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ABSTRACT: Intrinsic organic-inorganic metal halide perov-
skites (OIHP) based semiconductors have shown wide applica-
tions in optoelectronic devices. There have been several attempts 
to incorporate heterovalent metal (e.g. Bi3+) ions in the perov-
skites in an attempt to induce electronic doping and increase the 
charge carrier density in the semiconductor. It has been reported 
that inclusion of Bi3+ decreases the bandgap of the material con-
siderably. However, contrary to the earlier conclusions, despite a 
clear change in the appearance of the crystal as observed by eye, 
here we show that bandgap of MAPbBr3 crystals does not change 
due the presence of Bi3+ in the growth solution. Formation of 
band gap states and use of a very thick sample for transmission 
measurements erroneously give the impression of bandgap shift. 
We find that the microstrains and the density of sub-band gap 
states increases due to the inclusion of Bi in the perovskite crystal. 
These bandgap states also act as non-radiative recombination 
centers in the crystals. 

Optoelectronic devices based on organic-inorganic metal halide 
perovskite (OIHP) have shown tremendous progress in the last 
few years in optoelectronic applications, owing to their high 
electronic quality1,2. This class of materials is often used as 
intrinsic semiconductors in devices3. However, almost all 
semiconductor materials, including GaAs, benefit from the ability 
to electronically dope, either p- or n-type. There have been several 
attempts to dope metal halide perovskite materials by 
incorporating isovalent (e.g. Sr2+, Cd2+, Sn2+, Ca2+) 4,5,6 and 
heterovalent ions like (Bi3+, Sb3+, In3+)7. Abdelhady et al. reported 
that heterovalent doping of methylammonium lead bromide 
(MAPbBr3) crystals is possible by introducing Bi3+ ions into the 
precursor solution during the crystal growth7. Abdelhady et al. 
appeared to observe a bandgap narrowing. The band gap 
narrowing has also been reported for the CsPbBr3 and MAPbCl3 
crystals with Bi3+ doping 8,9 and also for Cs2AgBiBr6 with Tl+ 
doping10. In OIHPs, a change in band gap is associated with the 
change in the crystal lattice parameters,10,11 typically inducing a 
change in the lead-halide octahedral tilting angle12. In the case of 
Bi3+ doped MAPbBr3 crystals, no such change in crystal lattice 
parameters has been observed7,. Herein, we show that doping with 
Bi3+ does not change the bandgap of MAPbBr3, but induces a 
significant increase in the sub-band gap density of states, 

responsible for the previous misinterpretation of light absorption 
measurements.  

We prepared the undoped and doped MAPbBr3 crystals using 
the method reported by Adbelhady and co-workers7. We 
confirmed the presence of Bi within the crystal via XPS 
measurements on a freshly cleaved doped single crystal (Figure 
S1).To avoid any ambiguity, we refer to the doped crystals with 
the concentration of Bi3+ salt in the growth solution. As previously 
observed, the prepared crystals appear darker as the concentration 
of Bi3+ is increased in the growth solution (Figure 1a). We 
reproduce the shift in the “onset” published by Abdelhady et al.7 
when estimating the absorbance of the crystals from light 
transmission measurements (Figure 1b). As we explain hereafter, 
the absorption onset should not be mistakenly identified as the 
band gap of the material. Due to the thickness of the single 
crystals (several mm) and the large above band gap absorption 
coefficients for OIHP , there is an undetectable amount of light 
transmitted right across the light absorbing region of the crystal, 
until an energy significantly below the band gap energy of the 
material. Therefore, these simple light transmission measurements 
are in fact probing the sub band gap absorptions far in the band 
tail13. It is therefore not possible to draw any conclusions about 
the band gap from such a measurement alone. 

