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Over the last few years, the performance of perovskite solar cells has improved considerably with 
efficiencies greater than 22% reported [1]. While this rapid rise in efficiency make them an extremely 
promising alternative to traditional silicon solar cells, perovskite solar cells suffer from stability issues in 
light and air. There are also ecological and toxicity concerns as the perovskites used in these devices 
contain lead. To address the latter toxicity concern, lead-free halide perovskite semiconductors have 
been developed recently [2]. These lead-free halide perovskites have similar band gaps and reflectance 
behavior as their lead-containing counterparts and could, ultimately, provide a safer alternative to the 
perovskite materials currently utilized in solar cell devices [2]. Knowledge of their optoelectronic 
properties is critical to their further development and utilization in actual solar cell devices.  
 
Electron energy-loss spectroscopy (EELS) is a powerful tool form measuring optoelectronic properties 
of materials.  Utilizing a monochromated electron beam in a scanning transmission electron microscope 
(STEM), it is possible to collect EELS spectra with high spatial and high energy resolutions, over a large 
energy range encompassing ultraviolet, visible, and infrared wavelengths (and beyond). From these 
EELS spectra, optoelectronic properties such as the real (ε1) and imaginary (ε2) parts of the complex 
dielectric function, the refractive index (n) and the extinction coefficient (κ), and the optical absorption 
coefficient (α) can be extracted [3].   
 
To probe the optoelectronic properties of these lead-free halide perovskites, EELS measurements were 
made using a monochromated 60 kV electron beam in a FEI Titan3 60-300 aberration-corrected S/TEM. 
In Figure 1, the raw EELS spectrum is shown for one of these materials, Cs2NaBiCl6. In the spectrum, it 
is possible to identify both the bismuth O4, 5 edge (at ~ 27eV) and the sodium L2, 3 edge (at ~ 33 eV). 
There are also multiple peaks detected at energy-losses below 10 eV, some of which may be associated 
with single electron transitions in the material. Examination of the ε1 and ε2 spectra obtained from the 
EELS data via Kramers-Kronig analysis can be used to distinguish between single electron transitions 
and collective excitations (Figure 2) [3]. Peaks in ε2 correspond to single electron transitions, and 
examination of the ε2 spectrum (Figure 2) suggests that there are three intense single electron transitions 
in this material below 10 eV. These energy values can be compared with its band energy diagram to 
identify these transitions. Since EELS can be collected over a large energy range with high energy and 
high spatial resolution, once actual devices are made comprised of these lead-free halide perovskites, it 
will be possible to track changes in the local chemistry and bonding (from ε2) across interfaces of the 
device. Data has been shown here for only one of these lead-free halide perovskites. Results and analysis 
from this and the other lead-free halide perovskites will be discussed as a part of this contributed work 
[4].  
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Figure 1. (a) Raw EELS spectrum collected for Cs2NaBiCl6 and (b) zoomed in on the bismuth and 
sodium edges.   
 

 
Figure 2. The real (left) and imaginary (right) parts of the complex dielectric function of Cs2NaBiCl6 
that was determined via Kramers-Kronig analysis of the EELS spectrum.    
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