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ABSTRACT: In this work, we show that fast-scanning chip
nanocalorimetry can be used to kinetically separate the heat flow
contributions of crystallite growth and precursor decomposition that
occur during the thermal decomposition of metal-oxide solgel
precursors. We illustrate the technique using zinc acetate dihydrate,
a common precursor used in the sol-gel synthesis of zinc oxide
thin films. Through an appropriately defined heating sequence
consisting of precursor decomposition, followed by rapid quenching
and subsequent zinc oxide crystallite growth, it is shown that the
exothermic peaks corresponding to the growth of zinc oxide crystals
can be kinetically separated from the endothermic peaks associated
with precursor decomposition. The kinetic separation of these
processes enables an analysis to be performed on the crystallite
growth kinetics of zinc oxide within a zinc acetate matrix, as it would
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naturally occur during a solgel process. Through a quantitative analysis, we estimate the activation energy of crystallite growth,
confirming Johnson—Mehl—Avrami growth kinetics at low heating rates, and extract a time—temperature-transformation diagram to
visualize and quantify isocrystalline surfaces. Such fundamental knowledge regarding the evolution of crystallinity as a function of
heating conditions is useful in the much broader sense of application development, serving as a guide to direct the precise
thermokinetic engineering of crystallinity in sol—gel derived metal-oxide films. In particular, we emphasize its significance for
electronic (ideally, high crystallinity), optoelectronic, and thermoelectric (ideally, low crystallinity) applications.

B INTRODUCTION

The development of solution-processed, high-performance
metal-oxides films has the potential to enable new technology
based upon cost-effective, digitally fabricated," ™ flexible and
transparent electronics,” optoelectronics,” and thermoelectrics.’
In order to meet the needs of these applications and expand the
versatility of these materials even further, the development of
synthetic methods that allow the control of film crystallinity
(analogous to physical vapor deposited films’) from fully
amorphous to fully crystalline is desired, since crystallinity and
film structure have a direct influence upon materials properties
of interest, including electronic and thermal transport, defect
electrostatics,” and optical transparency.’

To date, metal-oxide films synthesized from sol—gel
methods'’™'* greatly outperform films obtained from nano-
particle suspensions,” both in terms of carrier transport and
lower processing temperatures.'* Despite these advantages,
unfortunately, controlling crystallinity in sol—gel metal-oxide
films is difficult due to large heat of formation,"® small activation
energy of crystallization,'°~"® and high decomposition temper-
atures of sol—gel precursors.'”*’ Consequently, crystallization
of the metal-oxide product and chemical decomposition of the
sol—gel precursor are coupled by temperature, resulting in
metal-oxide films which tend to be either nanocrystalline and
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fully converted into the metal-oxide”' ~** or semicrystalline and

partially converted into the metal-oxide™ as-deposited.

This lack of synthetic control over composition and
crystallinity in metal-oxide films synthesized from sol—gels was
first addressed using conventional calorimetry by Rupp and co-
workers.”® In their work, they’'ve extended the use of time—
temperature-transformation (TTT) diagrams, historically used
in processing glasses”” and steel,”® to monitor the crystallization
thermokinetics of metal-oxide thin-films through conventional
differential scanning calorimetry (DSC). Their work elucidates
the oft-used solute-drag effect in suppressing the crystallinity of
alloyed metal-oxide films** through a retardation of growth
rates but does not address the coupled nature of chemical
decomposition and crystallization leading to the initial
formation of mixed amorphous/crystalline phases during the
chemical conversion into the oxide phase. As evidenced in their
work, as-deposited “amorphous” CeO, and gadolinium alloyed
Ce3Gd(,0, ., films had similar crystallite sizes of 7 and 8 nm
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Figure 1. Thermogravimetric analysis of zinc acetate dihydrate powder collected at a heating rate of 10 °C min™" under 20 mL min~" dry N,.

