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Time–Temperature–Transformation (TTT) Diagrams for 
Crystallization of Metal Oxide Thin Films
ER
By Jennifer L. M. Rupp,* Barbara Scherrer, Nina Schäuble, and Ludwig J. Gauckler
 Time–temperature–transformation (TTT) diagrams are proposed for the 
crystallization of amorphous metal oxide thin fi lms and their specifi c char-
acteristics are discussed in comparison to glass-based materials, such as 
glass-ceramics and metallic glasses. The fi lms crystallize from amorphous to 
full crystallinity in the solid state. As an example the crystallization kinetics 
for a single-phase metal oxide, ceria, and its gadolinia solid solutions are 
reported made by the precipitation thin-fi lm method spray pyrolysis. The 
crystallization of an amorphous metal oxide thin fi lm generally follows the 
Lijschitz–Sletow–Wagner (LSW) Ostwald ripening theory: Below the percola-
tion threshold of 20 vol% single grains crystallize in the amorphous phase 
and low crystallization rates are measured. In this state no impact of solute 
on crystallization is measurable. Once the grains form primary clusters above 
the threshold the solute slows down crystallization (and grain growth) thus 
shifting the TTT curves of the doped ceria fi lms to longer times and higher 
temperatures in comparison to undoped ceria. Current views on crystalliza-
tion of metal oxide thin fi lms, the impact of solute dragging, and primary TTT 
diagrams are discussed. Finally, examples on how to use these TTT diagrams 
for better thermokinetic engineering of metal oxide thin fi lms for MEMS are 
given, for example, for micro-Solid Oxide Fuel Cells and resistive sensors. In 
these examples the electrical properties depend on the degree of crystallinity 
and, thereby, on the TTT conditions. 
  1. Introduction 

 In materials science, time–temperature–transformation (TTT) 
diagrams express the conversion rates of equal phase transfor-
mations during cooling. [  1  ]  The most prominent materials for 
which TTT diagrams are used are steels, alloys, [  2  ]  metallic-
glasses, [  3  ,  4  ]  glasses, and glass-ceramics. [  5–9  ]  They all have in 
common that their history of phase formation is dependent on 
their cooling rate. A primary TTT diagram was produced for 
steel to predict the formation and existence of martensite and 
bainite during melt cooling depending on the cooling rate. [  10  ]  
The processing of glass-based materials depends specifi cally 
on TTT diagrams to predict characteristics such as vitrifi cation, 
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nucleation states, and the conversion to 
distinctive degrees of crystallinity with 
respect to the undercooling history of the 
glass melt. In general, the curves in TTT 
diagrams exhibit a “C-type” form with 
respect to the temperature-time ordinates, 
as shown schematically in  Figure    1   for 
metal- and glass-based systems. Thereby, 
the nose of the TTT-curve points towards 
the ordinates. This “C-type” curve shape 
is given by the increase in driving force 
for crystallization with decreasing tem-
perature of the melt and the concurrent 
decrease in atomic mobility of the mate-
rial. [  3  ,  7  ]  Thus, the nose defi nes through its 
temperature  T  n  the minimum cooling rate 
for which phase transformation occurs. [  1  ,  7  ]  
Uhlmann correlated the melting tempera-
ture  T  m  to the nose temperature  T  n , which 
is also indirectly correlated to the viscosity 
of the material through the Vogel-Fulcher 
relation. [  11  ,  12  ]  For alloys and solid-solution 
strengthened glasses the nose of the TTT 
curve is shifted to the right, thus providing 
more time to undergo phase transition. This 
TTT kinetic approach allows the minimal 
cooling rate and the general temperature-
time dependence for the phase transfor-

from the amorphous (or glassy) state to the 
mation, in general 
crystalline state, to be estimated.  

