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Summary

Charge carriers in semiconductors provide the basis for a variety of important elec-
tronic devices, such as computers, semiconductor lasers and light emitting devices.
The continuing wish to reduce the physical size of next-generation electronics re-
quires increasingly smaller building blocks. Nanostructures with sizes well below
100 nm, such as semiconductor nanocrystals and nanowires, can provide these build-
ing blocks. Charge carriers can have very different properties in semiconductors and
in semiconductor nanostructures, depending on morphology, size, temperature and
material properties, such as the crystal structure, bandgap, dielectric function and
electron-phonon coupling strength.

The common characteristic of charge carriers is that they all exhibit a characteris-
tic response in the low-frequency range of the electromagnetic spectrum. Exciton
binding energies - and exciton transitions, for both bulk and nanostructured materi-
als, are typically in the meV range and are optically active. The response of mobile
carriers is dictated by the interaction of carriers with their environment, leading to
randomization of the carrier momentum that typically occurs on (sub-)picosecond
time scales, giving rise to dispersion in the dielectric response on meV-energy scales.
Restoring forces that act on charge carriers, such as potential barriers or space charge
fields, can further have an influence on the low-energy dispersion, as well as quan-
tum phenomena like the appearance of discrete energy levels following Bohr’s hy-
drogen model in the case of exciton formation or the particle-in-a-box problem for
quantum confinement. The ability to probe charge carriers in the meV energy range
or, equivalently, terahertz (THz) frequency range, provides a way to achieve a de-
tailed characterization of charge carriers through their distinct spectral signatures in
the terahertz range.

THz time-domain spectroscopy (THz TDS) constitutes an all-optical and thus contact-
free probe of the frequency-dependent terahertz conductivity. This technique makes
use of sub-picosecond pulses of freely propagating electromagnetic radiation in the
terahertz range. THz radiation (1 THz = 1012 Hz) is characterized by low photon
energies (33.3 cm−1 or 4.2 meV at 1 THz) and sub-mm wavelengths (300 µm for 1
THz in vacuum). THz pulses are readily generated by frequency down-conversion
of femtosecond optical laser pulses to the THz range and detected coherently in the
time-domain. By using a femtosecond pump pulse to generate charge carriers (for in-
stance through interband excitation or defect excitation), time-resolved experiments
are possible, allowing to monitor carrier equilibration dynamics, e.g. carrier recom-
bination processes, with sub-picosecond time-resolution.

The topics treated in this thesis cover phenomena in bulk semiconductors and semi-
conductor nanostructures related to carrier trapping and diffusion, and electronic
quantum confinement, which were studied using time-resolved THz TDS.

The first chapter is an introduction to THz TDS, covering experimental techniques,
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analytical methods and an overview of typical THz responses. The work presented
in the second chapter is an investigation of the trapping dynamics of photoexcited
electrons in nitrogen-doped synthetic diamond. Synthetic diamond is a promising
candidate for electronic devices where a bandgap much larger than silicon (∼ five
times) or other properties (e.g. mechanical and dielectric strength) are needed. Sin-
gle substitutional nitrogen, which is the most common impurity in diamond, creates
localized electron-donor states in the electronic bandgap. It was found that after
excitation of electrons from nitrogen defects into the conduction band, the electron
mobility is dominated by defect scattering, and recombination takes place on pi-
cosecond timescales. The dependence of the electron recombination time on defect
concentration and photoexcited electron density suggested that most electrons relax
into neutral nitrogen defects rather than their original states, which implies that neg-
atively charged nitrogen defects are created during the relaxation process. The exis-
tence of such negatively charged nitrogen impurities was verified by complementary
pump-probe spectroscopic measurements on similar timescales that probe in the in-
frared part of the spectrum. Nitrogen defects exhibit sharp IR-active resonances of
their localized vibrational modes (LVM) in the mid-infrared, and their resonance fre-
quency depends on the charge state. In these transient IR measurements, after all
photoexcited electrons had recombined from the conduction band, a hitherto undis-
covered resonance was identified at 1349 cm−1 and assigned to the LVM of nega-
tively charged nitrogen defects, thus confirming their existence. Density-functional
theory calculations on the LVM frequency of this defect were found to be in good
agreement with the experimental value.

The work in chapter three is also an investigation of the influence of traps on charge
transport, however this time on thin silicon nanowires. Thin nanowires of various
materials have recently been proposed as building blocks of optoelectronic devices
such as tandem solar cells. Due to their high surface-to-volume ratio, carrier traps
in these quasi-one-dimensional systems are mainly located at the surface, where de-
fects originating from strained silicon bonds create localized mid-gap states. In the
experiment, a UV pump pulse creates mobile charge carriers in the nanowires which
diffuse from the nanowires into the silicon substrate on picosecond timescales. This
process is monitored by the THz probe pulse which is mainly sensitive to the charge
carriers in the substrate. Below a critical photoexcited-charge density the diffusion
process stalls and no carriers are injected into the bulk. This happens as a conse-
quence of the capture of charge carriers into surface defects before they can reach the
substrate. This critical charge density was found to be orders of magnitude larger
than what would be generated by sunlight, casting doubts on the usability of thin
nanowires for devices that rely on diffusive charge transport, at least with currently
available passivation techniques for surface defects .

The final chapter is an investigation of how the THz conductivity of excitons in col-
loidal CdTe nanocrystals (quantum dots) depends on the nanocrystal size. Electronic
quantum confinement effects in these zero-dimensional nanostructures modify the
electronic structure, with the degree of modification strongly depending on the size
of the nanocrystal. For small sizes of a few nanometers, the electronic bands that are



typical for bulk semiconductors, and which are comprised of a continuum of states,
are transformed into discrete, "atom-like" electronic states, with energy spacings in
the tens to hundreds of meV. The THz conductivity in such systems is purely imagi-
nary, i.e. devoid of absorption, due to the fact that none of the transitions are probed
resonantly. When loosening the influence of quantum confinement by increasing the
nanocrystal size, the electronic transition energies decrease. Already for quantum-
dot radii larger than 5 nm but still smaller than the exciton Bohr radius (7 nm), real
THz conductivity (absorption) emerges as a consequence of hole transitions reso-
nantly move moving into the THz-probe window. The magnitude of the absorption
is however significantly smaller than theoretically predicted by tight-binding calcu-
lations that compute the size-dependent electronic energy levels. The difference can
qualitatively be explained by assuming the emergence of polaron states, i.e. strongly
coupled hole-phonon states, that possess larger THz absorption larger than transi-
tions between pure hole states.

103




