å) 

Change in lattice 

constant  Δlat  (%) 

MAPbBr3 N/A 6.065  

MAPb0.87Co0.13Br3 0 6.062 -0.05 

 3 6.057 -0.13 

 7 6.059 -0.10 

MAPb0.87Fe0.13Br3 0 6.057 -0.13 

MAPbBr1.5Cl1.5 N/A 5.933  

MAPb0.87Co0.13Br1.

5Cl1.5 

0 5.916 -0.29 

 3 5.922 -0.19 

 7 5.915 -0.30 
 

All levels of Fe and Co substitution studied (x = 0.13 to 0.25 

for Fe and x = 0.13 to 0.5 for Co) result in films that exhibit the 

anticipated room temperature cubic perovskite structure, Pm-

3m, as evidence by XRD patterns in Fig. 2 and S5. For these 

experimental conditions, the observed reflections for each film 

match that of the MAPbBr3 parent material (Fig. 2a and S5). 

We find no evidence for free PbBr2/PbCl2 or FeBr2/CoBr2 for 

substitution levels from x = 0.13 to 0.5 (Fig. S6). Crystallinity of 

the films decreases considerably at substitution levels above x 

= 0.25, and thus, for simplicity, we have only included levels of 

Co substitution of x = 0.13 and 0.25 in these studies. As a 

control, we prepared a film consisting of a 1:1 ratio of CoBr2 

and MABr (i.e. substitution level of x = 1, no Pb), and this film 

no longer possesses the Pm-3m structure of room 

temperature MAPbBr3 (Fig. S7). Fe substitution did not result 

in a sub-gap absorption feature (vide infra), and therefore, 

these films were not studied in further detail. 

The lattice parameters and unit cell volume, deduced from 

the (100) reflection in XRD, for the set of MAPb1-xCoxBr3-yCly 

films varies from a = b = c = 5.884(1) – 5.806(1) Å and V = 

203.7(1) – 195.7(1) Å3 (x = 0, y = 0 to x = 0, y = 1.5, 

respectively). As has been previously discussed,26, 44 the unit 

cell dimensions of perovskite halides are primarily dictated by 

the composition of halides and/or organic cations.45 This effect 

is also observed for our MAPb1-xCoxBr3-yCly films, where 2θ 

increases with increasing y/3 (Cl fraction) (Fig. 2c). Consistent 

with DFT calculations, incorporation of Co2+ into the perovskite 

framework does not significantly change the dimensions of the 

unit cell. For mixed Sn/Pb perovskite halides, similar results 

were observed: the lattice parameter a changed from only 

8.929 to 8.930 Å for MAPbI3 and MASn0.25Pb0.75I3, respectively, 

despite a large decrease in ionic radius (although less drastic, 

rSn = 118 pm).26-27 For the Br-only perovskites, the lattice 

parameter and unit cell volume ranged from a = b = c = 

5.884(1), 5.888(1), 5.888(1) Å and V = 203.7(1), 204.1(1), 

204.1(1) Å3 for Co concentrations of x = 0, x = 0.13, and x = 

0.25, respectively. Indeed, our studies further support that the 

unit cell dimensions of perovskite halides, if the phase does 

form, are primarily dictated by the nature of the halides 

and/or organic cations and are little affected by the nature of 

the inorganic B cation.  

To compare crystallinity between samples, we calculated 

the full width at half maximum (FWHM) at the (200) reflection 

(see Fig. 2b) for each film. Others have utilized the Scherrer 

equation to quantify an average crystallite size for perovskite 

halides.46-49 However, due to its dependence on film thickness, 

potential peak broadening due to crystal defects/strain, and 

the finite energy resolution of most lab X-ray sources, we 

believe that further interpretation beyond FWHM is 

premature, and therefore, we chose not to analyze our films 

with the Scherrer equation. As shown in Fig. 2d, FWHM 

increases (i.e. “crystallinity” decreases) with increasing Cl– 

content y/3. This effect is unexpected, as we hypothesized that 

incorporating Cl– would form a more stable Pm-3m structure 

with Co2+, as determined by the tolerance and octahedral 

factors (vide supra). We note that this analysis is not 

quantitative and should be used solely for comparing general 

“crystallinity” between films in this study. 

 

First principles thermodynamics 
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The thermodynamics of Co and Fe substitution is investigated 

using DFT energies of MAPbBr3 and MAPb0.87M0.13Br3 (M = Co 

or Fe). The formation energy for M incorporation, calculated 

against binary bromide formation, is shown in eqn (3). 

