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ABSTRACT: Thermal degradation of metal-loaded hydrogel films is a powerful tool to | ,, _ EXAFSFT-ss0c
synthesize high-quality metal oxide thin films with nanometric grain size, but the |=' [\ han e
formation mechanism is still poorly known. We exploited fluorescence X-ray absorption ; ; ' i
fine structure as a short-range probe to investigate the first stages of nucleation and the |z [ | /| i
following development of ZnO nanoparticles in Zn-loaded hydrogels, annealed for 20 | & §bad 2 oo,
min at temperatures between 150 and 500 °C. The experimental results evidenced that Pt G

the first nuclei of ZnO begin to form at 300 °C, whereas at 350 °C the ZnO

nanoparticles are already well crystallized. By coupling the results with those obtained by thermal analysis, profilometry, HR-
TEM, diffraction and p-FTIR, a formation mechanism was suggested. The optical and electrical properties of the samples confirm
that the polymer forms an insulating shell around the nanoparticles up to 450 °C: the intimate hybridization promotes stress
relaxation during the annealing, yielding crack-free metal oxide films. Prolongation of the annealing time allowed the removal of
the organic shell at 350 °C, yielding fully conductive, transparent ZnO films with particle size reduced to 7 nm.

1. INTRODUCTION

In the past few years, ZnO has received much attention due to
its unique and outstanding combination of physicochemical
properties. Because of its wide direct band gap (E, ~ 3.3 eV at
300 K) and its large exciton binding energy (~60 meV), it is
actively investigated for optoelectronic applications, while its
high optical transparency and chemical stability under light
exposure make it attractive as a transparent electrode in flat-
panel displays,' solar cells, and thin-film transistors.> Other
recent reports account for ZnO application in lasing,'
spintronics,l microelectromechanical systems (MEMS),** and
gas sensing.6’7

Deposition of thin films of ZnO and of other metal oxides
represents a key step in most of these technological
applications; RF sputtering, molecular beam epitaxy, chemical
vapor deposition, and metal—organic vapor phase epitaxy have
proved to be effective in the deposition of high quality thin
films of ZnO and other metal oxides.>™'* However, all these
techniques involve the use of costly and complex experimental
apparatus and, in some cases, of toxic chemical precursors.
Furthermore, none of these methods allow a simple direct
patterning of the produced film. Alternative low-cost
approaches based on solution chemistry deposition methods
have been recently proposed, although in most cases costly or
toxic chemical precursors are still required, while patterning
capabilities are generally poor.'>"?
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Recently, we introduced a novel solution method for the
deposition of thin films of ceramlc oxides, based on the use of
metal-loaded hydrogels."* Hydrogels are able to incorporate
large amounts of metal ions, soluble in simple solvents (such as
water or simple alcohols), and can easily be deposited by spin-
or dip-coating and photopolymerized, so they represent an
ideal precursor for film deposition. Furthermore, hydrogels can
effectively be patterned on a micro and submicro scale using
soft lithographic techniques. A nanocrystalline metal oxide thin
film can then be easily obtained through thermal degradation of
the hydrogel. This method was effective in producing high
quality patterned thin films of several different metal
oxides,"*'® avoiding some typical drawbacks presented by
other solution deposition techniques, particularly those based
on sol—gels, such as film cracking and low quality patterning.'®
Oxide thin films obtained by using the hydrogel method have a
remarkable nanostructure, characterized by regular rounded
nanograins, having, in the case of ZnO, a significant preferred
orientation, a characteristic that made them an ideal seeding
layer for the growth of patterned ZnO nanorods.'”

