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I. Crank-Nicolson form 

The Crank-Nicolson form1 of Eq. (7) is 
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The superscript and the subscript represent the grid number of time and depth, 

respectively. First, we assume that 𝑁′ = 𝑁 
𝑗+1, 𝑁 = 𝑁 

𝑗 , ∆𝑁 = 𝑁′ − 𝑁 , then the 

radiative recombination term can be rewritten with one linear term of N’ as follows, 
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Similarly, the Auger term also can be rewritten with a linear term of N’ as follows, 
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Then, substitution of Eqs. (S2) and (S3) in Eq. (S1) yields  
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II. Electron-phonon thermalization process 

The scenario of carrier relaxation through hot-phonon emission was frequently 

used in semiconductors 2. The photoexcited carriers relax with a characteristic time e 

by emitting the optical phonons. Usually, only those optical phonons located within 

small volume (~10-2 in Ge, which is estimated according to the band structure and initial 

carrier distribution) of the Brillouin zone are involved in the hot carrier (electrons in 

conduction band and holes in valence band) relaxation. Thus, an optical-phonon 

population in large excess of the equilibrium value is established near zone center. 



Finally, the optical phonons decay through the emission of longitudinal acoustic 

phonons near the zone boundaries with a characteristic time p. The latter interaction 

can be considered to bring the optical phonons into equilibrium with the lattice. 

Quasiequilibrium distribution of all three systems is assumed to be established via 

collisions and multiple emission and absorption of optical phonons so that the electrons 

(holes), optical phonons, and lattice have time-dependent temperatures Te(Th), Tp and 

TL, respectively. In thermalization regime, the electron (hole) temperature decreases 

rapidly from its initial temperature; meanwhile, the optical-phonon temperature rises 

via electron-phonon coupling. In van Driel’s studies2, if p is very small then the 

equilibrium time e is ~5 ps, which is consistent with our observation in the case of 

pump fluence 135 J/cm2 in Fig. S1. Furthermore, Woerner et al. 3 also observed the 

carrier relaxation with same timescale (~10 ps) via emission of optical phonons in p-

type Ge. In summary, the relaxation of hot carriers is relatively fast compared with the 

spatial concentration diffusion and Auger effect, which are the main issues in this study. 

Thus, we neglected the relaxation processes of hot carriers while we analyzed the 

spatial concentration diffusion and Auger effect in Ge. 



 

Figure S1. The difference between experimental data and the fitting of diffusion model. 

Solid lines: the fitting of exponential decay function. 

 

III. More discussion about the oscillation feature at 2000 cm-1 

Taking the following two points into consideration, the oscillation at 2000 cm-1 is 

not caused by interband transitions. 

1. Figure S2 shows the MIR reflectance and transmittance spectra of Ge. It is 

obviously that the transmittance spectrum shows the band transition absorption 

peak at 6000 cm-1, but reflection spectrum does not show the same feature. Thus, 

we believe that the reflectance seems unlikely to show the band absorption. 

Similarly, even if there has band gap energy near 2000 cm-1, the transient 

reflectance change spectrum will not carry the feature of absorption. 
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Figure S2 Reflectance (red line) and transmittance (blue line) spectra of Ge, 

which are measured by Fourier transform infrared spectroscopy (FTIR, 

Bruker, VERTEX 70/70v, incident angle 45°) 

 

2. If we consider the intraband transition, the transition between heavy hole and light 

hole band is possible to happen at 2000 cm-1. However, the relaxation time of 

intraband transitions is sub-ps at room temperature 4, which is much shorter than 

the relaxation time of the oscillation feature observed in our experimental data (over 

30 ps as shown in Fig. 6 of manuscript). 
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