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ABSTACT 

Orthorhombic -FeSi2 is one of a few semiconductors which can be applied to IR-light emitters at optical 
telecom at 1.55-1.3 m of wavelength. Actual situation of its light emission is not close to realization of practical 
uses in optoelectronics, however, efficiency of rad-FeSi2 iative recombination has been uplifted by controlling 
crystal growth and by fabricating nanometer-sized structures (nanostructures).  

My lecture in ICSS-Silicide 2014 is based on our group’s researches on IR-light emission from a het-
ero-system of -FeSi2 and Si and aims at giving the whole phenomena relating to light emission from -FeSi2 in 
order to draw a true picture for understanding it as much as possible. We emphasize important facts that IR radi-
ative processes are strongly dependent upon micro-structures of crystalline units for radiative recombination. In 
this meaning, nano-composite phases consisting of -FeSi2 nanocrystals are appropriate to light emitters.  

 
This lecture contains the following topics.  
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Figure 1  

Semiconducting silicides that are available to applications optoelectronics, photonics, photovoltaics and 
thermoelectronics on Si platforms. Their band-gaps (or band-gap wavelengths) and lattice mismatch ratios on the 
Si substrate are crucial parameters for applications to telecom technology. Orthorhombic FeSi2 (-FeSi2), cubic 
Mg2Si, MnSi2-x, and Ru2Si3 have their band-gap wavelengths near the telecom wavelength. Radiative processes of 
IR light have been confirmed in -FeSi2, and reported in Ru2Si3. BaSi2 with the band-gap of 1.3 eV as been stud-
ied in order to apply it high efficient solar cells.  

(Cited from Y. Maeda and Y. Terai, Article published in Bulletin of Japan Inst. Metals, Jun vol. 2005)  
 
 
 
 
 
 
 
 
 
 
 



2. Light emission observed in some crystal phases 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2  

A typical photoluminescence (PL) spectrum with an intrinsic emission due to the radiative indirect transition 
in -FeSi2 (A band emission) and the impurity (or defect)-related emission (C band emission). This PL spectrum 
mainly consists of the A band emission with a Lorentz function shape and the C band emission weakly appears at 
its shoulder. This observation tells us the important fact that the correct or pure observation of the radiative pro-
cess in -FeSi2 can be only in the nano-composite phase as shown in the left figure). The nanocrystals size is 
same to or less than the effective Bohr size of 16 nm of Mott-Wannier type excitons in -FeSi2. This structural 
evidence teaches us that the migration of the M-W type excitons in the crystal is limited (exciton confinement). 
This confinement contributes enhancement of a radiative recombination rate of electrons-holes. This better elec-
tronic situation due to exciton confinement realized in the nano-composite phase leads high efficient radiative 
recombination at the A band emission.  The C band emission at ~0.77 eV at 8 K is originated from impuri-
ty-band transitions. In the case of non-doped samples the origin of impurity level (band) is silicon atomic vacancy 
(VSi) in the -lattice, in the case of impurity doped samples acceptor or donor levels are formed. It has been ob-
served that the C band intensity is dependence upon an impurity doping dose. In Cu-doping case, enhancement of 
the C band emission depending on the Cu doping dose was clearly observed. (see Fig4)  
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Figure 3  

Some PL spectra observed from Si substrates implanted by some ions with high energies and high doses. In 
these ion implantation gives damages into implantation depth of Si substrates. In the damaged region, atomic va-
cancy, interstitial atoms and higher ordered crystal defects such as dislocations (DL), looped DLs. It has been re-
ported that one of these defects, especially lopped DLs, can emit IR light, unfortunately, the emission energy of 
the D1 line (the strongest DL-related emission line) at ~1550 nm (~0.81-0.82eV) is very close to that of intrinsic 
A band emission. However, this situation about IR light emission may be more complicated than that estimated 
by us. The left spectra show this complicated situation well, and very broad emission bands but their peak ener-
gies and intensities are different each other. These similarity between such a defect-related PL (DRPL) and the 
intrinsic A band PL have made chaos for understanding nature of light emission from -FeSi2 itself. Compering 
the defect-related PL spectrum and the intrinsic A band emission as shown in the right figure, we found that the 
DRPL intensity was much smaller than the A band one as shown in an inset of the right figure. This means that 
the DRPL intensity may be proportional to the implanted dose under the competition with nonradiative processes 
brought by the implantation at the same time. In general, the density of LDs and their density of state (DOS) as a 
radiative unit may be much smaller than a joint density of state (JDOS) at interband transition. These big differ-
ences in the JDOS and DOS between them are reason of observed difference in the PL intensities. (cited from Y. 
Maeda, Appl. Surf. Sci., 254 (2008) 6242. )   
 

