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ABSTRACT Plasmonic metal oxide nanocrystals bridge the optoelectronic gap
between semiconductors and metals. In this study, we report a facile, non-injection
synthesis of Zn0 nanocrystals doped with Al, Ga, or In. The reaction readily permits
dopant/zinc atomic ratios of over 15%, is amenable to high precursor concentrations
(0.2 M and greater), and provides high reaction yields (>90%). The resulting colloidal
dispersions exhibit high transparency in the visible spectrum and a wavelength-
tunable infrared absorption, which arises from a dopant-induced surface plasmon
resonance. Through a detailed investigation of reaction parameters, the reaction

mechanism is fully characterized and correlated to the optical properties of the
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synthesized nanocrystals. The distinctive optical features of these doped nanocrystals are shown to be readily harnessed within thin films that are suitable

for optoelectronic applications.
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onmetallic plasmonic nanocrystals

(NCs) are rapidly emerging as new

materials for optoelectronics, photo-
catalysis, and electrochemistry.! "' In particu-
lar, n-type-doped metal oxides have recently
gained interest due to their remarkable opti-
cal and electrical properties with respect to
their undoped counterparts.'>~'® Among the
oxides, ZnO is one of the most studied for
applications in LEDs, transistors, photovol-
taics, catalysis, and sensing.'® ¢ When highly
doped with trivalent cations (usually A" or
Ga*"), ZnO becomes a degenerate semicon-
ductor as a result of the increased charge
carrier (electron) concentration. Consequently,
Al-doped ZnO (AZO), Ga-doped ZnO (GZO),
and In-doped ZnO (I1ZO) all exhibit high elec-
trical conductivity and surface plasmon reso-
nance (SPR) peaks in the infrared spectrum,
while also remaining transparent in the visible
range.”’~?° This makes doped ZnO a valuable
and cost-effective alternative to tin-doped in-
dium oxide (ITO) for applications in transparent
electrodes, electrochromics, and IR-absorbing
coatings.3%*'

To employ NCs successfully within such
applications, synthetic methodologies that
enable their large-scale production while
maintaining high quality must first be devel-
oped. Of the various approaches currently
available to grow doped NCs, hot-injection
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methods are the most commonly adopted to
synthesize colloids of high quality and con-
trolled properties;*? 3> however, these meth-
ods are unsuitable for production on an
industrial level due to the inherent nonscal-
ability of the hot-injection event.>® Drawing
from the broader NC field, where the use of
non-injection (or heat-up) methods has be-
come prevalent for large-scale reactions,> '
we present a facile method for the non-
injection synthesis of high-quality ZnO NCs
doped with trivalent cations. While ZnO NCs
doped with substitutional divalent cations
have been successfully synthesized at low
temperatures and with large dopant concen-
tration, the preparation of plasmonic ZnO
colloids through the incorporation of trivalent
ions with scalable methods still remains a
major challenge.**~%°

To achieve high-quality NCs using a non-
injection approach, precise control of the
nucleation and growth kinetics is critical 7 ~*°
This is achieved by understanding the reac-
tion mechanism and controlling the side
reactions.*'*® Our system builds on seminal
work by Peng and colleagues, who showed
that under aliphatic conditions, esterification
of zinc carboxylates with alcohols results
in the formation of hydroxylated Zn species,
which condense to nucleate ZnO NCs.*’ Here
we expand on these previous investigations
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to demonstrate that small (15—20 nm), doped ZnO NCs
can be grown under non-injection conditions with an
unprecedented combination of high atomic doping
levels (>15%), large reaction concentrations (0.2 M and
greater), and high reaction yields (>90%).

