LETTERS

Exciton polarizability in semiconductor

Nnanocrystals

FENG WANG', JIE SHAN2, MOHAMMAD A. ISLAM3, IRVING P. HERMAN?3, MISCHA BONN* AND

TONY F. HEINZ'*

'Departments of Physics and Electrical Engineering, Columbia University, New York, New York 10027, USA

2Department of Physics, Case Western Reserve University, Cleveland, Ohio 44106, USA

3Department of Applied Physics and Applied Mathematics, Columbia University, New York, New York 10027, USA

4FOM-Institute AMOLF, Kruislaan 407, 1098 SJ, Amsterdam, The Netherlands
*e-mail: tony.heinz@columbia.edu

Published online: 8 October 2006; doi:10.1038/nmat1739

is an important basic property of any material system,

as well as one critical for many applications. Here, we
examine the behaviour and dynamics of charges fully confined
on the nanometre length scale. This is accomplished using CdSe
nanocrystals'> of controlled radius (1-2.5nm) as prototype
quantum systems. Individual electron-hole pairs are created at
room temperature within these structures by photoexcitation
and are probed by terahertz (THz) electromagnetic pulses®.
The electronic response is found to be instantaneous even
for THz frequencies, in contrast to the behaviour reported in
related measurements for larger nanocrystals’ and nanocrystal
assemblies®’. The measured polarizability of an electron-hole
pair (exciton) amounts to ~10* A’ and scales approximately as
the fourth power of the nanocrystal radius. This size dependence
and the instantaneous response reflect the presence of well-
separated electronic energy levels induced in the system by strong
quantum-confinement effects.

Isolated CdSe nanoparticles, also known as quantum dots
(QDs), were prepared in our laboratory following established wet-
chemistry procedures*®. The particle radius varied from 1.4 to
2.4nm, with a standard deviation <5%. Because of the strong
quantum confinement in these small QDs, the excited electron and
hole are largely uncorrelated and can be described in a single-
particle picture’. This system thus provides an attractive model
for the study of the size dependence of the polarizability and
response time of quantum-confined charge carriers. In addition to
the fundamental interest inherent in these questions, an accurate
determination of the behaviour of the quantum-confined electron—
hole pairs provides important information about the excited states
of the CdSe QDs, a topic of significant technological interest for the
potential applications of QDs in lasers', light-emitting diodes'?,
photodetectors and other photovoltaic devices'?.

The polarizability of quantum-confined excitons has previously
been examined using Stark shift measurements®™. It is desirable
to have a direct experimental determination of the polarizability—

The response of charge to externally applied electric fields
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and its dependence on frequency and confinement size. Such
measurements are, however, complicated by the fact that excitons
must be produced by photoexcitation and then exist only for a
duration of nanoseconds'®. This situation suggests the use of a laser-
based probe, an approach that can readily achieve the required
temporal resolution and also has the advantage of being non-
invasive in nature. In addition, such a probe must interrogate the
system at sufficiently low photon energies to avoid complications
from direct electron or hole transitions, which have energies
of hundreds and tens of meV, respectively, for nanometre-sized
QDs’. Terahertz (THz) time-domain spectroscopy meets these
requirements: it allows the material response to an electric field
oscillating at frequencies in the THz range (1 THz~ 4meV) to
be recorded with picosecond time resolution'’. The capabilities of
this technique for probing charge-carrier dynamics in photoexcited
systems have been exploited in several recent studies. Among these
are optical-pump/THz-probe measurements of charge transport
and carrier dynamics in bulk solids'®™®* and quantum-well
structures®?’. The method has also been applied, as mentioned
above, to QDs extending to larger radii® and to QD assemblies®’,
as well as to carrier-cooling dynamics in QDs*.

The experimental setup for the optical-pump/THz-probe
apparatus has been described previously”. Excitons in the
semiconductor QDs were created by absorption of the frequency-
doubled laser radiation with a photon energy of 3.1 eV. This energy
lies well above the band edge of the QDs, which was located between
2.2 and 2.7 eV, depending on the QD radius. Care was taken to
ensure that the induced material response remained in the linear
regime as a function of pump fluence, with most photoexcited QDs
containing only a single exciton. For this purpose and to avoid other
nonlinear effects such as exciton photoionization, a pump fluence
well below 1]m™? was used. All measurements were carried out
with the sample held at room temperature.