respectively, albeit a small crystalline fraction.”® Thus, apart
from the apparent uncertainty regarding the definition of the
amorphous to mixed amorphous+crystalline phase boundary in
a TTT diagram, more importantly, the utility of the solute-drag
effect is ultimately limited by the initial crystallization processes
occurring during oxide formation before solute solubility in the
host lattice becomes relevant (i.e., solute drag). To extend
existing efforts to synthetically define crystallinity in sol—gel
derived metal-oxide films using TTT diagrams, it is advanta-
geous to explore the initial growth of metal-oxide domains
immediately following the chemical decomposition (and metal-
oxide nucleation) of the sol—gel precursor. We will show that
such information is appropriately accessed using an in situ
kinetic separation technique via fast scanning chip nano-
calorimetry.

In this work, we utilize the high heating and cooling rates of
flash DSC to kinetically separate the otherwise parallel processes
of chemical decomposition and crystallite growth occurring
during the thermal decomposition of metal-oxide sol—gel
precursors. To illustrate the methodology using a simple, well-
known system, we studied zinc oxide synthesized from the
thermal decomposition of zinc acetate dihydrate, a common
sol—gel precursor. Owing to the ubiquity of zinc acetate
dihydrate as a sol—gel precursor for zinc oxide formation, the
mechanism of the thermal decomposition of zinc acetate
dihydrate into zinc oxide has been studied in great detail and
can be used to supplement our thermokinetic analysis. A
temperature profile (Figure 2) was defined based upon
thermogravimetric analysis (TGA) shown in Figure 1, intended
to perform the following sequence:

(1) Decompose the sol—gel precursor and nucleate the metal-
oxide product.

(2) Quench thermal energy to prevent subsequent growth of
the oxide product during the decomposition/nucleation
process.

(3) Grow the as-formed nuclei at variable rates to assess
crystallite growth kinetics.

After application of this temperature sequence, we observed
distinct exothermic transformations occurring well below the
precursor decomposition temperature determined by conven-

1591

tional TGA/DSC, suggesting crystallite growth. Applying a
kinetic model analysis to these exothermic peaks, we obtain
results consistent with the well-known Johnson—Mehl—Avrami
(JMA) model of crystal growth as the heating rate is reduced
logarithmically from 100 °C s! to 1 °C s7L. Thus, this work
provides a direct method to study the rapid growth kinetics of
metal-oxides in situ proceeding from the thermal decomposition
of their sol—gel precursors and within a dynamic environment
consisting of the sol—gel precursor and metal-oxide species as it
occurs during typical sol—gel synthesis.

Moreover, the association of the kinetically separated
exothermic peaks with a crystallite growth process provides
thermokinetic information specifically related to the precursor
chemistry and is used to define a TTT diagram having precise
crystallinity in addition to a more reliable amorphous/crystalline
phase boundary. These phase diagrams define the temperatures
and heating rates leading to crystallite growth and may thus
serve as a guide for the improved control of thin-film crystallinity
for electronic applications—favoring high crystallinity—as well
as thermoelectric or optoelectronic applications—favoring low
crystallinity.

B EXPERIMENTAL SECTION

Materials. Zinc acetate dihydrate powder (Sigma-Aldrich, 379786)
was used as-received, without further preparation, in all of the
subsequent thermal analysis methods.

TGA/DSC. For TGA/DSC measurements, 7.891 mg of as-received
zinc acetate dihydrate powder was loaded into a 70 L alumina crucible
having an alumina lid (Mettler-Toledo, 24123). The equipment used to
perform the measurement was a Mettler-Toledo TGA/DSC 3+. The
heating rate used was 10 °C min™", and the flow gas was ultrahigh purity
5.0 grade nitrogen (Airgas, UHP300) at a flow rate of 20 mL min™". The
Mettler-Toledo Star® evaluation software was used to compute
derivatives of the mass, including onset and endset temperatures, as
well as changes in mass loss associated with dehydration and
decomposition.