 

  

 (3) 

 

Here, kB is the Boltzmann constant, x is 1/8, and T is growth 

temperature (100 °C). The values of ∆E, under different 

applied Hubbard U corrections for the Co d electrons, are 

shown in Table 2. For Co, the values of Δvvare either similar or 

less than kBT at growth temperature (0.032 eV), or negative, 

indicating thermodynamic feasibility for Co incorporation into 

the MAPbBr3 framework. Similar calculations were performed 

to investigate the thermodynamics of Co substitution in 

MAPbBr1.5Cl1.5, and the calculated values of ∆E are similar to 

those in MAPbBr3. The formation energy, ∆E, for Fe 

incorporation in MAPbBr3 is 47 meV (U = 0 eV), slightly higher 

as compared to Co incorporation, indicating that the Fe 

incorporation is less favored. 

Table 2  Formation energy ∆E for incorporation of M (M = Co, Fe) from DFT 
calculations. 

Host material M U for M 3d (eV) ∆E (eV) 

MAPbBr3 Co 0 0.036 

  3 0.039 

  7 -0.087 

 Fe 0 0.047 

MAPbBr1.5Cl1.5 Co 0 0.039 

  3 0.040 

  7 -0.100 

MAPbBr3 Co 0 0.036 

  3 0.039 
 

Electronic structure and optical properties 

Reflectance-corrected, steady state absorption spectra were 

obtained for the Fe- and Co-substituted MAPb1-xFexBr3-yCly and 

MAPb1-xCoxBr3-yCly films (Fig. 3a and S8). Fe substitution did 

not result in a sub-gap absorption feature (see Fig. S8), and 

therefore, these films were not further examined. For each Co-

substituted film, the absorption spectrum shows a sharp band 

 

 

 
Fig. 2  (a) XRD patterns of MAPb1-xCoxBr3-yCly films. (b) Zoomed in region of the (200) XRD peak. (c) Reflection angle of the (200) XRD peak as a function of y/3 

(Cl fraction) across all Co substitution levels. (d) FWHM of (200) XRD peak with increasing y/3. The lines are best linear fits to the data. 
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edge and excitonic peak that is characteristic of MAPbBr3 thin 

films. Band gaps extracted from Tauc plots display values of 

2.27, 2.29, and 2.31 eV for MAPb1-xCoxBr3 (x = 0, 0.13, 0.25, 

respectively; see Fig. S9). The band gaps of the other MAPb1-

xCoxBr1-yCly films corresponding to the absorption spectra 

shown in Fig. 3a are listed in Table S1. In addition to the band 

edge, Co-substituted samples display an additional sub-band 

gap absorption feature between 1.65 – 2.0 eV. This feature is 

made up of at least four closely spaced peaks and becomes 

broader with a shift to slightly higher energy in the Cl-

containing films. The multiplet centered at ~1.8 eV is 

characteristic of CoBr2 in a Br-rich environment, commonly 

represented as either [CoBr4]2– or [CoBr6]4–.50-51 For 

comparison, this feature is also present in a control sample of 

CoBr2 and MABr (no Pb, x = 1; see Fig. S10). However, the 

observation of a shift of this Co-related absorption in the Cl-

containing films, as well as shift in band gap of the 

MAPbBr1.5Cl1.5 film, in addition to a reduction in parent 

absorption intensity upon adding CoBr2, provide strong 

evidence that Co is chemically incorporated into the perovskite 

structure. This proportional change in maximum absorption 

 

 
Fig. 3  (a) Absorption spectra and (b) normalized PL spectra of MAPb1-

xCoxBr3-yCly thin films. 

coefficient for both the parent perovskite band gap and the 

Co-based mid-gap states as a function of the amount of Co 

substitution is shown in Fig. S11. We observed no evidence for 

segregated states – such as Br- or Cl-phase separation – from 

the absorption spectra, in agreement with XRD. A second, 

even lower energy absorption is expected in the case of an IB 

material with ideal electronic doping in which the Fermi level 

lies within the IB (see Fig. 1). However, an additional 

absorption feature is not observed in the expected range from 

0.5 – 0.7 eV upon UV-vis-NIR spectroscopy study out to 2500 

nm (~0.5 eV). Therefore, we conclude that the mid-gap density 

of states are unfilled at the current electronic doping level, 

which is too small to measure with our Hall Measurement 

System (less than 1016 cm–3) in both un- and Co-substituted 

thin films. 