 

Figure 1. (a) Picture of doped and undoped MAPbBr3 single crys-
tals. (i) pure MAPbBr3, (ii) MAPbBr3 doped with 1 % Bi3+, (iii) 
MAPbBr3 doped with 5% Bi3+ and (iv) MAPbBr3 doped with 
10% Bi3+. Scale bar: 2 mm. (b) Normalized absorbance spectra of 
the crystals. Eabs* = absorption onset  

Spectroscopic ellipsometry is an effective tool to estimate the 
above band gap optical properties of OIHP crystals13. Here, we 
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perform such measurements upon our range of Bi3+ doped MAP-
bBr3 crystals. We show the measured and modeled ellipsometry 
spectra in Figure S2. We fitted those spectra using the Elliot mod-
el14 to estimate the exciton binding energy (Rex) and the bandgap 
(Eg) from the continuum part of the spectrum. In Figure 2a, we 
show the experimentally determined absorption coefficients for 
the MAPbBr3 crystal and the crystal doped with 5% Bi3+ as well 
as the fittings using the Elliot model. The step function for the 
continuum part and delta function for the excitonic transition are 
broadened by convolution with Gaussian functions, σcont. and σex 
13. In Figure S3 we provide the graphs for all the crystals, and in 
Table S2, we provide the values of Eg, Rex, σcont. and σex. We find 
that the Eg values of all crystals are almost constant in the range 
2.383 eV to 2.389 eV. The change we see is within the error of 
our fittings which is ± 15 meV, hence we conclude that there is no 
significant change in the bandgap of the material after the Bi3+ 
doping. However, we note that the broadening factors (σcont. and 
σex) do increase after the doping. The broadening could be an 
indication of increased energetic disorder present in the system.  

 

Figure 2. (a) Absorption spectra in the band edge region for a 
MAPbBr3 single crystal (bottom) and a MAPbBr3 single crystal 
with 5% Bi doping (top). (b) Combined absorption spectra from 
ellipsometry data (top part) and the UV-vis transmission data 
(bottom part). The dashed lines are the guides to the eye only. 

We also determine the bandgap of the crystals using Tauc-plot 
method for a direct bandgap material. The band gap seems to 
decrease by 30 meV (Figure S4) on doping  

Our observation of negligible change in the band gap is in contrast 
to reported values in the literature 7, where a reduction of the 
bandgap of 280 meV was estimated from the absorption spectra 
measured in light transmission mode. As we mentioned earlier, 
the band gap estimated from the normalized absorbance plot of 
strongly absorbing single crystals (Figure 1) can be erroneous due 
to the long optical path in a thick crystal. To correctly represent 
the absorption spectra, we combine the absorption coefficients (α) 
obtained from ellipsometry and α calculated from total transmit-
tance TT and total reflectance RT. (Figure 2b). As we show in Fig-
ure 2b, although the bandgap remains the same, the absorption tail 
increases at lower energies with the presence of Bi3+ in the growth 
solution. The exponential slope in the sub-band gap density of 
states, quantified by the Urbach energy (Eu), can be used as metric 
to gauge the energetic disorder in the crystal. For the pristine crys-
tal, we determine an Urbach energy of ~19 meV compared to 50-
55 meV that of the doped crystals. To further confirm, we pre-
pared Bi3+ doped thin-films of MAPbBr3 and measured the ab-
sorbance spectra. We see no significant change in the absorption 
onset values (Figure S5).  

We note that several works claiming a band gap narrowing of 
halide perovskites due to doping have utilized diffuse reflectance 
measurements for the band gap determination10,15. However, dif-

fuse reflectance measurements from powdered samples are also 
subject to the same errors as transmission measurements16. 