Flash DSC. For flash DSC measurements, a single particle of zinc
acetate dihydrate, having immeasurably small mass (<1 ug) was
carefully placed onto the center of the sample area of a flash DSC chip
sensor (Mettler-Toledo, $1192133). To load the sample, a single bristle
of a paint brush was used that had been dipped in silicone oil to facilitate
transfer of the powder to the sample area of the chip sensor. Silicone oil
is commonly used for this purpose of transferring, as it does not
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undergo thermal transformations within the range of temperatures
explored by the flash DSC and can be viewed as a spectator. The
equipment we used to perform the measurement was a Mettler-Toledo
Flash DSC 1. The equipment capability, sample loading effects, and
calibration details have been described in detail for the Flash DSC 1

elsewhere.”"

Data Analysis. Numerical routines for data analysis and visual-
ization were implemented using the Python programming language
(version 2.7.12). Background fitting, applied to the measured heat-flow,
was performed using an asymmetric least-squares smoothing algorithm
assuméiglg 2positive peaks with appropriate fitting parameters (4 = 10'%, p
=107").

B RESULTS AND DISCUSSION

Conventional TGA/DSC Produces Indistinct Trans-
formations. In this section, we discuss the inadequacy of
conventional TGA/DSC to separately quantify heat flow
contributions from chemical decomposition and that due to
crystallite growth in metal-oxide sol—gel precursors. Addition-
ally, we discuss the development of a temperature profile
suitable for flash DSC analysis, which allows decomposition and
crystallization to be separated kinetically.

The result of applying a TGA/DSC to zinc acetate dihydrate
powder at a typical heating rate of 10 °C min™" is shown in
Figure 1. The mass percentage is plotted along the primary axis
at the left, while the derivative (DTA) and heat flow (DSC) are
plotted on the secondary axes shown at the right. As shown,
there are two distinct regions at low and high temperatures
where significant mass loss occurs. The onset and endset
temperatures of the lower temperature peak are 77 and 99 °C
respectively, whereas the onset and endset temperatures of the
higher temperature peak are 237 and 293 °C respectively, as
determined from the derivative of the mass percentage. These
results are consistent with other reports that have associated the
lower temperature peak with dehydration of zinc acetate
dihydrate into zinc acetate and the higher temperature peak
with decomposition of the zinc acetate into zinc oxide via
melting and sublimation of the acetate.”

For our purposes, we highlight the observation that the DSC
signal shown in Figure 1 indicates that the endothermic peaks
associated with decomposition (between 250 and 300 °C) and
the broad exothermic peak (between 300 and 350 °C)
associated with the crystallization process cannot be distinctly
separated. This overlap in temperature leads to an ambiguous
quantification of the heat flow associated with the respective
processes in these regions. Further analysis requires kinetic
separation of the two processes utilizing the high heating/
cooling rates available via flash DSC.

To ensure kinetic separation in what follows, a region of
interest is selected, between 125 and 225 °C, in which no
decomposition or thermal transformations occur under conven-
tional slow heating rates (i.e. thermodynamic conditions). Thus,
by applying an appropriate heating sequence defined to
decompose the sol—gel precursor and rapidly quench the
temperature prior to crystallite growth 2, exothermic transitions
observed within this region of interest upon subsequent heating
are most likely due to the growth of zinc oxide crystals which
nucleated during the thermal decomposition of the zinc acetate,
as will be shown in the following sections through kinetic model
analysis.

Kinetic Separation of Thermal Transformations via
Flash DSC. Having demonstrated the inadequacy of conven-
tional heating rates in separating the heat-flow contributions
from chemical decomposition and crystallite growth, in this

section we discuss the results of applying flash DSC to zinc
acetate dihydrate powder within the region of interest
highlighted in Figure 1 (i, 125—225 °C) to kinetically
separate the two processes.

