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Nanometer sized ZnO clusters are produced in the gas phase and subsequently deposited on clean Au(111)

surfaces under ultra-high vacuum conditions. The zinc blende atomic structure of the approximately
spherical ZnO clusters is resolved by high resolution scanning transmission electron microscopy. The
large band gap and weak n-type conductivity of individual clusters are determined by scanning
tunnelling microscopy and spectroscopy at cryogenic temperatures. The conduction band is found to

exhibit clear quantization into discrete energy levels, which can be related to finite-size effects reflecting

Received 7th December 2012
Accepted 27th February 2013

the zero-dimensional confinement. Our findings illustrate that gas phase cluster production may provide

unique possibilities for the controlled fabrication of high purity quantum dots and heterostructures that
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1 Introduction

The continued scientific and technological interest in the II-VI
compound semiconductor ZnO is related to its broad range of
applicable properties, including piezoelectricity, high trans-
parency, high electron mobility, large direct band gap around
3.4 eV and strong room-temperature luminescence due to its
large exciton binding energy (about 60 meV)."? Moreover,
scaling ZnO structures down to the nanometer scale, i.e. to low-
dimensional electronic systems, may further improve and even
allow tuning of the properties due to the occurrence of quantum
size effects. The majority of the fabrication routes of ZnO
material with reduced dimensionality, including quantum dots,
nanocrystals, nanowires and thin films, typically involves the
use of chemical solutions and/or exposure to ambient envi-
ronment conditions,"™* during which (a certain degree of)
contamination and inhomogeneity cannot be avoided.
Contaminants may result in chemical doping and hence mask
its intrinsic properties. In order to reliably unravel the intrinsic
properties of ZnO nanostructures, preparation and character-
ization techniques under ultra-high vacuum (UHV) are of
crucial importance. Here, we focus on nanometer sized ZnO
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can be size selected prior to deposition on the desired substrate under controlled ultra-high vacuum

clusters that are prepared, deposited and characterized under
controlled conditions in UHV.

When all three dimensions become comparable to or
smaller than the bulk ZnO exciton Bohr radius ag = 2.3 nm,*
ZnO nanoparticles can be considered as zero-dimensional (0D)
“artificial atoms”. Such nanoparticles yield major perspectives
for novel applications in e.g. quantum dots of a (diluted)
magnetic semiconductor,*® solar cells,” and field emitters.*
On the other hand, at the nanometer scale the smallest
difference in particle size may give rise to very different elec-
tronic properties due to the dominant finite size effects. These
effects are much more pronounced for semiconducting nano-
particles than for metallic nanoparticles."*> For a spherical
semiconductor particle of radius R both the (top of the) valence
band and the (bottom of the) conduction band experience
quantization and the resulting series of size dependent
discrete energy levels E,;, which are accompanied by atom-like

envelope wave function symmetries (s, p, d,...), can be
described by:'*
0.377 eV 2
En/ = ° ﬂ"’ n, [ = 17273>"'7 (1)

(m*/m )R> 8,2

where m* is the (valence/conduction) effective mass and @, is
the n™ zero of the /™ spherical Bessel function. Area-averaging
measurements such as photoluminescence and absorption
measurements™* of an ensemble or film of nanoparticles yield a
smoothed average of the size dependent properties of these
particles and valuable information on the individual particle
properties is lost. Local probing techniques are clearly required.
High angle annular dark field scanning transmission electron
microscopy (HAADF-STEM)"™* is able to resolve the atomic
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structure of individual nanoparticles, while scanning tunnel-
ling microscopy (STM) combined with scanning tunnelling
spectroscopy (STS) allows for systematic investigation of the
electronic properties at the level of individual nanoparticles
with high spatial and energy resolution. STM and STS have been
successfully applied to a broad variety of semiconductor nano-
particles, including CdSe,'*™® PbSe' and InAs."?° So far,
however, STM and STS investigations of ZnO have been rather
scarce and have been limited to thin films and bulk crystals.***
Detailed STM and STS investigations of gas phase clusters that
are deposited and studied under UHV conditions have
remained very limited as well.>*"°

