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Abstract: The microscopic details of carrier transport in nanocrystalline colloidal thin films is required for complete 
understanding of a variety of photochemical and photoelectrochemical cells utilizing interpenetrating networks.  
Measuring the photoconductivity and charge transport properties in these materials, however, is a challenging 
problem because of the inherent difficulty of attaching wires to nanometer-sized objects. Furthermore, picosecond 
(ps) carrier dynamics play an important role in efficient charge separation and transport, but the low temporal 
resolution of traditional methods used to determine the photoconductivity precludes their use in studying sub-ps to ps 
dynamics. Time-resolved THz spectroscopy (TRTS), on the other hand, is a non-contact electrical probe capable of 
measuring the photoconductivity on a sub-ps to nanosecond (ns) timescale. In this talk, TRTS is employed to 
determine the transient photoconductivity of ZnO nanowires, polycrystalline, and nanoparticle films, as well as 
dye-sensitized nanocrystalline colloidal TiO2 films. Electron injection occurs on sub-ps time scales. Decay kinetics 
(on hundreds of ps to ns time scales) indicate that surfaces and interfaces are the dominant sources of recombination. 
The photoconductivity deviates strongly from Drude behavior and is explained by disorder-induced carrier 
localization and/or backscattering of the photogenerated carriers. Trends as a function of material and morphology 
will be discussed. 
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I. Introduction  

The photoconductivity and charge transport properties of semiconductor nanoparticles (NPs) 
are critically important with regard to their use in electro-optic devices.

1
 Similarly, understanding 

the microscopic details of carrier transport in nanocrystalline colloidal thin films is required for 
complete understanding of a variety of photochemical and photoelectrochemical cells utilizing 
interpenetrating networks.  Measuring the photoconductivity in these materials, however, is a 
challenging problem because of the inherent difficulty of attaching wires to nanometer-sized 
objects.  Furthermore, picosecond (ps) carrier dynamics play an important role in efficient 
charge separation and transport, but the low temporal resolution of traditional methods used to 
determine their photoconductivity precludes their use in studying sub-ps to ps dynamics.  

Time-resolved THz spectroscopy (TRTS), on the other hand, is a non-contact electrical probe 
capable of measuring the photoconductivity on a sub-ps to nanosecond (ns) timescale.

2, 3
 In 

essence, materials with high conductivity strongly absorb THz radiation, while those with low 
conductivity do not.  With THz spectroscopy, not only can the average time-dependent 
conductivity properties be measured, but also the complete frequency-dependent, 
complex-valued conductivity (i.e., real and imaginary components), all on a sub-ps timescale, 
and without attaching any probe wires to the sample.  In this paper, TRTS is employed to study 
the transient photoconductivity in nanocrystalline colloidal TiO

2
 and ZnO nanoparticles, ZnO 

nanowires, and CdSe NPs of various sizes.  
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II. Experimental Methods  

TiO
2
 and ZnO NPs were spin-coated, and the CdSe quantum dots (QDs) were drop-cast.  

ZnO nanowires and films were grown on glass cover slips by chemical bath deposition from zinc 
nitrate and methenamine.

4
  After three hours, nanowires have lengths of ~1 µm and diameters of 

50-100 nm.  It is possible to further increase the nanowire aspect ratio by placing the nanowire 
substrate into a fresh batch of precursor solution and repeating the deposition process, now using 
the nanowires themselves as seeds.  By repeating this process for eight growth cycles, we have 
grown nanowires up to 8 µm long with diameters under 200 nm.  

The THz system has been described in detail previously.
3
 The pump/probe aspect of the 

experiment is shown schematically in Figure 1.  By collecting a THz probe pulse over a range of 
times after photoexcitation of the sample, we monitor the change in optical constants (absorption 
coefficient and refractive index) of the sample.  These changes are directly related to changes in 
the sample's conductivity.

