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Size Effects in ZnO: The Cluster to Quantum Dot Transition
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The use of tetraalkylammonium hydroxides to prepare ZnO colloids with diameters ranging from 1 to 6 nm is
described. The position of the first excitonic transition has been measured by UV-vis spectrometry and correlated
with the particle size, which has been measured using high-resolution transmission electron microscopy (HRTEM),
X-ray diffraction (XRD), and ultracentrifugation (UC). The exciton transition is first visible at 265-270 nm cor-
responding to particle diameters around 1 nm; the exciton absorption band then becomes sharper and narrower,
while the band red-shifts only slowly. Based on the sizing data from HRTEM, XRD, and UC, it is concluded that
the quantum size effect at sizes less than the Bohr radius is significantly less than predicted from the Kayanuma
equation. Based on the blue-shift in the trap emission as a function of nanocrystal size, the effective masses of
the electron and hole (m., myp) remain constant in particles down to 1 nm in diameter, with a relative value given

by me/(me + my) = 0.55+£0.04.
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Nucleation of nanocrystals has long been one of the most dif-
ficult processes to monitor directly except through fast kinetic
spectroscopy. To date, pulse radiolysis has been perhaps the
most successful tool for direct observation of colloid nucle-
ation. The initial steps in the formation of Ag,?! Agl,3l and
CdS™ particles have all been examined using transient spec-
trophotometry coupled with radiation-induced nucleation.
While these studies have demonstrated that the absorption
spectra of all nuclei and clusters are strongly size dependent,
the short lifetime of these species has made it difficult to
directly correlate the spectral properties of species with their
size. This information is important for establishing the size
regime in which the electronic structure evolves from hav-
ing a molecular character to completely delocalized orbitals,
interpretable using band theory. Generally, the effective mass
approximation appears to hold down to sizes under the Bohr
radius.>-¢!

In this paper, an extremely simple method for the prepa-
ration of ZnO clusters ranging in size from 1 to 6 nm is
described using tetraalkylammonium hydroxides as the pre-
cursor. This allows extremely high degrees of supersaturation
to be achieved, which are not possible with NaOH and LiOH
due to their low solubility in ethanol. Surprisingly the nucle-
ation and growth of the clusters is still found to take place over
minutes rather than milliseconds and permits the synthesis
of smaller ZnO particles than has been previously possible.
The ease of preparation prompted us to search for the size
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regime in which ZnO undergoes a transition from molecular
to semiconducting properties.

Experimental

ZnO Quantum Dot (OD) Preparation

50mL of 20mM Zn(OAc); - 2H,0 (Aldrich) in absolute ethanol was
placed in a water-jacketed reaction vessel. The solution was then heated
or cooled to the desired temperature. For smaller particles, temperatures
around 0°C are optimal. 0.85 mL of tetramethylammonium hydroxide
(TMAOH; 25 wt-% in methanol) was then injected through a micro-
syringe using a stepper motor to maintain a constant injection rate
of 0.05mLmin~". ZnO colloids also formed when rapid injection
was used, but this was less reproducible. If lower concentrations were
employed, nucleation often did not take place, and the solution con-
tained only non-luminescent clusters. Samples were prepared for TEM
on carbon coated copper grids (30 A film thickness).

Characterization

The particles were examined using both a JEOL 4000EX microscope
operating at 400kV and a Philips CM12 at 120 kV. The zeta-potential
of freshly prepared 1 mM ZnO QD solutions with no adjustment to
the ionic strength was determined to be +10mV using laser Doppler
electrophoresis. This implies superequivalent adsorption of the alkyl-
ammonium cations, but the low potential means weak resistance to
flocculation. Time-resolved spectra were collected with a diode array
spectrophotometer (HP8453, Hewlett—Packard). Fluorescence spectra
were recorded on a fluorimeter (Eclipse, Cary) with excitation at
260, 280, or 300 nm depending on particle size. Particle sizing of the
QDs was carried out using an analytical ultracentrifuge (Optima XL-I,
Beckman) equipped with scanning absorption optics (200-800 nm,
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accuracy +2nm) operating at 30 000-60 000 rpm, and could record
spectra versus time in the centrifuge cell at different cell depths. The
software corrects the measured light intensity using an identical refer-
ence cell containing ethanol. Typically 3 mL of sol was centrifuged with
an absorbance around 1cm™~'. The samples were generally maintained
at 4 and 9°C. The ZnO bulk density of 5.6 gcm ™ for all samples was
assumed in calculating the particle size. The viscosity of ethanol at dif-
ferent temperatures was calculated by interpolation of literature datal”!
using the form n[mPas] = aT[°C]~#, with the best fit being found for
a=12and g = 0.567.

