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Abstract 

 
 

Ultrafast Carrier Dynamics in Nanostructured Materials: 
From Charge Transfer to Lasing Action 

 
 

by 
 

Andrew Wilse Caughey 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley 
 

Professor Stephen R. Leone, Chair 
 
 
Nanostructured materials have emerged as new building blocks for future innovative devices.    
The size-tunable properties exhibited across a wide variety of nanostructures, ranging from 
quantum confinement to optical confinement, can have a direct impact on how efficiently energy 
is transferred, stored, and utilized.  Two distinct types of nanostructured materials in different 
size regimes are described in this dissertation:  Pt-tipped CdSe/CdS nanorods and ZnO tetrapods.   
 
Charge separation dynamics are investigated in Pt-tipped and non-tipped CdSe (quantum 
dot)/CdS nanorods by ultrafast white light transient absorption spectroscopy.  Charge transfer is 
observed from the CdS and CdSe regions, with evidence for electron transfer to the Pt tip 
occurring over both sub-ps and sub-100 ps timescales.  By exciting the CdSe quantum dot 
directly at 550 nm and probing the quantum dot directly at 580 nm, electron transfer to the Pt tip 
is monitored from a local region of the nanorod that is separated from the CdS-Pt interface. 
 
To investigate the lasing action in nanostructured cavities in detail, single ZnO tetrapod 
structures are isolated with a home-built confocal microscope and excited with a sub-ps UV 
pump pulse (267 nm).  The lasing thresholds are observed to be in the range of ~50- 200 mJ/cm2.  
To characterize the Fabry-Pérot-type cavities further, micro-Raman studies are performed and 
rate equations for microcavity lasers are numerically solved to investigate the near-threshold 
lasing dynamics. 
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Chapter 1 
 
Introduction to Carrier Dynamics in 
Nanostructured Materials  
 
Two distinct types of nanostructured materials in different size regimes are described in this 
dissertation and are displayed in Figure 1.1.  Rod-shaped nanostructures with multiple 
components and diameters in the ~3-4 nm range are studied in ensemble-based measurements, 
while microcavities with diameters in the range of ~100-1000 nm are studied in single-
nanostructure-based measurements.  In the ~1-10 nm size range, quantum confinement of excited 
electrons and holes plays a critical role in determining how efficiently charge separation occurs 
immediately after photoexcitation.  A schematic of possible charge transfer processes in a CdSe 
(quantum dot)/CdS nanorod and in a Pt-tipped CdSe (quantum dot)/CdS nanorod is illustrated in 
Figure 1.1(a), along with a TEM image of the Pt-tipped samples.  Exciton dynamics directly 
related to charge separation are studied in nanorod structures with ultrafast white light transient 
absorption spectroscopy.  When the dimensions of a nanostructured material approach the 
emission wavelength and relatively high excited carrier densities are reached, size-dependent 
quantum confinement effects become less important and optical confinement can instead play a 
key role in enabling low-threshold lasing.  With confocal fluorescence microscopy, lasing action 
is studied in high carrier density regimes in single ZnO-nanostructured cavities.  Figure 1.1(b) 
shows a microscope-acquired image of lasing emission from a four-legged ZnO nanostructure 
(tetrapod). 
 
 

1.1 Quantum Confinement and Exciton Dynamics 
 
Nanostructured materials with multiple built-in components are attractive for renewable energy 
applications.  The close coupling of nano-components enables charge carriers to be readily 
transferred across semiconductor-semiconductor and semiconductor-metal interfaces on 
subpicosecond-to-picosecond (ps) timescales.1-8  The size and shape of the individual 
components can also be tuned to maximize the amount of light absorption and to create favorable 
band alignments for efficient charge separation.9-14  The presence of more than two built-in 
components in a nanostructure can result in greater control over the charge separation process to 
achieve a longer-lasting charge separation.  A partial degree of charge separation can be 
achieved in CdSe (quantum dot)/CdS nanorods; the addition of a third component can result in a 
dramatic increase in the extent of the charge separation.  The addition of Pt to one end of the 
CdSe/CdS nanorod creates an electron sink for photoexcited electrons and enables photoexcited 
electrons and holes to be spatially separated across the CdS nanorod length.  With such favorable 
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conditions for charge separation, H2-production quantum efficiencies of 20% have been realized 
in Pt-tipped CdSe/CdS nanorods in the presence of a hole scavenger.  
 
CdSe quantum dots (QD) can be embedded into CdS nanorods to create asymmetric nanorod-
heterostructures, with the QD being located closer to one end of the nanorod.11-14  Figure 1.2(a) 
shows an illustration of the band alignment of a CdSe/CdS nanorod.  When CdSe/CdS nanrods 
are photexcited at energies above either the CdSe or CdS band edges, Coulombically-bound 
electron-hole pairs (excitons) are created and can subsequently be transferred to either the CdSe 
or CdS regions.  By only tuning the diameter of the CdSe QD, the band alignment and the spatial 
separation of photoexcited electrons and holes can be systematically controlled and varied.15  
The size dependence of the excited electronic states (exciton states) in CdSe QDs arises from the 
QD diameter being comparable to the Bohr exciton radius, aB.  The Bohr exciton radius is the 
relevant length scale for quantum confinement and can be calculated using eqn. (1.1):   
 
 4 1 1

 (1.1)

 
where ε is the dielectric constant of the semiconductor and me and mh are the effective masses of 
the electron and hole, respectively.16  The effective masses me and mh are given by the 
dependence of the band curvature on the wavevector k, and they vary with the material.  In most 
cases, the effective masses are reported as fractions of the free electron mass mo, with me = 
0.13mo and mh = 0.8mo in CdSe.17  Based on eqn. (1.1), the Bohr exciton radii of semiconductors 
can be shown to typically be in the ~1-10 nm range, with aB = 5.5 nm for CdSe.  Unlike bulk 

 
 

Figure 1.1  (a) Schematic illustration and SEM image of Pt-tipped 
CdSe/CdS nanorods (scale bar = 20 nm).  (b) Lasing emission 
from a single ZnO tetrapod (top) and isolated tetrapod viewed 
from under a microscope. 

 



3 
 

semiconductor crystals, semiconductor nanocrystals, as illustrated in Figure 1.2(b), have discrete, 
molecular-like band-edge states.  Nanocrystals have dimensions in between the molecular and 
bulk regimes, with the energies of the discrete band-edge states in nanocrystals being dependent 
on the degree of quantum confinement.  While the actual energies of the band-edge states in 
semiconductor nanocrystals are complex to calculate, the size dependence of the exciton energy 
can be interpreted with a “particle-in-a-box” model.  The energy of the lowest exciton state, 
E(1se,1sh),, can be approximated with eqn. (1.2) for the nanocrystal radius R << aB:  
 
 

1 , 1
2

1 1 1.8
0.25 ∗  (1.2)

   
where Eg, represents the bulk band gap  and ∗  represents the bulk exciton binding energy. 
The second and third terms in eqn. (1.2) account for the spherical particle-in-a-box quantum 
confinement and the electron-hole Coulomb attraction, respectively.18-20  Qualitatively, the 
increase in exciton energy with decreasing radius R in eqn. (1.2) can account for the wide 
tunability observed in photoluminescence spectra from semiconductor nanocrystals.  The band 
gap of CdS, for example, can be tuned between 4.5 eV and 2.5 eV as the size is varied from the 
molecular regime to the macroscopic crystal.21 
 
The dashed lines in Figure 1.2(a) show two different energy-level offsets between the conduction 
bands in a CdSe/CdS nanorod.  In a Type I band alignment, photoexcited electrons and holes are 
both strongly confined in the CdSe QD and high photoluminescence quantum yields can be 
achieved.  When there is a staggered Type II band alignment, however, electrons and holes can 
be spatially separated, leading to high charge separation efficiencies.  CdSe/CdS nanorods have 
been shown to have a band alignment that is approximately in between a Type I and a Type II 
alignment.  In continuous-wave excitation measurements of CdSe/CdS nanorods, ~70-80% 
photoluminescence quantum yields have been observed from the radiative recombination of the 
electron and hole in the CdSe QD.11-13  While the hole becomes strongly confined in the CdSe 
QD after photoexcitation due to a valence band offset of ~500 meV,22 the electron is not as 
strongly localized in the CdSe QD region due to the relatively small conduction band offset.  The 
partial separation of electrons and holes in CdSe/CdS nanorods has been attributed to a “quasi-

 
 

Figure 1.2  (a) Schematic illustration of the band alignment in 
CdSe/CdS nanorods, with respect to the conduction (CB) and valence 
bands (VB).  (b) Illustration of the density of states in a molecule, 
nanocrystal, and bulk semiconductor. 

 



4 
 

Type-II” band alignment.15  The transition from a Type I to a quasi-Type-II band alignment in 
CdSe/CdS nanorods has been reported to occur when the CdSe QD diameter is in the range of ~3 
nm.15   
 
In addition to photoluminescence quantum yield measurements, photoluminescence excitation 
measurements (PLE) can provide strong evidence for efficient charge transfer to the CdSe QD in 
CdSe/CdS nanostructures.  Figure 1.3(a) shows a previously reported PLE measurement on a 
CdSe/CdS tetrapod sample.11  The CdS material absorbs the majority of the incident light when 
the excitation wavelength is tuned below ~500 nm.  The CdS tetrapod arm length is 24 nm, while 
the embedded CdSe QD core diameter is ~4 nm.  As the excitation wavelength is scanned, the 
PLE curves are acquired by integrating the photoluminescence intensity from the radiative 
recombination of the electron-hole pair in the CdSe QD.  The similarities between the linear 
absorption profiles and PLE curves suggest that the majority of the electron-hole pairs generated 
in CdS are captured in the CdSe QD.  The continuous-wave excitation measurements show clear 
evidence that the CdS tetrapod arms can efficiently act as “antennas” and “funnel” the 
photoexcitation into the CdSe QD.   
 
Continuous-wave excitation measurements can also show strong evidence for efficient charge 
transfer in nanostructured materials with semiconductor-metal interfaces.  Upon the selective 
growth of ~2-4 nm diameter Au tips onto the ends of CdSe nanorods, the photoluminescence of 
the original CdSe nanorods is dramatically quenched by several orders of magnitude.23  Visible 
light-induced photocatalysis has also been observed in Au-tipped CdSe nanorods in solution 
through the reduction of the electron acceptor methylene blue at the Au tip.24  Due to the distinct 
absorption spectrum of methylene blue, the light-driven reduction at the Au tip can be monitored 
by acquiring a series of linear absorption spectra for different light exposure times.  