Here, we report direct evidence of pronounced quantization
of the electronic band structure of individual nanometer sized
ZnO clusters on Au(111) surfaces. ZnO clusters are prepared
under controlled conditions using a UHV laser vaporization
source, after which the clusters are deposited on clean Au(111)
surfaces. The zinc blende atomic structure of the spherical ZnO
clusters is visualized by means of HAADF-STEM imaging. STM
and STS measurements reveal the large band gap between the
valence and conduction band of the clusters. Due to the finite
size of the clusters, the band structure is expected to split up in
a series of discrete energy levels. This is schematically illus-
trated in Fig. 1, where a metallic STM tip is placed in tunnel
contact with a ZnO cluster. Since the clusters are in direct
electrical contact with the metallic substrate, the electron
tunnelling rate between the STM tip and the cluster is much
smaller than that between the cluster and the substrate. Hence,
tunnelling electrons cannot accumulate in the cluster, implying
that charging effects and related electron-electron interaction
effects in the cluster are limited. This is somewhat similar to the
case of so-called shell-tunnelling STS where the nanoparticle is
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Fig. 1 Schematic energy diagram of an STM tip in tunnel contact with a

nanometer sized ZnO cluster on a Au(111) surface at a positive sample voltage V.
The ZnO valence band (VB) and conduction band (CB), separated from each other
by a large band gap, become quantized because of the small size of the cluster.
The Au(111) surface exhibits a gap in its projected bulk band structure that
accommodates the Au(111) surface state. Indicated energies are with respect to
the Fermi level E¢ and are taken from ref. 31.
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the central island of a double-barrier tunnel junction.'**®

Resonances in the STS spectra therefore reflect the discrete
single-electron density of states of the clusters. As discussed in
detail below, the splitting up of the band structure can be
observed clearly only for the conduction band.

2 Experimental section
2.1 Deposition of gas phase ZnO clusters on clean Au(111)

Clean atomically flat Au(111) films are prepared as described in
ref. 28 and are transported between the cluster deposition
apparatus and the STM setup by means of a home-built UHV
transport vessel (pressure in the 10~'° mbar range). ZnO clus-
ters are produced in a laser vaporization source.*” By ablating
pure Zn followed by thermalization of the hot Zn atoms in a
He-O, mixture (10% O,, impurity level < 1 ppm) we obtain pure
ZnO clusters that are deposited onto Au(111) at room temper-
ature in an integrated UHV deposition chamber. The ratio of O,
to Zn in the ablation stage is well above 10: 1, i.e. for every
impact with an incoming Zn atom of a growing cluster in the
formation process there occur more than 10 impacts with O,. As
we will show below, our HAADF-STEM and STM-STS measure-
ments confirm the high structural quality of the produced ZnO
clusters. Cluster beams with a size distribution ranging from a
few atoms up to several hundreds of atoms can be produced.
The clusters are deposited with their inherent low kinetic
energy (around 0.1 eV per atom) and consequently negligible
cluster deformation will occur upon impact. Deposition times
were chosen to achieve a low cluster density well below
complete coverage of the substrate, which can be monitored by
a quartz microbalance.

2.2 Cryogenic STM and STS measurements

STM and STS measurements are performed with an UHV (base
pressure in the 10~'" mbar range) STM setup (Omicron Nano-
technology) at 4.5 K. Electrochemically etched W tips and
mechanically cut PtIr (10% Ir) tips are cleaned in situ as
described in ref. 33. Spectra of dI/dV versus V (V is the voltage
applied to the sample, while the STM tip is virtually grounded)
are acquired with open and closed feedback loops via lock-in
detection at a modulation frequency of 840 Hz and with a
sample voltage modulation amplitude in the 10 to 50 mV range.
Image processing is performed using Nanotec WSxM.**

2.3 HAADF-STEM imaging

HAADF-STEM imaging'>* is carried out using a FEI Titan 50-80
microscope operating at a relatively low accelerating voltage of
120 kV. For this purpose ZnO clusters are deposited on a copper
supported carbon TEM grid in the cluster deposition apparatus,
after which the samples are transported under ambient condi-
tions to the electron microscope. The ZnO clusters are found to
reveal dynamic behavior under the electron beam related to
knock-on energy transfer. For this reason STEM images are
acquired using relatively short acquisition times (0.8 s per
frame).
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3 Results and discussion

3.1 Morphology and atomic structure of the deposited ZnO
clusters

After deposition, the majority of the ZnO clusters are found to
be well separated from each other, while only a minor fraction
of the clusters make contact with each other or are in close
proximity of each other. STM images before and after annealing
up to around 770 K reveal a similar fraction of individual
clusters on the Au(111) surface, indicating that the deposited
clusters do not diffuse at these annealing temperatures. The
STM and STS data presented below are obtained after opti-
mizing the measurement stability by annealing the sample to
moderate temperatures around 470 K to remove molecular
adsorbates that are adsorbed on the Au(111) surface during the
ZnO cluster production and deposition process.