 Recently, amorphous metal oxide thin fi lms have been 
reported to exhibit similar crystallization kinetic rules and char-
acteristics as glass-based systems, [  13  ]  for instance, Kissinger 
crystallization activation energies between 1–3 eV, [  14  ]  Johnson-
Mehl-Avrami characteristics, [  15  ,  16  ]  and crystallization enthalpies 
around 90–100 J g −1 . [  13  ]  Both amorphous metal oxide thin fi lms 
and glassy materials show crystallization behavior that is purely 
driven by the reduction of the volume free energy in the trans-
formation of amorphous to crystalline. [  13  ]  A metal oxide thin 
fi lm crystallizes directly within the solid structure when heated 
above its fi lm deposition temperature similar to a glass thin 
fi lm. These metal oxide thin fi lms exhibit dense and amorphous 
microstructures directly after fi lm deposition whereby they 
remain in a solid state for the full transition from the amorphous 
to the fully crystalline state. Consequently, heating rates greatly 
affect the degree of crystallinity of metal oxide thin fi lms and 
predictions of microstructure evolution through temperature-
time annealing are of major importance for their integration 
and operation as functional layers in microelectromechanical 
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      Figure  1 .     Classical TTT diagram for steel, alloys, or glass-based systems, 
such as metallic glasses or glass-ceramics. The TTT curve indicates in 
general phase transformations with respect to the cooling rate (d T /d   t ) 
of the material from the melt state, indicated by its melting temperature 
 T  m . The minimal cooling rate for equal phase formation with respect to 
time–temperature is given by the nose temperature  T  n . The latter variable 
is directly related to the melting temperature and, in accordance to Vogel-
Fulcher, to the viscosity of the glass-based system.  
systems (MEMS) devices, such as, inorganic sensors, [  17  ,  18  ]  micro-
Solid Oxide Fuel Cells (micro-SOFCs), [  19–25  ]  and oxygen pumps. 
For the latter applications, ceria-based fi lms are currently being 
introduced as resistive sensing layers and ion-conducting low-
temperature electrolyte materials. [  18  ,  24–26  ]  Therefore, TTT dia-
grams may be seen as a suitable approach for a better thermal 
engineering of metal oxide thin fi lms in MEMS fabrication or 
during operation at elevated temperatures. 

 It has been shown that a large variety of processing pos-
sibilities exist to deposit solid, amorphous, metal oxide thin 
fi lms such as precipitation-based fi lm processing, [  27–29  ]  for 
example, spray pyrolysis, sol-gel, or fl ame-spray processing, and 
vacuum-based techniques, [  27  ,  30  ]  for instance, pulsed laser depo-
sition (PLD) or physical vapor deposition (PVD). All processing 
methods have in common that the amorphous thin fi lms crys-
tallize upon annealing at temperatures above the deposition 
temperature. Therefore, these fi lms substantially differ from 
conventional powder processed-ceramics where crystallization 
is accomplished prior to densifi cation during sintering of the 
material. 

 Crystallization kinetics of thin fi lms are strongly dependent 
on the processing parameters and the chemistry of the mate-
rials. Two main classes of metal oxide fi lm preparation tech-
nologies can be identifi ed, namely, precipitation-based versus 
vacuum-processed thin fi lms. Precipitation-based technologies 
rely on a wet-chemistry technique incorporating some of the 
solvent in the amorphous material, whereas vacuum-processed 
metal oxide thin fi lms do not contain solvents but instead 
they retain oxygen vacancies after deposition. It has recently 
been reported that organic residuals affect the disorder state 
of amorphous precipitation-based fi lms acting as space fi ller 
in the metal oxide network and affecting the crystallization 
history. [  31  ]  In contrast to precipitation-based fi lm techniques, 
vacuum processing always involves a slight reduction and non-
stoichiometric change of the metal oxide thin fi lm. The initial 
defect states (vacancy concentration and microstrain) within 
an amorphous metal oxide thin fi lm can vary dramatically 
depending on the fi lm processing technology and thus affect 
the crystallization kinetics. Moreover, the crystallization tem-
perature range is related to the deposition temperature of the 
thin fi lms. 
© 2010 WILEY-VCH Verlag G
 In this paper, we focus on metal oxide thin fi lms of the ceria 
system processed via a precipitation-based method of spray 
pyrolysis. Ceria-based ceramics exhibit a single cubic phase of 
the CaF 2  structure [  32  ]  and no symmetry changes of the crystal-
line phase occur during crystallization. It is known that doping 
of the ceria lattice with trivalent cations results in solute drag 
impeding the grain growth. Doped ceria materials exhibit lower 
grain growth kinetics compared to pure ceria. [  14–16  ,  33–36  ]  How-
ever, the role of solute doping on the crystallization kinetics 
of simple metal oxide thin fi lms, such as the ceria system, is 
still unclear. It is known for glass-ceramics, as well as metallic 
glasses, that doping can dramatically affect the ambient melt 
and glass-transition temperature and, consequently, the crystal-
lization. Thus, it is reasonable to assume that the crystalliza-
tion kinetics of a metal oxide such as ceria could be affected by 
doping as well. 