 
Figure 1.3  (a) Photoluminescence excitation measurement of CdSe/CdS tetrapods from Ref. [11].  
The tetrapods have 24-nm-long rod arms and a 4-nm-diameter CdSe core (inset).  The linear 
absorption profile is shown along with the integrated photoluminescence from the radiative 
recombination of the electron-hole pair in the CdSe core.  (b) Relative quantum efficiency for 
hydrogen production in Pt-tipped and non-tipped CdSe/CdS nanorods (from Ref. [14]).  
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Photocatalytic H2 production has also been demonstrated in Pt-tipped CdSe/CdS nanorods14 and 
Pt-decorated CdS nanorods.25  The Pt tip acts as an electron sink and can effectively store 
photoexcited electrons to split water to produce H2.  The spatial separation of electrons and holes 
across the nanorod length in Pt-tipped CdSe/CdS nanorods enables a long-lasting charge 
separation that improves the H2-production efficiency.  Figure 1.3(b) shows previously reported 
H2-production efficiencies in Pt-tipped CdSe/CdS nanorods for different QD diameters and rod 
lengths.14  The size and shape of semiconductor-metal nanostructures can be tuned to maximize 
the charge separation efficiency and to absorb light in the visible range of the solar spectrum.  
The incorporation of CdSe QDs into CdS nanorods, for example, enables absorption to occur at 
more red-shifted wavelengths and over a more significant part of the solar spectrum.  The ability 
to tune the absorption spectrum in semiconductor-metal nanostructures presents significant 
advantages over more traditional photocatalytic systems.  Semiconductor-metal photocatalysts 
used to date have mostly been based on wide-gap oxide semiconductors (e.g., TiO2, ZnO) and 
are only operational under UV illumination.24 
 
The optimal design of nanostructured materials for charge-separation-based applications requires 
a detailed understanding of each component and their integration into a system.  Measurements 
to fully understand the electron and hole dynamics at the system level require the ability to 
distinguish all of the possible charge transfer processes.  In a Pt-tipped CdSe/CdS nanorod, for 
example, two possible charge-transfer-related outcomes that can occur immediately following 
photoexcitation are illustrated in Figure 1.4(a).  Although an electron produced in the CdS rod 
can in principle be transferred to the Pt tip or the CdSe QD, the staggered energy-level alignment 
of the structure enables electron transfer to the Pt tip to occur over sub-ps timescales.  The Pt tip 
has previously been shown to have no significant influence on the hole dynamics in Pt-tipped 
CdS nanorods.7, 8  Over similar timescales, however, the electron can also undergo coupled 
electron-hole transfer to the CdSe QD, due to the relatively large valence band offset of ~500 

 
 
Figure 1.4  (a) Schematic representation of charge transfer 
dynamics after photoexcitation in CdSe/CdS nanorods, with 
and without Pt tips present.  The energy-level diagram 
illustrates the charge separation across the nanorod length, 
with holes being confined in the CdSe seed and electrons 
being transferred to the Pt tip.  (b) Representative TEM image 
of Pt-tipped CdSe/CdS nanorods, with lengths of ~20 nm and 
CdSe seed diameters of 3.1 nm (scale bar = 20 nm).  

 

 
 

Fig. 1.4  (a) Schematic representation of charge transfer 
dynamics after photoexcitation in CdSe/CdS nanorods, 
with and without Pt tips present.  The energy-level diagram 
illustrates the charge separation across the nanorod length, 
with holes being confined in the CdSe seed and electrons 
being transferred to the Pt tip. (b) Representative TEM 
image of Pt-tipped CdSe/CdS nanorods, with lengths of 
~20 nm and CdSe seed diameters of 3.1 nm (scale bar = 20 
nm). 
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meV.22   The surrounding solvent environment26, 27 and morphology28 of the nanostructure can 
further strongly influence the charge separation process.      
 
Ultrafast white light transient absorption spectroscopy is used here to isolate the influence of the 
Pt tip on the charge separation dynamics in Pt-tipped CdSe/CdS nanorods.  A schematic of an 
optical setup for a transient absorption spectrometer is shown in Figure 1.5(a).  The output pulse 
train from a laser system is first divided into two pulse trains, the pump and probe.  The 
wavelength of the pump can typically be tuned across a wide spectral range through optical 
parametric amplification and sum-frequency generation.  The probe is much weaker than the 
pump and covers a broad spectral range, with the probe appearing as a single-filament, white 
light source (supercontinuum).29  The white light probe is generated by focusing a high-peak-
power light pulse into either a liquid or glass medium.  In the experiments that will be discussed, 
the pump pulse train is time delayed with respect to the probe pulse train by varying the optical 
delay along the pump beam path.  The pump excites the nanostructures above the band gap and 
creates electrons and holes with excess kinetic energy.  After excitation, the population dynamics 
of excited electrons and holes can be followed by monitoring semiconductor band-edge 
transitions with the white light probe.  At each pump-probe time delay, the transmitted intensity 
of the white light probe through the sample is detected with a photodiode and spectrally resolved 
with either a spectrometer or bandpass interference filters.  By monitoring the band-edge 
transitions from the CdSe and CdS regions in Pt-tipped CdSe/CdS nanorods with a white light 
probe, the charge separation dynamics are investigated in detail here across the lengths of 
nanorods.  The home-built transient absorption spectrometer and ultrafast time-resolved 
experiments are discussed more thoroughly in Chapters 2 and 3.    

 
 

 
 

Figure 1.5  (a) Schematic of an optical setup for an ultrafast white light transient 
absorption spectrometer.  Pump and probe pulses are overlapped on the sample and the 
transmission of the probe pulse is detected with a photodiode (PD) as a function of the 
pump-probe time delay, Δt.  (b) 400 nm pump beam incident on a CdSe/ZnS QD 
sample.  (c) White light continuum probe generated in a 2-mm-thick sapphire window. 
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1.2  Optical Confinement and Electron-Hole Plasma 
Dynamics 
 
In nanostructures where the diameter d >> aB, quantum confinement of electronic excitations is 
not significant and optical confinement can instead have a strong influence on how efficiently 
energy is stored and utilized.  ZnO nanowires, for example, typically have diameters in the ~100-
1000 nm range and lengths in the ~10 mm range.  ZnO, because of its large exciton binding 
energy (60 meV) and wide band gap (3.37 eV), is a semiconductor material of great interest for 
UV/blue optoelectronic applications.  ZnO nanowires act as Fabry-Pérot optical cavities with 
lower lasing thresholds than thin films or bulk materials30, 31 and have the potential for 
incorporation into nanoscale devices.  In effect, a ZnO nanowire can be considered to be one of 
the smallest possible room-temperature lasers.  The optical confinement in nanowires can be 
understood by considering the confined intensity of the electromagnetic field inside a cylindrical 
waveguide.  The fractional mode power within the core of the cylindrical waveguide (h) of 
diameter d is approximately described by32:  
 
 

h 1 2.405
1

 (1.3)

 
where V = [pd(n2-1)1/2]/l and n is the refractive index.  Figure 1.6(a) shows the fractional mode 
power h for a ZnO material as a function of cylinder diameter (d), with n = 2.4 and l = 380 nm.  
Below d ~100 nm, the field intensity is poorly confined in the waveguide.  At d = 200 nm, 
however, ~90% of the field intensity is confined in the waveguide.  The efficient waveguiding of 
light in nanowires is critical to ensure a sufficient stimulated process for lasing.  The nanowire 
length is also typically in the range of ~10 mm for low-threshold lasing to be realized.  The 
minimum gain for the lasing process is described by33:   
 
 1

2
1

ln
 (1.4)

 
where L is the cavity length and R is the end facet reflectivity.  At shorter nanowire lengths, a 
higher gain value is needed to overcome end mirror losses and internal losses.  The end facet 
reflectivity R in ZnO nanowires is estimated to only be ~20% from the difference in the 
refractive indices of ZnO and air.  Due to the higher gain value needed at shorter cavity lengths, 
lasing is typically not observed in single ZnO nanowires with lengths shorter than several 
micrometers.32, 34  While nanowire lengths can be readily determined with a conventional 
microscope, the lengths can also be roughly estimated from the spectral spacing ∆v between 
Fabry-Pérot-type modes in lasing emission spectra.  Using the classical optical cavity model, the 
frequency difference ∆v between lasing modes can be described by35: 
  
 ∆

2
 (1.5)
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where c is the speed of light in vacuum.  Eqn. (1.5) describes reasonably well the spectral 
spacing observed between lasing modes in nanowire lasers,32 although total internal reflection in 
nanowires can account for longer effective cavity lengths.34  A microscope-acquired image of a 
lasing ZnO tetrapod is shown in Figure 1.6(b).  Tetrapods consist of 4 nanowire-like legs 
arranged in a tetrahedral manner, with three of the four legs typically resting on a substrate.  
Figure 1.6(c) shows lasing spectra from a single ZnO tetrapod with the appearance of distinct 
modes above the lasing threshold.  GaN nanowires have also been demonstrated to support 
lasing modes and act as Fabry-Pérot optical cavities,36 but ZnO nanostructures have attracted a 
significantly greater amount of attention.  While GaN has found widespread use in solid-state 
lighting,37 ZnO has the potential to be cheaper to produce for applications and has an exciton 
binding energy that is more than twice that of GaN (~25 meV).  Reliable p-doping, however, has 
been notoriously difficult to achieve in ZnO, preventing the full realization of ZnO-based 
optoelectronic applications.38, 39   
 
Despite the difficulty of achieving reliable p-doping, optical studies have continued to 
investigate room-temperature lasing in ZnO nanostructures.  Since the first demonstration of 
room-temperature lasing in ZnO in 199740 and the first observation of room-temperature lasing 
in ZnO nanowires in 2001,30 there has been considerable interest in achieving low-threshold, 
exciton-based lasing in ZnO.  The 60 meV exciton binding energy of ZnO is more than twice the 
thermal energy at room temperature (26 meV), enabling excitons to be stable at room 
temperature.  The energy levels of the specific exciton states, Ex, approximately follow a 
hydrogen-like series41:   
 
 0,  (1.6)

 
 

Figure 1.6  (a) Fractional mode power within the core of a cylindrical waveguide from eqn. 
(1.3), with n = 2.4 and l = 380 nm.  (b) Microscope-acquired image of lasing emission from a 
single ZnO tetrapod.  (c) Lasing emission spectra from a single ZnO tetrapod.  The ZnO 
tetrapod is excited with a 200-fs UV pump pulse (267 nm).  
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where Eg is the band gap, Eb is the exciton binding energy (60 meV), and n = 1, 2, 3, ...∞.  The 
difference in energy between the first exciton state (n = 1) and the band gap Eg is the exciton 
binding energy Eb.  For lasing to occur in a ZnO nanowire cavity, relatively high carrier densities 
well beyond the single-exciton regime are needed to achieve a population inversion.  Due to the 
exciton binding energy Eb being highly dependent on the electron-hole pair density np and the 

 
 

Figure 1.7  Schematic illustration of  the formation 
of an electron-hole plasma with increasing 
excitation intensity, Iexc.  At electron-hole pair 
densities (np) approaching the Mott density (nm), 
the Coulomb attraction between bound electron-
hole pairs is screened and excitons condense into 
an electron-hole plasma. 

 
 

 
 
Figure 1.8  Schematic representation of the 
recombination in an inverted electron-hole plasma 
(from Ref. [43]). 
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temperature T, Eb can also be expressed as Eb(np, T).42  At electron-hole pair densities 
approaching the Mott density, the Coulomb attraction between bound electron-hole pairs is 
screened and the exciton resonance is effectively destroyed, with Eb(np, T) approaching zero in 
eqn. (1.6).  Excitons condense into an electron-hole plasma at electron-hole pair densities near 
the Mott density, forming a collective body of electrons and holes.  To a first approximation, the 
Mott density can be characterized by the electron-hole pair density nm that satisfies the condition 
(aB)3nm º 1.42  Figure 1.7 illustrates the formation of an electron-hole plasma at high carrier 
densities, while Figure 1.8 shows a band diagram of the population inversion in the electron-hole 
plasma regime.43  The lasing in ZnO nanowires typically occurs at electron-hole pair densities 
near the Mott density, making it extremely difficult to determine the near-threshold lasing 
mechanism and the exact role of the exciton binding energy.  While inelastic exciton-exciton 
scattering has been proposed to account for stimulated emission, for example, alternative 
mechanisms have been suggested that are not entirely exciton-based.42  The Mott density alone is 
difficult to calculate for ZnO and a wide range of values for the Mott density have been reported 
from ~1017 – 1020 cm-3.44, 45  Moreover, the crossover from the exciton regime to the electron-
hole plasma regime is a continuous transition.41  A detailed report by Klingshirn et al.42 has more 
recently claimed that the Mott density has been overestimated in a number of ZnO studies.  The 
latter argument has been based on the interpretation that the Mott density is likely to be closer to 
~5 x 1017 cm-3.  

The lasing dynamics in ZnO-nanostructured cavities are highly dependent on the carrier density.  
The lasing occurs over only ~2-5 ps, with carrier-density-dependent temporal shifts in the onset 
time to lasing occurring near the lasing threshold.46-49  At high densities, the blue shift in the 
emission from the screening of the exciton binding energy can also be effectively eliminated by a 
red shift that increases monotonically with the electron-hole pair density.32, 50  The red shift (due 
to band gap normalization) arises from Coulomb interactions that cause free carriers in the 
electron-hole plasma to rearrange in real space, reducing the overall energy of the system.41  
Above the lasing threshold, changes in the refractive index of the nanowire51 and strong exciton-
photon interactions (exciton-polariton interactions)34 can further lead to spectral shifts in the 
lasing modes.  Variations in the lasing thresholds between individual ZnO nanowires also occur 
from differences in the cavity dimensions and overall crystalline quality.  
 