3. Photoluminescence properties of nano-composite phases 

4. Enhancement of PL 

 
  

  
Figure 4  

   PL spectra of Cu-doped -FeSi2/Si nano-composited 

phase thermally treated for different time. The thermal 

treatment time corresponds to doping dose of Cu into the 

nano-composite phase. We found that Cu causes pro-

nounced enhancement of both the A band and the C band 

emissions. The C band emission enhancement can be un-

derstood by increase of the DOS at the acceptor level due to 

Cu+ activated in the -lattice. However, the enhancement of 

the A band emission at 0.803 eV at 8 K cannot be under-

stood by the same reason. One of the possible reasons is 

improvement of heterointerfaces between -FeSi2 and Si by 

Cu-doping. TEM observations revealed that semi-coherent 

interfaces can be realized in Cu-doped -FeSi2/Si hetero-

interfaces. However, in the -FeSi2 nanocrystals (-NCs) 

 

 

Fig.1. PL spectra of non-doped and Cu-doped 

-FeSi2 nanocrystals (NCs) samples. 
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such a coherent interface with Si can be realized because the -NC size is very small (~10 nm in size) and total 

lattice mismatch is small (less than the critical length for generation of screw dislocations). The Mott-Wannier 

(M-W) type exciton generated in -NCs has a large effective Bohr radius (aB=~8 nm) because of the large static 

dielectric constant (0) of -FeSi2. In the -NCs of less than ~10 nm in size, the M-W excitons can be confined 

well if the band-offsets at the conduction and valence bands between -FeSi2 and Si. Photocurrent measurements 

have made it evident that the band-off energy of holes (EV in Fg.5) at the -FeSi2/Si hetero-interface is too small 

to realize confinement of holes in the -NCs. Therefore, a part of holes can go out from the -NCs to the Si ma-

trix by thermal activation. Radiative recombination rate at steady state can be controlled by a rate of holes going 

out from -FeSi2 as shown in Fig. 5. Even if the confinement of excitons can be realized, the excitons are disso-

ciated by thermal activation and the some holes as a part of them goes out before radiative recombination at 

the-NCs. 
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Figure 5  

Band diagram in -FeSi2/Si heterointerfaces. Ec and Ev are band offset energies at the conduction and va-

lence bands, respectively. Radiative recombination processes (RRP) between electrons at the conduction band 

and holes at the valence band and non-radiative processes due to escape of holes from -FeSi2 to Si. The RRP 

rate may be controlled by NRRP due to escape of holes.  

 

Therefore, the RRP efficiency is controlled by the escape process of holes. Photocarrier-injection PL 

(PCI-PL) measurements is powerful in order to know dynamic processes (migration, recombination, repeated trap 

processes during migration) of minority carriers. The arrangement of PCI-Pl measurements is shown in Fig. 6. 

The big difference between PL and its measurements is the way of their excitation light (usually lasers with suit-

able power and wavelength). In the PCI-PL measurements, the Si substrate is irradiated by the laser and pairs of 

electrons and holes are optically generated near the back-side surface. The minority carrier can diffuse into the 

reverse side (toward -FeSi2) frequently is trapped at the trap centers due to doped impurities. 

In cases of Cu-doping where we observed pronounced enhancement of the A band emission in Fig. 4, we 

think that such a dynamic migration process of minority carriers (holes) are related to the PL enhancement. Under 

this assumption, we investigated the PCI-PLs in Fig. 6, dependences of excitation frequency on their intensity 

and phase-shift in Fig.7 (response delay due to migration rate, or trap frequency).  