A meaningful knowledge of the mechanism of formation of
the ZnO nanocrystals during the thermal degradation of the
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hydrogel is particularly interesting in view of an even better
control of the nanostructure and of the application of the
method to the synthesis of complex oxides, containing several
different cations. The formation mechanisms of films of ZnO
nanoparticles have been described previously, but mostly in the
case of sol—gel or thermal degradation of simple salts."®™>°
Only few papers investigated the oxide formation mechanism in
the case of polymer assisted deposition.”** These studies
generally suggest that the metal oxides particles start to form
when the massive thermal decomposition of the polymers
begins, at temperatures around 450—500 °C.2"** However, a
detailed investigation of the mechanism, offering clear
information on the nucleation and the subsequent development
of oxide nanoparticles, is still lacking. This is due in part to the
difficulties in detecting the early stages of the oxide
nucleation,”" mostly because some of the techniques used,
such as Raman, X-ray diffraction (XRD), and thermal analysis,
are not sensitive enough to detect the early stage of the process.
Our previous investigations'* have already shown, by means of
grazing incidence diffraction (GID), that in the case of the
thermal decomposition of metal-loaded hydrogels the first
crystallization of ZnO nanoparticles begins at 450 °C, while full
crystallization of the ZnO phase is observed only at
temperatures as high as 500 °C. However, these results were
affected by the low sensitivity of the technique, which cannot
detect the formation of small, poorly crystallized nuclei.

In this paper we report a detailed investigation on the
nucleation and subsequent growth of ZnO nanoparticles during
the thermal degradation of cross-linked metal-loaded hydrogels,
coupling fluorescence X-ray absorption fine structure (fluo-
XAFS) measurements with thermal analysis, profilometry, high-
resolution transmission electron microscopy (HR-TEM), X-ray
and electron diffraction, p-Fourier transform infrared (u-FTIR)
spectroscopy, and optical and electrical characterizations, all
performed at different stages of the degradation process. On the
basis of these results, a possible formation mechanism will be
proposed.

2. EXPERIMENTAL DETAILS

All reactants and solvents were purchased from Sigma-Aldrich
and used as received. The ZnO thin films were grown on glass
substrates by spin-coating and photopolymerization of a
hydrogel precursor loaded with Zn(NOs),. The hydrogel was
based on the copolymerization of two moieties: poly(ethylene
glycol) dimethacrylate (PEG-DMA, M, 550) and trimethylol-
propane benzoate diacrylate. Further details about the
precursor composition, spinning conditions, and photopolyme-
rization can be found in the Supporting Information.

After preparation, the polymeric film was annealed in a
furnace at various temperatures between 150 and 550 °C and
maintained at that temperature for 20 min. After the heat
treatment the films were characterized with fluorescence X-ray
absorption fine structure (XAFS). The results were coupled
with those obtained using thermal analysis, profilometry,
grazing incidence diffraction (GID), high-resolution trans-
mission electron microscopy (HR-TEM), selected area electron
diffraction (SAED), and p-Fourier transform infrared (u-FTIR)
spectroscopy. Optical and electrical characterization was
performed using UV-—vis absorption, photoluminescence
(PL), and impedance spectroscopy. See Supporting Informa-
tion for experimental details.

3. RESULTS

3.1. Microstructure and Film Thickness. Upon annealing
at 500 °C, the Zn-loaded hydrogel produces a homogeneous
thin film of nanocrystalline ZnO characterized by a grain size of
15—20 nm, when the precursor concentration is 0.30 M. The
thickness of the film is of 120—150 nm, but it can be varied
between 40 nm and 1 pm, changing the metal precursor
concentration between 0.05 and 1 M and adjusting the spinning
conditions."*'® The film has a uniform microstructure,
characterized by well-sintered round nanoparticles, which
were observed in the cross-section and top-view scanning
electron micrographs of Figure 1. The film is crack-free and

Figure 1. Scanning electron micrographs: (a) cross section of the ZnO
film obtained after degradation of the hydrogel at 500 °C; (b) top view
of the same film.

well adherent to the substrate, despite the huge volume
contraction associated with the thermal degradation of the
organic matrix, observed by profilometric analysis. Figure 2
shows the thickness of the film at different stages of thermal
degradation: the final film thickness is indeed ~2% of the
starting value. Interestingly, the thickness seems to linearly
decrease up to 400 °C, while the final value is reached only for
T > 400 °C, suggesting that organic byproducts could still
persist for lower temperatures.