Results

Using the protocol outlined above, it was found that ZnO col-
loids with sizes between about 1 and 6 nm could be readily
prepared with a 10—15% size distribution. The UV-vis absorp-
tion and fluorescence spectra of these particles are shown in
Figure la as a function of the preparation temperature. The
smallest particles displayed an exciton resonance at 265 nm,
a shorter wavelength than other preparations have yielded to
date. Larger particles with absorption peaks around 355 nm
were formed by ageing, and this value approaches the bulk
ZnO exciton wavelength.®! The optimal ratio of TMAOH/Zn
was found to be about 1.6-2.0: 1, based on the sharpness of
the exciton band (Fig. 1b). Several solvents were also tested.
In methanol, the nucleation of ZnO often did not take place
due to the higher dielectric constant and solubility of ZnO,
while in longer aliphatic alcohols, it was difficult to dis-
solve the Zn(OAc),. It was also found that better results were
obtained when TMAOH was added to Zn(OAc),, rather than
vice versa. Fresh dry ethanol yielded the best results, while
water was deleterious for small particle formation.

It was observed that the visible trap luminescence var-
ied from blue to green to yellow as the particles grew. This
indicates that the process leading to trap emission involves a
quantized charge carrier in one of the bands. In Figure 1¢, both
the full-width at half-maximum (FWHM) of the trap emission
and the peak trap emission energy are plotted as a function of
the exciton energy. The plot of trap emission energy versus
exciton energy is quite linear with a slope 0of 0.55 £ 0.04. The
FWHM of the trap emission is a little scattered but is basically
independent of particle size for QDs with diameters down
to 1 nm.

High resolution TEM images of a number of ZnO QDs are
shown in Figure 2. All the ZnO particles observed by HRTEM
were crystalline though the morphology varied considerably,
and all particles could be unambiguously indexed to wurtzite.
A very weak dependence of the lattice spacing on particle size
was found from Fourier analysis of the lattice planes, with
the smallest particles having a slightly larger lattice plane
spacing of 0.26 nm compared with 0.24 nm. The smallest
particles were difficult to size reliably, while agglomeration
of the particles and growth due to Ostwald ripening also
made XRD sizing of smaller particles difficult. It was found
that by ageing the 0.01 M ZnO samples for 24 h in 0.020 M
tetraethylorthosilicate (TEOS), which was added dropwise
to the colloid at 5°C, a thin shell of hydrated and amorphous
silica built up on the ZnO surface, which prevented particle
growth. Such sols were noticeably less sensitive to water addi-
tion, and could be rotary evaporated to dryness. The particle
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Fig. 1. (a) UV-visible absorption spectra of ZnO QDs prepared at var-
ious temperatures, and their luminescence spectra (Aexe 280 nm). (b)
Titration of zinc acetate dihydrate (10 mM) in dry 99.5% ethanol with
successive aliquots of TMAOH (0.842 mL) at room temperature. Mea-
surements of the absorption spectra were performed using a 2 mm cell.
Ageing experiments revealed a Zn/TMAOH ratio of 1:1.6 provided
the most stable ZnO QDs. (c¢) The peak trap emission energy (©) and
its FWHM (®) as a function of the exciton energy.*8! [ZnO] =1 mM;
solvent ethanol; [TMAOH] = 1.6 mM.
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Fig. 2. (a) Electron micrographs of 4 nm ZnO particles showing par-
ticle morphology and size distribution. () 400 kV TEM gallery of
individual particles from QD samples prepared at different temperatures,
showing lattice planes. The power spectrum indicates that all crystallites
possess the wurtzite structure.

sizes in these blue-luminescing, silica-capped ZnO powders
were determined by Rietveld refinement of the XRD powder
spectra (see the Accessory Materials). Wurtzite was the only
phase found by XRD.