To investigate the effect of the presence of Bi3+ on the lattice 
vibrations of MAPbBr3, we performed Far-IR measurements on 
the crystals. In Figure S6 we show the resulting reflection spectra 
for the undoped and Bi-doped MAPbBr3 crystals. The abrupt re-
flectance feature we observe in this region of the spectrum, is due 
to the frequency of light being close to the vibrational frequency 
of the ions in the crystal, which prevents the propagation of light 
through the crystal at this frequency. We observe here to be very 
similar for the three investigated single crystals, and in agreement 
with a recent publication17. We further analyzed the spectra by 
using a model based on a Gervais oscillator17,18. We do not deter-
mine significant differences between the fitted resonance frequen-
cies nor the damping constant, as we show in Table S3. As there 
is no change in the far IR features due to the doping, we anticipate 
that the upper limit for mobility at the room temperature still re-
mains the same i.e. ~200cm2/V.s 17. Moreover, the presence of the 
band gap states due to Bi doping would reduce the mobility value 
further. Therefore, a mobility value of 1250 cm2/Vs determined 
by Abdelhady et al. for the doped crystals is put into question (See 
SI) 

To further analyze the influence of the Bi3+ doping we examined 
the molecular vibrations of the crystals in the mid-infrared spec-
tral range, by means of spectroscopic ellipsometry. We included 
the optical parameters which we determined in the far-infrared 
spectral range, into the optical model based on Glaser et al.19 We 
show the optical fit of the ellipsometry spectra with an isotropic 
model in Figure S7 along with the resulting dielectric functions of 
the undoped MAPbBr3 and the 10% Bi3+ doped MAPbBr3 single 
crystal. We observe a very similar imaginary part of the dielectric 
function for the highest doped crystal and the undoped crystal. 
The vibrations are excited at the same energies as in the undoped 
case. We notice a spectral broadening in the region of the NH 
stretching vibrations around 3200 cm-1 in the doped sample (Fig-
ure S8), which indicates a higher disorder since these vibrations 
are very sensitive to the dielectric background 19,20.  

 

Figure 3. (a) XRD  patterns of undoped and Bi doped MAPbBr3 
crystals, (b) Calculated microstrain of samples with different con-
centrations of Bismuth doping. 

To identify the impact of Bismuth incorporation on the crystal 
structure of MAPbBr3 single crystals, we performed X-ray dif-
fraction (XRD) measurement. In Figure 3a we show the 2θ/ω 
scans of the pristine MAPbBr3 single crystal and MAPbBr3 single 
crystals with different Bi3+ doping concentrations.The average Bi-
Br bond length in BiBr6

3-
 octahedra (2.87 Å, calculated from the 

axial and equatorial bonds 21) is very close to the average Pb-Br 
bond length (2.97Å) in a MAPbBr3 single crystal22. Though we 
expect a very small change in the in the lattice parameter due to 
the incorporation of Bi, we do not determine a resolvable shift in 
the XRD peaks in our measurement (Figure S9) or see any new 
diffraction peaks in the XRD patterns due to doping. 
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We hypothesize that the Bismuth is uniformly distributed 
throughout the crystal, but its presence, either in the final crystals 
or simply during the crystallization process, is primarily 
disrupting the crystalline order and increasing the electronic 
disorder, rather than resulting in a systematic shift in the crystal 
structure. The reduced crystalline order may be detectable in the 
form of non-uniform strain (microstrain) in the MAPbBr3 crystals, 
induced by crystal imperfections/structural defects including 
dislocations, vacancies, stacking faults, etc.23. We quantify the 
extent of microstrain in our perovskite crystals by analyzing the 
peak broadening in the diffraction patterns according to the 
modified Williamson-Hall method (see SI) .23,24 Consistently, we 
determine the microstrain in the crystals to increase upon doping 
(Figure 3b and Figure S10). Furthermore, we observe gradual 
broadening in the rocking curves (ω scans) of crystals with 
increasing doping (Figure S11) which indicates distortions in the 
crystal planes across the crystals.  