3.2. Thermal Analysis. The main features associated with
the thermal degradation of the hydrogel have already been
discussed in a previous work'* and will be only briefly
summarized here (Figure 3). Upon heating, a first relevant
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Figure 2. Profilometric analysis of the film thickness as a function of
annealing temperature.
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Figure 3. Thermal analysis of the degradation of the zinc-loaded
hydrogel in pure oxygen; heating rate S °C min™" (black line: heat
flow; gray line: weight loss). Adapted from ref 14.

weight loss is observed at around 100 °C; this weight loss is
associated with an endothermic event, which is probably due to
the removal of the residual solvent. The exothermic peak at
~150 °C is attributed to a rearrangement of the PEG molecules
because it was detected also when degradation is performed in
nonoxidative atmosphere (nitrogen, not shown). Between 200
and 400 °C a fairly continuous weight loss is observed,
probably associated with the gradual degradation of the organic
matrix, which is concluded by two exothermic peaks at ~400
and ~450 °C. After the final exothermic event the weight of the
sample reached its final value, corresponding to the sole ZnO
product, confirming what suggested by profilometric measure-
ments.

3.3. EXAFS Analysis. XANES spectra of the precursor films
annealed at various temperatures are reported in Figure 4,
together with the spectrum relative to pure ZnO (in powder
form) as a reference. For the sake of clarity, all the spectra are
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Figure 4. XANES spectra of the films after increasing annealing
temperature compared to ZnO powder as a reference.

here displayed shifted along the y-axis. Upon increase in the
annealing temperature the XANES manifold at the Zn—K edge
undergoes a well-evident change from an almost structureless
shape to a ZnO-like structure.> > Since XANES spectroscopy
can be used for fingerprinting crystallographic phases, this is a
clear indication that the thermal treatments cause the polymeric
precursor to yield a wurtzite-type ZnO phase. This process is
apparently concluded after 550 °C. In samples annealed at
lower temperatures, the structures in the XANES manifold are
less evident, indicating a higher level of disorder. This can be
interpreted in terms of degree of crystallinity: the lower the
heating temperature, the lower the degree of crystallinity of the
produced ZnO crystals. This smearing out of the XANES
manifold is well apparent in the range 350 < T < 550 °C. At
lower temperatures, the XANES manifolds are fairly different in
shape, the lack of characteristic features being indicative of Zn
in an amorphous environment.

This interpretation is well supported by the EXAFS spectra
shown in Figure S and by the EXAFS FT of Figure 6. The
EXAFS FT can be assimilated to a radial distribution function
(RDF) around the photoabsorber: the peaks in the EXAFS FT
can be attributed to coordination shells, with the warnings that
the apparent distances in the EXAFS FT differ from the
effective distances in the actual compound due to the phase
shifts of the photoelectron wave, while the amplitudes depend
on the actual scattering functions of neighboring atoms. In any
case, while the presence of a nearest-neighbor (NN) shell
around 2 A is well evident at all temperatures, the appearance
of a next-nearest-neighbor (NNN) shell at ca. 3.2 A is detected
without doubts only for the film treated at T > 350 °C. The
presence of a NNN shell in an EXAFS spectrum is typical of
crystals; glassy and amorphous phases usually show just a NN
shell. Thus, the EXAFS data fully confirm the interpretation of
the XANES given above: crystals of ZnO start to form at T =
350 °C. For T > 500 °C, the presence of a further NNN
coordination shell at ca. 4.5 A suggests that crystallization is
here almost complete.

More quantitative information was retrieved by the EXAFS
data fitting. The fitting results are summarized in Table 1, while
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Figure S. EXAFS spectra of the films after increasing annealing
temperature.
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Figure 6. EXAFS FT of the films after increasing annealing
temperature.
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Figure 7 shows the best fit for samples annealed at 150, 350,
and 500 °C (upper part: EXAFS spectra; lower part: FT; the fit
results are plotted as red lines, while black lines are the
experimental data). For the sample heated at 150 °C (Figure
7a), the best fit has been obtained by using a model in which 4
O atoms and 2 N atoms are located around the photoabsorber.
This may be indicative of Zn coordinated by nitrate ions in a
distorted tetrahedral environment.” It should be noted that
EXAEFS could not distinguish between N and C as neighbors of
the photoabsorber, so this fit is also compatible with Zn
surrounded by a polymeric matrix. Similar considerations apply
also to the sample heated at 200 °C; the results of the fit are
shown in Table 1 as well.