Fig. 2(a) presents the STM topography image of multiple ZnO
nanoclusters on Au(111). The clusters (indicated by white
arrows) are randomly spread across the atomically flat terraces
of the Au(111) surface, indicating that they are pinned upon
deposition so that diffusion is avoided. Indeed, the clusters do
not reveal any preferential positioning, e.g. at Au(111) step edges
or at atomic size defects that exist at the elbows of the
herringbone reconstructed surface.*® Upon more careful
inspection of Fig. 2(a), a relatively large amount of atomic sized
particles can be discerned. These particles are atomic sized ZnO
clusters that are also present in the deposited cluster beam.
Atomic sized clusters typically exhibit a limited mobility on
atomically flat surfaces, allowing them to form small aggregates
e.g. at surface defects and at the elbows of the Au(111)
herringbone reconstruction (see e.g. ref. 28). In this work we
focus on the larger clusters that do not show any significant
mobility on the Au(111) surface. These larger ZnO clusters have
heights up to 4 nm. Note that due to unavoidable convolution of
the STM tip shape with the ZnO cluster shape, the clusters
appear significantly broadened in STM topography images and
the diameter of the clusters can hence not be accurately deter-
mined.”® On the other hand, the height of the clusters is not
influenced by convolution effects and can be determined with
sub-angstrom precision at low temperatures. The height histo-
gram in Fig. 2(b), which is based on a series of STM topography
images such as the one in Fig. 2(a), reveals that the average
cluster height (= cluster diameter, assuming a spherical cluster
shape) is 2.5 nm. This is comparable to the ZnO Bohr radius
ag = 2.3 nm,” implying the ZnO clusters enter the so-called
strong confinement regime and finite-size effects can be expected
to dominate the electronic properties. In view of future experi-
ments and applications, we would like to note that it is possible
to select clusters with a specific size from the cluster beam via
mass-selection with e.g. a quadrupole or time-of-flight mass
selector.”®?%73% Here, we aim at investigating the electronic
behavior of the ZnO clusters with varying size and hence we did
not size select the cluster prior deposition on the Au(111)
substrate. Exceptionally, a cluster exhibiting hexagonal facets is
observed (see inset in Fig. 2(a)). Typically, however, clusters do
not have a pronounced polygonal shape in STM topography
images, which indicates that the random orientation of the
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Fig.2 (a) STM topography image of preformed ZnO nanoclusters deposited on
clean Au(111) (color height scale = 2.9 nm, / = 0.1 nA, V = 2.5 V). White arrows
indicate the investigated ZnO clusters. Inset: 11 x 11 nm? close-up view of a ZnO
cluster with hexagonal shape (color height scale = 1.6 nm, /= 0.5 nA, V=2.0 V).
(b) Height histogram of the deposited clusters on Au(111) as determined from
height profiles of a series of STM topography measurements comprising 246
clusters. Average cluster height is 2.5 4= 0.9 nm. The red solid line is a Gaussian fit
of the histogram bar heights. (c) Series of HAADF-STEM images of a ZnO nano-
particle with a diameter of about 2 nm. A transition is observed from the [100]
(upper left image) to the [110] (lower right image) zone axis in the zinc blende
structure. The crystal facets, the lattice distance, and the angle between two
crystal facets are indicated for the two different cluster orientations in the upper
left and lower right images. (d) Size histogram of the deposited clusters as
determined from a series of HAADF-STEM images comprising 49 clusters. Average
cluster diameter is 2.6 + 1.6 nm.

clusters relative to the Au(111) surface after deposition was
pinned upon impact on the substrate.

