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4. Brief Description of Accomplishments:  

We have achieved the first direct and quantitative determination of hot electron relaxation 
dynamics in semiconductor QDs. We used femtosecond time-resolved two-photon photoemission 
spectroscopy to carry out a complete 
mapping in time- and energy-domains of hot 
electron relaxation and multi-exciton 
generation (MEG) dynamics in PbSe 
quantum dots functionalized with 1,2-
ethanedithiols. We also established graphene 
nano-materials as viable candidates for hot 
carrier chromophores. We probed hot 
electron injection and charge recombination 
dynamics for graphene quantum dots (QDs, 
each containing 48 fused benzene rings) 
anchored to the TiO2(110) surface via 
carboxyl linkers. We find ultrafast hot 
electron injection from photoexcited  
graphene QDs to the TiO2 conduction band 
and charge recombination dynamics that 
depend the depth (and thus electron energy) 
of the initial injection. 

 
 
Fig. 1. Pseudo-color representation of TR-2PPE 
spectrum of a PbSe QD thin film with excitation 
photon energy hν1 = 2.20 eV and probe photon 
energy hν2 = 4.28 eV. The electron energy is 
referenced to the bottom of the conduction band. 
The right shows schematically the principle of the 
TR-2PPE experiment. Nano Lett. 2012, 12, 1588-
1591. 



 
 

 

The best-understood property of QDs is the size-dependent optical transition energies due to 
the quantization of charge carriers near the band edges. In contrast, much less is known about the 
nature of hot electron-hole pairs resulting from optical excitation above the bandgap. The PI has 
successfully applied TR-2PPE spectroscopy for a complete mapping in time- and energy-domains 
of hot electron relaxation and multi-exciton generation (MEG) dynamics in PbSe QDs 
functionalized with 1,2-ethanedithiols, as illustrated in Fig. 1. This experiment led to the 
discovery of a linear scaling law between the hot electron relaxation rate and its energy above the 
conduction band minimum. There was no evidence for 
carrier multiplicagtion from intra-band hot electron 
relaxation for excitation photon energy as high as three 
times the bandgap (3Eg). Rather, carrier multiplicagtion 
occurs in this system only from inter-band hot electron 
transitions at sufficiently high photon energies (~4Eg). 
These results suggest that photoexcitation significantly 
above the bandgap of PbSe QDs creates hot carriers 
that behave like those in the bulk semiconductor. 

As an alternative to inorganic semiconductor QDs, 
we found that graphene based materials may be viable 
candidates for hot carrier chromophores. We probed hot 
electron injection and charge recombination dynamics 
for graphene quantum dots (QDs, each containing 48 
fused benzene rings) anchored to the TiO2(110) surface 
via carboxyl linkers, Fig. 2. We found ultrafast electron 
injection from photoexcited graphene QDs to the TiO2 
conduction band with time constant ti < 15 fs and 
charge recombination dynamics characterized by a fast 
channel (tr1 = 80-130 fs) and a slow one (tr2 = 0.5-2 ps). 
The fast decay channel was attributed to the prompt 
recombination of the bound electron-hole pair across 
the interface. The slow channel depended strongly on 
excitation photon energy or sample temperature and 
could be explained by a “boomerang” mechanism, in 
which hot electrons were injected into bulk TiO2, cooled down due to electron-phonon scattering, 
drifted back to the interface under the transient electric field, and recombined with the hole on 
graphene QDs. We explored feasibilities of implementing the hot carrier solar cell using graphene 
nano-materials. 
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Fig. 2. Energy level diagram of the 
C132A molecule (GQD) on the TiO2 
surfaces. VBM: valence band 
maximum; CBM: conduction band 
minimum. See text for a discussion on 
the approximate position of the 
conduction band (dashed box). The 
thick arrow illustrates hot electron 
injection into TiO2 conduction, cooling 
and localization of the electron into an 
electron polaron, and recombination 
across the interface of the electron 
polaron with the hole on a GQD. ACS 
Nano 2013, 7, 1388-1394 
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