Ultracentrifugation was employed to size the ZnO QDs
less than 6 nm in diameter. This has previously been used
successfully by Colfen et al. to size ZnO clusters and
Pt particles.>!% In Figure 3, a typical gallery of size
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Fig. 3. Typical size distributions of different samples of ZnO QDs,
obtained from ultracentrifugation. Numbers indicate the measured Amax.

distributions calculated from ultracentrifugation is presented.
All samples were measured within 20 min of preparation.
Once cooled within the UC, growth was extremely slow.
The actual exciton peak position of the sample is indicated.
Note that larger colloids have broader distributions, which
indicates that there is coagulation occurring during synthe-
sis at higher temperatures. However we attribute the narrow
size distributions at smaller diameters to Ostwald ripening.
The reasons for this are several. Firstly, we find that the
red-shift in the absorption spectrum upon ageing is insen-
sitive to colloid concentration, which is inconsistent with
particle aggregation of the smallest QDs. Secondly, dimeriza-
tion should lead to much stronger ‘quantized’ spectral shifts,
rather than the gradual ones we observe by titration or age-
ing (Fig. 1b). Finally, the spectra sharpen during the early
phases of growth immediately after nucleation and subse-
quently broaden. We believe this latter phase marks the onset
of coagulation. Nevertheless there is evidence for particle
aggregation from earlier studies, and we cannot exclude that
‘quantized aggregation’ is possible.l'!]

The ZnO nucleation process was monitored using a
diode array spectrophotometer. In Figure 4, we show the
time-resolved spectra obtained from mixing Zn(OAc), and
TMAOH at 25°C. Immediately after mixing, there was an
initial intense absorption band present that peaked around
210nm. This band is the charge transfer to solvent band
of OH(_aq). Within 1 min a shoulder could be resolved at
230nm, thereafter a weak plateau formed, extending to
around 250 nm. This band grew in intensity and the exci-
ton absorption band emerged at about 265 nm, but during the
early stages as the absorption band increased, the band only
slightly red-shifted. Data collected at 10°C appeared identical
although the growth rate was strongly retarded.

In Figure 5, we have collated the literature data for the
exciton band positions of ZnO QDs as a function of size.
Some authors have measured either the FWHM of the exci-
ton peak or the extrapolated wavelength onset. We have not
included these data, but have focussed on those where the
size and a true peak position have both been independently
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Fig.4. Evolution ofthe absorbance spectra of 1 mM ZnO QDs at 25°C,
measured over (a) 15 min and (b) 20 h.

measured. We have added in our own HRTEM, UC, and XRD
data, which extend down to particle diameters of just 1 nm.
The result is a fairly consistent set of data for ZnO QDs.

Discussion

There have been numerous papers over the last 15 years on
the growth of ZnO QDs and their emission properties.[1>-32]
Most researchers have employed the synthesis described by
Spanhel and Anderson,33! which is quite time consuming and
involves several steps. The protocol described here requires
just a few minutes and obviates the long distillation process
needed in this earlier preparation and also circumvents the
solubility problems associated with the use of NaOH and
LiOH. The use of organic bases for ZnO synthesis has not
been explored to date and enables the rapid preparation of
ZnO QDs with a range of sizes.

Particle Sizing

The TEM and XRD data indicate that all the ZnO parti-
cles consist of crystalline wurtzite. The smallest particles
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Fig. 5. Plot of literature and current data for the exciton energy in
ZnO particles versus size. The line of best fit to the majority of the data
is given by the Kayanuma equation with an exciton radius of 2.4 nm
and a binding energy of 30 meV. ©: XRD results; OJ: UC results; ®:
literature data.

for which lattice planes could be discerned were around 0.9—
1.1 nm at 400 kV. In addition, there is evidence for only a very
small shift in the lattice parameters at the smallest particle
sizes, and consequently the density of ZnO is not significantly
altered down to around 1 nm in diameter. The extraction of
lattice parameters from the power spectrum is not sufficiently
accurate to allow a plot of lattice parameter versus size; we
can only state that there is a discernible increase for the small-
est particles. We believe that, provided the particles retain the
bulk ZnO density, UC offers the most accurate sizing method
for ultrasmall ZnO QDs, since the major source of error in
such measurements with nanocrystals is the particle density.
In principle, a further limitation of UC sizing of nanoparti-
cles is calculation of the sedimentation potential which, at low
ionic strength and high zeta-potential, leads to a systematic
underestimation of the particle radius.[!! However, for our
colloids with an ionic strength of 0.01 and a zeta-potential
of less than 10 mV, we calculate that the introduced error is
maximally 5-10%. It was also found that as long as fresh
colloids and low UC temperatures were used, coalescence
during sizing was not a problem.