Table 1. EXAFS Fitting Results of the Samples Annealed at
150, 200, 300, 350, and 500 °C

shell N atom r (A) o (A?) ro (A)
150 °C

1 2 0 1.96(1) 2(1) x 1073
2 2 0 2.10(2) 3(2) x 1073
3 2 N 2.80(5) 11(8) x 1073
200 °C

1 4 0 2.01(2) 7(2) x 1073
2 2 N 2.71(8) 15(10) x 1073
300 °C

1 1 0 2.32(3) 6(2) x 1073 1.796
2 3 o 2.061(9) 6(2) x 1073 2.042
3 6 Zn 29(2) 10(5) x 107> 3.2089
4 6 Zn 3.41(4) 3(1) x 1072 3.2490
350 °C

1 1 o 2.30(3) 4(1) x 1073 1.796
2 3 o 2.027(9) 4(1) x 1073 2.042
3 6 Zn 3.25(1) 8(2) x 1073 3.2089
4 6 Zn 3.46(2) 1.0(5) x 1072 3.2490
500 °C

1 1 0 2.00(1) 8(2) x 1073 1.796
2 3 0 2.00(1) 8(2) x 1073 2.042
3 6 Zn 3.22(1) 4(2) x 1073 3.2089
4 6 Zn 3.33(4) 8(4) x 1073 3.2490

For T = 300 °C, EXAFS oscillations in a wider k range are
detected. In this case, a wurtzite-type ZnO structure has been
used for the fit, although the presence of a NNN coordination
shell appears arguable. Best-fit results are shown in Table 1
along with the crystallographic parameters (r,) for ZnO. For T
= 350 °C, the presence of a NNN shell is detected without
doubts. The fit is shown in Figure 7b, and the fitting results are
summarized in Table 1.

At higher temperatures the EXAFS spectra are all compatible
with a ZnO-like crystal structure. As an example in Figure 7c
are shown the results for the sample annealed at 500 °C, while
the optimized parameters for this sample are reported in Table
1.

All these observations suggest the formation of wurtzite-type
ZnO nuclei in the polymeric matrix starting from temperatures
of 300—350 °C. As the temperature is increased, the nuclei
grow and the crystallization process is concluded for T > 500
°C.

3.4. GID, HR-TEM, and SAED. Previous GID measure-
ments'* showed some evidence of crystallization only in
samples annealed at temperatures above 450 °C. A more
accurate analysis, performed by increasing the counting time up
to 450 s per step, evidenced the presence of a broad halo in the
20 range corresponding to the position of the (100), (002), and
(101) reflections for hexagonal ZnO, even in samples annealed
at 400 °C (Figure 8). The presence of this halo is better
evidenced when comparing the pattern with that relative to a
sample annealed at 350 °C, which shows only a flat
background. In contrast with our previous findings,'* using
such long acquisition time, the pattern relative to the sample
annealed at 450 °C has three well-developed peaks, indicating
some level of crystallization of the wurtzitic structure. The grain
sizes, which could be measured only on samples obtained at
450 and 500 °C, were around 15 and 20 nm, respectively. In
contrast with the EXAFS measurements no indication of the
presence of ZnO small nuclei in samples annealed at 350 °C
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Figure 7. EXAFS data fitting. EXAFS spectrum (upper part) and FT (lower part) of the samples heated at 150 (a), 350 (b), and 500 °C (c). Red

line: fit; black line: experimental. For fitting results see Table 1.
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Figure 8. GID patterns of the samples degraded at 350, 400, 450, and
500 °C.

were obtained; the absence of diffraction effects for samples
annealed at this temperature is probably due to the reduced
grain size, too small to 7provide long-range order, necessary to
give X-ray diffraction,”” while short-range order around the
photoabsorbers (Zinc atoms) can be revealed by EXAFS
measurements.