The TGA data in Figure 1 were used to develop a suitable
temperature profile for flash DSC shown in Figure 2. As
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Figure 2. Heating profile applied to zinc acetate dihydrate powder for
flash DSC measurements.

intended, first the sample is dehydrated by heating to 125 °C at
10 °C min™", and subsequently held at 125 °C for 2 min. Next, a
sequence of two heating and cooling cycles is applied to first
decompose and subsequently crystallize the sample, respec-
tively. Since decomposition of zinc acetate leads to nucleation of
zinc oxide, to ensure that the nucleation time does not vary for
each heating cycle, the heating rate used in the decomposition
heating cycle was fixed at 1000 °C s™". The use of higher heating
rates during decomposition is favorable as it reduces unwanted
crystallite growth immediately following nucleation. However,
higher heating rates also shift phase transitions toward higher
temperatures in which the rate of crystallite growth is higher. To
balance these concerns, a heating rate of 1000 °C s7! was
selected to ensure the decomposition temperature was
observable up to a maximum temperature of 300 °C, only 7
°C higher than the endset decomposition temperature
determined from conventional TGA/DSC at 10 °C min~". To
prevent further crystallite growth upon cooling, the sample is
rapidly quenched at —S000 °C s~ immediately following each
heating cycle. Here, an instantaneous quench is desired to
prevent crystallite growth immediately following nucleation.
However, a maximum cooling rate of 5000 °C s~! was used as it
corresponds to the maximum cooling rate accessible to the
standard flash DSC calorimeter chips throughout the entire
operating temperature range without nonlinear rate variation as
determined elsewhere.’' For the second heating cycle, intended
to crystallize the sample, the heating rate is varied logarithmically
from 100 °C s™' to 1 °C s™". This is the primary variable in the
experiment, the heating rate, and is used to assess the kinetics of
crystallite growth. An example heating profile is shown in Figure
2 for a heating rate of 100 °C s™". This profile is repeatedly
applied with the same parameters to the same sample except
with a different heating rate.
The application of a sequence of heating profiles having
different heating rates (example in Figure 2) to zinc acetate
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dihydrate powder produced distinct exothermic and endother-
mic transformations as shown in Figure 3. The measured heat
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Figure 3. (Top) Heat flow versus sample temperature for the
exothermic peaks associated with crystallite growth. (Bottom) Heat
flow versus sample temperature for the endothermic peaks associated
with decomposition.

flow corresponding to the entire temperature profile is given in
Supporting Information Figure SI1. Here, the heat flow
associated with only the heating cycles is shown. As shown,
the exothermic transformation is a strong function of the heating
rate as expected for a crystallite growth process. Similarly, apart
from the initial thermal cycle (100 °C s™'), the endothermic
transformation is roughly invariant between thermal cycles, as
intended.

We note that each exothermic transformation necessarily
follows a decomposition step as shown in the Supporting
Information Figure S2. Furthermore, repeated measurements of
the same heating profile yield approximately the same result as
shown in Figure S3. These observations suggest a controlled
sequential process of decomposition and crystallization achieved
via rapid heating and quenching between heating cycles. Thus,
the kinetics associated with the exothermic peaks corresponds to
the growth of zinc oxide crystals from as-formed zinc oxide
nuclei and can be reliably quantified through the application of a
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kinetic model analysis for the exothermic peaks as discussed in
the following section.

Kinetic Model Analysis of Exothermic Peaks. In this
section, we discuss the results of applying a kinetic model
analysis to the exothermic peaks shown in Figure 3 to gain
physical insight into the crystallite growth process, obtain rate
information, and produce the raw data necessary to define a
TTT diagram. Details regarding the method used here for
assessing non-isothermal crystallization kinetics have been
reported elsewhere.”* Here, we show only what is necessary to
interpret the main analytical results.

