Recombination dynamics in ZnO nanowires: Surfaces states versus mode
quality factor
J. S. Reparaz, F. Güell, M. R. Wagner, G. Callsen, R. Kirste et al.
Citation: Appl. Phys. Lett. 97, 133116 (2010); doi: 10.1063/1.3496444
View online: http://dx.doi.org/10.1063/1.3496444
View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v97/i13
Published by the American Institute of Physics.

Related Articles
Top-down fabrication of single crystal silicon nanowire using optical lithography
J. Appl. Phys. 112, 024309 (2012)
Nanodot to nanowire: A strain-driven shape transition in self-organized endotaxial CoSi2 on Si(100)
Appl. Phys. Lett. 100, 263117 (2012)
Size dependent surface dissipation in thick nanowires
Appl. Phys. Lett. 100, 263112 (2012)
Does the low hole transport mass in 110 and 111 Si nanowires lead to mobility enhancements at high field and
stress: A self-consistent tight-binding study
J. Appl. Phys. 111, 123718 (2012)
Special structures and properties of hydrogen nanowire confined in a single walled carbon nanotube at extreme
high pressure
AIP Advances 2, 022161 (2012)

Additional information on Appl. Phys. Lett.
Journal Homepage: http://apl.aip.org/
Journal Information: http://apl.aip.org/about/about_the_journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

Downloaded 19 Jul 2012 to 130.149.132.13. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

APPLIED PHYSICS LETTERS 97, 133116 共2010兲

Recombination dynamics in ZnO nanowires: Surfaces states versus mode
quality factor
J. S. Reparaz,1,a兲 F. Güell,2 M. R. Wagner,1 G. Callsen,1 R. Kirste,1 S. Claramunt,2
J. R. Morante,2,3 and A. Hoffmann1
1

Institut für Festkörperphysik, Technische Universität Berlin, Hardenbergstr. 36, 10623 Berlin, Germany
Departament d’Electrònica, M-2E, IN2UB, Universitat de Barcelona, C/Martí i Franquès 1, 08028
Barcelona, Catalunya, Spain
3
Institut de Recerca en Energia de Catalunya (IREC), C/Josep Pla 2, 08019 Barcelona, Catalunya, Spain
2

共Received 11 July 2010; accepted 11 September 2010; published online 1 October 2010兲
In this work, we investigate the influence of finite size on the recombinations dynamics of ZnO
nanowires. We demonstrate that diameter as well as length of nanowires determine the lifetime of
the neutral donor bound excitons. Our findings suggest that while the length is mainly responsible
for different mode quality factors of the cavity-like nanowires, the diameter determines the influence
of surface states as alternative recombinations channels for the optical modes trapped in the
nanocavity. In addition, comparing nanowires grown using different catalyst we show that the
surfaces states strongly depend on each precursor characteristics. © 2010 American Institute of
Physics. 关doi:10.1063/1.3496444兴
The great amount of ZnO nanostructures recently produced such as nanodots, nanocrystals, tetrapods, nanorods,
and nanowires 共NWs兲 have opened an entirely new field of
research activities.1 In particular, ZnO NWs represent an extremely convenient system since it is the lowest dimensional
system where electrical conductivity measurements can be
performed. A giant exciton-polariton coupling has been theoretically suggested for ZnO quantum dots,2 and recently experimentally demonstrated for a single ZnO NW.3 The
longitudinal-to-transverse exciton-polariton splitting 共⌬LT兲
was shown to be as high as 164 meV for ZnO NWs, i.e.,
almost two orders of magnitude larger than in bulk samples
共⌬LT ⬇ 2 meV for the free A exciton-polariton兲. This result
reflects the great influence of finite-size on the excitonpolariton coupling and, consequently, represents a strong
motivation for a detailed study of finite-size effects on the
cavity-like properties of these nanostructures.
The large surface-to-volume ratio of this one dimensional system is responsible for the high interaction between
core and surface electronic states. In addition, the shape of
the NWs constitutes itself an optical nanocavity for the
propagating electromagnetic waves generated by optical or
even electrical excitation. In a recent work,4 we have shown
that the recombination dynamics of the donor bound excitons
共DX兲 are influenced by the NW’s diameter. This effect was
attributed to the presence of size-dependent surface states.
Nevertheless, due to the nature of the investigated samples
we were not able to provide any hint of the influence of finite
size on mode quality factor 共Q兲 of the nanocavities which are
formed by the NWs. For this purpose, the DX are an ideal
candidate since these are spatially localized states. Consequently, the optical properties of the DX as well as their
recombination dynamics provide direct information about
the influence of the NW’s size on the confinement of the
optical modes.
The main purpose of this paper is to show that the
cavity-like properties of ZnO NWs are determined by two
a兲
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main contributions as follows: 共i兲 the influence of surfaces
states, and 共ii兲 the Q-factor of the cavity composed by the
NWs. We discuss the relative influence of these effects in
NWs with different dimensions and we show that while the
Q-factor is mainly governed by the NW’s length, additional
recombination channels are introduced as surface states by
decreasing the NW’s diameter. Comparing NWs with similar
dimensions grown from different precursors, we show that
the surface states strongly depend on the characteristics of
each particular precursor.
In order to separately investigate the influence of surface
states to that of the Q-factor we have grown two different set
of samples 共three samples for each set兲 using different precursors for the NW’s nucleation. The two different catalysts
for each set of samples consisted of a thin film of sputtered
Au 共s-Au兲 and colloidal Au 共c-Au兲 nanoparticles, respectively. All the samples were grown using the vapor-liquidsolid method 共see Ref. 5 for a detailed description兲. The s-Au
NWs were purposely designed to investigate the influence of
the diameter on the recombination dynamics and consisted
of three samples with diameters of d = 50, 85, 130 nm 共L
⬇ 1 m兲. The c-Au NWs were employed to study the length
共L兲 dependence and resulted in L = 1.7, 2.4, and 3.5 m 共d
⬇ 90 nm兲. The optical properties of these nanostructures
were investigated using a micro-photoluminescence setup.
The excitation energy was set to 3.496 eV 共355 nm兲 and
focused onto the samples using a 63⫻ 共NA= 0.75兲 microscope objective mounted on a XYZ piezoelectric stage,
which allowed steps of 100 nm. The spatial resolution of the
system is estimated to be about 300 nm. For the timeresolved measurements we have used the time correlated
single-photon counting technique with a time resolution of
about 20 ps.
In Figs. 1共a兲–1共c兲 we show field-emission scanning electron microscope 共FESEM兲 images of s-Au ZnO NWs with
mean diameters of d = 50 nm, 85 nm, and 130 nm, respectively. The diameter of the NWs was tailored changing the
thickness of the s-Au thin layer previous to the ZnO deposition. The fact that the NWs grow almost horizontally aligned
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FIG. 1. 共Color online兲 FESEM images of four samples with ZnO NWs of
different diameters of 共a兲 50 nm, 共b兲 85 nm, and 共c兲 130 nm grown using
sputtered Au as catalyst, and 共d兲 a representative image of a sample grown
using Au colloids. A scheme of a single NW showing its cavity-like properties and the presence of surface states is shown in 共e兲.