To confirm these results,; HR-TEM analysis has been
performed on hydrogels annealed at 350 and 400 °C (Figure
9). Indeed, both samples have crystalline grains embedded in
an amorphous matrix, as evidenced by both TEM bright field
images and electron diffraction measurements. SAED patterns
(Figures 9a and 9d) confirm the hexagonal ZnO structure for
the nuclei present in both samples, although the sample

25112

annealed at the lowest temperature has a smaller amount of
crystallites, as indicated by the lower intensity and definition of
the diffraction rings. High-resolution images reveal spherical
shaped grains with an average grain size of around 3 nm for the
sample annealed at 350 °C and 6 nm for the sample annealed at
400 °C. The SAED pattern acquired on the sample annealed at
400 °C shows the signals corresponding to the (100), (002),
and (101) reflections merged in a single halo, a behavior similar
to that observed in the same range in the GID patterns.

3.5. Optical Properties: UV—vis and PL Spectroscopy.
As already reported in our previous work,'* films obtained after
complete thermal degradation at 500 °C are characterized by
high optical transparency. In Figure 10 is shown the evolution
of the UV—vis transmittance of the films during the thermal
degradation of the hydrogel, as measured on samples annealed
at temperatures ranging between 150 and 500 °C. The as-
deposited films of metal-loaded hydrogel have the optical
properties of a transparent polymer with a slight yellow
coloration. Upon annealing, the films tend to discolor toward a
brownish-yellow hue, resulting in a lower transmittance at all
wavelengths, particularly for the samples annealed between 250
and 350 °C. At 400 °C the transmittance starts to increase
again and an absorption edge around 390 nm starts to appear.
At 450 °C the polymer combustion is complete, and the
samples are highly transparent. The typical sharp absorption
edge around 385 nm is observed in the last two samples,
confirming the presence of a band gap at about 3.25 eV, close
to the value expected for pure ZnO (3.3 eV"'). (The data were
plotted as recorded and not rescaled as a function of the film
thickness because the aim was to evaluate the appearance of the
ZnO absorption edge after annealing.)

The PL spectra reported in Figure 11 show only one broad
band located between 360 and 700 nm, probably associated
with the organic matrix of the precursor, in samples annealed at
temperatures below 400 °C. At 400 °C this band disappears,
while a band typical of Zn0," located between 340 and 420 nm,
begins to appear. This band increases in intensity in samples
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Figure 10. Optical characterization. UV—vis transmittance spectra of
the films for increasing annealing temperature.

annealed at higher temperatures, together with the related small
emission signal at twice its wavelength. From the first signal a
band gap between 3.31 and 3.28 eV was calculated, in
agreement with the results obtained from UV—vis spectra.
3.6. Electrical Properties: Impedance Spectroscopy.
Impedance measurements were performed on samples

ES
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400 °C

350 °C
300 °C
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200 °C
150 °C
100 °C

Intensity (arb. un.)

300 400 500 600 700 800 900
Wavelenght (nm)

Figure 11. PL spectra of the films for increasing annealing
temperature. The signals intensity for the samples annealed at 450
and 500 °C were reduced to 40% of the original value.

annealed between 150 and 500 °C. A significant electrical
conductivity is expected only in samples characterized by the
presence of percolating, interconnected, ZnO particles, so the
electrical conductivity represents a sensitive probe for the
presence of organic material surrounding the grains of the
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oxide. Since it was preferable to perform the measurements at
low temperatures (to avoid further thermal degradation), the
impedance measurements have been performed at room
temperature, but under UV exposure (one lamp, 15 W, A,
= 310 nm, placed at 5 cm from the sample) to enhance the
electronic conductivity.*®

A measurable specific conductivity of 5.9 X 107 Q™! cm™
was obtained only for the samples annealed at 450 and 500 °C.
The sample annealed at 400 °C was characterized by a
resistivity far beyond the limit of detection of the instrument,
even under UV exposure. These results suggest that the ZnO
nanoparticles are still capped by a polymeric matrix at
temperatures up to 400 °C, and only for T > 450 °C
percolating path between the ZnO grains starts to develop.