The DFT-computed electronic densities of states and 

absorption coefficient for MAPbBr3, MAPb0.87Co0.13Br3, 

MAPbBr1.5Cl1.5, and MAPb0.87Co0.13Br1.5Cl1.5 are in reasonable 

agreement with those derived from experiment (see Fig. 4, 5, 

and S12). We find that PBE and PBE+U approximations both 

predict mid-gap states. The positions of the mid-gap states and 

the intensity of sub-gap absorption vary slightly with the value 

of U (Fig. 4, 5, S13, S14, and S15). In the DFT (PBE) calculation 

of MAPb0.87Co0.13Br3, there are three empty mid-gap states and 

two occupied levels in the parent band gap for the majority 

spin whereas there is no gap state for the minority spin (Fig. 

S13). Because of the mid-gap states, the absorption at 

relatively low energy is enhanced as compared to pure 

MAPbBr3 and MAPbBr1.5Cl1.5. In the PBE+U calculations, on-site 

Coulomb potential increases (decreases) the position of the 

unoccupied (occupied) gap states. As a result, the occupied 

levels are all below the valence band maximum with U = 3 eV; 

however, three unoccupied levels remain in the band gap, as  

 

Fig. 4  Calculated electronic structure of (a) MAPbBr3 and (b) 
MAPb0.87Co0.13Br3. In the calculations, a Hubbard U of 3 eV is used for Co d 
orbitals. The dashed horizontal lines represent the band edges of pure 
MAPbBr3 estimated by the N 2s semicore level as reference in the 
calculations. The density of states of the Co-substituted system is broader 
than that of the pure system. 
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shown in Fig. 4. The mid-gap states are mainly composed of Co 

d orbitals, with a small amount of mixing from the Br p 

orbitals. As the unoccupied levels increase in energy with 

increasing U, photon transition energy is also increased, 

resulting in the reduced absorption at energy below the band 

gap (Fig. 5a and S15). When a strong Coulomb potential of U = 

7 eV is applied, the unoccupied levels becomes even higher 

than the conduction band minimum (Fig. S14), showing no 

extra gain in absorption at the lower energy, in contrast to the 

experiments. This indicates that U = 7 eV is too strong to 

model Co alloyed hybrid perovskites; we suggest the 

calculations without U (U = 0 eV) and with U = 3 eV to be 

regarded as bounds. In order to circumvent the errors often 

involved in predicting the energy eigenvalues of unoccupied 

states, we also calculated the energy gap of MAPbBr3 and 

MAPb0.87Co0.13Br3 using the DFT total energy approach ∆-sol52 

based on the principles of ∆SCF. We verify that this approach 

reproduces the measured intermediate band energy level for 

 

 
Fig. 5  (a) Calculated absorption coefficient of MAPb0.87Co0.13Br3 with U 

values (for Co 3d orbitals) of 0 (red), 3 (orange), and 7 eV (yellow) as 
compared to the calculated absorption coefficient of MAPbBr3 (black). The 
calculated band gaps are indicated with vertical dotted lines. (b) Change in 
absorption coefficient (Δα) of MAPb0.87Co0.13Br3 from MAPbBr3 for 
experimental (black) and computations (red, U = 3 eV). 

Mn in GaAs53 (See Experimental Section for more details). The 

lowest intermediate band with respect to the VBM of 

MAPb0.87Co0.13Br3 is calculated as 1.78 and 1.80 eV using U = 0 

and 3 eV, respectively. These values are clearly smaller than 

the energy gap of MAPbBr3, 2.24 eV, indicating that the Co 

induced states are in the band gap. The ∆-sol prediction of the 

position of the lowest state within the gap is also largely 

independent of the value of U. 

We find that Co incorporation also induces mid-gap states 

in the band gap of MAPb0.87Co0.13Br1.5Cl1.5. Similar to the 

bromide-only sample, three induced, unoccupied bands 

increase in energy as the U value increases, and thus, the extra 

absorption by Co incorporation is shifted to higher energy (Fig. 

S12 and S16). In contrast to Co substitution, computationally 

predicted mid-gap states for the Fe-substituted material, 

MAPb0.87Fe0.13Br3, were not observed experimentally (Fig. S17 

and S18). The fact that predicted intermediate bands for Fe 

were not observed may stem from an error in the position of 

these bands due to the uncertainty in describing the on-site 

Coulomb interaction, and/or the lack of Fe incorporation in the 

perovskite crystal structure due to less favorable 

thermodynamics as compared to Co. This matter is subject to 

further investigation. 