In the studies described in Chapters 2 and 4, single ZnO tetrapod structures are isolated with a 
home-built confocal microscope and excited with a sub-ps UV pump pulse.  Lasing thresholds 
and Raman selection rules are investigated for single ZnO tetrapods.  Rate equations for 
microcavity lasers are also numerically solved to investigate the near-threshold lasing dynamics.                  
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Chapter 2 
 
Experimental Setups 
 
The home-built optical setups for a transient absorption spectrometer and a confocal fluorescence 
microscope are described in this section.  The transient absorption spectrometer is used on a 
more regular basis for experiments and is discussed in greater detail in sections 2.1-2.3.  Charge 
carrier dynamics in nanoparticles are studied over picosecond timescales with the transient 
absorption spectrometer, while lasing action from single-nanostructured cavities is investigated 
with the confocal fluorescence microscope.  
 
 

2.1  Transient Absorption Overview 
 
The results from transient absorption experiments are typically expressed in terms of the 
differential transmission change, ∆T/T, of the probe beam through the sample as a function of 
pump-probe time delay.  In eqn. (2.1), the differential transmission change is expressed in terms 
of the probe beam intensity before the sample, I0, and the probe beam intensities after passing 
through the sample, I1 and I2.  I1 represents the probe beam intensity without the pump beam 
present, while I2 represents probe beam intensity with the pump beam present. 
 
 ∆ /

/
 (2.1)

 
I1 and I2 can be expressed in terms of the Beer-Lambert relationships, I1 = Ioexp(-α1d) and I2 = 
Ioexp(-α2d).  By expressing I1 and I2 in terms of absorption coefficients, the change in absorption, 
Δα = α2 - α1, can be directly related to ∆T/T: 
 
 1

∆ ∆  (2.2)

                                                           
In the small signal limit where ∆T/T <<1, the differential transmission change can be simplified 
from eqn. (2.2) to eqn. (2.3) through the Taylor series approximation ln(1+x) º x, where x<< 1.   
For the measurements discussed in Chapter 3, the ∆T/T signals are in the range of ~10-4 to ~10-2 
and proportional to the change in the absorption of the sample: 
                                                             
 ∆

∆  (2.3)
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By modulating the pump beam and using lock-in detection in a transient absorption experiment, 
the change in the probe beam intensity, I2 –I1, can be detected with and without the pump beam 
present.  A rotating optical chopper wheel is used in experiments to modulate the pump beam.  
∆T/T can subsequently be found by detecting the probe beam intensity without the pump beam 
present, I1. 
 
 

2.2  Transient Absorption Spectrometer 
 
The optical layout of the transient absorption spectrometer is shown in Figure 2.1  The 
spectrometer consists of a Ti:sapphire amplified laser system along with a single-pass optical 
parametric amplifier (OPA), photodiodes, mechanical delay stage, lock-in amplifier, and 
monochromator.  The amplified laser system consists of an 18 W, 532 nm diode-pumped solid-
state laser (Coherent Verdi 18) that pumps both a Ti:sapphire oscillator (Coherent Mira 900) and 
a Ti:sapphire amplifier (Coherent RegA 9000).  Roughly ~150 fs pulses from the 76 MHz 
Ti:sapphire oscillator seed the Ti:sapphire amplifer and the Ti:sapphire amplifier operates at a 
repetition rate of 200 kHz.  The Ti:sapphire amplifier outputs pulses with a duration of ~200 fs at 
~4 mJ/pulse, centered at 800 nm.    
 
The output from the amplified laser system is split with a 60/40 beamsplitter to create pump and 
probe beams.  The 800 nm light along the pump beam bath is focused with a 15 cm lens into a 
Type I BBO crystal to generate 400 nm light.  The 800 nm light along the probe beam path is 
tightly focused with a 2 cm lens into a sapphire window to generate a white light 
supercontinuum.  A 50/50 white light beam splitter (ThorLabs) is used along the probe beam 
path to split the white light beam.  The reflected white light from the beam splitter is used in 
experiments as the probe beam, while the transmitted white light is used to seed the OPA.  The 
pump beam can be set at 400 nm or tuned in the visible range from ~500-700 nm with the OPA.  
The pump beam is reflected off an aluminum retroreflector mounted on a 15-cm-long Melles 
Griot delay stage.  Spectra of the pump and probe beams are acquired with either an Ocean 
Optics spectrometer (USB4000) or the monochromator shown in Figure 2.1 (Acton Research 
Corporation SpectraPro-150).  The Acton monochromator has a spectral resolution of ~0.5 nm 
and a 600 lines/mm grating.  The scanning rate of the monochromator is typically in the range of 
30-120 nm/min, resulting in 0.015-0.06 nm between each collection point.   
 
The pump and probe pulses are overlapped on the sample and linearly polarized with respect to 
one another at the Magic angle (54.7±) to eliminate directional and rotational influences on the 
transient signals.  The pump and probe beams are both focused with a 10 cm lens on a sealed 1-
mm-thick cuvette cell (Spectrocell), with the pump having a spot size of ~200 mm and the white 
light probe beam having a spot size of ~100 mm.  The spot sizes are determined by the 
transmission of the beams through pinholes fixed at the sample position.   
The concentration of the sample is in a range that results in an optical density of ~0.3 at the 
pump beam wavelength.  To obtain the sample optical densities needed for pump-probe 
measurements, samples are either diluted in toluene or concentrated by evaporating off toluene 
solvent with a liquid nitrogen trap.  Prior to measurements, the cuvette cells are cleaned by 
sonication in a 2% Hellmanex solution. 
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All of the samples are grown through colloidal synthesis and are obtained either commercially or 
through research collaborations.  5-nm diameter CdSe/ZnS QDs are obtained from Evident 
Technologies.  Pt-tipped and non-tipped CdSe/CdS nanorods are obtained from the research 
group of Prof. Paul Alivisatos at UC-Berkeley.  The colloidal synthesis of Pt-tipped and non-
tipped CdSe/CdS nanorods has been previously described.14  The embedded CdSe QD has a 
wurtzite crystal structure that enables the preferential asymmetric growth of the wurtzite CdS 
shell from one crystalline facet of the QD.11-13  The preferential growth of Pt from the end of the 
CdS nanorod is related to the anisotropic wurtzite crystalline structure of CdS and the 
distribution of Cd and S atoms in the lattice plane along the c-axis.52 
 
In transient absorption experiments, the pump beam  is modulated with an optical chopper wheel 
at a 1 kHz repetition rate.  The degree of overlap between the pump and probe beams can be 
checked by translating the delay stage to a pump-probe time delay that corresponds to Δt > 0 and 
adjusting the alignment of the pump beam on the sample with a turning mirror.  When the pump 
and probe beams are fully overlapped, the differential transmission of the probe beam through 
the sample, ∆T/T, is maximized.  Pinholes fixed at the sample position are used to overlap the 
pump and probe beams prior to measurements to ensure that ∆T/T is maximized.  For all 
experiments, the pump beam intensity is maintained at low enough excitation intensities to 
generate less than one electron-hole pair on average per nanostructure to avoid multiexciton 
processes such as Auger recombination.  The latter estimate is determined from Ne x = sj, where 
s is the absorption cross section at the excitation wavelength and j is the photon flux per 
excitation pulse.  For a 5 nm diameter commercial CdSe quantum dot sample from Evident 
Technologies, for example, the absorption cross section at 400 nm is s  = 2.1 x 10-15 cm2.  The 
empirical formula developed by Yu et al53. can also be used to determine the cross section of a 
CdSe QD when only the QD diameter is known.  Variable neutral density filters are used to 

 
 
Figure 2.1   Optical layout of ultrafast white light transient absorption spectrometer, 
with home-built single-pass OPA and Coherent Ti:sapphire amplified laser system. 
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maintain the pump beam at low excitation intensities and all experiments are conducted at room 
temperature.    

  
For all experiments, white light is generated in a 2-mm-thick sapphire window with 800 nm 
pulse energies of ~1-2 mJ.  The white light generated in sapphire is stable and covers the spectral 
range to probe the band-edge transitions of CdS and CdSe.  To extend the continuum to shorter  
 
 

 
 

Figure 2.2  (a) White light generated in sapphire and calcium fluoride windows (CaF2).  
The CaF2 window is mounted onto an optical chopper wheel and continuously rotated.  
(b) White light focused onto a TEM grid with 13-µm-sized holes.  (c) White light 
transmitted through the TEM grid. 

 
 

 
 

Figure 2.3  Spatial profile of the transmitted white light probe through a CdSe/ZnS QD 
sample, with and without an overlapped 400 nm pump beam.  At high pump intensities, the 
spatial profile of the white light probe is strongly affected by thermal lensing.  The thermal 
lensing effect is observed at both negative and positive pump-probe time delays. 
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wavelengths beyond ~450 nm and further into the ultraviolet range, calcium fluoride (CaF2) 
windows can be used instead.  CaF2 windows, however, can be damaged easily and need to be 
continuously rotated.  For comparison, Figure 2.2(a) shows the white light spectra generated in 
sapphire and CaF2 windows.  The white light can have significant spatial chirp, as shown in the 
images in Figure 2.2(b) and 2.2(c) of the white light being focused onto and transmitted through 
a TEM grid.  When the pump and probe beams are overlapped on the sample, the spatial profile 
of the white light probe can also be strongly affected by thermal lensing.  Figure 2.3 shows the 
spatial profile of the transmitted white light probe through a CdSe/ZnS QD sample, with and 
without an overlapped 400 nm pump beam.  The propagation of the 400 nm pump beam in the 
sample produces local heating, resulting in a temperature gradient that induces a transverse 
gradient of the refractive index.29  The thermal lensing of the white light probe beam can be 
observed at both negative and positive pump-probe time delays.  In the experiments that will be 
discussed, the pump beam intensity is kept low enough to avoid thermal lensing effects. 
 
Tunable spectra in the 500-700 nm range from the single-pass OPA are shown in Figure 2.4.  
The design of the OPA is based on a previously reported design from Coherent.54, 55 The OPA 
consists of a Type I BBO crystal and an 8 cm lens to focus both the 400 pump and white light 
seed beams onto the BBO crystal.  The visible portion of the white light can be amplified by 
~100x at wavelengths from ~500-700 nm by rotating the BBO crystal and readjusting the optical 
delay to compensate for the white light chirp.  At each optical delay, the overlap on the BBO 
crystal between the 400 nm pump and white light seed beams is also optimized with turning 
mirrors to compensate for the white light spatial chirp.  Bandpass interference filters are placed 
after the BBO crystal to select the desired wavelength and filter out residual 400 nm light.  While 
a double-pass OPA can be constructed for experiments to achieve higher output powers, the 
single-pass OPA design provides sufficient power for experiments in the range of several mW at 
 

 
Figure 2.4  Tunable spectra from the single-pass OPA 
setup  shown in Fig. 2.1.  The spectra can be tuned in 
the visible range from ~500 – 700 nm. 
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a repetition rate of 200 kHz. 
 
 

2.3  Signal Detection and White Light Chirp Correction 
 
The transient absorption, autocorrelation, and cross-correlation signals are detected with a lock-
in amplifier and a photodetector.  Photodiodes are typically used for measurements of transient 
signals, but more sensitive measurements can be performed with a photomultiplier tube 
(Hamamatsu R1463P).  For most cross correlation and transient absorption measurements, a 
New Focus Si photoreceiver (Model 2001) is typically used.  The lock-in amplifier (Stanford 
Research Systems SR830) operates with a 30 ms time constant, the optical chopper wheel rotates 
at a 1 kHz repetition rate, and the delay stage is typically translated at a rate of 0.1 mm/s for each 
time-resolved scan (~4 fs between each collection point).  The output signal from the lock-in 
amplifier is recorded at each pump-probe time delay with LabVIEW software.  
 