is due to the lattice mismatch with the SiO2 / Si substrate. For
the present experiments this situation represents an advantage since in combination with the high spatial resolution of
the micro-photoluminescence setup 共⬇300 nm兲 it allows to
probe only a few NWs within the laser spot. In Fig. 1共d兲 we
show a representative image of a c-Au ZnO NWs sample. A
scheme of a single NW showing the presence of surface
states, DX states, and the optical modes confined in a NW is
shown in Fig. 1共e兲.
We show in Fig. 2 the photoluminescence spectra of the
s-Au and c-Au NWs at 4 K. All the samples exhibit a broad
transition around 3.377 eV which arises from the freeexciton recombination 共FXA兲. Nevertheless, the dominant
features of these spectra mainly originate from the
neutral-DX around 3.360 eV. Finally, in the lower energy
region a broad transition around 3.314 eV is observed only
for the s-Au NWs, which probably arises from a free-tobound recombination 共e, A兲 as recently suggested by Schirra
et al.6 Concerning the DX lines, the two lines around 3.357
eV and 3.361 eV are identified as arising from In 共I9兲 and Al
共I6兲 impurities, respectively.7 The origin of the emission at
32
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FIG. 2. 共Color online兲 Low temperature photoluminescence spectra for the
s-Au and c-Au ZnO NWs with different diameters and lengths. The vertical
dotted lines show the position of the FXA 共3.377 eV兲, DX 共3.366, 3.361,
3.357 eV兲, and 共e, A兲 共3.314 eV兲 transitions.
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FIG. 3. 共Color online兲 Representative low-temperature time resolved
photoluminescence spectra at 3.366 and 3.314 eV for s-Au NWs with
d = 50 nm.