The calculated band gap of MAPbBr3 and MAPbBr1.5Cl1.5 are 

1.98 and 2.27 eV, respectively. As the band gap is increased by 

0.3 eV with the introduction of Cl, the absorption spectra are 

also shifted to higher energy. In addition, we find that Co 

substitution increases the energy of the parent gap in the 

bromide-only and mixed halide compounds by 0.18 eV and 

0.03 eV, to 2.16 and 2.30 eV, respectively, when U = 3 eV is 

applied. An increase in parent gap with Co-doping is also 

observed in experimental UV-Vis and PL measurements of 

MAPbBr3-based samples (Fig. 3). The density of states at the 

bottom of the conduction band increases with Co 

incorporation, leading to increasing absorption above the band 

gap (2.1-2.6 eV in Fig. 5a). For better comparison with 

experimental results, difference plots of absorption 

coefficients between Co-substituted and pure (unsubstituted) 

systems are shown in Fig. 5b, S15, S16, and S19. 

We note that the DFT electronic structure calculations 

presented have been performed without spin-orbit coupling 

(SOC). While SOC is important for Pb,54 PBE+SOC largely 

underestimates the band gap by more than 1 eV due to typical 

DFT band gap errors with local and semilocal functionals.52 We 

also find that SOC does not change the positions of the mid-

gap states with respect to N semicore level.  

When U = 3 eV is applied, the occupied Co levels are at 

least 2.5 eV lower than the lowest unoccupied level in the 

band gap, indicating that on-site optical transitions with sub-

band gap photons are not possible. On the other hand, if U is 

not applied, d-d transitions are possible from 0.65 eV to 1.31 

eV; however, these transitions are calculated to be weak. 

These experimental and computational findings improve 

upon the work of Andalibi et al., which reports the computed 

electronic structure of Hg-doped MAPbI3 (band gap = 1.5~1.6 

eV).25 We note that this study differs in the perovskite system 

under investigation and reports only on a computational 
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modeling by DFT. Our study differs substantially in its 

investigation of substituting 3d transition metals with open 

shells in MAPbBr3. The Hg-induced IB has no s or p orbital 

character, indicating that it has mainly d and/or f orbital 

characters. The full d shell of Hg is more likely to be filled and 

therefore not as effective as an IB, compared to those 

introduced by the 3d dopants in the current study. 

All of the Br-only perovskite films display intense steady 

state PL, which shifts to slightly higher energy upon 

substitution with Co (Fig. 3b and S20). This is perhaps the 

strongest evidence that Co must be substituting for Pb in the 

perovskite halide, as opposed to a mixed phase.  The PL peak is 

centered at 2.30, 2.32, and 2.33 eV for MAPb1-xCoxBr3 x = 0, 

0.13, and 0.25, respectively (Fig. 3b and Table S1). The increase 

in band gap is consistent with prediction, although of a smaller 

magnitude. These intense steady state PL measurements 

further suggest that the long excited state lifetimes that allow 

for radiative relaxation in the parent material may be largely 

preserved in the new alloy (vide infra). Cl incorporation 

significantly diminishes PL intensity. There are contradictory 

studies in the literature on the effect of Cl incorporation on 

photoluminescence properties. Yan et al. conclude that Cl 

incorporation decreases PL intensity (as we observed), but can 

enhance PL intensity in a high MABr concentration 

environment.55 Zhang et al. conclude that Cl incorporation 

increases PL intensity; however, the significant enhancements 

are only observed for relatively low Cl stoichiometry (y < 1.2).56 

The PL peaks for mixed Br/Cl perovskite films are shifted to 

higher energy, consistent with the shift in band gap. The PL 

peak is centered at 2.52, 2.50, and 2.48 eV for MAPbBr1.5Cl1.5, 

MAPb0.87Co0.13Br1.63Cl1.37, and MAPb0.75Co0.25Br1.75Cl1.25, 

respectively (Fig. 3b and Table S1). For each set of films shown 

in Fig. 3b, substitution of Co for Pb in the perovskite 

framework results in increased PL intensity over the parent 

material (Fig. S20). Additionally, no PL features were observed 

for any films in the range of 1.6 – 2.0 eV, where we might 

expect to observe features from the Co-related mid-gap states. 

This suggests that, in its current state, the mid-gap states are 

inaccessible via relaxation from parent perovskite PL. No PL 

was observed for the films upon excitation with 1.6 – 1.9 eV 

light (energy equivalent to the Co-related mid-gap absorption, 

see Fig. 3a). 