 Recently, primary crystallization kinetics of pure ceria thin 
fi lms deposited in the amorphous state by spray pyrolysis has 
been reported. [  31  ]  The Kissinger activation energy varied up to 
10% between 90–100 J g –1  (for 3  ° C min −1 ) and the effective crys-
tallization activation energy ranged from 2.2–2.6 eV for undoped 
ceria depending on the initially used glycol in the fi lm prepara-
tion. [  31  ,  37–39  ]  Fu and co-workers studied crystallization kinetics 
of pure and doped ceria gels and reported the impact of lantha-
noid group elements Gd, [  40  ]  La, [  41  ]  and Y [  42  ]  as dopants on the 
crystallization of 20 mol%-doped ceria powders during calcina-
tion. They found crystallization activation energies of 0.9 eV, [  40  ]  
1.8 eV, [  41  ]  and 2 eV, [  42  ]  respectively. Summarizing these activation 
energies for ceria powders and its solutes one may conclude 
that the activation energy of these powders for crystallization 
is the lowest for gadolinia-doped materials. This represents the 
solute with the smallest lattice mismatch towards the ceria lat-
tice and, thus, the best solubility in this lattice. These gels and 
calcined powders are indeed closest to the class of precipitation-
based ceramic thin fi lms, namely, to reported spray pyrolysis 
thin fi lms [  31  ,  43  ]  fabricated by wet-chemistry processing at low 
temperatures over an alcothermal, hydrothermal, or pyrolysis 
reaction. [  44–46  ]  

 This paper proposes primary TTT diagrams for the crystalli-
zation of metal oxide thin fi lms using the example of ceria and 
its gadolinia solutes. The similarities and differences of these 
TTT diagrams with those for glass-based systems are discussed. 
For this, differential scanning calorimetry (DSC) experiments 
were performed on precipitation-based spray pyrolysis thin 
fi lms of pure ceria and 20 mol% gadolinia doping to evaluate 
the impact of a strong solute doping on the crystallization of 
an originally amorphous metal oxide thin fi lm. Finally, a sche-
matic TTT diagram and model of the crystallization for metal 
oxide thin fi lms with and without solutes are discussed.   

 2. Results and Discussion  

 2.1. Thin Film Microstructures, Crystallization, and Grain Growth 

 Scanning electron microscopy (SEM) images of the micro-
structure of the undoped and 20 mol% gadolinia-doped ceria 
spray pyrolysis thin fi lms are shown in  Figure    2  . The thin 
fi lms are shown after annealing at 1000  ° C (ramping up to this 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 2807–2814
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      Figure  2 .     SEM cross sections and top-view images of spray-pyrolysis CeO 2  
and Ce 0.8 Gd 0.2 O 1.9 −  x   thin fi lms on sapphire substrates: a) CeO 2 −  x   and b) 
Ce 0.8 Gd 0.2 O 1.9 −  x  . The thin fi lms are shown after annealing at 1000  ° C 
for 0 h with  ±  3  ° C min −1  heating and cooling rate.  
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      Figure  4 .     Crystallization enthalpy  Δ  H  cryst  for CeO 2  and Ce 0.8 Gd 0.2 O 1.9 −  x   
thin fi lms produced by spray pyrolysis.  
temperature and immediately cooling down without holding at 
this temperature, 3  ° C min −1  heating and cooling rate). The thin 
fi lms are crack-free, and dense and are roughly 200–300 nm 
in fi lm thickness. The undoped ceria thin fi lms reveal larger 
average grain sizes around 140 nm, whereas a roughly 80 nm 
average grain size is seen for the doped thin fi lms. Similar 
microstructures have been obtained before for ceria spray-
pyrolysis thin fi lms. [  35,36  ,  47  ]   

 The crystallization kinetics of the originally amorphous 
as-deposited CeO 2 −  x   and Ce 0.8 Gd 0.2 O 1.9 −  x   thin fi lms were meas-
ured via DSC analysis and are displayed in  Figure    3  . This exo-
thermic DSC heat release refl ects the full transformation from 
amorphous to crystalline and is proportional to the crystalliza-
tion enthalpy of the material. [  48  ]  A single broad crystallization 
DSC peak starting at 400  ° C was measured for ceria-based 
spray pyrolysis thin fi lms independent of the gadolinia doping. 
The crystallization end temperature of the DSC exotherms 
was different for the undoped and gadolinia-doped thin fi lms, 
namely, 950 and 1100  ° C, respectively. Doping the thin fi lm 
with 20 mol% gadolinia retards the overall crystallization and 
© 2010 WILEY-VCH Verlag GmAdv. Funct. Mater. 2010, 20, 2807–2814

      Figure  3 .     Non-isothermal crystallization monitored by the exothermic he
experiments of CeO 2  and Ce 0.8 Gd 0.2 O 1.9 −  x   thin fi lms produced by spray pyro
shifts the crystallization end temperature at which full crystal-
linity is reached. The original amorphous state of the thin fi lms 
directly after fi lm deposition has been characterized before by 
Raman spectroscopy, [  31  ]  X-ray diffraction (XRD), [  13  ,  35  ]  and trans-
mission electron microscopy (TEM) [  13  ,  49  ]  analysis.  