3.366 eV is somehow controversial as we have already previously discussed.4 Unfortunately, within the employed optical techniques we are unable to suggest its precise origin.
Nevertheless, it is worth to mention that its linewidth and
recombination time are similar to those observed for the I6
and I9 excitons 共see Fig. 4兲. This suggests that this transition
might be related to a DX impurity not identified up to date.
In any case, independently of its precise origin its recombination dynamics will be similarly influenced by the NWs
dimensions as we will shortly discuss.
Figure 3 shows representative transients from the DX at
3.366 eV and of the free-to-bound transition at 3.314 eV for
the s-Au sample with d = 50 nm. The lifetime of the three
DX lines is generally well described by a single exponential
form, which is a signature of a two-level process as expected
from these transitions. On the contrary, the decay time of the
transition observed around 3.314 eV is clearly not single
exponential but rather well represented by a stretched exponential function. This result provides a confirmation that its
origin is related to a distribution of states, in accordance with
the free-to-bound assignment proposed by Schirra et al.6
We now turn to the discussion of the influence of finitesize on the recombination times of the DX lines around
3.360 eV. The dependence of the lifetimes with the length
and diameter of the NWs is shown in Figs. 4共a兲 and 4共b兲,
respectively. At this point we point out that the DX are spatially localized states since they arise from trapping of the
free A-exciton to different localized impurity complexes.
Consequently, these states exclusively probe the influence of
the NW’s finite-size on the lifetime of the optical modes
which propagate through the NWs. In other words, the oscillator strength of the DX should not depend on the NWs
dimensions directly but only through its influence on the
confined electromagnetic field in the NWs. This would not
be the case if investigating the dynamics of the free-exciton
emission since these states have a well defined k in the reciprocal space, which is strongly dependent on the NW’s
shape. The most striking result in Fig. 4 concerns the measured absolute values for the lifetimes of the DX. For the
smaller length and diameter, these lifetimes 共⬇40 ps兲 are
below the typical values measured in bulk samples 共300–400
ps兲 by almost one order of magnitude.8 This result can cer-
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FIG. 4. 共Color online兲 Lifetime of the different DX lines as a function of the
NWs 共a兲 length and 共b兲 diameter. The half filled dots were extracted from
Ref. 4.

tainly not be explained by a size-dependent Q-factor, whose
effect is rather to increase the lifetime of the optical modes in
the cavity.9 The origin of this effect is probably related to the
presence of surface states, which act as alternative recombinations channels for the confined optical modes. Concerning
the influence of the NWs length on the lifetimes, Fig. 4共a兲
shows larger lifetimes with increasing the length of the NWs,
which can be understood by considering the dependence of
the Q-factor on the NW’s length. This dependence is by no
means straightforward to obtain since the reflectivity at the
ends of the NWs depends on size due to the diffraction
caused by their subwavelength dimensions and, thus, cannot
be calculated using the Fresnel relations. Following Ref. 10,
the Q-factor is approximated by:
Q = − Lkz/2 ln兩r兩,

共1兲

where L is the NW’s length, kz the propagation wave vector
along the axis of the NWs, and r is the reflectivity at the ends
of the NWs 共which is assumed to be equal for both ends兲. In
addition, the lifetime of the optical modes confined in the
NWs 共o.m兲 depends inversely on the confined mode linewidth 共⌬f兲 as: o.m ⬀ 1 / ⌬f ⬀ Q / f 0 共with Q ⬅ f 0 / ⌬f兲. It follows that as Q increases the lifetime of the optical modes in
the cavity will also increase, which is reflected in the larger
lifetimes 共relative to the minimum value of about 40 ps兲
obtained for the DX in Fig. 4共a兲. Of course that the observed
linear relation does not holds for smaller NW’s lengths since
it would lead to negative lifetimes. We point out that the
influence of surfaces states on this series should be similar
for all the samples since they have similar diameters 共d
⬇ 90 nm兲.

The influence of the NW’s diameter on the DX lifetimes
is shown in Fig. 4共b兲. In this case, the length of the NWs is
approximately constant 共L ⬇ 0.9 兲, so no contribution of
this term to the Q-factor is expected 关see Eq. 共1兲兴. Nevertheless, as reported in Ref. 11, a small contribution to the quality factor is expected with varying the NWs diameter. The
main reason underlaying this effect relays on the fact that as
the NW’s diameter decreases, the optical mode spreads out
of the NW’s cross section. In fact, a smaller Q is expected
for the smaller diameters. Consequently, as varying the NW’s
diameter both effects 共surfaces states recombinations and Q
enhancement兲 change continuously in the same direction,
which prohibits decoupling these into separate contributions.
For this purpose, the results in Fig. 4共a兲 provide valuable
information since the surface states contribution can be considered as a constant for all the three samples. Finally, we
can estimate the influence of each catalyst on the resulting
surface states by comparing the similar samples in the two
series 共i.e., c-Au: d = 80 nm, L = 1.7 ; and s-Au: d
= 85 nm, L = 0.8 兲. The lifetimes for the corresponding
sample in the c-Au series resulted in about 42 ps, whereas we
found 70 ps for the one of the c-Au series. Since both
samples have approximately similar length, the contribution
of the size dependent Q-factor is expected to be similar. Consequently, the observed smaller value for the c-Au sample
suggests that the colloidal Au nanoparticles precursor introduces more surface states than the sputtered Au precursor.
We are aware of the difference in length of these NWs, nevertheless, if a length correction was included the observed
effect would be even larger.
In conclusion, we have shown that the DX constitute a
unique tool to probe the finite-size influence on the lifetimes
of the optical modes in ZnO NWs. We were able to partly
decouple the influence of surface states from that of the
mode quality factor, showing that the influence of these two
effect is of the same order. Finally, we have shown that different catalysts introduce different surface states which
might be of great importance for future applications based on
these nanostructures.
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