To determine the effect that Co substitution has on 

photoexcited carrier lifetimes, we obtained time-resolved PL 

data (Fig. 6). For each film studied, the PL intensity displays a 

decay that was sufficiently modeled by a two-component 

exponential (Fig. S21 and Table S2). For the Br-only containing 

perovskites, the first component possesses a lifetime of τ1 = 

~10 ns, and the second component possesses a lifetime of τ2 = 

~26 ns. Substitution with Co did not have a significant effect on 

either of these lifetimes for the Br-only films (Fig. 6a). For 

applications in IB PVs, it’s important to retain the long-lived 

photoexcited state lifetimes inherent of perovskite films, and 

therefore, this result demonstrates promise for creating 

quality IB materials from the Co-substituted films if the 

occupation of the Co-based mid-gap states can be tuned. 

Mixed Br/Cl perovskites containing Co possess nearly a  

 

 
Fig. 6  Time-resolved PL of (a) Br-only (y = 0) films revealing very little 

dependence on x, and (b) the halogen dependence on equally Co-

substituted (x = 0.25) films revealing a significant dependence on the Br/Cl 

ratio. 

magnitude higher PL lifetime than Br-only films with an 

equivalent about of Co (τ2 = 27.5 and 206 ns for 

MAPb0.75Co0.25Br3 and MAPb0.75Co0.25Br1.75Cl1.25, respectively, 

Fig. 6b). Large-grain MAPbBr3 films typically display lifetimes 

on the order of 100–200 ns;57 however, multiple studies have 

reported similar values to the lifetimes we observe.40, 55 

Although our observed lifetime for MAPbBr3 is slightly lower 

than some reports, the films are sufficient for direct 

comparison with Co-substituted samples. Our mixed Br/Cl 

perovskite films possess lifetimes in even better agreement 

with literature values for high-quality mixed halide films.56 The 

increase in lifetime with Cl incorporation in our films is also 

consistent with previous reports.56 

Experimental 

Thin film fabrication 

Thin films of Fe- and Co-substituted MAPb1-xBr3-yCly were 

prepared by simple one-step solution spin coating, following a 
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method adapted from previous reports.42 In each case, the 

appropriate ratio of 0.25 M MABr, MACl, PbBr2, PbCl2, FeBr2, 

and/or CoBr2 was heated in dimethylformamide (DMF) at 100 

°C for 4 hrs. An approximate 3% excess of MABr/MACl was 

added to each solution to ensure all PbBr2/PbCl2 was 

converted to perovskite. The appropriate substrate (fused 

quartz [FQ] or fluorine-doped tin oxide [FTO]) was pre-cleaned 

with a 10 min UV/ozone treatment and was then heated at 

100 °C for 30 min before spin coating. Immediately before spin 

coating, the precursor solution was filtered and dropped onto 

the substrate. Films were spun at 2000 rpm for 30 sec followed 

by immediate annealing at 100 °C for 30 min. Films were 

stored in a dry, nitrogen-filled glovebox until further use. 

Sample thicknesses were measured using an Ambios 

Technology XP-1 stylus profilometer. The resulting films were 

typically between 200–300 nm thick by profilometry. 

 

Characterization 

XRD measurements were performed with a Bruker D2 Phaser 

diffractometer with Cu Kα radiation. The scan range for 2θ was 

between 10 and 50° with a 0.01° step size and a time per scan 

of 0.05 s. Peak splitting observed in Fig. 2 is due to the XRD 

instrument not having a monochromator to filter out Cu Kβ 

irradiation. Therefore, both Cu Kα and Kβ irradiation are 

present in our XRD experiments, which cause the 

shoulders/doublets observed in Fig. 2. As such, we have no 

reason to believe these features are due to a secondary phase 

or any other materials characteristic. XRD patterns obtained 

on a different tool demonstrate the lack of shoulders/doublets 

(see Fig. S22). Glow discharge optical emission spectroscopy 

(GDOES) was performed with a Horiba GD-Profiler 2 

spectrometer. Scanning electron microscopy (SEM) images 

were collected on a Hitachi S4700-II equipped with an energy 

dispersive X-ray (EDX) detector for elemental analysis. Optical 

absorption spectra were measured using a Varian Cary 5000 

UV-Vis-NIR spectrophotometer equipped with an integrating 

sphere diffuse reflectance accessory. Absorption coefficients 

were calculated by correcting for the absorbance of the 

substrate, reflectance of the film, and the thickness of the film. 