As already indicated above, due to STM tip convolution
effects, the atomic structure of a ZnO cluster cannot be clearly
resolved relying on STM. Therefore, HAADF-STEM imaging®®
is performed to visualize the atomic structure of the ZnO
clusters. For this purpose gas phase ZnO clusters are deposited
on carbon TEM grids. The approximately spherical ZnO
nanoparticles are found to reveal dynamic behavior during
TEM investigation because of knock-on energy transfer from
the electron beam. This indicates that the clusters largely
retain their spherical shape after deposition and that they
experience negligible deformation upon impact. For this reason

Nanoscale, 2013, 5, 3757-3763 | 3759



HAADF-STEM images are acquired with relatively short acqui-
sition times of 0.8 s per frame. We found that ZnO clusters
exhibit a zinc blende crystalline structure instead of the wurtzite
structure of bulk ZnO; the wurtzite structure has been observed
before for ZnO nanoparticles with diameters in the 1 to 6 nm
range." This difference may be related to the very different
preparation routes that are involved, ie. preparation under
vacuum conditions or in chemical solution.

A series of subsequently recorded HAADF-STEM images of
an individual ZnO cluster is presented in Fig. 2(c), indicating a
transformation of the cluster orientation from the [100] zone
axis (top left) to the [110] zone axis (bottom right). More HAADF-
STEM images are presented in Fig. S1 in the ESL.T In Fig. 2(d) we
present a size histogram of ZnO clusters based on HAADF-STEM
data such as the image in Fig. 2(c). The histogram reveals a
Gaussian-like distribution with an average cluster diameter of
2.6 = 1.6 nm, which is very similar to the STM-based cluster
height histogram in Fig. 2(b). This confirms that the clusters
retain to a large extent their approximately spherical shape on
Au(111) as well. The bottom right HAADF-STEM image of the
zinc blende ZnO cluster in Fig. 2(c) has a hexagonal contour
similar to the ZnO cluster in the STM image presented in the
inset in Fig. 2(a), which appears broadened due to tip convo-
lution effects. The fact that the clusters retain to a large extent
their spherical shape after deposition on Au(111) as well as on

Sample Voltage (V)

carbon TEM grids indicates that the ZnO clusters are likely to
have a zinc blende structure on Au(111) as well. However, as the
clusters are deposited on different substrates, the latter state-
ment should be taken with caution.

3.2 Band structure quantization of the deposited ZnO
clusters

I(V) spectra on single ZnO clusters always reveal a large band
gap in the 3 to 3.5 eV range that is asymmetric with respect to
the Fermi level Er at V = 0 (see Fig. 3(a)). This gap size is
comparable to the known band gap of (bulk) ZnO,* i.e. 3.4 eV,
and indicates the high quality of the ZnO clusters. Minor vari-
ations of the gap size in subsequently recorded spectra (see
Fig. 3(a)) are related to measurement instabilities that occur at
these relatively high voltages, e.g. due to the displacement of an
atom at the tip apex. The observed band gap of the ZnO clusters
spans from 0.5 to 1.0 eV above Er to —2.0 to —2.5 eV below Er
(Fig. 3(a)). ZnO clusters hence possess weak n-type conductivity,
which is also typically observed for ZnO films and bulk ZnO
material. The n-type conductivity of ZnO has been linked to the
presence of zinc interstitials and oxygen vacancies.*® More
recently the n-type conductivity has been attributed to the
presence of hydrogen (substituting an oxygen atom and equally
bonding to all four Zn neighbors).*
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Fig.3

(a) I(V) spectra successively recorded on an individual ZnO cluster at the indicated tunnelling conditions (open feedback loop), revealing a large band gap in the