For autocorrelation measurements, the 800 nm fundamental beam from the Ti:sapphire amplified 
laser is split with a 50/50 beamsplitter.  The two beams are recombined onto a GaAsP 
photodiode, with the arrival time of one beam being time delayed with the mechanical delay 
stage.  The autocorrelation of pulses as short as 6 fs has previously been reported using a GaAsP 
photodiode with pulse energies as low as only several picojoules.56   The 680 nm band gap of the 
photodiode enables a two-photon-absorption-induced photocurrent to be detected when the two 
800 nm beams are temporally overlapped.  One beam is modulated with an optical chopper 
wheel and the photocurrent is detected with a lock-in amplifier.  Figure 2.5 shows an example of 
an autocorrelation measurement performed with a GaAsP photodiode, showing a full-width-half-
maximum (FWHM) of ~300 fs.  The autocorrelation pulses from the Coherent laser system are 
best described by a hyperbolic secant function.57  To account for the pulse shape, a factor of 
0.648 is applied to convert the autocorrelation width in Figure 2.4 to the actual pulse width (~200 
fs).   
 
To find the temporal overlap of the pump and probe beams at the sample position (Δt = 0), the 
sample cuvette cell is replaced with a Kerr medium and optical Kerr gating measurements are 
performed.  An optical Kerr gate is an all-optical switch that transmits the probe beam in only a 
limited time period.  The Kerr gate is formed by placing the Kerr medium between two crossed 
polarizers in the optical path of the probe beam.  The pump pulse induces an anisotropy in the 
Kerr medium, resulting in a change in the polarization of the probe beam during the time period 
of the induced anisotropy.  The transmitted intensity of the probe beam through the Kerr medium 
and the two crossed polarizers is detected with a lock-in amplifier while chopping the pump 
beam.  The pump and probe beams are linearly polarized with respect to one another at 45± to 
maximize the gating efficiency.  Figure 2.6(a) shows the transmitted probe beam intensity at Δt = 
0 as a function of the polarization angle between the pump and probe beams.  The maxima in the 
transmitted signal intensities occur at a 45± polarization angle.  Figure 2.6(b) shows Kerr gating 
measurements performed with fused silica, toluene, and CS2 as the Kerr media.  The response 
time of the optical Kerr effect from liquids/solutions is governed by the rotational relaxation time 
and accounts for the slower response times from toluene and CS2.

58, 59  With a relatively fast 
response time, solid glasses such as fused silica have previously been used in time-resolved 
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fluorescence measurements with sub-ps time resolution.58, 60  For all experiments, samples are 
dispersed in toluene and toluene is also used as the Kerr medium to find Δt = 0 in pump-probe 
measurements.   Optical Kerr gating measurements are used to characterize the temporal profile 
of the white light probe pulse.  Unlike sum-frequency-based techniques, optical Kerr gating does 
not require phase-matching and can be readily applied to characterize the temporal profile of 
pulses over a wide spectral range.  Figure 2.7 shows an optical Kerr gating measurement 
performed with 400 nm pumping and white light probing that shows the presence of two pulses.  
The second pulse arises from the reflection of the probe pulse on the back surface of a 
microscope coverslip.  The ~200 mm thickness of the microscope coverslip is consistent with  
 

 
 

Figure 2.5  Two-photon-absorption-induced photocurrent in a GaAsP 
photodiode from the temporal overlap of two 800 nm pulses. 

 

 
 

Figure 2.6  Optical Kerr gating measurements performed with an 800 pump pulse and a 400 
nm probe pulse.  (a) Transmitted probe beam intensity at Δt = 0 as a function of the 
polarization angle between the pump and probe beams.  The maxima in the transmitted 
signal intensities occur at a 45± polarization angle.  (b) Cross-correlation measurements 
performed with fused silica, toluene, and CS2 as the Kerr media. 
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the ~2 ps time delay between the two pulses.  When the microscope coverslip is replaced with a 
white light beamsplitter to eliminate the back-surface reflection, only a single pulse is observed, 
as shown in Fig. 2.7 and by the series of measurements at different wavelengths in Fig. 2.8(a).  
By performing a series of measurements at different wavelengths with the monochromator, the 
frequency chirp across the temporal profile of the white light pulse can also be determined.  The 
determination of the frequency chirp is critical in transient absorption experiments that monitor 
absorption changes over a wide spectral range.  Nagura et al.61 demonstrated through optical 
Kerr gating that the frequency chirp of the supercontinuum pulse originates during propagation 

 
 

Figure 2.7  Optical Kerr gating measurements performed with 400 nm pumping and 
white light probing.  When a microscope coverslip is used to split the white light in 
the single-pass OPA, two pulses appear in optical Kerr gating measurements.  The 
second pulse arises from the reflection of the probe pulse on the back surface of the 
microscope coverslip.  The ~200 mm thickness of the microscope coverslip is 
consistent with the ~2 ps time delay between the two pulses. 

 
 

 
 
Figure 2.8  A series of Optical Kerr gating measurements performed at different selected 
wavelengths of the white light probe.  (b) The relative time delay between the different 
frequency components of the white light probe and a second-order polynomial fit.  
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in the white-light-generating medium.  The white light probe pulse used here for experiments is 
positively chirped, with the lower-frequency components in the temporal pulse profile arriving 
earlier at the sample position.  When the frequency chirp of the white light is determined, 
transient signals at different wavelengths can be compared relative to one another on the same 
timescale.  Figure 2.8(b) shows the relative time delay between the different frequency 
components of the white light probe beam.  The chirp across the white light spectrum can be 
described well by a second-order polynomial function.62     
 
The differential transmission change, ∆T/T, through the sample is monitored with chopping of 
the pump beam and detection of the white light probe beam.  The white light probe is filtered for 
specific wavelengths by using the monochromator or bandpass interference filters of ≤5 nm.  
Figure 2.9(a) shows an example of a transient absorption measurement performed with 400 nm 
excitation of a CdSe quantum dot sample, with probing at 590 nm on the CdSe band-edge 
transition.  Between three and five transients are typically averaged for each ∆T/T signal.  An 
optical Kerr gating measurement at the probe wavelength is shown for comparison. In some 
cases, background issues in ∆T/T signals can become significant when the excitation wavelength 
is in a similar spectral range to the probe wavelength.  When chopping the pump beam under 
these conditions, the photodetector can pick up contributions from both the intensity of the pump 
beam and the change in the intensity of the probe beam.  To minimize the background 
contribution with OPA pumping, both the pump and probe beams can be modulated with the 
inner and outer wheels of an optical chopper wheel.  Under these conditions, background-free 
transient signals can be measured with lock-in detection at the sum of the two chopping 
frequencies.63, 64  Similar dual-beam modulation techniques are used in correlation spectroscopy 
to measure time-integrated luminescence spectra as a function of the time delay between two 
excitation pulses.65  Figure 2.9(b) shows a time-resolved measurement on a CdSe quantum dot 
sample performed with dual chopping of the 580 nm pump beam and white light probe beam.  
The Kerr signal with the OPA pump beam as the gating pulse is shown for comparison.  For all 

 
 

Figure 2.9  Pump-probe signals acquired with single-beam chopping (a) and dual-beam 
chopping (b).  CdSe/ZnS quantum dots (QDs) are dispersed in toluene in a 1-mm-thick 
cuvette cell.  The sample cuvette cell is replaced with a cuvette cell containing toluene to 
find Δt = 0 with optical Kerr gating measurements. 
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experiments with OPA pumping, the OPA pump wavelength does not have significant spectral 
overlap with the probe beam and single-beam chopping is performed exclusively.                      
 
 

2.4  Confocal Fluorescence Microscope 
 
The optical layout of the confocal microscope setup is shown in Figure 2.10(a).  The same laser 
system described in section 2.2 is used with the confocal microscope.   The microscope consists 
of a 0.8 NA UV objective (Partec quartz objective), a piezoelectric stage (Physik Instrumente), a 
CCD camera, a monochromator, and a photomultiplier tube (PMT).  The 800 nm light from the 
laser system is focused with a 15 cm lens through two side-by-side BBO crystals (Type I and 
Type II) to generate 267 nm light.  The typical power for the 267 nm light used for 
measurements is in the range of ~10 mW at a 250 kHz repetition rate.  In the confocal 
microscope, the 267 nm light is focused onto a quartz microscope coverslip with the UV 
objective.  Figure 10 shows images of the 267 nm pump beam incident on a ZnO powder film 
and a single ZnO tetrapod.  The diameter of the 267 nm pump beam is determined by acquiring 
an image of a TEM grid from the sample position, as shown in Figure 10(c).  The TEM grid can 
also be used as a reference to determine the lengths of the tetrapod legs. 
 
The tetrapod samples are obtained from the research group of Prof. Yiping Zhao at the 
University of Georgia.  Tetrapods are grown with a vapor-phase transport process by heating Zn 
powder to 700 ˚C in a quartz tube furnace with an argon flow of 300 sccm under ambient 
pressure.47, 66, 67  The samples are spincoated onto the microscope coverslip to ensure that 
individual tetrapods can be isolated and excited with a ~100 mm pump beam diameter.  The 
length of each tetrapod leg is ~10-30 mm long along the c-axis of the wurtzite crystal structure.  
The tetrapod legs are tapered, with the diameter varying along the length from ~100-1000 nm.   
 
To acquire confocal images with the piezoelectric stage, individual tetrapods are excited with the 
267 nm pump beam and the back-reflected emission (~380-390 nm) from the sample is collected 
with the UV objective.  The piezoelectric stage is typically scanned in the x-y plane over a ~50 x 
50 mm2 area and the back-reflected emission is focused through a 100 mm pinhole into the 
monochromator.  The 267 beam is modulated with an optical chopper wheel and the emission is 
detected with a lock-in amplifier.  Figure 2.11 shows confocal images of a single non-lasing 
tetrapod.  When the sample is fixed in place, the lasing thresholds of individual tetrapods are 
determined by varying the 267 nm pump intensity with a neutral density filter.   
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Figure 2.10  (a) Schematic representation of the confocal 
microscope used in experiments.  A CCD camera above the 
microscope is used to acquire images and a monochromator is 
used to spectrally resolve the back-reflected emission from the 
sample.  Images of the 267 nm pump beam incident on a ZnO 
powder (b), a single ZnO tetrapod (c), and a TEM grid (d). 

 
 

 
 
Figure 2.11  Confocal images from a single, non-lasing ZnO tetrapod.   
The piezoelectric stage is scanned in the x-y plane and the back-
reflected emission from the tetrapod is detected at λ = 390 nm.  
Images are shown for two different step sizes per data collection 
point.  The confocal images closely match the CCD image (inset). 