Both steady state PL emission spectra and time-resolved PL, 

measured at the Center for Nanoscale Materials at Argonne 

National Laboratory, were obtained using a 405 nm, 35 ps 

pulse width diode laser operated at 1 MHz. PL signals were 

collected with a 75 mm focal length lens, passed through a 435 

nm long pass filter, and directed onto a 0.3 m focal length 

spectrograph. Static PL spectra were collected with a cooled 

CCD, and time-resolved PL dynamics were recorded using an 

avalanche photodiode and time-correlated single photon 

counting electronics at specified emission wavelengths. Time 

constants for time-resolved PL were obtained by fitting PL 

decays to a bi-exponential function (I = A1 exp(-t/τ1) + A2 exp(-

t/τ2)) in Origin. 

 

First principles modeling 

To investigate the optoelectronic property of MAPb1-xCoxBr3, 

calculations were performed within the density functional 

theory (DFT) framework by using the generalized gradient 

approximation (GGA) parameterized by Perdew, Burke, and 

Ernzerhof (PBE) for the exchange correlation potential.58 The 

projector-augmented wave (PAW) potentials were used,59 as 

implemented in the VASP code.60 The wavefunctions were 

expanded in plane waves with an energy cutoff of 500 eV. The 

atomic structures were fully relaxed until the residual forces 

were less than 0.03 eV/Å. Substitutional calculations were 

performed using 2×2×2 supercells of MAPbBr3, containing 96 

atoms. For metal substitution calculations, one of the eight Pb 

atoms in the supercell was replaced with Fe or Co. For mixed 

Br/Cl calculations, a special quasi-random structure61 was 

produced for the 96-atom supercell to model a solid solution 

on the anion site. Calculations were performed both with and 

without spin-orbit coupling. Absorption coefficients were 

calculated from the frequency-dependent dielectric function, 

obtained from summation over empty states.62 We also note 

that advanced methods such as Bethe Salpeter Equation (BSE) 

calculations can be attempted to obtain more accurate 

absorption coefficients. For the relaxation and dielectric 

function calculations of the unit cell, 6×6×6 and 8×8×8 

Monkhorst-Pack meshes were used for Brillouin zone 

integration, respectively. For the Brillouin zone integration of 

the supercell, 3×3×3 and 4×4×4 Monkhorst-Pack meshes were 

used, respectively. 

Generally speaking, transition metal d bands are not 

accurately calculated in GGA calculations, and thus the effects 

of on-site Coulomb correlation, which has been described by a 

Hubbard-like (U) term, was examined. The implementation of 

Dudarev for the Hubbard U correction was used.63 While the 

values of U for oxides have been calibrated to reproduce 

reaction energies derived from experimental enthalpies of 

formation,64 experimental data available for 

bromides/chlorides are insufficient for this purpose. However, 

the appropriate value of U for Co oxides to reproduce reaction 

energies have been found to be 3.3-3.5 eV,64-65 and one 

expects the appropriate U values for chlorides and bromides to 

be lower than those for oxides. Our calculations for Co 

fluorides, CoF2 and CoF3, show that a U value which 

reproduces the CoF2 + ½ F2 ↔ CoF3 reaction energy is in the 

range of 0.3~2 eV, indicating that the U value to reproduce 

energetic information for Co-bromides/chlorides is smaller 

than that for Co-oxides. On the other hand, we found that 

using U = 7 eV reproduces the optical absorption properties of 

CoBr2, and in general the U values required to reproduce 

electronic structure properties at the single-particle level tend 

to be higher than those required to reproduce reaction 

energies.66 Therefore, we performed the DFT+U calculations 

with U = 0, 3, and 7 eV. We acknowledge that Co2+ is a d7 

transition metal and, since it resides in an octahedral 

environment in the perovskite lattice, is Jahn-Teller active.67 

Our calculations indicate that the high-spin states of these 

transition metals are energetically favored (0.66 eV and 1.55 

eV lower per transition metal atom for Co2+ and Fe2+, 

respectively) over the corresponding low-spin states. With a 

high-spin configuration, Co atoms are displaced from their 

ideal position, resulting in four shorter Co–Br bonds (~2.43 Å) 
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and two longer Co–Br bonds (~4.07 Å). Due to the local 

environment becoming more tetrahedral in character, there 

are two occupied levels and three unoccupied levels for the 

majority spin, as shown in Fig. 4. On the other hand, in the Fe 

substituted case, the lengthened and the shortened Fe–Br 

bonds are approximately 3.54 Å and 2.49 Å, respectively, 

indicating that the distortion of the Fe octahedra is smaller. 

