
Supplementary information: Femtosecond Tracking of Carrier Relaxation in Germanium with 
Extreme Ultraviolet Transient Reflectivity 
 
Supplementary Note S1: Characterization of Pump Pulses by Dispersion Scan.  

A dispersion scan [1] was used to characterize the pulse duration of the NIR pump pulse. Briefly, 
the pump pulse (bottom left, red curve), is frequency doubled using a beta barium borate (BBO) 
optic, yielding a frequency doubled spectrum (bottom left, blue curve). The doubled frequency 
is then modified by introducing wedges of known dispersion, yielding a second harmonic 
spectrum as a function of wedge insertion (top left panel). A reconstruction algorithm then 
retrieves the phase and electric field of the linear spectrum, indicating a short pulse of 3.7 fs 
(FWHM).  

 

Figure S1: Characterization of pulses using Dispersion Scan. (a) Measured second harmonic 
intensity as a function of wedge insertion. (b) Retrieved second harmonic intensity using 
simulated pulse. (c)  Pump spectrum (red), phase (blue) and polynomial fit of phase (black line). 
(d) Retrieved pulse intensity has a duration of 3.7 fs FWHM.  

 



Supplementary Note S2: Extreme Ultraviolet Probe spectrum   

The Extreme Ultraviolet probe was produced by high harmonic generation in Xe using a flowing 
gas cell with backing pressure ~24 mTorr. The resulting harmonics span 25-40 eV (Fig S2) and 
have a temporal duration less than or equal to that of the pump pulse, due to the nature of the 
high harmonic generation process. [2] 

 

 

Figure S2: High harmonic spectrum generated in Xenon, reflected on Au mirror, s-polarized.   

 

 

 

 

 

 

 



Supplementary Note S3: Recovery of Static Dielectric function   

In order to retrieve the static dielectric function of the germanium sample, 6 multi angle 
measurements of p-pol reflectivity were performed at the Advanced Light Source and fit to the 
appropriate Fresnel equation.  

=  
                            (S1)                                

Where Rp is the reflectivity of p-polarized light, n2 =√  is the complex-valued index of refraction of the 
wafer ,  is the angle of incidence measured from normal, and n1 is the index of refraction of the 
vacuum. Since the pressure in the experimental chamber is ~1x10-7 Torr, we take n1 to be 1. In the fitting 
procedure, data at  =60, 65, 70, 75, 80, 85° from the surface normal were used. The static reflectivities 
used in the fit are shown in Figure S3.  

 

Figure S3: Multi angle reflectivity of germanium, acquired at Advanced light sourced.  

 

 



 

Figure S4: Recovered static dielectric function of germanium. Left (real part), right (imaginary 
part), both compared to previously published results. [3,4]  

 

Supplementary Note S4: Fitting of Transient Dielectric Function   

 

An iterative fit was employed to retrieve the time-resolved dielectric function from the 
measured transient reflectivity. In order to separate carrier and shift contributions to the 
observed transient reflectivity, the observed transient signals were fit via the Fresnel equations 
to a transient dielectric function of the form: 

                                 eexc(w)     =    eshift(w)           +      ecarrier(w)  
               =    eshift(w)           +      eholes(w)   +   eelectrons(w)                      

    eexc(w)    =   e0(w-Eshift) + ,,  - ,,                                       (S2) 

In equation (S2), e0(w) is the ground state dielectric function (measured by multi angle 

reflection), and , , , , , , , , Γ , and  Γ  parameterize the amplitude, central 

frequency, and width of excited electron and hole induced changes in the dielectric function. 
Similarly,  e0(w-Eshift) describes the impact of global shifts in the excited state dielectric 

function. For the fit of the experimental data to S2, first the shift contribution was fixed, while 
the carrier contributions were fit using a least squares minimization. The optimal carrier 
contribution was then averaged with the carrier contribution retrieved from the previous 
iteration. Subsequently, the carrier contributions were held fixed, and the shift contribution 
was fit using the same least squares minimization, and similarly averaged with the shift 



contribution from the previous iteration. By iterating this procedure until the sum of the 
residuals changed by <10-12, a good agreement between the observed transient reflectivity (Fig 
1d), and the reconstructed reflectivity (Fig. 2d) was obtained. Typically, convergence was 
reached within 5 iterations. This process was repeated for each time point, starting at 10 ps, 
and working backward, with the output of the finished time point used as the initial guess of 
the subsequent time point. For the 10 ps time point, an initial guess of the parameters was 
chosen such that the computed ΔR/R reasonably represented the data, however the retrieved 
dielectric function showed little sensitivity to the initial guess used.  

 

Supplementary Note S5: Diffusion Model of Carrier Dynamics   

To model the kinetics of the time-resolved dielectric function, the carrier dynamics were 
compared to a 3 temperature model (3TM) adapted from previous work  [5,6] which includes 
the effects of carrier diffusion, Auger recombination, and the spatial dependence of the carrier 
distribution.  

 =  ,        (S3) 

=           (S4) =  · ,  (S5) 

=        (S6) 

=      (S7) 

 

In equations S3-S4, ne is the excited carrier density, Da is the temperature dependent ambipolar  
electronic diffusion coefficient of germanium [7], D0 is the ambipolar electronic diffusion 
coefficient at room temperature, [8] Ta  and To are the temperatures of the acoustic and optical 
phonon baths, Te is the excited carrier temperature, is the auger recombination rate, [9] 

and ,  is a source term, (a hyperbolic cosine squared pulse with 5 fs full width at half max, 
with 800 nm wavelength). In S5-S7, Ce, Co, and Ca refer to the heat capacities of the electronic, 
optical phonon, and acoustic phonon baths respectively, , , and  refer to the electron-
phonon, and phonon-phonon coupling times. Additionally, Ca is the thermal diffusion 



coefficient of germanium. The heat capacity of the acoustic phonons is modeled using an Debye 
model with a Debye temperature of 374 K. [10] 
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