RESULTS AND DISCUSSION

Doped ZnO NCs were synthesized by mixing zinc
stearate (ZnSty), a metal (Al, Ga, In) acetylatetonate
(AcAc) as dopant source, and oleic acid (OA) and
1-dodecanol (DDOL) as ligand and activating agent,
respectively. The ZnSt, concentration in the solution
was varied between 0.05 and 0.33 M using a noncoor-
dinating solvent, 1-octadecene (ODE). The mixture was
degassed briefly (3—5 min) at 25 °Cand then heated to
100—140 °C under a nitrogen atmosphere to allow for
the dissolution of all the solid precursors. The resulting
clear solution was further heated to the target reac-
tion temperature (200—250 °C) with a heating rate
of ~4 °C/min. After 3 h at the desired temperature,
the solution was cooled naturally and the NCs were
purified and dispersed in a suitable organic solvent,
such as octane.

The reaction mechanism is presented in Scheme 1:it
relies on the irreversible esterification between the
carboxylate groups, which complex the metals and
the hydroxyl moieties of DDOL. In this scheme, the
metal precursors are represented as containing a
combination of their initial ligands, namely stearate
for Zn and AcAc for the dopant, as well as oleic acid
(because partial substitution occurs during heating;
see Supporting Information Figure S1). This ester
elimination reaction has been widely studied for dif-
ferent combinations of metal carboxylates (stearates,
acetates) and alcohols (benzyl alcohol, alkyl alcohols,
alkyl diols).*>*” > It has been demonstrated that, by
changing the relative amount of the acid, alcohol, and
zinc sources, different morphologies of ZnO NCs can
be obtained.*®*° Moreover, free acids can cause partial
dissolution of the NCs, liberating zinc carboxylate
species that are eventually reincorporated into the
NCs through a subsequent esterification, provided that
the quantity of the alcohol is sufficient.*” Tuning the
relative amount of metal precursors, free ligand, and
activating agent is therefore vital to obtain high-quality
NCs under non-injection conditions.

These parameters are system specific, and in our
study we observed the formation of large NCs with
a large size distribution in reactions with low OA/DDOL
ratios (generally <0.3). Conversely, if insufficient DDOL
was used, the reaction yield was very low, even at high
temperatures (up to 280 °C). To give rapid nucleation,
small and isotropic NCs, high dopant levels, and near unity
reaction yields, we found an optimum ratio between the
ligand and the activating agent of ~0.36 and a minimum
alcohol/zinc ratio of ~5 was required (optimization sum-
marized in Table S1 and Figure S2).
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Scheme 1. Reaction between the zinc precursor (A) or the
dopant precursor (B) and an alcohol leading to the forma-
tion of esters and hydroxylated metal species which even-
tually condense to form doped ZnO NCs (C).

Under these optimized reaction conditions, ZnO
is readily doped with Al, Ga, and In. Figures 1 and 2
show the characterization of undoped and doped ZnO
NCs, with those doped being prepared using a 20%
molar ratio of dopant in solution with respect to Zn.
A pronounced absorption in the near-infrared (NIR) is
observed for all the colloidal solutions of doped NCs
dispersed in tetrachloroethylene (TCE), while the solu-
tion of undoped ZnO remains transparent (Figure 1A).
Notably, all samples are transparent in the visible spec-
trum. Due to a slightly larger NC size (see below), AZO
colloidal solutions show a weak scattering tail within this
spectral region. In comparison, doping NCs with In
provides the best combination of high transparency in
the visible and absorption in the IR range (see Figure S3).

The increased free electron density, stemming from
extrinsic doping, is responsible for the rise of the SPR
peak centered between 2.5 and 10 um depending on
the doping level.?” 2932 Using FTIR spectroscopy, we
studied the SPR feature of the AZO, GZO, and IZO NCs,
identifying clearly broad plasmon peaks centered at
about 7.5, 5, and 3 um, respectively (Figure 1B and
Figure S4). The SPR frequency of plasmonic NCs can be
correlated with the density of charge carriers n accord-
ing to the modified Drude—Lorentz theory using the
following equation:>*~>*

_ ®>Meeo(Ew + 28m)
eZ

where w is the angular frequency corresponding to
the SPR peak maximum, m, is the effective mass of
the electron, 0.24 times the free electron mass (9.11 x
1073 kg), & is the permittivity of vacuum, 8.854 x
1072 F m™", e, is the high-frequency dielectric con-
stant (3.71 for ZnO), &, is the dielectric constant of the
medium surrounding the NCs (2.27—2.5 for TCE), and e
is the electron charge, 1.6 x 10~ '° C.