In order to calibrate the accuracy of DFT calculations for 

intermediate band levels, we performed DFT and DFT+U 

calculations (U = 0, 3 and 6 eV) to deduce position of the Mn 

level in MnxGaAs. We found that both DFT and DFT+U predicts 

the Mn-derived impurity band above the GaAs VBM, at 0.32, 

0.22, and 0.19 eV for U = 0, 3 and 6 eV, respectively, compared 

to the experimental value of 0.14 eV. In addition to 

considering the Kohn Sham eigenvalues corresponding to the 

Mn level, we also use the total energy approach ∆-sol52 in 

which the fundamental gap is calculated from E(N+1) + E(N-1) 

– 2E(N), where E(N) is the DFT total energy of a system with N 

electrons. Here, N is chosen to be the number of valence 

electrons in the 2×2×2 supercell. We find that the ∆-sol value 

of the energy gap between the Mn level and VBM of MnxGa1-

xAs is 0.26, 0.21, and 0.19 for U = 0, 3 and 6 eV, respectively, 

compared to the experimental value of 0.18 eV. Though far 

from a general proof, these results indicate that DFT and 

DFT+U calculations of intermediate band levels for a transition 

metal dopant in semiconductor are reasonably accurate using 

the ∆-sol approach, which also shows weak dependence on 

the value of U. 

Conclusions 

The substitution of transition metals for Pb in ABX3 hybrid 

perovskite halides was undertaken computationally and 

experimentally. DFT calculations predict a significant density of 

states may be generated between the parent compound 

valence band maximum and conduction band minimum with 

appropriate transition metal substitution – here Co and Fe. We 

find striking experimental evidence for Co incorporation of up 

to 25% of Pb sites with only small changes to crystal structure, 

lattice constants, or radiative recombination rate. Steady state 

absorption spectroscopy reveals a new apparently unfilled 

density of states that we hypothesize to be closer to the 

parent conduction band. As such, the substitutional alloy 

represents a promising new perovskite material with an 

additional mid-gap absorption, with potential application as a 

future IB absorber. Although proper IB principles require the IB 

to be half-filled, with further investigation into means of 

tuning the occupancy of the Co-related mid-gap states, a 

material may be realized suitable for use in an IB solar cell. 

Future studies should focus on moving the Fermi level into the 

intermediate band in order to achieve the second ground state 

sub-gap absorption required for efficient IB PV operation. 

These findings will be fundamental in the future design and 

implementation of perovskite materials as IB PVs, with the 

ultimate goal of attaining a single material capable of 

surpassing the Shockley-Queissier limit for single junction cells. 
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Cobalt substituted MAPbBr3 films are a novel perovskite material with tunable mid-

gap density of states providing promise for IB photovoltaics.  
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Figure S1. Photograph of MAPb1-xCoxBr3-yCly thin films on FQ. 
 

 
Figure S2. Glow discharge optical emission spectroscopy (GDOES) of (a) MAPbBr3 and (b) 
MAPb0.75Co0.25Br3 thin films. The signals for oxygen and hydrogen have been omitted for 
clarity. 
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Figure S3. Glow discharge optical emission spectroscopy (GDOES) of (a) MAPbBr1.5Cl1.5 
and (b) MAPb0.75Co0.25Br1.75Cl1.25 thin films. The signals for oxygen and hydrogen have been 
omitted for clarity. 
 

 
Figure S4. EDX elemental mapping of (a) MAPbBr3 and (b) MAPb0.87Co0.13Br3 thin films 
under the same data acquisition parameters. Green = Br, red = Pb, and blue = Co. 
 

 
Figure S5. XRD patterns of MAPbBr3 (black) and Fe-substituted MAPb0.87Fe0.25Br3 (red) thin 
films. 
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Figure S6. Predicted XRD patterns for PbBr2 (red) and CoBr2 (blue), with the XRD pattern 
for a MAPb0.75Co0.25Br3 (black) thin film shown for comparison. 
 

 
Figure S7. XRD pattern of a control film consisting of a 1:1 ratio of CoBr2 to MABr (blue), 
with XRD patterns for MAPbBr3 (black) and MAPb0.75Co0.25Br3 (red) thin films shown for 
comparison. 
 

 
Figure S8. Absorption spectra of MAPbBr3 (black), MAPb0.87Fe0.13Br3 (red), and 
MAPb0.75Fe0.25Br3 (blue) thin films, showing no mid-band gap absorption. 
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Figure S9. Tauc plots of the band gap for MAPb1-xCoxBr3-yCly thin films on FQ. 
 