3
 Figure 2 shows the scans that must be collected.  The optical 

constants of the glass microscope slide cover slip on which the sample is deposited are obtained 
by comparing the black and red scans.  The ZnO constants are obtained by comparing the green 
and red scans.  The photoexcited ZnO optical constants are obtained by comparing the dark blue 
and green scans.  For samples that absorb only very weakly, the THz difference scan is taken, 
shown with the light blue line, while modulating the photoexcitation beam with an optical 
chopper.   
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III. Nanocrystalline TiO
2
 and ZnO  

Colloidal sintered TiO
2
 forms the heart of the so-called "Grätzel cell", a type of dye-sensitized 

solar cell that has attracted attention since 1991.
5
 Most of the ultrafast spectroscopy done on this 

system has focused on the dye molecule.  That is, one observes a sharp reduction in 
fluorescence quantum yield and lifetime when the molecule is adsorbed to TiO

2
 compared to 

when it is in solution.  This behavior is attributed to rapid electron injection upon 
photoexcitation.  

The TiO
2
 nanoparticles in a DSSC are sintered together to enable interparticle charge transport 

through the device, which is believed to proceed via a hopping mechanism over a distribution of 
barrier heights.

6-9
  Until now, the details of this transport have not been fully characterized.  

The measured conductivity 3 ps after photoexcitation of dye-sensitized nanocrystalline TiO
2
 is 

shown in Figure 3, and remains unchanged for delay times up to at least 1 ns.  The deviation 
from Drude behavior (shown with the dashed lines) is striking: the real part of the conductivity 
increases with increasing frequency, and the imaginary part of the conductivity is negative.  It is 
mathematically impossible for the Drude model and its simple variants to reproduce this behavior.  
The photoconductivity in bulk single-crystal rutile TiO

2
 and ZnO at 77 K are in fact well 

described by the Drude model,
10-12

 yielding a scattering time of τ = 320 fs, indicating that there is 
something fundamentally different with nanocrystalline materials.  

 
Figure 3. Experimentally determined real (a) and imaginary (b) parts of the conductivity at 77 K in unsintered TiO

2
sensitized 

with Ru535. Open circles are representative data taken 3 ps after photoexcitation, with the best fit of the Smith model shown as a 
solid line.  The Drude conductivity is shown for comparison (dashedline).  Parameters for the Drude-Smith model are:ω

p
 = 20.7 

x 10
12 

s
-1

, τ = 84 fs, and c = -0.93. The inset shows the current impulse response function,j(t)/j(0), for the Drude-Smith model with 
c = -0.93(solid line) and Drude model (dashed line).  
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Smith proposed a classical modification to the Drude model that allows for a significant 
deviation from the general Drude features described above.

13
 The functional form of the model 

describes the complex conductivity   as  

  

 .      (1)  

  

It consists of the basic Drude model, plus an additional term, c, that accounts for the fraction of 
the carrier’s initial velocity retained after experiencing a collision. The free-space permittivity is 
ε

o
, τ is the carrier collision time, ω = 2πν is the radial frequency, and the plasma frequency is 

given by  where N is the carrier density and m* is the carrier effective mass. 
When c = 0, the standard Drude model is obtained.  When c = –1, the real part of the 
conductivity is 0 at dc and the imaginary part of the conductivity is negative at low frequencies as 
seen in Figure 3. This is interpreted as conductivity dominated by backscattering.

 13
 Values of c 

near –1 result in small fractional current displacements and small (but non-zero) dc conductivity.  
Smith’s model best represents our data when c ≈ -0.9, as indicated by the best fit to the data 
shown in Figure 3.  

We performed a global fit of the transient conductivity as a function of time after 
photoexcitation.  The results are shown in Figure 4.  The c parameter begins near a value of 
–0.5, and decreases to about –0.9 on a 300 fs timescale.  The scattering time increases from 
about 40 fs to 80 fs, also on a 300 fs timescale.  Thus, the carriers are more Drude-like, but 
scattering rapidly at early times, and become dominated by localization after they have 
thermalized with the lattice.  

Another commonly used method to treat composite media is the Bruggemen effective medium 
theory.

12, 14, 15
 When a conductor/nonconductor composite is close to the percolation threshold, it 

is possible for the real and imaginary conductivity to behave in the manner that we have 
measured.  However, unlike the Drude-Smith model, effective medium theory can not 
reproduce the data immediately after photoexcitation. Thus, a global fit using this model was not 
performed.  