 



22 
 

Time-resolved experiments of individual tetrapods can also be performed with the confocal 
microscope setup.  Previously, time-resolved experiments with similar setups have focused on 
the ultrafast gating of the lasing emission47 and optical injection probing.66, 67  To perform a time-
resolved pump-probe measurement on a single tetrapod, the temporal overlap of the pump and 
probe beams must be found at the sample position under the microscope.  While sum-frequency-
based cross-correlation techniques can be difficult to apply to find the temporal overlap of UV 
pump and probe wavelengths, two-photon absorption-based cross-correlation techniques can be 
readily applied over a wide spectral range.62, 68, 69  Semiconductors with different band gaps can 
be used to extend the spectral range of cross-correlation measurements.  In Figure 2.12, cross-
correlation measurements with 800 nm pumping and white light probing are shown for a ZnO 
nanorod array sample.  The transmitted white light probe intensity is monitored as a function of 
the pump-probe time delay and the probe wavelength.  The frequency chirp of the white light 
probe in Figure 2.12(b) is similar to the frequency chirp from the optical Kerr gating 
measurements in Figure 2.8. 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2.12  Cross-correlation measurements with 800 nm pumping and white 
light probing on a ZnO nanorod array sample (a).  The SEM images show the 
top-down and cross-sectional views of the nanorods.  The nanorods have 
diameters of ~100-200 nm and lengths of ~500-1000 nm.  (b) The transmitted 
white light probe intensity through the nanorod array is monitored as a function 
of the pump-probe time delay and the probe wavelength. 
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Chapter 3 

 
Exciton Dynamics in Quantum Dots and  
Dot-in-a-Rod Nanostructures 
 
3.1  Exciton Dynamics in CdSe Quantum Dots 
 
When CdSe QDs are excited with a pump pulse and probed with a white light pulse, the primary 
change in absorption occurs in a spectral range associated with the lowest exciton state.  Within 
~1 ps after photoexcitation, excited carriers relax into low-energy quantized states and the 
transient absorption signal, ∆T/T, can be described as having contributions from both the excited 
electron and hole populations.  The population of the lowest exciton state with excited electrons 
and holes leads to a decrease in the absorption, or a bleaching, from the CdSe band-edge 
transition.  Since ∆T/T ∂ -Δα, the bleaching of band-edge transitions corresponds to ∆T/T > 0 
after photoexcitation.  The positive ∆T/T signal is proportional to the sum of the electron and 
hole occupation numbers associated with a particular optical transition70:     
                                                          
 ∆

∂  (3.1)

        
Due to the valence band degeneracy in CdSe QDs and the large difference in the effective 
masses of electrons and holes (mh/me º 6), there is a significant difference in the room-
temperature occupation probabilities of excited electrons and holes from the optical transitions 
near the CdSe band-edge.  The ∆T/T bleaching signal from the CdSe band-edge transition is due 
almost entirely to the excited electron population in CdSe QDs.70      
 
CdSe QDs have been widely studied with ultrafast white light transient absorption spectroscopy 
and are used to evaluate the performance of the home-built transient absorption spectrometer.  5-
nm-diameter CdSe/ZnS core/shell QDs from Evident Technologies are dispersed in toluene in a 
1-mm-thick cuvette cell and excited with a 400 m pump pulse.  A contour plot of the ∆T/T signal 
as a function of the probe wavelength and the pump-probe time delay is shown in Figure 3.1(b), 
along with a plot of the linear absorption profile in Figure 3.1(a).  The bleaching occurs mainly 
in the spectral range of the CdSe band-edge transition at ~590 nm.  The contour plot is corrected 
for the frequency chirp of the white light probe pulse by the optical Kerr gating cross-correlation 
measurements described in section 2.3. 
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The rise time of the bleaching features in the contour plot in Figure 3.1(b) depends primarily on 
the electron relaxation rate to the bottom of the CdSe conduction band.  When the CdSe band-
edge transition at 590 nm is probed, the ∆T/T signal is directly related to the electron population 
over time at the bottom of the conduction band.  Figure 3.2(b) shows time-resolved 
measurements performed by probing the CdSe band-edge transition at 590 nm following 
excitation at two different wavelengths.  When CdSe QDs are excited near the band-edge 
transition with a 550 nm pump pulse, excited electrons relax almost immediately to the bottom of 
the conduction band.  With 400 nm excitation, however, the electron relaxation occurs over ~1 
ps.  The pump-wavelength dependence of the electron relaxation time can be qualitatively 
understood by considering the distribution of the excess photon energy between the electron and 
hole20: 
 

 
 
Figure 3.1  (a) Linear absorption profile for 5-nm-diameter CdSe QDs.  (b)  Contour plot of 
∆T/T as a function of the pump-probe time delay and the probe wavelength.  The QDs are 
dispersed in toluene in a 1-mm-thick cuvette cell and excited with a 400 nm pump pulse. 
  

 

 
Figure 3.2  (a) Spectrum of the 550 nm pump beam from the OPA relative to the CdSe QD 
linear absorption profile.  (b)  The CdSe QD band-edge transition at 590 nm is probed 
following excitation with two different wavelengths. 
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 ∆ ω 1 /  (3.2)
 
 ∆ ω ∆  (3.3)
 
where ΔEe (ΔEh) is the energy difference between the conduction band (valence band) and the 
initial energy of the photoexcited electron (hole).  The distribution of the excess photon energy is 
schematically illustrated in Figure 3.3.  Since mh/me º 6 for CdSe, the majority of the excess 
photon energy is transferred to the photoexcited electron (~86% from eqn. 3.2).  The electron 
relaxation time over ~1 ps with 400 nm pumping in Figure 3.2(b) is consistent with previous 

 
 

Figure 3.3  Schematic representation of absorption 
in a semiconductor with photon energies above the 
band gap, as described by eqns. (3.2) and (3.3). 

 
 

 
 

Figure 3.4  Size dependence of the electron 
energy-loss rate in CdSe QDs (from Ref. [71]). 
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time-resolved studies of CdSe QDs.71, 72  The electron relaxation rate (eV/ps) in CdSe QDs has 
been shown to scale as R-2.6, where R is the nanocrystal radius.71  The size dependence and 
confinement enhancement in the relaxation rate are shown more clearly in Figure 3.4.  The 
relatively fast relaxation rate in CdSe QDs has been attributed to nonphonon energy-loss 
mechanisms that can involve both Coulomb electron-hole interactions and surface-ligand 
vibrations.70, 73  The contributions of surface-ligand vibrations and Coulomb electron-hole 
interactions to intraband relaxation rates can be effectively minimized by controlling surface 
properties and spatially separating electrons and holes in core-shell QDs.  Pandey et al, for 
example, observed electron intraband relaxation occurring over nanosecond timescales in finely-
tuned CdSe/ZnSe QDs.74  For renewable energy applications, slow intraband relaxation rates can 
potentially be utilized to efficiently extract hot charge carriers.20 
 
At relatively low excitation intensities, the depopulation in CdSe QDs occurs through radiative 
recombination and carrier trapping at surface/interface states.70  Due to the confinement of the 
electron-hole pair in the CdSe material and the ZnS surface passivation, near-unity 
photoluminescence quantum yields from CdSe/ZnS QDs have been demonstrated75 and radiative 
lifetimes are typically found to be in the range of ~20 ns.76, 77  At high excitation intensities that 
result in the generation of multiple excitons, however, the depopulation can occur to a significant 
extent through nonradiative Auger recombination.  Auger-decay time constants are typically in 
the range of tens to hundreds of picoseconds and are significantly shorter than radiative 
lifetimes.78  In the Auger recombination process, the electron-hole recombination energy is not 
emitted as a photon but instead transferred to a third charge carrier (electron or hole).  Auger 
recombination is greatly enhanced in nanocrystals compared to bulk materials due to the 
confinement-enhancement of Coulomb interactions and the relaxation in momentum 
conservation.70 
 
 

3.2  Coupled Electron-Hole Transfer in CdSe/CdS Nanorods 
 
When CdSe/CdS nanorods are excited by a low-intensity pump pulse (Nex < 1), two main 
spectral features appear in transient absorption measurements.  Figure 3.5 shows a ∆T/T 
spectrum acquired from a CdSe/CdS nanorod sample with 400 nm excitation.  The CdSe//CdS 
nanorods have a 3.9 nm QD diameter and rod length of ~60 nm.  The bleaching features in the 
∆T/T spectrum are due to the population of charge carriers on both the CdSe and CdS band 
edges.  The spectrum is shown at a pump-probe time delay of Δt = 1 ps from the CdSe QD band-
edge transition at 600 nm and at Δt ~ 2 ps from the CdS band-edge transition at 460 nm, with the 
difference in the pump-probe time delays being due to the white light frequency chirp.  The 
bleaching from the embedded CdSe QD is similar to the bleaching observed in Figure 3.1(b) and 
the spectral range of the CdSe band-edge bleaching is dependent on the QD diameter.  When a 
CdSe QD is embedded in a CdS rod, the CdSe band-edge absorption profile also red-shifts by 
~100 meV due to the lower degree of quantum confinement induced by the CdS shell.3, 11-13, 22   
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Due to the relatively large valence band offset of ~500 meV in CdSe/CdS nanorods, the transient 
absorption kinetics within the first several picoseconds are expected to be mostly related to the 
hole transfer rate into the CdSe QD core.  In ultrafast white light transient absorption 
measurements of CdSe/CdS nanorods, however, the electron and hole dynamics cannot be easily 
distinguished when the CdS rod is directly excited. In contrast to transient absorption 

 
 

Figure 3.5  ∆T/T spectrum acquired from a CdSe/CdS 
nanorod sample with 400 nm excitation.  The CdSe/CdS 
nanorods have lengths of 66 nm and 3.9 nm CdSe QD core 
diameters.  The spectrum is shown at a pump-probe time 
delay of Δt = 1 ps from the CdSe QD band-edge transition 
at 600 nm and at Δt ~ 2 ps from the CdS band-edge 
transition at 460 nm, with the difference in the pump-probe 
time delays being due to the white light frequency chirp.  
The linear absorption profile is shown for comparison. 
 

 
 

Fig. 3.6  Transient absorption (a) and time-resolved 
photoluminescence measurements (b) performed on 
a CdS/CdS tetrapod sample (from Ref. [4]). 
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measurements of CdSe QDs, transient absorption measurements of CdSe/CdS nanorods can also 
have a significant bleaching contribution from the photoexcited hole population.  The similar 
spacing between intraband levels in the conduction and valence bands in CdSe/CdS 
nanostructures enables excited electrons and holes to have nearly-equal bleaching contributions.4, 

79  Mauser et al.4 addressed the latter issue by performing complementary transient absorption 
and time-resolved photoluminescence measurements on CdSe/CdS tetrapod structures.  Figure 
3.6 shows time-resolved measurements performed with 400 nm excitation on CdSe/CdS 
tetrapods.  The tetrapods structures investigated in Figure 3.6 have 16-nm-long CdS rod-shaped 
arms and a 4-nm embedded QD core.  While differential transmission signals are proportional to 
the sum of the electron and hole occupation numbers (∆T/T ∂ ne + nh), time-resolved 
photoluminescence (PL) signals are proportional to the product of the electron and hole 
occupation numbers (PL ∂ ne x nh).  The time-resolved PL signal in Figure 3.6 is therefore 
directly related to the localization of both the electron and hole in the CdSe QD core region of 
the tetrapod.  The PL signal rises immediately after 400 nm photoexcitation, indicating that both 
the electron and hole are rapidly localized into the CdSe QD core region.  Within the first ~1 ps 
after photoexcitation, the depopulation in the ∆T/T signal from the CdS band-edge transition and 
the increase in the ∆T/T signal from the CdSe band-edge transition show further evidence for the 
rapid electron-hole localization into the CdSe QD core region.  Mechanistically, as the hole is 
transferred from the CdS rod to the CdSe QD, the hole Coulombically drags the electron into the 
region of the CdSe QD core.4  The hole becomes strongly localized in the CdSe QD, but the 
excited electron is not as strongly confined to the CdSe QD due to the relatively small 
conduction band offset.   
 
 

3.3  Local Probing of Electron Transfer in Pt-tipped 
CdSe/CdS Nanorods 
 
Figure 3.7 gives an overview of two possible charge separation mechanisms that can occur in 
CdSe/CdS nanorods after photoexcitation.  In Figure 3.7(a), the electron-hole pair is dissociated 
within ~1 ps after photoexcitation across the CdS rod length.  In Figure 3.7(b), however, the 
electron transfer to the Pt tip occurs over longer timescales following the sub-ps localization of 
the electron-hole pair into the region of the CdSe QD core.  Ultrafast white light transient 
absorption spectroscopy is used here to isolate the influence of the Pt tip on the charge separation 
dynamics in Pt-tipped CdSe/CdS nanorods.  Both Pt-tipped and non-tipped CdSe/CdS nanorods 
are excited with a wavelength-tunable pump pulse to initially localize the formed electron-hole 
pair in either the CdS or CdSe regions.  The subsequent charge transfer dynamics are monitored 
by probing the CdS and CdSe band-edge transitions with a visible white light supercontinuum 
pulse.  When the CdS rod region is excited and probed in a Pt-tipped CdSe/CdS nanorod, the 
transient absorption kinetics can have contributions from both electron transfer to the Pt tip and 
coupled electron-hole transfer to the CdSe QD.  Although clear evidence for electron transfer to 
the Pt tip has been demonstrated via H2 production under continuous-wave excitation 
conditions,14 the exact role that the Pt tip plays in the charge separation process across the 
nanorod length can be easily obscured in ultrafast time-resolved measurements by the coupled 
electron-hole transfer to the CdSe QD.  By controlling the initial localization of the electron-hole  
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pair in this study with a wavelength-tunable pump pulse, the electron transfer to the Pt tip is 
completely distinguished from the coupled electron-hole transfer to the CdSe QD.   