Based on this formulism, free electron concentrations
of ~4.2 x 10'?, ~9.4 x 10'°, and ~2.6 x 10*° cm > are
estimated for AZO, GZO, and 1ZO, respectively. While
this model provides only an approximation of the
charge carrier density, since the position of the SPR
peak is affected by a variety of parameters besides the
density of charge carriers (NC size, shape, relative
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Figure 1. (A) Optical absorption spectra of equimolar solutions of ZnO-based NCs in TCE. (B) FTIR spectra of the same colloidal
solutions. (C) Picture of the concentrated stock solutions (absorption spectra are obtained by diluting the stock solutions ~50 times).
(D) XRD patterns of the dried powders (the predicted diffraction peaks for bulk wurtzite ZnO are displayed at the bottom).

proximity, defects, and segregation of dopants),
it does provide a qualitative trend to the dopant-
induced generation of free electrons within the ZnO
NCs. Actual dopant incorporation within the ZnO NCs
was evaluated using ICP. These measurements indeed
confirmed a lower doping efficiency for aluminum
(Al/Zn = 3.1%) with respect to gallium (Ga/Zn = 13.2%)
and indium (In/Zn = 15.4%). This trend in doping
efficiency (In > Ga > Al) is consistent with the gradually
decreasing sizes of the trivalent dopants with respect
to Zn?*—the ionic radii for Zn?*, A3, Ga**, and In3*
in tetrahedral coordination as dictated by the ZnO
wurtzite structure are 60, 39, 47, and 62 pm,
respectively.>® Greater similarity between the dopant
and host cation size permits more favorable lattice
substitution, ensuring that In®" is most efficient at
doping ZnO compared to the other cations. Addi-
tional evidence of the different doping levels comes
from the prominent green-blue coloring of the solu-
tions when ZnO is doped with In or Ga with respect
to Al (Figure 1Q). This is similar to the blue coloring
observed in solutions of ITO NCs compared to yellow-
ish In,O5 dispersions.>*>¢

To evaluate any possible effects of the dopants on
the structure and morphology of ZnO, we used X-ray
diffraction (XRD) and electron microscopy. All samples
were found to possess the wurtzite ZnO phase (ICDD No.
36-1451) with no additional crystalline phases observed
(Figure 1D). The crystallite sizes evaluated with the
Scherrer relationship averaged over all the detected
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diffraction peaks were 12.3 + 3.0,20.8 + 3.1, 16.0 + 1.9,
and 8.3 £ 2.3 nm for ZnO, AZO, GZO, and IZO, respec-
tively (see Figure S5 for details). TEM (Figure 2 and
Figure S6) and SEM (Figure 2) were additionally used
to compare NC morphologies, showing that AZO NCs
were larger and more faceted with predominantly
pyramidal shapes, compared to the smaller and more
spherical GZO and I1ZO colloids. Notably, undoped ZnO
NCs showed both spherical and elongated shapes,
similar to earlier observations.>”*” The rod-like struc-
tures appear to be composed of a few NCs that have
merged together, suggesting a preferential attachment
of NCs to form elongated particles, as previously re-
ported for ZnO and also other inorganic NCs.>”~>° Sizes
based on TEM were in reasonable agreement with those
determined by XRD, with the AZO, GZO, and 1ZO NCs
being 27.1 £ 60, 175 £ 3.1, and 134 + 24 nm,
respectively. The average size of the isotropic undoped
ZnO NCs was 11.2 & 2.1 nm, while the merged ZnO NC
rods possessed a diameter of 10.8 £+ 1.9 nm and an
average length of 21.6 &= 3.7 nm.

Despite these dopant-induced structural differences
in the NCs, the reaction yields were fairly constant across
the samples. By measuring the amount of dry powder
collected after purification of the NCs and considering
the presence of ~7 wt % of organic ligands as evidenced
from thermogravimetric analysis (TGA, Figure S7), we
estimated reaction yields to be consistently above 90%.
This suggests that almost all precursors are consumed
to give doped ZnO, regardless of the dopant.