These TRTS results demonstrate that the carriers within TiO
2
 nanoparticles deviate from their 

bulk Drude-like behavior. However, at short length scales the carriers are still quite mobile, with 
longer-range transport hindered by disorder.  We have provided an unprecedented level of detail 
about the microscopic nature of charge transport in nanocrystalline TiO

2
 films. By measuring the 

frequency-dependent complex-conductivity on a sub-picosecond time scale, we have shown that 
carrier cooling within the conduction band occurs in about 300 fs. These observations are 
consistent with the present understanding of dc transport in actual DSSC assemblies, and provide 
new insight into the nature of the conduction mechanism.  It is now clear that electrons within 
nanoparticles are quite mobile, yet their bulk transport is hindered by disorder.   
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Figure 4.  Plot of the carrier scattering time τ(open squares) and c (solid squares) as a function of pump delay time based on 
global fit described in Ref. 10.  The solid line indicates the onset of photoconductivity.  

 

 

Figure 5. Decrease in photoconductivity as afunction of pump-probe delay time for various ZnOmorphologies.  

 

Figure 5 displays THz “pump scans”, which provide the change in overall conductivity as a 
function of pump-probe delay time, for 3 different ZnO morphologies.  It is seen that the 
nanoparticles, which have the highest surface area to volume ratio, display the fastest carrier 
trapping and/or recombination, while the continuous polycrystalline ZnO films have very little 
trapping and/or recombination on a ns time scale, and the ZnO nanowires, which have 
intermediate surface area, have an intermediate amount of trapping and/or recombination.  A 
more detailed analysis of the ZnO results is presented in Reference 4.  

  

IV. CdSe Quantum Dots  

Semiconductor NPs have sustained tremendous interest in the chemistry and physics 
communities because of dramatic size-dependent effects.  As the physical dimensions of NPs 
approach molecular dimensions, quantization effects become important and many bulk properties 
become size-dependent.  The most well documented example is that the bandgap increases as 
the particle size decreases, shifting the absorption and luminescence spectra to the blue.

16, 17
 

Size-dependent redox potentials,
18

 lattice constants, fluorescence Stokes shifts,
19

 and phase 
transitions, such as the pressure induced structural transition,

20
 and melting point

21
 have also been 
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observed.  

Nearly monodisperse samples with sizes ranging from 2.54 nm to 25 nm were prepared by the 
method developed by Peng et al.

22, 23
 The goal of our work is to investigate the size-dependent 

photoconductivity in semiconductor NPs.  Figure 6 displays THz “pump scans” of several 
different sizes of NPs.  As is the case for the ZnO samples, it is seen that carrier trapping and/or 
recombination is fastest for the smallest particles, and slowest for the largest particles.  

We also analyzed the full frequency-dependent complex conductivity to extract the carrier 
mobility within the NPs.  The conductivity is affected primarily by two fundamental length 
scales: the Bohr exciton radius a

B, 
and the carrier mean free path lf. The Bohr exciton radius 

describes the spatial extent of the e-h pair and is defined as aB = ħ
2
ε /(m*e

2
) where m* is the 

effective mass of the exciton, and ε is the dielectric constant.
24

 For CdSe, a
B
 = 4.9 nm based on 

an electron effective mass of 0.13 me and a hole effective mass of 0.45 me.25 Quantum size effects 
are most pronounced when the size of the NPs becomes smaller than aB because of the physical 
confinement of the e-h pair. At these sizes, carrier transport within the NPs in the traditional 
sense is no longer a meaningful concept as the electron is delocalized over the entire NP.  
However, we expect a smooth transition from bulk behavior to that of the confined system.  

At NP diameters smaller than or comparable to l
f
 there is an effective mean free path given 

by
26

   

      (2) 
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If we assume the velocity of the carriers remains the same as that in the bulk, then the 
scattering time is decreased: τ' = l

eff
 /v and this manifests itself as a reduction in the mobility, µ' = 

eτ'/m*. Therefore, as the NP diameter decreases, the mobility should decrease with a dependence 
given by µ' ∝ rl

f
 /(r + l

f
). As seen in Figure 7, this dependence is observed for NPs larger than 

a
B.  

For smaller particles, the scattering time and mobility increase as r4. 

  

V. Conclusions  

Terahertz spectroscopy can obtain carrier mobilities in bulk samples as well as nanostructured 
samples. The latter capability is particularly important because it is very difficult to attach wires 
to nanoscale particles. More importantly, when coupled with an ultrafast photoexcitation laser, 
i.e., when performing TRTS, it is possible to monitor the carrier mobility as it evolves as a 
function of time after photoexcitation.  
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