 The crystallization enthalpy,  Δ  H  cryst , and crystallization peak 
temperature,  T  p , of both thin fi lm materials for different heating 
rates are displayed in  Figure    4   and   5  , respectively. The crystalli-
zation enthalpies for the CeO 2 −  x   and Ce 0.8 Gd 0.2 O 1.9 −  x   thin fi lms 
are almost equal at 96 and 111 J g −1  for all different heating 
rates of 3 to 20  ° C min −1 , as shown in Figure  4 . The crystal-
lization peak temperature increases from around 542 to 590  ° C 
at equal heating rates, as shown in Figure  5 . It is interesting 
to see that the crystallization enthalpy and peak temperature 
are almost equal for CeO 2 −  x   and Ce 0.8 Gd 0.2 O 1.9 −  x   thin fi lms for 
similar heating rates, even though a largely increased crystal-
lization temperature regime ( + 150  ° C) is found for the doped 
thin fi lms.   

 Effective activation energies of crystallization were evaluated 
using the Kissinger equation [  50  ]  and the results are presented in 
bH & Co. KGaA, Wein

at release in DSC 
lysis.  
 Figure    6   for CeO 2 −  x   and Ce 0.8 Gd 0.2 O 1.9 −  x  . The 
activation energies of crystallization of CeO 2 −  x   
and Ce 0.8 Gd 0.2 O 1.9 −  x   were 2.2 and 1.6 eV, respec-
tively. The crystallization activation energy of 
the undoped ceria thin fi lm agrees with fi nd-
ings on previously studied ceria spray-pyrolysis 
thin fi lms that reported 2.2 and 2.6 eV values 
depending on the organic compound used in the 
fi lm preparation. [  31  ]  Fu and co-workers reported 
an activation energy of 0.9 eV for calcined 
Ce 0.8 Gd 0.2 O 1.9 −  x   powders. [  40  ]  Comparing their 
fi ndings with crystallization activation ener-
gies determined via the Kissinger equation on 
yttria-stabilized zirconia powders of 0.6–1.3 eV 
and 2.4–3.5 eV for 3 and 8 mol% doping, 
respectively, shows that their reported activa-
tion energies are in a comparable range.  
heim 2809
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      Figure  5 .     Crystallization peak temperature  T  p  for CeO 2  and Ce 0.8 Gd 0.2 O 1.9 −  x   
thin fi lms produced by spray pyrolysis.  

      Figure  6 .     Kissinger plot of CeO 2  and Ce 0.8 Gd 0.2 O 1.9 −  x   thin fi lms produced 
by spray pyrolysis. The crystallization peak temperature is denoted as  T  p  
and the heating rate as   α  .  

      Figure  7 .     Non-isothermal crystallized fraction of CeO 2  and Ce 0.8 Gd 0.2 O 1.9 −  x   th
by spray pyrolysis.  
 In  Figure    7   the crystallized fractions of material, evaluated 
from the integral fractions of the exothermic signals of the DSC 
experiments from Figure  3 , are plotted against the annealing 
temperature. The sigmoidal shaped curves in Figure  7 a & b cor-
respond to those obtained for classical glass-ceramic transitions 
that are normally evaluated using the Johnson-Mehl-Avrami 
model. [  51  ,  52  ]  An almost linear correlation between the volume 
fraction that is crystallized and the annealing temperature is 
valid for the main part of the crystallization process. The two 
nonlinear parts refl ect the nucleation process at low tempera-
tures and the end of the crystallization process. [  53  ]  The nuclea-
tion process occurs within a very short temperature interval 
between 400 to 530  ° C, independent of doping.  