VOL.8 = NO.9 = 9154-9163 = 2014 muLQL//\j Jf

Www.acsnano. org

9156



C._» AZO 40
27.1+6.0nm

Frequency (%)
S
Frequency (%)

Size (nm)

30 7.5+3.1nm
20
10
04 04 (]

1
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

GZO 40 120

%0 13.4+2.4nm

20

10

Frequency (%)

Size (nm) Size (nm)

40 ZnO0 spheres 40
11.2+2.1nm

30
20

10

Frequency (%)
S
Frequency (%)

0
0 10 20 30 40 50 0 10

Size (nm)

ZnO rods width 40

ZnO rods length

10.8+1.9nm 21.6+3.7nm

30
20
10

Frequency (%)

20 30 40 50 0 10 20 30 40 50
Size (nm) Size (nm)

Figure 2. Electron microscopy characterization of ZnO-based NCs. (A) TEM images (the scale bar is the same in all TEM images).
(B) SEM images (the scale bar is the same in all SEM images). (C) Histograms of size distribution evaluated from TEM images

(see Figure S6 for additional TEM).

To further assess the effect of dopants in our system,
we performed a control reaction by substituting the
dopant precursors with Zn(AcAc), at an analogous
concentration. The results were almost identical com-
pared to the those of the undoped ZnO synthesis,
with only a minor increase in NC size observed, which
can be simply ascribed to the larger total Zn content
in solution. Importantly, no change in NC shape was
observed, suggesting that the shape in the doped ZnO
NCs is driven by the dopant cations (particularly Al)
rather than the acetylacetonate chelating groups
(Figure S8).

Besides the chemical nature of the dopant, several
other parameters contribute to the evolution and
final properties of the NCs, such as the amount of
dopant precursor, the concentration of metal species
in solution, as well as both the reaction duration and
temperature. We investigated the influence of these
parameters using GZO as a model system. GZO was
chosen because of its strong IR absorption, while
also avoiding the use of In, which makes it an attrac-
tive alternative to ITO. Figure 3A shows the effect of
increasing the Ga/Zn ratio in the reaction medium on
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the optical properties of GZO NCs. A monotonic in-
crease in IR absorption and a blue shift of the optical
band gap are observed (Table S2). These are consistent
with increasing dopant levels within the NCs, which
results in the SPR peak being shifted to higher energies
(Figure S9) and a more pronounced Burstein—Moss
effect. For completeness, the latter is justified because
the size of GZO NCs synthesized here are outside of the
quantum confinement regime 5!

ICP measurements showed that increasing the
amount of Ga(AcAc)s up to a nominal Ga/Zn ratio of
30% caused a concordant increase in doping up to
15.8%. From a comparison of the nominal and actual
Ga/Zn ratio (Figure 3B), we estimate a reactivity of the
gallium precursor of about 70% at low doping levels,
while at high doping levels the reactivity decreases to
~50%. This trend in doping levels was further con-
firmed by the charge carrier density estimated from
the SPR peak position (Figure 3B and Figure S9) and
also empirically from the progressive color change of
GZO colloidal solutions and dried powders (Figure 3C).
Notably, apart from a slight increase in crystallite
size, no morphological differences in the NCs were
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Figure 3. Effect of Ga concentration on the properties of GZO NCs. (A) Optical absorption spectra of equimolar solutions in
TCE at different nominal Ga amounts (the inset shows the respective Tauc plots). (B) Ga/Zn ratios measured from ICP and
respective charge carrier densities estimated from the SPR peak position as a function of the nominal amount of Ga(AcAc)s
introduced. The lines act as guides for the eye. (C) Picture of the colloidal solutions and of the dry powders showing the color
change as a function of doping. (D) Crystallite size as obtained from XRD analysis (full XRD patterns are reported in Figure S10).

observed within this doping range (Figure 3D and
Figures S10 and S11). Interestingly, further increases
to Ga(AcAc)s (Ga/Zn = 50%) resulted in no discernible
increase to the IR absorption, despite ICP indicating
that the amount of Ga exceeded 20% (Figure S12).
While XRD showed no sign of Ga-rich crystalline
phases, such as Ga,03 or ZnGa,0,4, we cannot exclude
the presence of amorphous phases. Notably, an amor-
phous layer of niobium oxide surrounding Nb-doped
TiO, NCs was recently reported to explain a similar
observation.®® This phenomenon is worth investigat-
ing further; however, it is outside the scope of the
current study.