3.7. u-FTIR Analysis. Figure 12 shows the evolution of -
FTIR spectra for Zn-loaded hydrogels films annealed at

1
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100 °C

150 °C

200°C
250 °C

Transmittance (arb. un.)
g
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500 °C

1

4000 3300 2600 1900 1200 500]
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Figure 12. u-FTIR spectra of the films for increasing annealing
temperature.

different temperatures. The spectrum of the as-prepared films
is characterized by the presence of several well-defined
absorption bands associated with the vibrational modes of the
main functional groups of the polymer. These were assigned as
follows: the bands at 1100 and 1730 cm™" are relative to the
stretching modes of the C—O ether groups and C=0O esteric
groups, respectively; the bands at 2962—2850 cm™" are relative
to the stretching of CH; and CH, aliphatic groups; at 1450
cm™! is present the bending mode of CH,; the broad band at
3400 cm ™! is relative to the stretching mode of the O—H group
deriving either from the hydroxy-Zn intermediates or from
adsorbed water. At ~1400 and ~1600 cm™' are present the
absorption bands of the carboxylate groups, probably ascribable
to symmetric and asymmetric stretching of C=O0, respec-
tively.”*>°

The evolution of the intensity of these bands during the
thermal degradation is reported in Figure 13. (The points
corresponding to S0 °C refer to the as-prepared film. The data
were not rescaled as a function of the film thickness because we
wanted to probe the absolute amount of the materials present
in the film and not their relative concentration.) Most of these

L —®—OH —&— carboxylate (ll)
—®— carboxylate (1) —9— esther
===0-=-CH, CH, - ether

100

80

100 - transmittance (%)

60

a0t

20t

0————————— 7N
0 100 200 300 400 500

Annealing T (°C)

Figure 13. Intensity of the main u-FTIR signals for increasing
annealing temperature. The points corresponding to 50 °C refer to the
as-prepared film. Black circles: OH at 3400 cm™'; gray squares:
carboxylate at ~1600 cm™; open circles: aliphatic CHy and CH, at
~2900 cm™'; black triangles: carboxylates at ~1400 cm™'; gray
diamonds: C=0 ester at 1730 cm™"; open triangles: C—O PEG ether
at 1100 em™.

bands do not reveal any evident intensity change up to 250 °C.
Between 250 and 300 °C the signals related to the aliphatic,
etheric, and esteric groups start to decrease, while the bands of
the carboxylate moieties are much more evident. At 350 °C
etheric, esteric, and aliphatic moieties are reduced by ~70—
80%, while the carboxylate groups are still slightly increasing.
These two opposite trends continue up to 450 °C, when both
vibrational bands associated with the carboxylate moieties
disappear, together with all those related to the aliphatic,
etheric, and esteric groups. Only one peak, located at $73 cm™,
can now be detected and is generally associated with the
longit31}dina1 optical phonon vibration of ZnO nanostructured
films.

4. DISCUSSION

The main experimental observations can be summarized as
follows:

(1) For temperatures below 150 °C, only the vaporization of
the residual solvent from the polymeric matrix and the
decomposition of the nitrates deriving from Zn salts are
observed. These two processes are associated with a first
endothermic event and a weight loss in the DSC-TGA curves.
It is known that nitrates decompose in this temperature
range,18 and the occurrence of this process has been evidenced
by preliminary Raman spectroscopy measurements not
reported here. This decomposition/hydrolysis leads probably
to the formation of Zn hydroxides, as suggested by the presence
of a strong OH band at 3400 cm™" in the early stage of the
process; films of hydrogel not loaded with Zn ions show a weak
intensity for the OH vibrational band during the entire thermal
degradation process (results not shown).