 
Figure 3.8 shows representative TEM images of the Pt-tipped CdSe/CdSe nanorods, with lengths 
of ~20 nm and CdSe QD diameters of 3.1 nm.  The samples are dispersed in toluene in a sealed 1 
mm-thick cuvette cell at room temperature, excited with either a 400 nm or a 550 nm ~200 

 
 

Figure 3.7  Schematic illustration of two possible charge separation 
mechanisms that can occur in CdSe/CdS nanorods after photoexcitation.  
(a) The electron-hole pair is dissociated within ~1 ps after 
photoexcitation across the CdS rod length.  (b) The electron transfer to 
the Pt tip occurs over longer timescales following the sub-ps 
localization of the electron-hole pair into the region of the CdSe QD 
core.  (c)  The energy-level diagram illustrates the charge separation 
across the nanorod length, with holes being confined in the CdSe QD 
core and electrons being transferred to the to the Pt tip. 
 

 

 
 

Figure 3.8  Representative TEM images of Pt-tipped 
CdSe/CdS nanorods, with lengths of~20 nm and diameters 
of 3.1 nm (scale bars are 50 nm and 20 nm). 
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femtosecond (fs) pump pulse, and probed with a white light supercontinuum pulse.  The white 
light covers the spectral range to probe both the CdS and CdS band-edge transitions at 460 nm 
and 580 nm, respectively.  The probe beam is selected for specific wavelengths from survey 
spectra using interference filters of ≤5 nm bandwidth.  To avoid multiexciton processes such as 
Auger recombination, low-intensity 400 nm and 550 nm excitation pulses are used to create 
fewer than Nex = 0.1 excitons on average per nanorod.  Between three and five averaged 
transients represent each of the ∆T/T signal traces shown herein and no significant change is 
observed in the transients over the course of repeated measurements. 

 
The population of the CdS and CdSe regions with excited electrons and holes leads to the 
bleaching of the band-edge transitions, with ∆T/T > 0 after photoexcitation.  Figure 3.9 shows 
transient absorption measurements performed on non-tipped CdSe/CdS nanorods, with the 
sample being excited at 400 nm and probed at both the 460 nm and 580 nm band-edge 
transitions.  The ∆T/T signals are proportional to the sum of the occupation numbers of the 
electron and hole states involved in the beached transitions, with ∆T/T ∂ (ne + nh).  The excited 
charge carriers are mostly created initially in the CdS region, with the absorption cross section at 
400 nm from the CdS rod being ~10x that of the CdSe QD.  In both the Pt-tipped and non-tipped 
samples, the ∆T/T signals at 460 nm decay within the first ~1 ps, while the ∆T/T signals at 580 
nm rise within the first ~1 ps.  Similar complementary rise and decay dynamics to those shown 
in Figure 3.9 have been previously attributed to coupled electron-hole transfer from CdS to CdSe 
in CdSe/CdS nanostructures.3, 4  In particular, transient absorption and time-resolved 
photoluminescence measurements on CdSe/CdS tetrapods have shown strong evidence for 
coupled electron-hole transfer occurring over ps timescales.4  The 460 nm residual ∆T/T signals 
at time delays later than several picoseconds in Fig 3.12 can potentially be attributed to charge 
carriers that remain in the CdS region and delocalized electrons that contribute to bleaching in 
both the CdS and CdSe regions.  
 
The depopulation observed at 460 nm from the Pt-tipped sample in Figure 3.9 can have 
contributions from both electron transfer to the Pt tip and coupled electron-hole transfer to the 
CdSe QD.  To roughly estimate the relative contributions of the depopulation mechanisms, the 
decays of the ∆T/T signals in Figure 3.9 are fit with exponential functions.  While excited 
electrons and holes may have different relative contributions to the ∆T/T signals,4, 70 the fits of 
the ∆T/T signals only consider charge transfer from the CdS region to either the CdSe QD or the 
Pt tip.  The normalized ∆T/T signal of the non-tipped sample is fit with a biexponential along 
with a y-vertical offset term, y0, to account for the excited charge carriers that do not participate 
in charge transfer or recombination over this timescale.  The coupled electron-hole transfer rate 
in CdSe/CdS nanorods has also previously been observed to be described well by biexponential 
kinetics.3      
 
 ∆ / 	  (3.4)

 
The values obtained for the first term in eqn. (3.4) are then used to fit the normalized ∆T/T 
kinetics from the Pt-tipped sample:  
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 ∆ / 	 /  (3.5)

 
The fit of the ∆T/T signal from the Pt-tipped sample is performed with only the scaling factor f 
and the second and third terms in eqn. (3.5).  The second term in eqn. (3.5), a single exponential, 
describes the depopulation due to the Pt tip and the third term, yPt, accounts for the excited 
charge carriers that do not participate in charge transfer or recombination.    

 
The fitting parameters from the 460 nm ∆T/T signals in Figure 3.9 and their respective standard 
deviations (1s) are shown in Table 3.1.  Using the fit based on eqn. (3.5), the majority of the 
∆T/T signal from the Pt-tipped sample in Figure 3.9 can be accounted for by the coupled 

 
 

Figure 3.9  Normalized ∆T/T kinetics of Pt-tipped and 
non-tipped CdSe/CdS nanorods (NR).  The nanorods 
are pumped at 400 nm to primarily excite the CdS 
region and probed on both the CdS and CdSe band-
edge transitions (460 nm and 580 nm).  The 400 
nm/460 nm pump/probe signals are shown with 
exponential fits from eqns. (3.4) and (3.5). 

 

 
 

Table 3.1  Summary of exponential fits from Figure 3.9. 
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electron-hole transfer and the y-vertical offset yPt.  In an infinitely long CdSe/CdS nanorod, the 
addition of the Pt tip would be expected to only affect electrons created on one end of the 
nanorod in the vicinity of the Pt-CdS interface, leading to B~yo-yPt from eqn. (2).  The values 
from Table 3.1, however, show that B is ~3x greater than yo-yPt and this difference may be the 
result of electrons being transferred to Pt instead of undergoing coupled electron-hole transfer to 
the CdSe QD.  The sub-ps time constant t obtained from the fit in Table 3.1, although difficult to 
directly attribute to electron transfer to the Pt tip, is also consistent with results from previous 
transient absorption studies on Pt-tipped and Pt-decorated CdS nanorods.  Wu et al.7 observed 
electron transfer occurring to Pt with a half-life time of ~3.4 ps in Pt-tipped CdS nanorods and 
Peng8 observed electron transfer occurring over subpicosecond timescales in Pt-decorated CdS 
nanorods.   

 
 

Figure 3.10  Schematic illustration of the 
photoexcitation by a wavelength-tunable 
pump pulse.  

 
 

 
 
Figure 3.11 Normalized ∆T/T kinetics of Pt-tipped CdSe/CdS 
nanorods.  The CdSe band-edge transition at 580 nm is 
probed following excitation with two different wavelengths. 
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To more clearly observe the influence of the Pt tip on the electron dynamics, the coupled 
electron-hole transfer can be eliminated by tuning the excitation wavelength further into the 
visible range.  When the nanorod structures are excited by a 550 nm pump pulse, the excited 
electron-hole pair is created directly in the CdSe QD.  The schematic illustration in Figure 3.10 
shows the excitation of a Pt-tipped CdSe/CdS nanorod by a wavelength-tunable pump pulse.  
Based on the band alignment, the hole wavefunction is expected to remain strongly localized in 
the CdSe QD in this excitation scheme.  Ab initio calculations on CdSe/CdS nanorods have 
demonstrated that the hole wavefunction is confined in the CdSe QD80 and near-unity 
photoluminescence quantum yields from the radiative recombination of the electron-hole pair in 
the CdSe QD have been experimentally demonstrated.11-13  The direct preparation of the 
electron-hole pair in the CdSe QD can be achieved by tuning the pump wavelength to 550 nm 
and the subsequent dynamics can be probed on the CdSe band-edge transition at 580 nm, as 
shown for the Pt-tipped sample in Figure 3.11.  The ∆T/T signal rises immediately with 550 nm 
pumping, in contrast to the ∆T/T signal with 400 nm pumping that is shown in Figure 3.9 and 
that is shown again in Figure 3.11 for comparison.  When pumping with either 400 nm or 550 
nm light, there is not a significant depopulation on the CdSe band-edge transition at 580 nm over 
ps timescales.  Similar ∆T/T signal rise times to those shown in Figure 3.11 are observed from 
the non-tipped sample in Figure 3.9.     

 
By exciting and probing the CdSe QD, the electron transfer to the Pt tip can be monitored from a 
local region of the nanorod.  The non-tipped and Pt-tipped samples are both excited at 550 nm 
and probed on the CdSe band-edge transition at 580 nm over longer timescales, as shown in 
Figure 3.12.  Following excitation of the non-tipped sample, the excited electron and hole remain 
localized in the region of the CdSe QD, with a slight depopulation occurring over the first ~200 
ps.  In the Pt-tipped sample, however, a significant depopulation in the ∆T/T signal occurs within 
the first 100 ps.  Based on a single-exponential decay fit similar to eqn. (1) with a y-vertical 

 
 

Figure 3.12  Normalized ∆T/T kinetics of Pt-tipped and 
non-tipped CdSe/CdS nanorods.  The samples are excited 
at 550 nm in the CdSe QD core and probed on the CdSe 
band-edge transition at 580 nm.  The transient signal from 
the Pt-tipped sample is shown with a single-exponential 
decay fit having the time constant t = 92.0 ≤ 0.2 ps. 
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offset term, the electron transfer from the CdSe QD region to the Pt tip occurs over 92.0 ≤ 0.2 ps.  
The fraction of the Pt-tipped ∆T/T signal in Fig. 4 that is not part of the single-exponential decay 
is ~50%, as determined from the y-vertical offset term of the fit.  The latter part of the ∆T/T 
signal can be attributed largely to the hole population that remains in the CdSe QD following 
electron transfer. While photoexcited holes have a negligible contribution to the bleaching of 
band-edge transitions in CdSe and CdS nanoparticles,70 complementary transient absorption and 
time-resolved photoluminescence measurements have suggested that photoexcited electrons and 
holes can have nearly equal bleaching contributions in CdSe/CdS nanostructures.4     

 
The electron transfer rate observed in Figure 3.12 is similar to electron transfer rates that have 
been observed in 100-140 nm long Pt-decorated CdS nanorods with subnanometer-sized Pt 
clusters.27  The results from Figure 3.12, however, suggest that the electron transfer rate to the Pt 
tip can also occur over sub-ps timescales, and previous studies have also observed electron 
transfer occurring over these timescales.7, 8  The discrepancy between the electron transfer rates 
can potentially be accounted for by variations in the spatial overlap of the electron wavefunction 
with the Pt tip.  With 400 nm excitation, charge carriers can be created in the vicinity of the Pt-
CdS interface.  When the CdSe QD is excited and probed, however, the measured electron 

 
 

Figure 3.13  (a) TEM images of a Pt-tipped 
CdSe/CdS nanorod sample with 3.1 nm diameter 
CdSe QD cores and a wide distribution of shapes and 
sizes (scale bars are 100 nm and 20 nm).  (b) The 
samples in (a) are excited at 550 nm and probed on 
the CdSe band-edge transition at 580 nm.  For 
comparison, a non-tipped CdSe/CdS nanorod sample 
is studied under the same excitation conditions. 
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transfer rate is expected to be more strongly influenced by the conduction band alignment, the 
nanorod length, and the initial localization of the hole in the CdSe QD.  The electron 
wavefunction can also be modified to some extent by the Coulombic attraction to the hole 
localized in the CdSe QD.4  Previous experiments and calculations have suggested that the 
excited electron is not strongly confined to the CdSe QD in CdSe/CdS nanrods with ~3 nm QD 
diameters and the transition from a quasi-Type II to a Type I band alignment can occur in this 
QD diameter range.3, 15, 80  The extent of the delocalization of the electron wavefunction in these 
structures, however, is not straightforward to determine and the conduction band alignment can 
be influenced by a number of parameters, including particle morphology and lattice strain.28, 80, 81   
The spatial overlap of the electron wavefunction with the Pt tip and the electron transfer rate are 
also expected to depend significantly on the relative dimensions of the nanorod and the Pt 
surface coverage.   
 