The heat flow ¢ and extent of conversion « are shown with
respect to the sample temperature in Figure 4 and Figure $
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respectively as a family of curves corresponding to the different
heating rates varied logarithmically from 100 °C s to 1 °Cs™".
For convenience, here we have plotted as positive the values of
heat flow for exothermic transformations. For the heat flow,
which serves as the raw input for the subsequent kinetic analysis,
the baseline was fit by applying an asymmetric Ieast-s%uares
fitting algorithm of the peaks and subtracted accordingly.”
According to Figure 4, as the heating rate is reduced from 100
°Cs ' to 1 °C s/, the entire transformation shifts monotonically
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toward lower temperatures. Since the transformations occur at
higher temperatures for higher heating rates, this implies that the
rate of transformation, being thermally activated, is higher at
higher heating rates. Furthermore, the measured heat flow has
the expected dependence upon the heating rate, namely, that the
measured heat flow ¢ is proportional to the product of the
heating rate f, the enthalpy of conversion AH, and the
nonisothermal rate of conversion :—; and therefore reduces as
the heating rate is reduced (eq 1).

da 1 ¢

dT pAH (1)

Information regarding the rate of conversion can be obtained
by extracting the activation energy associated with this process
using the measured heat-flow ¢ and the sample temperature and

is independent of the kinetic model function”>*® according to eq
2.
[ din(¢) | _ _E.
d(1/T) R R )

According to Figure 6, at low heating rates (1—10 °C s™') the
average activation energy is 97.70 kJ mol ™" and is constant with

1201
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a

Figure 6. Activation energy extracted from Arrhenius plot of the extent
of conversion.

respect to the extent of conversion a from 0.30 to 0.70. By
contrast, we note that at higher heating rates (10—100 °C s™'),
the activation energy was 63.96 k] mol™" on average, but was
dependent upon the extent of conversion from 0.30 to 0.70. The
reduction in activation energy with extent of conversion may
indicate a surface-mediated growth process that becomes
relevant at higher heating rates. For comparison, the activation
energy was also determined using the Ozawa (90.06 kJ mol ™",
see Figure S4) and the Kissinger methods (83.73 kJ mol™, see
Figure SS) and is consistent with the activation energy evaluated
at lower heating rates. We note that these values are similar to
the values reported for the activation energy of crystallization of
metal-oxides and glasses thought to exhibit the same growth
kinetics.'*™"®

An Avrami plot is shown in Figure 7, showing clear linear
trends for all rates. For crystallization processes, linearity of the
Avrami plot is often used to validate the Johnson—Mehl—
Avrami (JMA) model, though practical concerns have been
raised due to the insensitivity of a double-logarithmic function to
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its argument.”” A more reliable test is performed using the
kinetic model functions y(@) and z(a) (eq 3 and eq 4).**

Wa) = /T 3)

z(a) = ¢T? (4)

The kinetic model functions y(«) and z(a) are presented in
Figure 8. For the JMA model to be valid, the maxima of z(«),
denoted a*, should be roughly 0.632 + 0.02. As a visual aid,
we’ve plotted this region of JMA validity as a dashed vertical box,
as has been done elsewhere.** As the heating rate is reduced, a,*
approaches the region of JMA validity. This can be seen more
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clearly in Figure 9, where a,* and a.*, the maxima of the
respective functions, have been plotted explicitly for the various
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Figure 9. Maxima of the kinetic model functions y(a) (@) and z(a)
(M) as a function of heating rate.

heating rates used. We note that both functions exhibit a
dependence upon the heating rate, particularly between 100 °C
s™' and 10 °C s7', although for slower rates <10 °C s~', the
dependence is weak. This validates the typical assumption that
the rate of conversion is separable into a temperature dependent
function and a model function that depends only on the extent of
conversion @ and not the heating rate # (eq 5).

da
T k(T)f () (s)

In Figure 10, a time—temperature-transformation diagram
corresponding to the surfaces of constant conversion at 5% 25%,
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Figure 10. Time—temperature-transformation diagram corresponding
to surfaces of constant conversion 5% (@), 25% (M), 50% (A), 75%
(V) and 95% ().