 



 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

 

Figure 6 (left) PL and PCI-PL spectra for Cu-doped -NC/Si nano-composite phases on substrates (see the in-

set). The both spectra were measured at 8 K. This sample was annealed for 5.5 h. The PCI-PL spectrum includes 

information of holes migration with a repeated trap process and radiative recombination of electrons and holes at 

the -NCs. 

Figure 7 (right) Phase spectra of PCI-PL measured at each excitation frequency (chapping frequency of excita-

tion laser). (f) is defined as a difference in phases at ~0.8 and ~0.9eV. 

 

 
Figure 7 shows the phase spectra of PCI-PL signals measured at each frequency f. We observed clear 

phase-changes in the energy region where the A and C emissions in PL and PCI-PL spectra were observed. This 
result indicates that these phase-changes are attributed to migration of minority carriers (holes in this study) from 
back-side of n-Si substrates to the -NCs. We also observed a pronounced frequency dependence of the phase 
spectra as the frequency increased. Phase shift () is defined as a difference in phases at emission bands at ~0.8 
eV and the non-emission region at ~0.9 eV and can be regarded as a delay response due to the migration of holes 
with a repeated trap process brought by Cu-doping into n-type Si substrates. 

Therefore, we can deduce a time constant () of such a delay response from frequency dependence of the  
by using the following equation; 

 
)0()()(360)(   Hzfsf  (in degrees), 

 
where  (0) is an off-set of phase shift coming from some mechanical reasons.  

 
 
Figure 8  

Phase shift () defined in Fig. 7 as a function of 

frequency. Two slopes were observed and mean two delay 

responses with different time constants 1=87.8 s and 

2=21.8 s for migration of holes. The longer time con-

stant obtained by this analysis corresponds to migration 

process with repeated trap process of holes. This trap 

comes from Cu-doping. However, the measurements at 50 

K the time constant was close to that in usual Si substrates. 

This fact suggests that the energy depth of trap may be 

4~5 meV.  
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The was computed from the PCI-PL phase spectrum at 8 K as a function of the frequency f. We found 
two slopes with different time constants 1 and 2 in Fig.8 and obtained two time constants 1=87.8 s and 
2=21.8 s. This 2=21.8 s is the same to = 22 s obtained in the non-doped -NCs. These results are very im-
portant and indicate that doping of Cu atoms into n-Si substrates introduces a hole migration process with larger 
1 which may be attributed to an repeated trap process of holes. 

PCI-PL measurements reveal that enhancement of the A band emission is attributed to controlled migration 
of holes with the repeated trap process due to Cu-doping into the Si phase. However, this trap center may form a 
shallow energy well of 4~5 meV so that the migration control of holes above 50 K is not effective to enhance-
ment of PL. For light emission possible at room temperature, we need formation of trap centers with energy well 
of more than 26 meV. 

 
 

 
Figure 9  

PL spectra from the oxidized non-composite phases near 

room temperature. The oxidation of -NCs/Si nano-composite 

phase was carried out at 900oC for 6 hours. The FTIR absorption 

measurements revealed that the Si phase was mainly oxidized. 

This means that a -NCs/SiO2 nano-composite phase forms. SiO2 

has a wide band-gap and makes large offset energies for both 

conduction and valence bands with -FeSi2. So we can expect suf-

ficient confinement of electron-hole pairs at the -NCs in the oxi-

dized nano-composite phase. This situation may contribute to ob-

servable PL spectra near room temperature. 

 

 

 

5. Future study required moreover 

 

Toward realization of room temperature light emission from -FeSi2 we need sufficient confinement of 

electrons and holes (or M-W excitons) in the -NCs at room temperature. So we cannot expect it to -NCs/Si 

hetero-structures because of the too small valence band offset as described above and shown in Fig. 5, and we 

need to change other hetero-structures fabricated in SiO2 or SiC which can realize sufficient confinement of elec-

trons and holes in the -NCs and may give the maximum efficiency of radiative recombination except for 

non-radiative recombination processes due to the inherent interface problems. We have already observed en-

hancement of PL from -NCs/SiO2 hetero-structures which is fabricated by oxidation of -NCs/Si het-

ero-structures and evident PL maintained near room temperature as shown in Fig. 9. 
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