To study the response of the CdSe QDs, we first measured the
electric-field waveform E(t) of the THz probe pulse transmitted
through the unexcited sample. Subsequently, the pump-induced
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Figure 1 THz electric-field waveform transmitted through an unexcited
suspension of CdSe QDs and the photoinduced change in this waveform. The
dashed black line is the result of a calculation assuming a frequency-independent
change in only the real part of the susceptibility. The inset depicts the decay of the
pump-induced change in the transmission of the THz radiation. The photoinduced
THz response was measured at 60 ps after photoexcitation.

change in the THz waveform A E(t) was recorded by chopping the
excitation pulse and monitoring the differential THz signal (that is,
with and without excitation). AE(t) was measured at a delay of
60 ps after the optical excitation. As shown in refs 16,30, exciton
cooling in CdSe QDs occurs in ~1ps. Thus, our measurement
scheme ensures that we probe the ground-state exciton, despite
initial optical pumping to higher-lying states. A modest reduction
in the THz signal was observed with increasing pump/probe delays
(inset of Fig. 1), which we attribute to carrier trapping at the QD
interface in a subset of the QDs”. In our experiment, with a
weak photoinduced change in a relatively thick sample, the effect
of the pump beam can be expressed as a change in the complex
sheet susceptibility of the sample, A x,, defined as the change in
the dipole moment per unit area divided by the THz electric-
field strength. Expressing the relevant quantities in the frequency
domain?, we have
AE(w) 210 Ay (w)
=i———, (1)
E(w) c JEe

where c is the speed of light in vacuum, w is the angular frequency
of the THz radiation and ¢ is the dielectric function of the unexcited
QD suspension.

In Fig. 1 we show experimental results for the transmitted
THz field E(t) and the photoinduced modulation AE(t) for
CdSe QDs of 2.0 nm radius. Figure 2 shows the corresponding
frequency-dependent changes in the sheet susceptibility A x,(w) =
Ay (w) +iAx!(w), as calculated from the experimental data
and equation (1). The imaginary part of the susceptibility is seen
to remain essentially unchanged, whereas the change in the real
part is appreciable, but largely frequency-independent over the
investigated frequency range. Indeed, the experimental waveform
for the response, AE(t), can be reproduced numerically by
propagating the measured E(t) through a sample with a frequency-
independent real susceptibility A x,(w) = Ay, (dashed lines in
Figs 1 and 2). This response is entirely different from that observed
in a test measurement of a photoexcited CdSe thin film (data not
shown). For the latter case, we found a Drude-like THz response
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Figure 2 Spectral dependence of the change in the real (A x/) and imaginary
part (A x?) of the photoinduced sheet susceptibility of the sample. The grey
lines are obtained from the experimental data of Fig. 1. The dashed lines represent a
frequency-independent and purely real induced susceptibility that corresponds to
the dashed waveform in the time-domain data of Fig. 1.

characteristic of free charges and similar to the behaviour in other
doped or photoexcited semiconductors®.

Classical transport theory—adapted from the bulk material
with an added term accounting for surface scattering—has been
used to model the THz response of nanoparticles with radii up to
12.5nm (ref. 5). Such a description is not, however, appropriate
for the small QDs under investigation here. In these QDs, strong
confinement effects occur and the carriers occupy discrete energy
levels separated by at least tens of meV (ref. 9). This situation
invalidates the picture of perturbed bulk transport with charge
carriers moving in a continuous band of states. In the strong
confinement regime, the excitations are more like those of a large
atom than those of a small piece of bulk material. We consequently
consider our measurement as probing the polarizability of the
photogenerated exciton confined in QDs. From the experimental
standpoint, the correctness of this view is confirmed by the
observation that the response to a THz electric field (Fig. 2) is given
by a real and spectrally flat susceptibility. These two features both
follow from the existence of well-separated electronic states that are
probed by THz radiation with photon energies (of ~4 meV) lying
significantly below the electron and hole transitions.

The experimental measurements yield information about the
THz response of the quantum-confined excitons through the
sheet susceptibility of the photoexcited sample. We can relate this
quantity to the exciton polarizability o of an individual excited
QD by

9¢?

Ax,=n,——m—m—a.
(enp +2¢6)?

)
Here ¢ =1.81 is the measured dielectric constant of the suspension,
exp ~ 10 is the dielectric constant of the unexcited CdSe (ref. 32)
and #n, is the sheet excitation density. The last quantity is
given by the number of incident photons per unit area for
our optically dense sample, which is assumed to have unity
quantum efficiency for exciton generation®. The relation given
in equation (2) follows from the effective-medium theory” in
the (experimentally relevant) dilute limit, but without any self-
screening of the exciton.

nature materials | VOL 5 NOVEMBER 2006 | www.nature.com/naturematerials

©2006 Nature Publishing Group



LETTERS

3 @  Experiment R
Q:
smumn Model &
| o
= R*scaling ,~’~
& 27
oL
=)
X
3
1+
0 -
\ \ \ \
1.0 1.5 2.0 25

Nanoparticle radius R (nm)

Figure 3 Polarizability of quantum-confined excitons in photoexcited CdSe QDs
as a function of the QD radius R. Experimental data (symbols) and theoretical
predictions based on the multiband effective-mass model described in the text
(dotted ling). For comparison, the solid line shows a simple R* scaling. The error
bars reflect the reproducibility of the measurements; in addition, there is an overall
uncertainty of a factor of 2 in the vertical scale associated with the experimental
determination of the QD excitation density.

