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CHAPTER 7 
------------------------------------------------------------ 

Ultrafast carrier dynamics in Ge 
nanocrystals 
------------------------------------------------------------ 

 
Transient induced absorption spectroscopy of Ge nanocrystals is 
presented in this chapter. Ultrafast carrier dynamics of these 
nanocrystals shows some interesting features, of specific interest 
is the observation of fast, of the order of few picosecond, negative 
transient absorption signal, which is not present for Si 
nanocrystals prepared by similar technique. This negative signal 
is most probably due to presence of defect states in the bandgap 
of Ge nanocrystals. This can also explain the ‘weak’  
photoluminescence observed from these Ge nanocrystals. 
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7.1 Experimentals 
The samples used in this study are ~ 500 nm thick Ge rich oxide layer grown on 
a SiO2 substrate by magnetron co-sputtering technique. The deposition was 
followed by annealing in N2 for 30 mins at 1100 °C (sample A) and 1150 °C 
(sample B). A conventional pump-probe setup was employed for TIA 
experiments. The energy of the pump pulse was Epump = 3.65 eV and the 
excitation conditions were such that each NC could acquire more than one 
exciton. For monitoring the temporal behavior of free carriers created by the 
pump pulse, probing photon energies from near-IR (Eprobe = 0.90-1.35 eV) to 
visible (Eprobe = 1.6-3.25 eV) are used. TIA signal have been recorded for 
different time delays between the pump and probe, with a maximum of ~ 3.5 ns. 
From these time traces different phenomena such as trapping and cooling of free 
carriers, the Auger energy transfer between electrons and holes, among others 
can be monitored. Figure 7.1 illustrates the schematics of three processes. 
 

 
 
Figure 7.1: Schematic illustration of free carrier cooling and trapping (a) and 
Auger energy transfer between electrons in nanocrystals, leading to multiple 
exciton generation phenomenon – see Chapter 5. 

 
7.2 Results 
7.2.1 Near-infrared probing 
Figure 7.2 shows the TIA spectra at different time delays for Ge NCs samples 
annealed at 1100 °C, sample A (a&b) and 1150 °C, sample B (c&d). For both 
samples range of delay time between 1.5-1500 ps is shown. A clear difference 
can be seen for the two samples. For sample A annealed at 1100 °C a negative 
TIA signal is observed around 3 ps, Fig 7.2 (a), whereas no such negative signal 
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can be seen for sample B, annealed at 1150 °C, Fig. 7.2 (c). Also to note is that 
signal to noise ratio for sample B is much higher than for sample A.  
 

Figure 7.2: TIA spectra in the near-IR  region for sample A annealed at 1100 °C 
(a&b) and sample B at 1150 °C (c&d) for different delay times between the 
pump and probe pulse, under excitation of Epump = 3.65 eV. 
 

 

Figure 7.3: TIA dynamics in the near-IR region for samples annealed at 1100 °C 
(a) and 1150 °C (b) for different probe energies under excitation of Epump = 3.65 
eV. 
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Figure 7.3 shows the TIA dynamics for sample A (a) and sample B (b), recorded 
at different probe energies; both samples have an initial increase in TIA signal 
which then starts to decay in a few picoseconds. For sample A the signal goes 
negative while for sample B there is only a dip in the signal (no real negative 
TIA signal). Following this negative signal/dip, TIA signal recovers in a few 
picoseconds and grows to a certain maximum before it finally decays towards 
zero. 
 

7.2.2 Visible probing 
Figure 7.4 shows the TIA spectra for the visible probing range for sample A 
(a&b) and sample B (c&d). In both samples, a negative TIA signal is observed 
and for certain probe energies this signal never recovers to positive. This energy 
range is different for the two samples, 2.1-2.8 eV for sample A and 1.9-2.5 eV 
for sample B. For rest of the probe energies the signal goes from negative to 
positive with increasing of the delay time.  

 
Figure 7.4: TIA spectra in the visible region for the sample annealed at 1100 °C 
(a&b) and 1150 °C (c&d) for different delay times between pump and probe 
pulse under excitation of Epump = 3.65 eV. 
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Figure 7.5 shows the TIA dynamics for sample A (a) and sample B (b), for 
selected probe energies. As can be clearly seen, the characteristics of the two 
samples significantly differ from each other. 
 