 
Figure S10. Absorption spectrum of a control film consisting of a 1:1 ratio of CoBr2 to MABr 
(blue), with the absorption spectra for MAPbBr3 (black) and MAPb0.75Co0.25Br3 (red) thin 
films shown for comparison. 
 

 
Figure S11. Peak absorption coefficient (α) for the parent gap (left axis) and Co-based mid-
gap states (right axis) as a function of the amount of Co in the substituted film (x) for MAPb1-

xCoxBr1-yCly. Linear fits of the data are shown to indicate trends. 
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Figure S12. Calculated absorption coefficient of MAPb0.87Co0.13Br1.5Cl1.5 with U values (for 
Co 3d orbitals) of 0 (red), 3 (orange), and 7 eV (yellow) as compared to the calculated 
absorption coefficient of MAPbBr1.5Cl1.5 (black). The calculated band gaps are indicated with 
vertical dotted lines. 
 

 
Figure S13. Calculated electronic structure of (a) MAPbBr3 and (b) MAPb0.87Co0.13Br3 with a 
Hubbard U = 0 eV used for Co d orbitals. The dashed horizontal lines represent the band 
edges of pure MAPbBr3 estimated by N core level as reference in the calculations.  
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Figure S14. Calculated electronic structure of (a) MAPbBr3 and (b) MAPb0.87Co0.13Br3 with a 
Hubbard U = 7 eV used for Co d orbitals. The dashed horizontal lines represent the band 
edges of pure MAPbBr3 estimated by N core level as reference in the calculations. 
 

 
Figure S15. Change in absorption coefficient (Δα) of MAPb0.87Co0.13Br3 from MAPbBr3 for 
U values (for Co 3d orbitals) of 0 (black), 3 (red), and 7 eV (blue). 
 

 
Figure S16. Change in absorption coefficient (Δα) of MAPb0.87Co0.13Br1.5Cl1.5 from 
MAPbBr1.5Cl1.5  for U values (for Co 3d orbitals) of 0 (black), 3 (red), and 7 eV (blue).  
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Figure S17. Calculated electronic structure of (a) MAPbBr3 and (b) MAPb0.87Fe0.13Br3 with a 
Hubbard U = 0 eV used for Fe d orbitals. The dashed horizontal lines represent the band 
edges of pure MAPbBr3 estimated by N core level as reference in the calculations.  
 

 
Figure S18. Calculated absorption coefficient of MAPb0.87Fe0.13Br3 with a Hubbard U = 0 eV 
used for Fe d orbitals (red) as compared to the calculated absorption coefficient of MAPbBr3 
(black). 
 

 
Figure S19. Change in absorption coefficient (Δα) of MAPb0.87Co0.13Br1.5Cl1.5 from 
MAPbBr1.5Cl1.5 for experimental (black) and computations (red, U = 3 eV). The experimental 
difference plot has a Br and Cl content of Br1.63Cl1.37. 

Page 21 of 23 Journal of Materials Chemistry A



  

8 
 

 
Figure S20. Non-normalized steady state PL spectra of of MAPb1-xCoxBr3-yCly thin films. 
The spectrum of a control film consisting of a 1:1 ratio of CoBr2 to MABr is shown in purple. 
 

 
Figure S21. Exponential fits for the time-resolved PL data shown in Figure 4. 
 

 
Figure S22. XRD pattern for MAPbBr3 (black) and MAPb0.75Co0.25Br3 (red) thin films taken 
with a diffractometer containing a monochromator to filter out Cu Kβ irradiation. Inset shows 
zoomed (200) peaks. 
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Table S1. Band gaps extracted from Tauc plots and PL peaks. 
MAPb1-xCoxBr1-yCly Band Gap (eV) PL peak (eV) 
x = 0, y = 0 2.27 2.30 
x = 0.13, y = 0 2.29 2.32 
x = 0.25, y = 0 2.31 2.33 
x = 0, y = 1.5 2.40 2.52 
x = 0.13, y = 1.37 2.37 2.50 
x = 0.25, y = 1.25 2.35 2.48 
 
Table S2. Lifetimes extracted from exponential fits of time-resolved PL data. 
MAPb1-xCoxBr1-yCly τ1 (ns) τ2 (ns) 
x = 0, y = 0 11.0 27.7 
x = 0.13, y = 0 7.46 23.1 
x = 0.25, y = 0 11.2 27.5 
x = 0.25, y = 1.25 39.8 206 
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