(2) A first rearrangement of the polymeric matrix takes place
between 150 and 200 °C. This is evidenced by an exothermic
and nonoxidative process (observed also in inert atmosphere)
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coupled to a small weight loss. In this temperature range, the
EXAFS spectra detect little variation in the chemical environ-
ment of the Zn ions, which do not show any long-range order;
U-FTIR reveals no substantial change, but for the decrease of
the OH signal, indicating further water desorption.

(3) At T = 300 °C the presence of small nuclei of ZnO is
first detected by XAS. Apparently this initial nucleation takes
place with a negligible thermal effect, but it is accompanied by
an increase in the weight loss rate and by a further reduction in
the intensity of the OH absorption band. This dehydroxylation
process is probably responsible for the formation of the ZnO
nuclei. u-FTIR reveals also the beginning of the polymeric
backbone degradation, evidenced by a decrease in the signals of
its main functional groups and in the increase in the amount of
carboxylate residues, generated by the degradation of polymeric
esters.

(4) Between 350 and 400 °C the ZnO nuclei are completely
formed, and an oxidative process, involving a significant weight
loss and a strong exothermic thermal effect, produces the
degradation of most of the organic matrix. HR-TEM and SAED
analyses confirm the presence of ZnO particles embedded in an
amorphous polymeric matrix. Diffraction effects in GID were
observed only for T > 400 °C, probably due to the relatively
low concentration, poor crystallinity, and small dimension of
the ZnO particles. u-FTIR shows a further degradation of the
polymeric matrix, although carboxylate complexing moieties are
still largely present. The persistence of an insulating shell of
organic material around the ZnO particles is confirmed by the
absence of any electrical conductivity at this stage and by the
thickness observed by profilometric measurements, which has
not yet reached the final value, corresponding to the sole ZnO
layer. UV—vis transmittance spectra show the appearance of the
typical ZnO absorption edge only for samples annealed at T >
400 °C, in accordance with PL spectra.

(S) The final step of the process, taking place between 400
and 500 °C, involves the growth of the ZnO nuclei to form
well-defined nanocrystals and the completion of the polymer
degradation: a process evidenced by the strongest exothermic
peak at 440 °C, which is accompanied by a sharp final weight
loss. The removal of all organic residues is also confirmed by
the y-FTIR spectra, by profilometric measurements, and by the
disappearance of the PL band relative to the organic matrix. A
sharp increase in the electrical conductivity of the film is
observed for samples annealed at 450 °C, indicating the
presence of a good contact between the ZnO nanoparticles.
The UV—vis spectrum shows the feature of a pure ZnO sample,
while the typical luminescence band is observed in the
corresponding PL spectrum.

These results allow a better understanding of the mechanism
responsible for the nucleation and growth of the nanoparticles
resulting from the thermal degradation of the metal-loaded
polymers. Taking advantage of the EXAFS ability to detect
small amounts of materials, even when present in amorphous or
glassy form, we have been able to produce clear evidence of
ZnO nucleation even at temperature as low as 300 °C. These
first nuclei are characterized by a limited level of crystallinity,
but evidence of well-crystallized ZnO particles can already be
observed at 350 °C. These findings are somehow in contrast
with what reported by other authors using PAD techniques,
which often report the formation of well crystallized metal
oxide only at temperature between 450 and 500 °C, in
association with the final stage of the polymer degradation.”"**
This difference can obviously be related to the different nature