Quantized Trap Emission

While there is considerable uncertainty over the process
responsible for the trap emission, it is generally concluded
that it is either the reaction of trapped holes with free con-
duction band electrons or, conversely, the recombination of
trapped electrons with free valence band holes. The role of
a trapped carrier is evident from the fact that the emission is
strongly red-shifted from the exciton energy, and from the fact
that the half-life for the trap emission is typically 0.5-3 s,
several thousand times slower than the radiative recombina-
tion rate for excitons in bulk ZnO.!®2 The role of a free
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Table 1. Dielectric data for ZnO

Parameter

Value and reference

Comments

Reduced mass of electron m}
Reduced mass of hole my

Exciton binding energy R [meV] 591431
Bulk dielectric constant &; 3.7143.44]
Bulk refractive index at 632 nm 1.921141

Zero-frequency dielectric constant
Static dielectric constant

Static relative permittivity &g
Exciton radius

Exciton radius 28.7

6.51181

el =8.8404; st =7.840308
el = 11; 61 = 8,508

131471; 1881, 251401

0.24[14:43.441; 0 28[81; 0.28[451; 0241461
0.45114.43.441. 9 59181. 0 50431, (.45046]

Measured using IR spectroscopy
Measured at radio frequencies

Calculated using h2e;gq/pume?

carrier is also equally clear from the fact that the ZnO QD
emission blue shifts with decreasing particle size (Fig. 1¢).
Since the FWHM of the emission is hardly altered with par-
ticle size (see Fig. 1¢), this implies that the surface states do
not interact strongly with the band energy levels; that is, they
are strongly localized surface states.

Since only one carrier is involved, the shift in the energy of
the trap emission with particle radius is less than the shift in
the exciton absorption. The relative shift of the trap emission
relative to the exciton band shift is given approximately by!!”]

-1

AEy(eh) ~ me,h

AE‘CXC

me! + my ! 0
where e and h refers to the appropriate charge carrier involved
in the emission process. Since the effective masses of the
electron and hole are 0.24 and 0.45 respectively (Table 1),
the relative values of the slope are 0.65 and 0.35 respec-
tively, depending on which carrier is involved. The good fit
in Figure 1¢ with a slope of 0.55, supports the assignment
of trap emission in ZnO to the reaction of free conduction
band electrons with trapped holes. Inclusion of the electron—
hole Coulomb interaction would improve the agreement. This
interpretation is in accord with the results of Meulenkamp
and coworkers on the kinetics of trap emission.['°2! They
postulated that free valence-band holes are trapped on singly
ionized oxygen vacancies (Vg), and that electron capture by
the resultant doubly ionized site (V") results in the trap
emission

Vi +ht — vJIT 2

e+ Vit — Vi+hy 3)

It is assumed by most workers that the first electron within
the neutral vacancy is a very shallow donor. An important
corollary of this interpretation is that the effective masses
of electrons and holes in ZnO QDs remain close to their
respective bulk values down to particle sizes of just 1 nm,
and we conclude that over this range of sizes me/(me +
mp) =0.55+0.04.

Exciton Position in ZnO QDs

From Table 1, it can be seen that despite a large number of
studies there is still some uncertainty in the values of the
static dielectric constant and the effective mass of the charge
carriers in ZnO. Depending on the values chosen, the Bohr

radius ap is predicted to lie between 15 and 30 A, with the
exciton binding energy varying from about 30-160 meV. A
Bohr radius of about 24 A and a binding energy of 30 meV are
close to representative, and are consistent with the effective
masses predicted from the trap emission data in the previous
section. Most of the ZnO clusters lie within the strong con-
finement regime, but fits to the exciton energy E, in terms
of bulk band gap Eg and the Rydberg energy Ry, using the
Kayanuma relation, Equation (4), are poor, as is evident from
Figure 5.134]

E = Eg+ (’%B)2 Ry — 1.786%3Ry —0248Ry (4)
The fit depends only weakly on the parameters chosen from
Table 1, and the introduction of a finite wall potential of
7.8eV (based on a band gap of 4.4eV and an ionization
energy of 3.4 eV) only improves the fits marginally. We con-
clude that for small ZnO QDs, the exciton shift is not as pro-
nounced as expected from the Brus or Kayanuma equations.