The exciton polarizability « derived in this manner is shown
in Fig. 3 as a function of the size of the QD. The numerical values
of the polarizability are of the order of 10,000 A, three orders
of magnitude larger than typical molecular polarizabilities and
about 10 times larger than that of conjugated oligomer chains of
similar length*. These results are qualitatively consistent with those
of d.c. Stark effect measurements, which also indicate very large
polarizabilities™® ™. The error bars for « in Fig. 3 correspond to the
reproducibility of the measurement. Because of inhomogeneities in
the spatial profile of the pump beam and possible residual effects
of multiple electron-hole pair excitation in the QDs, the overall
vertical scale is subject to an estimated error up to a factor of 2.

The measured dependence of the polarizability on the QD
radius R can be described reasonably well by the scaling relation
o~ R* (solid line in Fig. 3). This behaviour can be understood from
the usual expression for the linear polarizability: « ~ |er|*/AE,
where er is the transition dipole moment and AE is a typical
energy-level spacing of the charge carrier. For a carrier confined
within a region of characteristic size R, the dipole moment is of
the order of eR and the energy-level spacing is ~h*/mR?, where m
is the mass of the charge carrier and h is Planck’s constant. Thus,
a ~ R*/ayg is obtained, where ag denotes the Bohr radius.

To describe the exciton polarizablity more quantitatively,
including both its magnitude and variation with R, we use a more
realistic model of the electronic structure of the QDs within a
multiband effective-mass treatment®. In the regime of interest with
R < ag (~5nm for CdSe), it has been shown that both the energy
levels and wavefunctions for the electron and hole comprising an
exciton are largely uncorrelated’. Consequently, we can analyse the
excitations within a single-particle picture’ and treat the exciton
polarizability as the sum of contributions from the electron and the
hole, with correction from the interactions treated perturbatively.
In this picture, we obtain the relevant energies and transition
strengths for the electron and hole separately and evaluate
their contributions to the polarizablity (see the Supplementary
Information). The calculations reveal that the hole contribution to
the polarizability dominates over that from the electron, owing to
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a larger hole effective mass and the concomitant smaller energy-
level spacing. Figure 3 (dotted line) shows the resulting predictions
for the polarizability as a function of QD radius R. The analysis
yields a size dependence of o ~ R*® for the polarizability over the
relevant range of QD radii. The modest deviation from the simple
R* scaling arises from the non-parabolicity of the electronic bands
and from the electron-hole interaction. The latter effect would
cause « to level off as the size of the QD increases and bulk excitonic
effects emerge. The agreement with the experimentally derived
polarizabilities is surprisingly good considering the experimental
uncertainties and the simplifications inherent in the model.

In the strongly confined QDs studied here, the exciton
response is ‘atom’-like, characterized by a large polarizability
with an instantaneous response up to THz frequencies. A
systematic investigation of QDs of increasing radius will permit
the understanding of possible pathways of the cross-over from
this strongly confined ‘atomic’ response to different types of bulk
behaviour involving excitons or free carriers.

METHODS

SAMPI F PREPARATION

QDs, capped by TOPO (trioctylphosphine oxide, Aldrich), TOP
(trioctylphosphine, Aldrich), and ~1.5 monolayer of ZnS were synthesized in
our laboratory by wet chemistry>®. The radii of the QDs and their size
distribution in any given sample were deduced from the position and width of
the first peak of the absorption spectra following ref. 3. The QDs were probed
in a 1 cm cell containing a dilute suspension of the particles (concentration
<10'® cm™?) in 2,2,4,4,6,6,8-heptamethylnonane (Aldrich).

EXPERIMENTAL SETUP

The femtosecond laser source consisted of an amplified, mode-locked
Ti:sapphire system, providing pulses of approximately 200 fs duration at
810 nm with an energy of 1 mJ per pulse and a repetition rate of 1 kHz. The
THz system®® used optical rectification of the femtosecond laser pulses in a
ZnTe crystal for the generation of the THz probe field. The detection of the
THz waveform was accomplished by electro-optic sampling with a
time-synchronized femtosecond laser pulse in a second ZnTe crystal.
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