of the polymers, but it can also be explained by the higher
sensitivity of EXAFS in comparison with other tools such as
Raman and XRD.*"** It must also be noted that the appearance
of ZnO nuclei does not seem to be associated with any relevant
thermal effect or weight loss, so it does not seem to be triggered
by any specific modification of the structure of the polymer,
suggesting that the nucleation is controlled only indirectly by
the polymer degradation. That a temperature as low as 350 °C
is enough to provide crystallization is confirmed by the fact that
samples annealed at this temperature for much longer time can
indeed reach full crystallization. While for T < 350 °C the
removal of the organic matrix is incomplete also for annealing
time of 24 h, for T = 350 °C the organic matrix is completely
removed in 10 h, leading to a transparent film, which shows
characteristics similar to those observed for samples annealed at
450 and 500 °C for 20 min. EXAFS and EXAFS FT analyses of
these samples (Figure 14 and Table 2) confirm the presence of
the NNN coordination shell with characteristics similar to
those observed in samples annealed for only 20 min at 350 and
400 °C. However, the grain size was considerably reduced, to
only 7 nm, which compares with the 15—20 nm observed in
samples annealed at 450—500 °C for 20 min. So, the use of
long annealing time at lower temperatures appears to be
particularly promising for the synthesis of films characterized by
extremely small grain size or for the synthesis of ZnO films on
temperature-sensitive substrates.>”

The persistence of the organic matrix encapsulating the ZnO
nuclei, which is maintained during much of the thermal
degradation, is probably responsible for the remarkable
characteristics of the produced ZnO films because it guarantees
an intimate hybridization at the nanoscale.®® Indeed, neither
precipitation nor phase separation occurs after removal of the
solvent because at this stage the polymeric matrix is closely
bonded to the Zn ions, as revealed by the EXAFS results. At
higher temperatures a shell of carboxylates and other
byproducts of the PEG degradation still encapsulates the
growing particles, as evident from the TEM analysis. The
encapsulation of the inorganic phase in the organic shell allows
to control the ZnO grain growth and to yield high quality
crack-free films over a wide range of thicknesses. The sol—gel
method, on the other hand, can produce oxide films with a
thickness larger than 200 nm only with great difficulty.> In this
case the gel degradation produces a loose structure, which
collapses in the last stages of the process, resulting in a high
tensile stress buildup® and in the formation of microcracks. On
the contrary, in the case of hydrogels, condensation and pore
collapse are limited,"®** whereas structural relaxation is
promoted by the soft, yielding organic phase, avoiding crack
formation. This offers the possibility to prepare thick films, up
to 1 pm in thickness, which are usually difficult to produce with
other techniques.

5. CONCLUSIONS

The sensitivity provided by the fluo-XAFS technique allowed
the inspection of the first instants of ZnO nucleation during
thermal degradation of a Zn-loaded hydrogel and the
determination of the temperature at which this process begins,
following the evolution of the ZnO nanoparticles for increasing
temperatures. By combining the results with those obtained
from other techniques, such as p-FTIR, HR-TEM, X-ray and
electronic diffraction, UV—vis, impedance, and PL spectros-
copies, it was possible to elucidate the nature of the close
connection between the hydrogel matrix degradation and the
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Figure 14. EXAFS spectrum (upper part) and FT (lower part) for the
sample heated at 350 °C for 10 h (red line: fit; black line:
experimental). For fitting results see Table 2.

Table 2. EXAFS Fitting Results for the Sample Annealed at
350 °C for 10 h

shell N atom r (A) o (A%) ro (A)
1 1 0 2.03(1) 12(2) x 1073 1.796
2 3 0 2.03(1) 12(2) x 1073 2.042
3 6 Zn 3.23(1) 6(2) x 1073 3.2089
4 6 Zn 3.36(3) 11(4) x 1073 3.2490

nucleation of the ZnO nanoparticles. It has been clarified that
the ZnO nanoparticles start to nucleate at 300 °C and to
crystallize at 350 °C, whereas the backbone of the hydrogel
starts to degrade at 300 °C, releasing carboxylate moieties and
organic residuals, which constitute an insulating organic shell
around the ZnO nanoparticles. At 400 °C, even though the
ZnO nanoparticles are completely formed, the insulating shell
is still present and its complete removal is achieved only at 450

°C. At this temperature the film has all the optical and electrical
properties of a completely formed ZnO film. Prolongation of
degradation time to 10 h allows to obtain the same results at
350 °C, but with smaller particle size (7 nm). The formation
mechanism was clarified, suggesting a relation between the
quality of the film obtained and the intimate hybridization,
which takes places starting from the initial ZnO nucleation
steps, until the completion of the ZnO thin film formation.
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