Nucleation Kinetics

A key finding of this work is that the rate of growth of ZnO
formed from TMAOH and Zn(OAc); is remarkably slow and
strongly temperature dependent, and the kinetics of growth
can be easily followed spectrophotometrically. This result was
unexpected, since the high solubility of TMAOH compared
with LiOH results in very high degrees of supersaturation.
This sluggish growth suggests that condensation of clusters
and/or the desorption of acetate ligands restricts growth of
the clusters, as previously postulated by several groups.[3%-30]
Since we can monitor the growth of the particles from the
moment of titration and we see no absorption or emission
from species below 265 nm (Fig. 4), we propose that the ZnO
QDs with an absorption transition at 265 nm are the smallest
clusters displaying ‘delocalized’ charge carriers. From the UC
and XRD data, these particles are 1 nm in diameter. Note that
during the growth and slow red-shift of the band at 265 nm
in Figure 4 at 25°C, the absorption at shorter wavelengths
(200-250 nm) does not rise proportionally. For example, at
230 nm, there is an increase from 0.8 to 1.2, while at 265 nm
the absorbance rises by a factor of four from 0.2 to 0.8. This
implies that the absorption is not simply due to the con-
tinuous nucleation of fresh particles of a distinct size. The
creation of an increasing number of identically sized clusters
would lead to a proportional increase across the spectrum, i.e.
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Beer’s Law would be obeyed. Instead we believe the spectra
reflect the accumulation of monomers onto the clusters, or
the dissolution of unstable clusters onto stable nuclei.

There are few data on the optical properties of ZnO
multinuclear clusters. However it has been shown by
Kunkeley and Vogler®”! that the tetramer [Zn4O(OAc)s] has
an absorbance peak at 216nm (g 62200 M~ ! ecm™1), which
would be difficult to observe under the intense OH(;q) CTTS
band at 210 nm. This species is not stable in water, where
it hydrolyzes. Dimerization of this species could generate
the initial ZnO QDs, with particle nucleation controlled by
the hydrolysis or desorption of these multidentate acetate
groups and bridging of the hydroxy clusters. Since no bleach-
ing is observed between 220 and 270 nm as the exciton band
grows, the precursors to the QDs absorbing at 265 nm are only
weakly absorbing from 220-270 nm, consistent with nucle-
ation from [ZngsO(OAc)e]. This species has been proposed as
the active cluster in ZnO growth by several groups.[3>-36.38,39]

Clusters versus Nanocrystals

ZnO synthesis at —5°C often resulted in no QD formation,
just bands between 200 and 240 nm. When such solutions
were aged, the absorption band at 240 nm slowly broad-
ened to become a very weak shoulder that extended out to
355 nmover a period of hours or days. Under these conditions,
a small number of large ZnO particles resulted. This clearly
indicates that nucleation is an activation controlled process.
Following injection of TMAOH, Zn ions are converted into
[Zn4O(OAc)e] or other oligomers, which are only metastable
and are non-absorbing at 265 nm. At very low temperatures,
growth, Ostwald ripening, and aggregation are all retarded,
but so is the rate of nucleation. A supersaturated solution of
[Zn4O(OAc)s] or other oligomers results.[14:33:36:40.411 Ry
dom, slow nucleation in such solutions results in a few larger
ZnO particles forming over a period of hours. Conversely,
at temperatures between 5 and 25°C, and in the presence
of sufficient TMAOH, the oligomers hydrolyze to create
a large number of ZnO QDs with a critical size of about
1 nm, corresponding to the highest energy at which a dis-
tinct exciton transition is observed. The optical transitions in
Figure 15 during TMAOH titration result from rapid accretion
of the excess [ZnsO(OAc)g] onto these nuclei. Accretion of
monomers leads to slow size increases until the electrostatic
double layer interaction stabilizes the particles at about 1.5—
2.0 nm. As monomers or tetramers add onto the proto-QD, the
cluster size barely increases, but there is a dramatic increase
in the oscillator strength. This may reflect the increasing
delocalization of the electron and hole.