3to 3.5 eV range with the Fermi level £¢ located closer to the conduction band than to the valence band. (b) Typical (d//dV)(V) spectrum recorded on another individual
ZnO cluster, revealing pronounced quantization of the ZnO conduction band (/ = 3.0 nA, V = 2.5V, open feedback loop). Inset: (d//dV)(V) spectra recorded on an
individual ZnO cluster at different settings of the tunnelling current (V= 3.0V, closed feedback loop). (c) Dependence of the cluster height observed in STM topography
images on the applied sample voltage. Each label corresponds to a different ZnO cluster.
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Next, the electronic structure of the ZnO clusters is probed in
more detail by recording (dZ/dV)(V) spectra that reflect the local
density of states (LDOS). A typical spectrum is presented in
Fig. 3(b) (cluster height is about 1.4 nm). It is found that all
investigated ZnO clusters exhibit a series of pronounced reso-
nances in the empty state region (positive sample voltage V)
where I(V) spectra reveal a strong increase of the tunnelling
current 1. Additional STS data are presented in Fig. S2 in the
ESI.T Because of the direct contact between the cluster and the
Au(111) substrate, charging effects are absent and resonant
peaks in the STS spectra reflect the single-electron density of
states of the clusters'®® and can be attributed to discrete energy
levels of the cluster. Energy separations are typically of the order
of 100 meV for clusters in the here investigated size range. We
can hence conclude that the conduction band of the ZnO
clusters experiences quantization due to the finite size of the
clusters,' as is illustrated in Fig. 1. In terms of the idealized
model described by eqn (1) the four maxima observed in
Fig. 3(b) may be addressed to the 1s (i.e. the lowest unoccupied
molecular orbital), the 1p, the 1d and the 2s energy level or
orbital of the 0D ZnO cluster.** In this view it can be expected
that the intensity of the 2" resonant state in Fig. 3(b) is about 3
times higher than that of the 1° resonant state because of the
threefold degeneracy of the p-state (i.e. py, p, and p,). The
intensity of the 2™ state is indeed significantly larger, i.e. about
2 times larger than that of the 1% state, yet smaller than
expected. This discrepancy is commonly observed for semi-
conductor nanoparticles and is related to the smaller contri-
bution of the p, and p, orbitals (smaller transmission
coefficient) at the centre of the cluster when compared to the s
orbital and p, orbital.”*®* A similar reasoning applies for the
states at higher energies. We note, however, that because of the
possible deviation of the cluster shape from spherical symmetry
as well as interaction with the underlying Au(111) substrate, this
“labelling” should be taken with care.

Assuming a spherical particle shape and taking the
conduction effective mass m* = 0.2-0.3 m,,">*" eqn (1) predicts
energy separations of the order of 100 meV for particles with a
diameter of 4 nm, up to a few eV for nanoparticles with a
diameter of 1 nm. These observed energy separations are typi-
cally smaller than those predicted by eqn (1). This may be
attributed to (voltage dependent, see below) deviations of the
cluster shape from the “ideal” spherical shape that is assumed
when deriving eqn (1). Furthermore, coupling of the cluster to
the metallic Au(111) substrate allows (vertical) transport of
electrons between cluster and substrate so that electrons are
only confined laterally, i.e. in two dimensions rather than in
three dimensions. Indeed, the (relatively) broad width of the
resonances in Fig. 3(b) (in the 200-300 meV range) when
compared to semiconductor nanoparticles that are isolated
from the surface by a thin molecular layer (typically below 100
meV (ref. 16 and 17)) is indicative of significant coupling
between the semiconducting cluster and the metallic substrate.

We observed that the quantized energies are sensitive to the
precise geometry of the STM tip apex (data not shown). Maxima
occur at somewhat different energies after a “tip change” that
occasionally occurs during scanning of the sample surface,
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which may be related to an altered sensitivity of the STM tip for
states with a different parallel component k of the wave vector
k.** A clear dependence of the energy separations between the
successive quantized energy levels on the cluster size (i.e. the
cluster height) could not be identified, which can be related to
the sensitivity of the observed energy maxima to possible “tip
changes”. Alternatively, Liljeroth et al. previously addressed
observed variations between subsequently recorded STS spectra
on a semiconductor nanoparticle to (uncontrolled) trapping of a
charge in the surroundings of the nanoparticle.*®*”