In order to obtain information about the uniformity of the chemi-
cal environment around the Pb2+ center and the protons of me-
thylammonium, we performed solid-state 207Pb NMR and 1H 
NMR of the crystals. In Figure 4a, we show the 207Pb NMR spec-
tra of the undoped and doped crystals. We observe that the NMR 
spectrum is broadened for the doped crystal, implying a variable 
environment around the Pb and MA ions. For the 207Pb centers, 
the broadening is probably due to the increased disorder in the 
crystal as the chemical shift of nuclei is sensitive to the local 
structural distortions25. We also see a similar broadening of the 1H 
NMR spectrum (Figure S12)  

 

Figure 4. (a) 207Pb NMR spectrum of the undoped and Bi-doped 
MAPbBr3 crystals. (b) Steady-state PL spectrum of MAPbBr3 and 
Bi-doped MAPbBr3.  

After establishing the impact of bismuth doping on the energetic 
disorder and microstrains, we looked for the impact on the photo-
luminescence (PL) properties of the materials. In Figure 4b we 
show the PL spectrum of the crystals and the time-resolved PL 
decays in Figure S13. We find that the PL intensity is quenched 
by >99 % in the doped crystals. We also observe a lowering of the 
average PL decay lifetime in the presence of Bi3+ doping, via 
time-resolved photoluminescence (TRPL) decay measurements. 
All our findings are consistent with the presence of bismuth intro-
ducing defect states in the crystal, which facilitating unfavorable 
non-radiative recombination, thereby lowering the PL intensity 
and PL lifetime. 

To understand the effect of doping on the charge transport, we 
prepared solar cells with the following configuration 
FTO/SnO2/MAPbBr3 (Bi-doped)/Spiro-OmeTAD/Ag. We meas-
ured the EQE of the devices and present the data in the Figure 
S14. We find EQE drops with increased concentration of Bi in the 
MAPbBr3 films. This finding indicates that the introduction Bi 
introduces traps in the thinfilm which in turn reduces the carrier 
collection efficiency. In addition, we do not see any shift in the 
onset of the EQE spectrum which reaffirms our conclusion that 
the introduction of Bi does not change the bandgap of the material  

The estimation of the bandgap from light transmission measure-
ments can be difficult due to the strong absorption coefficients 

and the thickness of the crystals13. Previous reports on Bi3+ doping 
of OIHP have underestimated this effect, and have thus reported 
band gap reductions that we can’t reproduce when using appropri-
ate measurement techniques such as ellipsometry. We note that 
such erroneous band gap shifts have been also reported for un-
doped perovskite single crystals or thick polycrystalline samples 
in several studies published in leading journals (see SI). The ori-
gins of such (apparent) band gap shifts (reported to be an un-
solved problem26,27) can be explained considering the band edge 
tail absorption in thick samples 13 while the band gap value re-
mains constant. 

From our experimental work, we are now able to provide a more 
detailed picture of the doping of MAPbBr3 single crystals by bis-
muth. The absence of band gap reduction, combined with an in-
creased energetic disorder points towards the introduction of de-
fects in the perovskite by the presence of Bi3+ ions in the growth 
solution. In addition, the strong quenching of the photolumines-
cence and decrease in EQE of indicates that the electronic states 
introduced by the dopants are detrimental to the optoelectronic 
quality of the material.  

In conclusion, we have shown that bandgap narrowing does not 
occur in the MAPbBr3 crystals following the incorporation of Bi3+ 
in the growth solution. The apparent effect of the colour change, 
is due to the increased number of defect states and a significant 
increase in the sub-band gap density of states. The Bi-doped crys-
tals have higher levels of microstrain, increased electronic disor-
der and reduced carrier lifetime and PL efficiency, due to in-
creased non-radiative recombination. Our study highlights the 
challenges with heterovalent doping, particularly with Bi, of 
OIHP semiconductors. More studies with different dopants will 
gauge the usefulness of such an approach in order to control the 
structural and electronic properties of OIHP.  

We finally note that a recent publication identified bis-
muth doping of CsPbI3 as a feasible route to increase the structural 
stability, induce a 174 meV lowering of the absorption edge, and 
increase the PL efficiency and photovoltaic solar energy conver-
sion efficiency28. This recent publication is inconsistent with our 
findings here, and indicates that further work is still required to 
understand the impact of heterovalent doping upon OIHP.  
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