Though the synthesis of ZnO QDs using TMAOH is
extremely simple, optimizing the process of ZnO formation
is not trivial. There is an optimal temperature for formation
of a narrow population of small particles. This is a com-
promise that involves minimizing the aggregation of nuclei
at high temperature due to the low zeta-potential and maxi-
mizing the rate of nucleation from the solution of oligomers
that forms following TMAOH injection, since very low tem-
peratures (<—5°C) completely inhibit nucleation of stable
clusters. Colloid aggregation between nuclei slows down,
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even at constant zeta-potential, since the interaction energy
increases rapidly with particle size. Colfen et al. have previ-
ously demonstrated by ultracentrifugation that the growth of
Pt and ZnO may be controlled by magic-number aggregation
kinetics.[% 101 They proposed that only the addition of pyra-
midal clusters of (ZnO)4 units produces stabilized clusters.
Hilgendorffet al. have likewise proposed that pyramidal ZnO
clusters play a key role in colloid formation.[*?]

In summary, by monitoring the absorption changes dur-
ing the titration of Zn ions to form ZnO, we believe that
a concentrated cluster solution forms, which does not pos-
sess semiconductor-like absorption spectra. The ‘quantized
coalescence’ of this species produces the first ZnO QDs
with exciton bands at 265nm. A diameter of 1 nm corre-
sponds to an aggregation number of about 18, perhaps four
[Zn4O(OAc)s] clusters. The kinetics of formation of the
265 nm species is strongly dependent on supersaturation and
temperature. Slow addition of clusters or monomeric Zn to
the 265nm species and Ostwald ripening cause the band
to increase in intensity, with a maximum oscillator strength
occurring when the exciton band lies at 290 nm.

Conclusions

Using a simplified colloid synthesis route, we have pre-
pared and sized ZnO colloids down to 1nm in diameter
using HRTEM and UC. The size distributions broaden with
ageing as expected if some growth occurs by coagulation.
However our inability to completely prevent ripening in a
variety of solvents or at lower temperatures suggest that
for the smallest particles, Ostwald ripening is the primary
mechanism as proposed by Meulenkamp. The ‘nucleation
spectroscopy’ data suggest that the exciton oscillator strength
grows rapidly around a radius of 0.5nm, which is about
one-quarter of the estimated Bohr radius. The shift in trap
emission with particle size is consistent with recombina-
tion by a trapped hole and a free conduction electron, and
this data independently support a constant effective mass for
both electron and hole down to ZnO sizes less than the Bohr
radius. Fourier analysis of the HRTEM images suggest that
the density of ZnO is close to bulk values down to around 1 nm
in size.

Accessory Materials

Accessory materials for this paper are available, until October
2008, from the Australian Journal of Chemistry or from the
authors.
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Fig. I: X-ray diffraction patterns for samples of Q-ZnO between 0 and 80°C, and also heated to
resemble bulk ZnO. A commercially obtained sample (Comm) is included for comparison. Note
the broadening of the peaks of the Q-ZnO samples.
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Fig. 2: The absorbance and fluorescence spectra of two 1 mM Q-ZnO solutions, made at 7°C
(ZnO-7C) and 78°C (ZnO-78C), and combined at time f = 0 (mixed), 4 h, 24 h, and 144 h. The
exciton absorption band of the smaller particles at 300 nm slowly disappears while the
absorption band due to the larger particles grows but does not red-shift. This suggests that after 6
days, the smaller particles have grown significantly, but the larger ones have not, which is
consistent with Ostwald ripening in the quantum size regime.



Solution temperature [°C] Exciton peak position [nm]  Ave. particle diameter [A]
20 288 14
30 300 18
40 305 21
50 309 23
60 316 27
70 323 32
80 322 31

Table 1: The position of the exciton peak for solutions of Q-ZnO made at different temperatures
and the average particle size, calculated using the size vs exciton position curve in Figure 5.

Particle diameter [A] Fluorescence FWHM [eV]
9 0.70
14 0.57
18 0.58
24 0.53
34 0.64

Table 2: The particle diameter (determined by XRD peak broadening) vs the fluorescence full
width half maximum (FWHM). The width of the trap emission is almost independent of size,
suggesting that the surface orbitals are isolated and do not mix with the bulk conduction and
valence bands.
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