Having assessed how the amount of dopant precur-
sor affects the final doping level, we now investigate
the effect of reaction time on the evolution of doped
ZnO NCs. Recent work on AZO NCs prepared through a
hot-injection method showed that high doping levels
required long reaction times (~5 h).?’ This result was
attributed to slow NC growth and incremental dopant
incorporation, which stems from the low reactivity
of the vicinal diol chosen as the activating agent. In
our system, a more reactive alcohol was used, DDOL,
which increased the reaction kinetics and afforded
doping within minutes of reaching the growth tem-
perature (Figure 4A). Although the majority of the
doping occurred within 15 min of reaction, the increase
in the NIR absorption at longer times and the con-
comitant blue shift of the optical band gap (inset of
Figure 4A and Table S2) provide direct evidence that
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the level of doping continued to slowly increase at
longer times. Interestingly, we also observed a de-
crease in the absorption tail (extending from the UV
absorption onset) over the course of the reaction
(Figure 4A,B). We believe that this likely stems from
a scattering contribution of sparingly soluble metal
precursors that are gradually consumed and/or possi-
ble morphology effects (see Figure S13).4¢47
Accompanying the above structural and optical
changes during the reaction is the evolution of the
chemical composition of the system. In Figure 4C,D,
we show FTIR measurements made on the reaction
medium as a function of time. Increasing the reaction
duration induced a clear enhancement of the 1170,
1240, and 1730 cm™ ' peaks, assigned to carbonyl
groups in esters,** " validating the proposed reaction
mechanism depicted in Scheme 1. We also observed a
concurrent decrease in the intensity of the peak centered
at ~1710 cm ™', due to OA, and of three peaks in the
1030—1080 cm ™' range, as well as the broad —OH band
at 3000—3500 cm ™', both of which are assigned to DDOL
(Figure S14). The peaks at ~990 and ~1640 cm '
(marked with a star) are due to ODE (Figure S14)
and are used as a control to ensure that all the spectra
are comparable. For completeness, control reactions
performed without the metal precursors at the same
temperature exhibited a similar evolution; however, the
reaction medium containing metal carboxylates exhib-
ited an enhanced rate of ester formation, consistent with
esterification reactions being promoted by Lewis acids.®®
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Figure 4. (A) Optical absorption spectra of GZO colloidal solutions at different reaction times (the inset shows the respective
Tauc plot). (B) Evolution of absorbance in the visible (450 nm) and in the infrared (2500 nm) with reaction time. The lines act as
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indicate the increase or decrease of significant peaks.

By analyzing the effects of dopant type and concen-
tration, and of reaction duration, we have assessed the
mechanism behind the nucleation of doped ZnO NCs
and the strong influence of the synthetic conditions on
the doping level. To further expand on this latter
aspect, we now evaluate the remaining parameters,
namely, zinc concentration and temperature. When
synthesizing GZO NCs in dilute conditions ([ZnSt,] =
0.05 M compared to syntheses presented up to this
point which had [ZnSt,] = 0.1 M) and keeping all the
other parameters constant (Ga/Zn ratio, OA and DDOL
amount), higher doping levels were recorded as pre-
sented in Figure 5A. Conversely, when ZnSt, was
present at 0.33 M (no ODE added), lower Ga incorporation
was observed. These findings suggest that under dilute
conditions Ga exhibits a higher reactivity, enabling more
facile incorporation within the ZnO lattice. The extent of
doping also depends slightly on the final reaction tem-
perature. We found that reactions carried out at 200 °C
or above exhibited comparable doping levels, although
slightly higher doping was achieved at 250 °C (Figure 5B).
However, syntheses carried out below 190 °C produced
little recoverable ZnO, suggesting a negligible reaction
rate for both Zn and dopant precursors.