50%, 75%, and 95% crystallinity is shown. Each plot represents
an isocrystalline surface, where the data points correspond to the
time and temperature required to reach a given value of the
extent of conversion (Figure S). This plot defines the heating
conditions needed to obtain a given percent crystallinity.
There are some immediate implications of this data. First,
precursors having endset decomposition temperatures that are
lower than the crystallization temperatures shown on the TTT
diagram can be used to convert into the oxide while preventing
crystallite growth. Thus, we expect that zinc oxide films
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synthesized from solutions below 150 °C to be effectively
amorphous, consisting of very small nuclei. This is consistent
with reports elsewhere.
It is interesting to compare these results to that of Rupp and
co-workers, which, although chemically different, is expected to
exhibit similar crystallization kinetics. The shape of the TTT
diagram we obtain is similar to that obtained by Rupp and co-
workers for CeO,, except that here the time scales are much
shorter and the temperatures much lower. However, we note
that the CeO, and gadolinium alloyed Ce;3Gd;,0, 4., films
obtained by Rupp and co-workers had crystallites with sizes of 7
and 8 nm respectively as deposited at 400 °C. Thus, the growth
of these crystallites likely occurs at faster rates and at lower
temperatures, perhaps due to a reduced activation energy. Thus,
the strength of using flash DSC is that the crystallization process
and its rate dependence can be viewed in its entirety.
Practically, the information contained in the TTT diagram is
suitable for rapid-thermal-annealing systems that are commer-
cially available. However, since decomposition occurs at higher
temperatures, it is necessary to combine with a rapid quenching
process, which may not be feasible to the scale desired in a large-
area process. On the basis of this data, at least two methods can
be used to obtain amorphous metal-oxides from sol—gel
precursors. First, precursors having endset decomposition
temperatures that are lower than the onset temperatures of
growth can be used to convert into the oxide while preventing
crystallization. Second, the use of light to assist precursor
decomposition (e.g., flash sintering) can be combined with mild
heating (for mass diffusion) where the maximum temperature is
restricted to be below that of the onset of growth as a means to
produce amorphous oxide films for large-area electronics,
optoelectronics, and thermoelectronics applications.

38

B CONCLUSIONS

We have demonstrated a novel method to probe the kinetics of
crystallite growth in sol—gel derived metal-oxide films in situ,
using fast scanning nanocalorimetry. The success of this
technique as a kinetic separations technique was demonstrated
using zinc oxide derived from zinc acetate, a common sol—gel
precursor used in the solution processing of zinc oxide films.
Rapid heating and quenching enabled the controlled thermal
decomposition of zinc acetate and nucleation of zinc oxide,
leading to the observation of new and distinct exothermic peaks,
associated with the growth of zinc oxide crystallites. These peaks
were evaluated as the raw input to a kinetic model analysis used
to quantify the growth kinetics including activation energy of
crystallization and time—temperature-transformation diagram.
This work is significant for several reasons. First, separating
crystallization from decomposition in metal-oxide precursors is
difficult due to large heats of formation, small activation energy
of crystallization and high decomposition temperatures of sol—
gel precursors. Second, the obtained TTT diagrams define the
heating conditions needed to obtain a precise crystallinity and
can therefore be used in defining processing protocols for sol—
gel derived metal-oxide films. Third, the methods used are
general and can be used to explore the growth kinetics in a wide
variety of sol—gel derived metal-oxides based on other
precursors (e.g,, metal-halides, metal-nitrates). We note that,
although this approach provides clear insight into the growth
kinetics of the oxide phase originating within a precursor matrix,
in actual sol—gel synthesis the growth kinetics is also influenced
by additional interactions with solvents and additives/stabilizers
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present in solution. Such effects may be investigated in future
works.
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