Electron transfer to the Pt tip is also studied in other Pt-tipped CdSe/CdS nanorod samples with 
3.1 nm diameter CdSe QD cores.  Figure 3.13(a) shows a TEM image of a Pt-tipped CdSe/CdS 
nanorod sample with a wide distribution of shapes and sizes.  The samples in Figure 3.13(a) are 
excited at 550 nm and probed on the CdSe band-edge transition at 580 nm, as shown in Figure 
3.13(b).  For comparison, a non-tipped CdSe/CdS nanorod sample is studied under the same 
excitation conditions.  The depopulation occurs over tens of picoseconds in the Pt-tipped sample, 
while the non-tipped sample does not show a significant depopulation over the entire pump-
probe time delay.  The time-resolved measurements in Figure 3.13(b) provide additional 
evidence that the electron transfer rate to the Pt tip can vary significantly between different types 
of Pt-tipped samples.  
  
To maximize the charge separation efficiency, the nanorod length, Pt surface coverage, and CdSe 
QD diameter can be further tuned and optimized.14   The charge separation efficiency would be 
expected to vary considerably between different types of Pt-tipped CdSe/CdS nanostructures and 
depend highly on the dominant charge separation mechanism.  Detailed knowledge of the charge 
separation mechanisms can potentially lead to major improvements in the design of 
multicomponent nanostructures.  The optimal design of Pt-tipped CdSe/CdS nanorods for 
photocatalytic-H2 production, for example, requires a high charge separation efficiency along 
with the storage of at least two electrons on the Pt tip.  While short CdS rod lengths can enhance 
the sub-ps electron-hole dissociation across the rod length, relatively long rod lengths can more 
effectively absorb multiple photons within the lifetime of the charge-separated state.     
   
 

3.4  Conclusions 
 
Charge separation dynamics are studied in Pt-tipped CdSe/CdS seed nanorods with ultrafast 
white light transient absorption spectroscopy.  When Pt-tipped nanorods are excited at 400 nm, 
the depopulation observed at 460 nm in the CdS rod can be attributed largely to the coupled 
electron-hole transfer to the CdSe QD.  To eliminate the coupled electron-hole transfer, the 
excitation wavelength is tuned further into the visible range to 550 nm to directly excite the CdSe 
QD.  By directly exciting and probing the 3.1 nm diameter CdSe QD, the electron transfer to the 
Pt tip is observed over a sub-100 ps timescale and monitored from a local region of the nanorod 
that is separated from the CdS-Pt interface.   
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A detailed understanding of the mechanisms responsible for charge separation is critical to 
improve the design of multicomponent nanostructures.  While charge separation across the 
nanorod length can occur immediately after photoexcitation in Pt-tipped CdSe/CdS nanorods, the 
electron transfer to the Pt tip can also occur over longer timescales following the sub-ps 
localization of the electron-hole pair into the region of the CdSe QD.  The CdSe QD plays a 
critical role in the charge separation process and enables the electron and hole to be spatially 
separated across the nanorod length.  Moreover, for charge-separation-based applications, the 
incorporation of the CdSe QD into the CdS rod enables absorption to occur at more red-shifted 
wavelengths and over a more significant part of the solar spectrum.  Ultrafast time-resolved 
studies performed across a range of excitation wavelengths are therefore critical to not only 
isolate the electron transfer rate to the Pt tip but to also develop a more complete understanding 
of the overall charge separation process. 
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Chapter 4 
 
Lasing Action in Nanostructured Cavities 
 
4.1  Carrier-Density-Dependent Dynamics  
 
Since the first demonstration of lasing in ZnO nanowire arrays in 2001,30 stimulated emission 
and lasing have been demonstrated in ZnO nanostructures with a variety of different 
morphologies.  ZnO nanostructures have been fabricated and studied, for example, with shapes 
in the form of ribbons, combs, needles, and disks.46, 82-84  Optically-pumped spectroscopic studies 
have included both ensemble-based and single-nanostructured-based measurements.  While 
ensemble-based measurements can provide clear evidence for lasing, single-nanostructured-
based measurements can provide detailed insight into the lasing mechanism.  
 
Single ZnO nanostructure-based studies have reported a wide range of lasing thresholds with 
sub-ps-pulsed UV excitation.  Johnson et al.32 for example observed a lasing threshold of 70 
nJ/cm2 from a single ZnO nanowire with 310 nm, sub-ps pulsed excitation.  Single-
nanostructure-based studies with sub-ps-pulsed UV excitation have also reported lasing 
thresholds in the ~1-100 mJ/cm2 range.46, 47, 66, 67  The lasing thresholds observed in experiments 
are often used to justify an exciton-based mechanism for stimulated mechanism rather than an 
electron-hole-plasma-based mechanism.  A number of values, however, have been estimated for 
the Mott density, ranging from ~1017 – 1020 cm-3.  Moreover, an emission peak at an exciton 
energy does not necessarily indicate that there are excitons in the system.42  The relative value of 
the electron-hole pair density to the Mott density is critical to determine the mechanism for 
stimulated emission.  Under sub-ps-pulsed excitation conditions, the electron-hole pair density np 
can be approximately estimated by42:    
 
 1 exp α

 (4.1)

 
where Iexc is the per-pulse excitation intensity, wexc is the photon energy, α is the absorption 
coefficient at the excitation wavelength, and l is the sample thickness.  Figure 4.1 shows 
estimated values of np using eqn. (4.1) for different ZnO sample thicknesses and 267 nm 
excitation intensities.  The absorption coefficient at 267 nm is estimated to be ~3 x105 cm-1, as 
shown by the linear absorption profile for a ZnO thin film in Figure 4.2.85  The np values in 
Figure 4.1 do not account for carrier losses and are only rough estimates of the electron-hole pair 
densities formed immediately after photoexcitation.  For comparison, the Mott density value of 
nm ~5x1017 given by Klingshirn et al.42 is shown in Figure 4.1.  
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The lasing thresholds from single ZnO tetrapods are observed here to be in the ~50-200 mJ/cm2 
range with 200-fs-pulsed excitation at 267 nm.  Previously, Szarko et al.66and Song et. al.47, 67 
observed lasing thresholds from similar tetrapod structures in the ~10-100 mJ/cm2 range.  Based 
on Figure 4.1, lasing thresholds in the ~1-100 mJ/cm2 range are expected to roughly correspond 
to np densities in the electron-hole plasma regime.        

 
The confocal microscope setup described in Chapter 2 is used to isolate and excite single ZnO 
tetrapods.  For each tetrapod structure, lasing spectra are acquired for a range of excitation 
intensities below and above the lasing threshold.  At low excitation intensities, the spontaneous 
emission from ZnO has been attributed to the recombination of excitons through an exciton-

 
 

Figure 4.1  Electron-hole pair densities (np) as a function of 
the excitation intensity (267 nm) and sample thickness from 
eqn. (4.1).  The Mott density value (nm) reported by 
Klingshirn et al. (Ref. [42]). is shown for comparison. 

 
 

 
 

Figure 4.2  Room temperature absorption spectrum 
from a ZnO thin film (from Ref. [85]). 
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exciton collision process, where one of the excitons radiatively recombines to generate light over 
~380-390 nm.40, 86  As the excitation intensity is increased, the emission from ZnO tetrapods in 
the spectral range of ~380-390 nm narrows because of a preferential amplification of frequencies 
close to the maximum of the gain spectrum.  Figure 4.3 shows lasing emission spectra acquired 
from two different tetrapod structures.  The onset of the lasing is marked by the appearance of 
distinct modes and a superlinear increase in the integrated emission intensity.   
 
In a number of tetrapod structures, the lasing emission can occur over a relatively broad spectral 
range.  Figure 4.4(a) shows a significant red-shift and broadening in the lasing emission spectra 
from a single tetrapod with increasing excitation intensity.  Figure 4.4(b) shows in more detail 
the red-shift that occurs at the peak emission energy with increasing excitation intensity.  To a 
large extent, the red-shift can be attributed to band gap renormalization32:   
 
 ∆ ∝  (4.2)
  
where ∆Eg is the shift in the band gap energy, Eb is the exciton binding energy, and np is the 
electron-hole pair density.  With increasing excitation intensity, the red-shift in Fig. 4.5a) can 
also be due to changes in the refractive index of the material51 and the onset of lasing from other 
legs of the tetrapod structure.   
 
On average, only a few percent of the tetrapod structures investigated here show evidence for 
lasing.  Over prolonged periods of sub-ps-pulsed excitation, tetrapods can also undergo 
significant structural damage.  Figure 4.5 shows a microscope image of a single tetrapod before 
and after pulsed-excitation at ~200 mJ/cm2.  The legs of the tetrapod are broken off in Fig. 4.5(b). 
The tetrapod lased initially, but showed no evidence for lasing at later times. 

 
Figure 4.3  Lasing emission spectra (a) and (b) from two isolated ZnO tetrapods. 
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The variability in the lasing thresholds between different tetrapod structures can be attributed 
largely to surface defects.  In a detailed study, Zhong et al., for example, demonstrated that high-
quality ZnO tetrapods without defect-related emission can only be fabricated in a narrow growth 
temperature window of ~10-15 ±C.87  The band-edge photoluminescence lifetime of ZnO-based 
nanostructures is mainly determined by nonradiative defects and can vary significantly between 
nanostructures from tens of picoseconds to tens of nanoseconds.87  
 
 
 
 
 

 
 

Figure 4.4  (a) Lasing emission spectra from a single ZnO tetrapod.  A significant red-shift and 
broadening in the spectra occur with increasing excitation intensity.   (b)  The integrated 
emission intensity and the peak emission energy in (a) as a function of the pump intensity. 

 
 

 
 

Figure 4.5  A single ZnO tetrapod before (a) and after (b) sub-ps-pulsed-
excitation at ~200 mJ/cm2.  The tetrapod lased initially, but showed no 
evidence for lasing at later times. 
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4.2  Micro-Raman Characterization  
 
While tetrapods support lasing modes in a similar manner to nanowires, the nanowire-like legs of 
tetrapods are tapered, with the diameter along the length of each leg ranging from ~100 nm – 
1000 nm.  Micro-Raman spectroscopy is used to further characterize the legs of individual ZnO 
tetrapods.  Figure 4.6 shows an SEM image of a tetrapod leg.  Raman spectra are collected along 
the length of the leg in two different polarization configurations, from the points labeled A-E.  
The 633 nm excitation light is focused to a ~1 mm spot size on the tetrapod leg in the x-direction 
and the backscattered light is collected in the opposite direction to the incident light ( X  ).  The 
polarization of the incident light is either parallel or perpendicular to the length of the tetrapod 
leg (c-axis).  The parallel polarization configuration along the tetrapod leg (c 7 z) is denoted as 
x(zz) X   while the perpendicular configuration(c ⏊ y) is denoted as x(yy) X  .  By collecting 
Raman spectra in different polarization configurations, the main spectral features can be 
determined from previous Raman studies of bulk ZnO crystals.  The scattering efficiency, s, for a 
Raman-active lattice vibration is described by88: 
 
  (4.3)
 
where R is the Raman tensor for a particular phonon mode and ei and es are unit vectors 
describing the polarizations of the incident and scattered light.   
 