While the esterification of the alkyl carboxylates
drives the formation of doped ZnO NCs, their ligation
at the NC surface also renders the as-synthesized NCs
soluble in organic solvents (Figure S3). As an example,
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Figure 6. (A) Optical transmission spectra of GZO films with different thicknesses obtained from the same NC batch. The inset
shows a picture of a glass slide (left) and of a glass slide coated with a GZO film (right). (B) SEM images in cross section showing
the actual thickness of the three samples. The inset shows an enlarged view of the 280 nm thick sample. (C—E) SEM images in
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stable dispersions in octane at concentrations up to
100 mg mL~" were readily prepared. These were used
to deposit high-quality GZO films via spin-coating or drop-
casting on different substrates (glass, silicon). The layers
were homogeneous, highly transparent in the visible
(transmittance >90%) and absorbing in the NIR according
to the doping level and/or thickness (Figure 6). While un-
locking the true potential of such films for optoelectronic
properties will require some degree of surface engineer-
ing, this example of an IR absorbing and visibly transparent
coating clearly demonstrates that our GZO NCs are ideal
starting materials for a variety of thin-film applications.

CONCLUSION

In conclusion, we have presented a detailed study
into the non-injection synthesis of ZnO-based plasmonic

METHODS

Materials. All chemicals have been used without further
purification. Zinc stearate (ZnSt,, technical) was supplied by
BDH-Prolabo. Gallium(lll) acetylacetonate (Ga(AcAc)s, 99.99%),
indium(lll) acetylacetonate (In(AcAc)s;, 99.99%), oleic acid (OA,
90%), 1-dodecanol (DDOL, 99%), and 1-octadecene (ODE, 90%)
were supplied by Sigma-Aldrich. Aluminum(lll) acetylacetonate
(Al(AcAc)s, 99%) was supplied by Strem Chemicals. Chloroform
(99.8%), tetrachloroethylene (TCE, 99%), toluene (99.9%), acetone
(99.8%), methanol (99.8%), and ethanol (99.9%) were purchased
from Merck. Octane (98%) was supplied by Alfa Aesar.

Nanocrystal Synthesis. After an initial optimization of the ligand
(OA) and activating agent (DDOL) amounts with respect to ZnSt,
(see Table S1 and Figure S2), the different reactions have been
carried out by fixing the ZnSt,/DDOL/OA ratios and changing
other parameters (dopant type and amount, temperature, time,
Zn concentration).

In a typical synthesis (results presented in Figures 1 and 2),
1.89 g of ZnSt, was mixed with 4.8 g of DDOL, 2.65 g of OA, and
195 mg of Al(AcAc)s (or 220 mg Ga(AcAc)s or 247 mg In(AcAc)s,

DELLA GASPERA ET AL.

nanocrystals. Through the controlled doping of tri-
valent Al, Ga, and In ions within the ZnO lattice, such
nanocrystals exhibit a surface plasmon resonance in
the infrared that is directly correlated to the doping
level. Importantly, this tunability in the optical prop-
erties is achieved using a simple synthetic method
that is reproducible, yields nearly monodisperse
ZnO-based colloids, can be performed at high con-
centrations with near unity reaction yields, and
can readily achieve atomic doping levels over 15%.
Collectively, these advances represent a step for-
ward to harnessing the true potential of solution-
processing for the development of next-generation
optoelectronic devices, in particular, those requiring
high visible transparency and controllable infrared
absorption.

resulting in a nominal doping level of 20% with respect to ZnSt,)
in a round-bottom flask. ODE was then added (21 mL to produce
a final concentration of 0.1 M), and the flask was connected to
a Schlenk line and degassed at room temperature for 3—5 min.
The flask was then purged with nitrogen and kept under a
nitrogen atmosphere for the duration of the whole reaction. The
temperature was increased to 100— 140 °C, and the solution was
kept at this temperature for at least 20 min to ensure complete
dissolution and homogenization of the different reagents
(no appreciable differences were observed in the final product
if this step was varied between 100 and 140 °C). The solution
was then heated to 250 °C under strong stirring at a slow
heating rate of ~4 °C/min. Three hours after reaching the target
temperature, the flask was removed from the heating source
and allowed to cool to room temperature naturally.

