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INTRODUCTION 

Lead chalcogenide semiconductor thin films have been a subject of considerable research due to their 

technological importance in monocrystalline and polycrystalline forms as infrared radiation detectors, 

infrared emitters and solar control coatings. A variety of chemical and physical methods have been 

developed to prepare thin metal chalcogenide films.
1-3

 Among the different thin film fabrication methods, 

the chemical bath deposition (CBD) from aqueous solution offers a simple and cost-effective route for the 

fabrication of high quality semiconductor thin films, without the need for high deposition temperatures, 

stringent vacuum or plasma generators compared to other sophisticated techniques. PbS, being the most 

studied material among the lead chalcogenide family, is a narrow, direct band gap semiconductor. The 

interest in PbS is due to its useful optoelectronic properties for infrared detection and emission. Recently, 

the interest in nanocrystalline PbS has been dramatically increased due to its potential use in solar cells and 

visible light sensors. 

The properties of irradiated materials have scientific interest and practical importance in nuclear and space 

applications. Studies of radiation damage are focus on the understanding the changes in physical properties 

due to the microscopic evolution of the accumulated damage to the lattice. This is usually achieved by 

irradiating the samples externally in accelerators or reactors. A different branch of radiation damage studies 

is the change in the properties of materials that are subject to self-irradiation due to their radioactive nature, 

e.g., metals among the actinide series. The study of the actinides is complicated due to their radioactive and 

chemical toxicity which require special care and equipment. The ability to carefully control the growth of 

lead-based thin films such as PbS and alloying it with radioactive thorium, make these materials excellent 

candidates to become model system for the study of processes, similar to self-irradiation damage.  

In the present work, we developed a novel alloying procedure for the incorporation of 
232

Th (t1/2~10
6
 years) 

in chemically deposited PbS films, and explored the effect of thorium on the deposition of PbS thin films 

and their microstructure. Subsequent incorporation of radioactive α-emitting 
228

Th (t1/2=1.9 years) presents 

an innovative possibility for radiation damage studies of thorium-alloyed PbS thin films similar to self-

irradiation in non-radioactive samples, thus providing a route for a unique model system. In this work we 

show for the first time, the incorporation of thorium ions in chemically deposited PbS thin film and report 

on their remarkable effect on the deposition kinetics and on the film properties. 

  

RESULTS 

A comparison between PbS and PbS(Th) films deposited at various deposition times, under the same 

conditions (30
0
C, 90-600 min), is given in Fig. 1. 
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Figure 1. Secondary Electron HR-SEM images of (a) PbS control sample and (b) PbS(Th) films prepared 

with 0.438 mM thorium concentration in solution, on GaAs(100) at 300C for 90-600 min. 

 

The addition of thorium caused a change in the film morphology from faceted rectangle morphology to 

triangle morphology.
4
 XPS depth profile indicates that the Th ions are homogenously distributed along the 

film with average concentration of thorium of 0.5 at% (Fig. 2a). 

 

 

  

 
Figure 2. (a) XPS Depth profile of Thorium in PbS(Th) film deposited from solution with Th concentration 

of 0.438 mM  on GaAs(100) at 30
0
C for 90 min. (b) High-Resolution XPS spectra of Th4f.  

 

High-resolution XPS (HR-XPS) provided invaluable information on the bonding of Th incorporated in the 

films.
4
 Fig. 2b shows HR-XPS spectrum of Th4f peak in PbS(Th) film deposited on GaAs(100) at 30

0
C for 

90 min. The black curve (Fig. 2b), which corresponds to a spectrum taken at the surface of the film (before 

etching), matches the oxidized Th state while the red curve, which corresponds to the spectrum after etching 

the surface, is shifted towards higher binding energies (EB) compared to that of the metallic Th binding state 

(333 eV), yet notably lower than the oxidized Th (335 eV). This is expected for thorium bonded with S 

atoms, since the electronegativity of O>S>Th. Considering the observation in Fig. 2 it is reasonable to 

assume that the Th ions are replacing the lead ions in the PbS lattice.   

The optical properties of the obtained PbS(Th) films, investigated by using PL measurements.
4
 PbS(Th) film 

and PbS control sample were measured. The PL spectra of PbS(Th) sample and PbS control sample is 

shown in Fig 3. 
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Figure 3. PL spectra of PbS(Th) sample and PbS control sample, grown on GaAs(100) at 30
0
C for 90 min 

with thorium concentration of 0.438 mM. 

PL measurements show a shift of ~7meV between the samples, the measurements were repeated on different 

sample locations (to make sure the shift is not related inhomogeneous properties of the samples). Assuming 

x (~0.5% in our case) is small; we can assume linearity in the concentration and estimate the band gap of 

AxB1-x as: 

 
The band gap of ThS  was estimated from ThS band structure ,the estimated shift was found to be 8meV, 

similar to the measured value (7 meV). 

 
CONCLUSIONS 

CBD was successfully applied to create a simple, controllable and cost-effective procedure for alloying PbS 

thin films with thorium as the first step towards establishing a system designed for the study of radiation 

damage in thin film semiconductors. The average concentration of thorium along the film was found to be 

0.5 at%, regardless of its concentration in the deposition solution (in a 0.438-1.752 mM range). Possibly it is 

due to the valence difference between the lead (Pb
2+

) and the thorium (Th
4+

), thus in order to maintain 

charge neutrality, a lattice vacancy of Pb is likely to accompany each alloying Th ion. Therefore, large 

concentrations of alloying thorium in the film should be accompanied by an equal amount of lead vacancies 

– a situation which is likely to be above the limit of thermodynamic stability. PL measurements show a shift 

of ~7meV between the reference PbS bandgap and alloyed Pb(Th) bandgap, confirming the concentration of 

Th in the sample. 

PbS(Th) thin films can be applied for radiation damage studies in semiconductor thin films, by using 

internal radiation sources rather than the conventionally used external radiation. This can now be carried out 

by replacing the stable isotope 
232

Th (t1/2~10
6
 years), with a radioactive isotope 

228
Th (t1/2~1.9 years) which 

is expected to provide a unique path for studying radiation damage in materials. 
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