Figure 4.7 shows the polarization dependence of the Raman spectra acquired from point A of the 
tetrapod leg.  In particular, the Raman-active modes A1T and E2 exhibit a strong polarization 
dependence.  The Raman tensors for A1 and E2 in the measurements here are described by89:  
 
  
 0 0

0 0
0 0

 (4.4)

  
 0 0

0 0
0 0 0

 (4.5)

 
where a, b, and d are the Raman tensor components.  In the x(zz) X  , configuration  in Figure 4.7, 
the A1T mode (transverse mode) is observed at 378 cm-1 and the E2 mode is suppressed, with the 
scattering efficiencies:   
 
 , 0  (4.6)
 
In the x(yy) X   configuration, however, the E2 mode is no longer suppressed and the Raman 
spectrum in Figure 4.7 features a distinct peak from the E2 mode at 438 cm-1.  The scattering 
efficiencies in the x(yy) X   configuration are described by: 
 
 ,  (4.7)
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Overall, the Raman spectral features observed in Figure 4.7 agree qualitatively well with 
previous Raman measurements of bulk ZnO crystals.  Similar peaks at 332 cm-1 and 540 cm-1 
have been previously attributed to two-phonon peaks in bulk ZnO crystals and the peak near 
1147 cm-1 has been identified as a second-order longitudinal optical phonon (2LO).89  Figure 4.8 
shows additional Raman spectra acquired at points A-E in both polarization configurations.  The 
Raman spectra in Figure 4.8 also agree qualitatively well with previous Raman measurements of 
bulk ZnO crystals.  Discrepancies in the ratios between the peak at 332 cm-1 and the peak at 378 
cm-1 in the x(zz) X   configuration can be potentially attributed to the tetrapod leg being bent at a 

 
 

Figure 4.6  SEM image of ZnO tetrapod leg.  Raman 
spectra are acquired at the points A-E along the length of 
the leg in two different polarization configurations. 

 
 

 
 

Figure 4.7  Raman spectra acquired from point A of the tetrapod 
leg in two different polarization configurations.  
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slight angle to the substrate at points A and B.  In both polarization configurations, the Raman 
signals decrease near the tip of the leg due to the lower scattering efficiency from the ~100 nm 
leg diameter.  
 
 

4.3  Turn-on Time for Lasing 
 
Carrier-density-dependent temporal shifts in the onset time for lasing have been reported in ZnO 
nanowires and tetrapods.  Both ensemble-based and single-nanostructure-based measurements 
have demonstrated that the maximum of the emission intensity is typically time delayed by ~5 ps 
at the lasing threshold.46-49  At excitation intensities above the lasing threshold, the onset time 
shifts to several picoseconds or less.  The carrier-density-dependent time delay has been 
attributed to both the time required to form the emissive state46, 49 and the time needed to build 
up enough optical gain in the cavity to achieve lasing.47, 48  
 
Ultrafast time-resolved studies on ZnO-based nanostructures have been mostly performed with 
excitation by the third harmonic of amplified Ti:sapphire laser systems.46, 47, 49, 66, 67  The pump 
wavelength is typically in the range of ~267 nm and excites carriers well above the band gap.  
Following photoexcitation, carrier-carrier and carrier-phonon interactions play a critical role in 
the intraband relaxation of excited carriers to the band edge.  In particular, the intraband 
relaxation is strongly mediated by exciton-longitudinal optical (LO) phonon scattering.  Direct 
evidence for exciton-LO-phonon scattering can be obtained from low-temperature 
photoluminescence spectroscopy, as shown by the photoluminescence spectrum acquired at 100 
K from a ZnO nanorod array sample in Figure 4.9.  By acquiring photoluminescence spectra at 
low temperatures, the thermal processes that contribute to lineshape broadening are effectively 
removed from the spectra.  The emission peaks at 100 K in Figure 4.9 are energetically separated 
by ~72 meV, which corresponds to the LO phonon energy.   

 
Figure 4.8  Raman spectra acquired from points A-E along the ZnO tetrapod leg in two different 
polarization configurations, (a) and (b). 
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Takeda et al.90 measured the timescales for intraband relaxation in ZnO thin films through 
ultrafast optical Kerr gating of the band-edge photoluminescence.  ZnO thin films were excited 
with sub-ps pulses at both 267 nm and 380 nm.  Figure 4.10 shows the timescales for intraband 
relaxation at both of the excitation wavelengths, with estimated electron-hole pair densities of 2 
x 1019 cm-3.  The photoluminescence appears immediately with 380 nm excitation, while the 
photoluminescence is delayed by ~4.5 ps with 267 nm excitation.  Based on a calculation for the 
exciton-LO-phonon scattering rate, Takeda et al. attributed the time delay with 267 nm 
excitation to the successive emission of ~19 LO phonons.  

 
Figure 4.9  Photoluminescence spectra acquired at 
100 K, 200 K, and 300 K from the ZnO nanorod 
array sample shown in Figure 2.12. 

 

 
 
Figure 4.10  Ultrafast time-resolved photoluminescence 
(PL) measurements from a ZnO thin film (from Ref. 
[90]).  Contour plots of the PL intensity following 
excitation at 380 nm (a) and 267 nm (b). 
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At relatively high electron-hole pair densities above the Mott density, exciton-LO-phonon 
scattering becomes less pronounced and the formation of an electron-hole plasma can instead 
lead to the sub-ps relaxation of hot carriers to the band edge.50, 91  By probing the band-edge 
emission from single ZnO nanowires with ultrafast upconversion, Song et al.47 observed 
emission almost immediately following 267 nm excitation.  In the latter study, the prompt 
emission was followed by the buildup of lasing emission at a ~5 ps delay time.  Figure 4.11 
shows the time-resolved results from the upconversion measurements.  At pump intensities 
above the lasing threshold in Figure 4.11, the onset time of the lasing shifts from ~5 ps to only 
several picoseconds or less.  Song et al. attributed the carrier-density-dependent temporal shifts 
to the optical induction time required to build up enough gain in the nanowire cavity to achieve 
lasing. 
 
When photoexcited carriers relax immediately to the band edge, the onset time for lasing is 
expected to be closely related to the propagation time of photons in the nanowire cavity.  To gain 
insight into the onset time for lasing, the propagation of photons in a Fabry-Pérot cavity can be 
considered in more detail.  In a Fabry-Pérot cavity, the total number of photons present in the 
cavity,	∅ , can by described over time by92:   
 
 ∅ ∅ /  (4.8)
  
where ∅  is the initial number of photons, tm is the time for photons in the cavity to make m 
roundtrips, and tc is the photon confinement time.  The photon confinement time tc takes into 
account the photon losses that occur in the cavity over the course of each roundtrip92: 
 

 
 

Figure 4.11  Ultrafast time-resolved emission 
profiles from a ZnO nanowire as a function of the 
excitation intensity (from Ref. [47]).  The thin line at 
time zero shows the instrument response time.  The 
inset shows the emission profile at the lasing 
threshold of 35 µJ/cm2. 
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 2 / ln 1  (4.9)
 
where R1 and R2 are the facet reflectivities and Ti  is the fractional internal loss per pass.  For a 
10 mm ZnO nanowire with end facet reflectivities of 20% and no internal losses, the photon 
confinement time can be estimated from eqn. (4.9) to be only ~50 fs.  To qualitatively 
understand how such a short confinement time can lead to an onset time for lasing of ~5 ps, rate 
equations for a microcavity laser are numerically solved.  The coupled rate equations that 
describe the carrier density and photon density in a microcavity laser are expressed as93, 94: 
 
 

 (4.10)

 
 

 (4.11)

 
 

Figure 4.12  Calculated results from eqns. (4.10) and 
(4.11).  The dotted line at time zero is the temporal 
profile of the pump pulse.  (a) The temporal 
evolution of the photon density near the lasing 
threshold of ~80 µJ/cm2.  (b) The temporal evolution 
of the photon density above the lasing threshold. 
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where S is the photon density in the laser mode,  is the optical gain confinement factor, G(np) is 
the gain coefficient, B is the spontaneous emission coefficient in a bulk semiconductor material, 

 is the enhancement factor of the spontaneous emission rate in a microcavity, P(t) is the carrier 
injection rate, and   is the ratio of the spontaneous emission rate for one laser mode to all of the 
modes. 
 
The temporal evolution of the photon density in eqn. (4..11), S(t), is solved numerically for 
excitation intensities below and above the lasing threshold for a 10-um-long cylinder with a 200 
nm diameter.  The confinement time tc is set to 50 fs and the pump pulse is assumed to be 
Gaussian-shaped with a 200 fs FWHM.  All of the incident photons from the pump pulse are 
absorbed by the cylinder in the calculation, which is consistent with the ~100 nm UV-penetration 
depth of ZnO.  The refractive index, n, is calculated for emission at 390 nm using the Sellmeier 
coefficients for ZnO.95  Based on a previous report on GaAs/AlGaAs microdisk lasers, the 
coefficients , ,  are set to 0.5, 1, and 0.01, respectively.93  The spontaneous emission 
coefficient B is set to 10-10 cm3/s, which is a common value for direct-gap semiconductors.96  The 
gain coefficient G(np) = a0(c/n)(np-n0), where n0 represents the electron-hole pair density at the 
transparency point .93  Based on a previous study of lasing in ZnO thin films, a0 is set to 4 x 10-16 
cm2 and n0 is set to 2.5 x 1018 cm-3.97 
 
The results from the calculations are shown in Figures 4.12 and 4.13.  In Figure 4.12(a), the 
maximum photon density increases by ~3 orders of magnitude at the lasing threshold of ~80 
mJ/cm2.  At pump intensities above the lasing threshold in Figure 4.12(b), the onset time to lasing 
shifts to earlier delay times.  At relatively high pump intensities, the stimulated emission 
dominates and the photon density increases rapidly in time, leading to a dramatic decrease in the 
delay time.  The maximum photon density and the corresponding delay time are shown in Figure 

 
 

Figure 4.13  Calculated results from eqns. 
(4.10) and (4.11).  The maximum photon 
density and the corresponding delay time as a 
function of the pump intensity.  Below the 
lasing threshold of ~80 mJ/cm2, the maximum 
photon density appears immediately after 
photoexcitation due to spontaneous emission. 
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4.13 as a function of the pump intensity.  The delay time is the longest near the lasing threshold 
(~5-7 ps) and shifts to earlier onset times at higher pump intensities. 
 
Microcavity rate equations can roughly reproduce the timescales for lasing in ZnO 
nanostructured cavities and the carrier-density-dependent temporal shifts.  The accurate 
determination of the coefficients in eqns. (4.11) and (4.12), along with the addition of terms to 
account for nonradiative losses and intraband relaxation rates, would be expected to result in a 
more detailed model of the lasing dynamics. 
 
 

4.5  Conclusions 
  
The lasing dynamics in ZnO-nanostructured cavities are strongly dependent on the carrier 
density.  The carrier-density dependence can be readily observed from time-integrated emission 
spectra and ultrafast time-resolved measurements of the lasing emission.   To investigate the 
spectral features of the lasing emission in detail, single ZnO tetrapod structures are isolated with 
a home-built confocal microscope and excited with a sub-ps UV pump pulse (267 nm).  The 
lasing thresholds are observed to be in the in the range of ~50- 200 mJ/cm2, which corresponds to 
electron-hole pair densities in the electron-hole plasma regime.  The lasing emission spectra 
show a significant red-shift and broadening at higher excitation intensities.  To account for the 
near-threshold lasing dynamics, coupled rate equations that describe the carrier density and 
photon density in a microcavity laser are numerically solved.  The calculations suggest that the 
optical induction time is closely related to the carrier-density-dependent temporal shifts that have 
been experimentally observed over picosecond timescales. 
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