 

Figure 7.5: TIA dynamics in the visible region for the sample annealed at 1100 
°C (a) and 1150 °C (b) for different probe energies under excitation of Epump = 
3.65 eV. 
 
7.3  Discussion 
Since the TIA signal shows both negative and positive amplitudes it is important 
to figure out the processes responsible for such a behavior. A negative signal has 
been reported previously for Ge NCs [95] and p-type bulk Ge [125,126]. To 
analyze the data in our particular case, we divide the signal in positive and 
negative parts as is shown in Fig. 7.6.  
 
 
 
 
 
 
 
 
 
 
 

 
Figure 7.6: TIA dynamics for one of the studied sample. Dashed lines represent 
the procedure used to separate the positive and negative signal. 

 



Ultrafast carrier dynamics in Ge nanocrystals   
                                                           89 
 
We then fit the TIA dynamics using the following function: 
 
       y = y𝑜 + (A1e-(x-xo)/t1 −  A2e-(x-xo)/t2) −  (A3e-(x-xo)/t3  −A4e-(x-xo)/t4),           (7.1)  

The fitting gives us amplitudes and times for the rise and decay of the positive 
and negative signal, where t1 and t2 are the decay and rise times for positive TIA 
signals respectively and t3 and t4 are the rise and decay times for negative TIA 
signal respectively. A1, A2, A3 and A4 are respective amplitudes. 
Now we compare the parameters obtained from the fitting for both samples by 
equation 7.1. Figure 7.7 compares the maximum amplitude of positive TIA 
signal (a) and negative TIA signal (b). The rise time of the negative signal is 0.5-
1 ps while the decay is 2-3 ps, with exception in the region where the sample 
never recovers from the negative signal. For a positive TIA signal the rise time is 
2-3 ps and decay time is 250-400 ps.  

 
Figure 7.7: Amplitudes obtained from fitting the TIA dynamics in IR and visible 
probing range. (a) Positive TIA signal. (b) Negative TIA signal. 
 
 
Now we focus on the mechanism that can be responsible for the negative TIA 
signal. At this point we propose that the negative TIA is related to the presence 
of additional states inside the bandgap of Ge NCs. These states could be induced 
by defects either in the Ge NCs core, at the Ge-SiO2 interface, or in the SiO2 
matrix. We considered the possible existence of two types of defect states, one at 
lower energy responsible for observation of negative signal (bleach) in the IR 
probing range and one at a higher energy responsible for bleach observed for the 
visible probe energies. The existence of defects in the samples and the related 
non-radiative recombination channels might also explain why we have observed 
very weak PL from the samples. We also measured the linear absorption of one 
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of the samples, for sample A as is shown in Fig. 7.8 and observed that it indeed 
exhibited absorption at low energies, which is unlikely to arise due to Ge NCs 
core and could arise due to the presence of defect states. This would then be the 
reason for the observed bleach in the IR probe energies.  

 

 

 

 

 

 
 
 
 
 
Figure 7.7: Linear absorption of Sample A, annealed at 1100 °C. 
 
 
In TIA spectroscopy the sequence of excitation pulses is probe-pump-probe. 
When bandgap states are present, the negative TIA signal can be explained as 
follows: without bandgap states, it is expected that the initial IR probe will not be 
absorbed by the sample, but in the present case the IR probe pulse is absorbed 
due to transitions to and from the defect-relates states, creating free carriers. 
When the sample is then excited with a pump pulse, the carriers are created in 
the conduction band of NCs, from where they decay back to the valence band 
and possibly also to the defect level. When the probe pulse arrives again, the 
defect level is already saturated and hence no absorption takes place. 
Consequently, the bleach (negative absorption signal) is observed. This bleach 
goes away very fast as the carriers relax back to the valence band, after which 
absorption is again possible. A similar scenario is also possible for visible probe 
energies, where the defect states absorb only in a certain range of energies. 
However, further experimental evidence is required to confirm this, thus far 
speculative, scenario. The experimental efforts in this direction are going on 
when this thesis is being written. 

 