Considering the fact that the conduction band is quantized
due to the small size of the ZnO clusters, the valence band is
expected to reveal a similar quantization."™"> However, clear
quantization could not be resolved in the negative voltage
region by our STS measurements. This may be related to the
measurement technique. First, since the Fermi level is located
closer to the conduction band than to the valence band (see
Fig. 3(a)), higher (in absolute values) sample voltage is required
to probe the filled valence states regime of the cluster. These
higher voltages are accompanied by an increased probability for
measurement instabilities, hampering reliable measurements
in this regime.”® Second, whereas empty sample states are
probed in the positive sample voltage region, empty tip states
become increasingly important in the negative sample voltage
region,*” which may additionally hamper a clear measurement
of the quantized valence band of the ZnO clusters. Moreover,
the reason that clear quantization is not observed in the nega-
tive voltage region may be related to the larger effective hole
mass for the valence band, ie. a few times larger than the
effective electron mass for the conduction band.** This implies
that energy separations between successive quantized valence
band states are expected to be a few times smaller than those
between quantized conduction band states [eqn (1)]. Neverthe-
less, since the conduction band exhibits a clear quantization, it
can be assumed that the valence band is quantized as well, with
smaller energy separations between the successive discrete
states, as illustrated in Fig. 1.

In contrast to the dependence of the quantized energy levels
on the precise geometry of the STM tip apex, these states are not
influenced by the applied electric field (tip-cluster separation)
between the STM tip and the cluster. In the inset of Fig. 3(b)
successive (dI/dV)(V) measurements are presented which are
recorded for different settings of the tunnelling current ranging
from 1 to 8 nA (closed feedback loop). Multiple spectra are
presented for each setting of the tunneling current, illustrating
the higher stability of the spectra that is observed for
measurements in a smaller voltage range when compared to the
spectra in Fig. 3(a). It can be seen that the increased electric
field does not induce a detectable Stark shift of the discrete
levels towards higher energies and only the peak intensity
increases. Based on this insensitivity we can exclude that image-
potential states are at the origin of the observed states.** Image-
potential states typically develop above surfaces that exhibit a
(surface) band gap and are very sensitive to externally applied
electric fields. The here observed quantized states are located
outside of the ZnO band gap (Fig. 3(a)) and do not exhibit a
field-dependent Stark shift. Also, the independence of the
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quantized states on the tip-cluster separation (that is related to
the tunnelling current setpoint) further confirms that tunnel-
ling occurs similar to tunnelling in the so-called shell-tunnel-
ling regime (due to the direct contact between the cluster and
the Au(111) substrate).’*** The recorded LDOS hence reflects
the single-electron LDOS of the cluster in the absence of
Coulomb charging effects.

3.3 Bias voltage dependent STM imaging

Finally, we found that the height of the ZnO clusters as observed
in STM topography images depends on the applied sample
voltage V, while it does not depend on the tunnelling current
setpoint in the investigated 0.1 to 10.0 nA range. Fig. 3(c)
provides an overview of the measured heights of various clusters
of different size at sample voltages between —4 Vand +4 V. It can
be seen that the cluster height increases more or less linearly
with increasing sample voltage, both for negative and positive
voltages. This dependence can be related to the strongly energy
(and hence voltage) dependent electronic structure of the ZnO
clusters discussed above, while the energy dependence of the
Au(111) electronic structure is much less pronounced. With
increasing voltage more and more states of the ZnO clusters
become available for tunnelling. Using a fixed tunnelling current
setpoint (closed feedback loop) implies that with increasing
sample voltage the tip-sample distance increases more when
scanning above the ZnO cluster than on the surrounding Au(111)
surface, hence yielding an increasing cluster height with
increasing sample voltage. Note that discontinuities in the
(quasi-)linear voltage dependence are always accompanied by a
“tip change” during scanning of the sample surface. As dis-
cussed above, this influences the energy at which the maxima of
the quantized states are observed and hence also the measured
cluster height in STM topography images.

4 Conclusion

In summary, by means of STM and STS we unravelled the
electronic structure of individual nanometer sized ZnO clusters
on Au(111). The structure of the ZnO clusters was investigated
using advanced TEM. The clusters all exhibit a large band gap
around 3 eV. The conduction band is found to be quantized in a
series of discrete energy levels due to the finite size of the 0D
clusters. Gas phase cluster production provides opportunities
for the well controlled fabrication of high purity quantum dots
and heterostructures**¢ that eventually can be size selected
prior to deposition on the desired substrate**>**”*¥ under clean
UHV conditions. In particular, this technique yields perspec-
tives for the longstanding quest for high quality p-type ZnO
nanoparticles as well as for the field of spintronics,>* since
controlled doping of ZnO clusters with one or more (magnetic)
atoms can be achieved by using a dual-laser vaporization
source.
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