To analyze the effect of the reaction conditions, different
Ga(AcAc); amounts (55, 110, 220, 330, and 550 mg to give
nominal doping levels of 5, 10, 20, 30, and 50%, respectively,
Figure 3 and Figures S9—S512) or different amounts of ODE
(51,21,6 mL, and none for 0.05,0.1,0.2, and 0.33 M, respectively,
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Figure 5A) were used. Moreover, different reaction times (up to
5 h, Figure 4 and Figures S13 and S14) and different reaction
temperatures (in the 200—250 °C range, Figure 5B) were also
investigated.

The final solution was then diluted with toluene, and the
NCs were flocculated using acetone. After centrifugation
(4000 rpm, 4 min), the NCs were easily redispersed in organic
solvents such as chloroform, TCE, hexane, or octane. Further
cycles of common precipitation/redispersion procedures using
toluene/acetone, TCE/acetone, or chloroform/ethanol as solvent/
nonsolvent couples could be carried out to purify the colloids and
remove the unreacted reagents.

Thin films were prepared by spin-coating a concentrated
solution (50—100 mg mL~") in octane at 1000 rpm for 30 s and
dried on a hot plate at 100 °C for 5 min. Alternatively, samples
were drop-cast from a diluted solution (10—20 mg mL™") of NCs
in either chloroform or hexane at room temperature, and once
the solvent evaporated, the films were stabilized on a hot plate
at 100 °C for 5 min.

Characterization Techniques. Optical absorption spectra of colloi-
dal solutions in TCE and of thin films on glass substrates were mea-
sured using a Varian-Cary 5E spectrophotometer in the 300—
2500 nm range. X-ray diffraction patterns of the prepared powders
were collected using a Bruker D8 diffractometer equipped with a
Cu Ko radiation source and operated at 40 mV and 40 mA. The
crystallite size was evaluated with the Scherrer relationship using
the full width at half-maximum obtained by fitting the main nine
diffraction peaks detected between 30 and 75° with Lorentzian
functions. The resulting crystallite sizes are provided as the average
between the values obtained from the nine different peaks, using
one standard deviation as error on the measurements.

The chemical composition of the prepared powders was
analyzed by inductively coupled plasma optical emission spec-
troscopy (ICP-OES using an Agilent 700 Series instrument) and
inductively coupled plasma mass spectrometry (ICP-MS using
an Agilent 7700 instrument): dry powders were digested in
nitric acid at 105 °C, and after digestion, they were diluted
appropriately and analyzed for Zn amount by ICP-OES and for
dopant amount by ICP-MS.

Transmission electron microscopy (TEM) images of colloids
deposited on carbon-coated copper grids were taken using a
Fei Tecnai 12 G2 microscope operating at 120 kV equipped with
an Olympus MegaView Ill CCD camera.

Samples of NCs deposited on silicon substrates were im-
aged using a Fei Helios Nanolab 600 scanning electron micro-
scope (SEM). Fourier transform infrared spectroscopy (FTIR) data
were collected on a Thermo Scientific Nicolet 6700 spectro-
meter on a laminated diamond mounted in a stainless steel
plate in the 4000—600 cm ™' range with a resolution of 4 cm™".
IR spectra of solvents and reaction solutions were measured as
liquids, while ZnO-based NCs were-drop cast from TCE to form a
thin film upon evaporation of the solvent.

Thermogravimetric analysis measurements of dried pow-
ders were performed on a Mettler Toledo TGA/SDTA851e
instrument in the temperature range of 30—800 °C at 10 °C/min
with a gas (dry air or nitrogen) flow of 30 mL min~".
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