 It is found that the impact of the solute on the crystalliza-
tion depends strongly on the temperature range with respect 
to the crystallization peak temperature  T  p  (Figure  5 ), namely: 
i) for  T   <   T  p , Ce 0.8 Gd 0.2 O 1.9 −  x   and the undoped fi lms show 
almost identical crystallization rates of 0.049 and 0.050 crys-
tallized fraction per hour, as shown in Figure  7 . In this ini-
tial stage the fi rst crystals grow within the amorphous fi lm 
and no impact of the solute is measured. ii) At temperatures 
around the crystallization peak temperature  T   =   T  p  both 
thin fi lms show a similar volume fraction of around 20% 
that is crystallized at  T  p   =  540–590  ° C, for heating rates of 
3–20  ° C min −1 . iii) At temperatures higher than the peak 
temperatures of crystallization,  T   >   T  p , the pure CeO 2 −  x   shows 
a 0.42 crystallized fraction per hour, which is a much higher 
crystallization rate than that of Ce 0.8 Gd 0.2 O 1.9 −  x  , with a rate of 
0.27 crystallized fraction per hour. The 36% reduced crystal-
lization rate of the doped fi lm reveals the infl uence of solute 
drag on crystallization of the dopant gadolinium. A closer 
comparison of the two materials at 700  ° C, the data in Figure 
 7 , shows exemplary that 83% and 55% crystallized volume 
fractions were measured for the CeO 2 −  x   and Ce 0.8 Gd 0.2 O 1.9 −  x   
thin fi lms, respectively. 

 In  Table    1  , the crystallization peak temperature, the crys-
tallized volume fractions, and the average grain sizes are 
presented for CeO 2 −  x   and Ce 0.8 Gd 0.2 O 1.9 −  x   thin fi lms for non-
isothermal crystallization at a heating rate of 6  ° C min −1 . The 
table reveals for  T  <  T  p  that the crystallized volume fraction 
and the actual average grain size of the thin fi lms are almost 
equal for both materials. However, for  T  >  T  p  ,  the crystallized 
volume fraction and the actual grain size are both strongly 
mbH & Co. KGaA, Wein

in fi lms produced 
reduced by the solute. The undoped ceria 
reveals larger grain sizes and especially 
increased volume fractions that are crystal-
lized at the same temperature as compared 
to the 20 mol% doped fi lms.  

 The LSW theory [  54  ,  55  ]  on Ostwald ripening 
describes the growth of particles in a dilute 
dispersion as a two-step crystallization and 
growth process. [  56  ]  In a fi rst step, a crys-
tallization stage, particle growth proceeds 
through Ostwald ripening controlled by the 
interface reactions between a single particle 
and the surrounding media. At this stage 
the growth is driven by the average concen-
tration of the solute in the surrounding area 
of the particle. In a second step, a growth 
heim Adv. Funct. Mater. 2010, 20, 2807–2814
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   Table  1.     Non-isothermal grain growth and crystallization of CeO 2  and 
Ce 0.8 Gd 0.2 O 1.9 −  x   thin fi lms produced by spray pyrolysis with respect to 
temperature for 6  ° C min  − 1  heating. The crystallization peak tempera-
ture,  T  p  is also included. 

Temperature [ ° C]

CeO 2 Ce 0.8 Gd 0.2 O 1.9 −  x  

Crystallinity 
[%]

Average grain 
size [nm] 

Crystallinity [%] Average grain 
size [nm]

20 8 7 4 8

400 9 7 4 8

500 12 16

600 22 45 10 39

700 65 88 13 55

Crystallization peak 

temperature, T  p  

569 550

      Figure  8 .     TTT diagrams for the originally amorphous, undoped ceria 
metal oxide thin fi lms and the 20 mol% gadolinia doped-solute solution. 
The plots display the thermokinetics of crystallization of the original amor-
phous thin fi lms indicated by the degree of crystallinity in percentage. The 
important key temperatures for their crystallization are the deposition 
temperature ( T  d ), crystallization peak temperature ( T  p ) (determined by 
DSC from the exothermic heat loss [  13  ] ) and the crystallization end temper-
ature ( T  e ). For  T   <   T  p  mostly nucleation is ongoing and the crystallization 
rates are similar for both the undoped and doped thin fi lms. However, 
for  T   >   T  p  the crystallization rate of the doped thin fi lm is strongly sup-
pressed and  T  e  is shifted to higher temperatures (by roughly 200  ° C). 
These TTT diagrams can now be used to predict the crystallization degree 
of a thin fi lm for pure isothermal or non-isothermal annealing, as well as 
their combination, and may give suitable guidance for the introduction 
of these thin fi lms in MEMS, where isothermal heating steps are needed 
to restrict the overall process temperature below that where substrate 
damage occurs (e.g., oxidation of silicon around 800  ° C). Original data 
points are listed in Table  1 .  
stage, neighboring particles touch each other and start to form 
grain boundaries. Grain growth in this stage is purely grain-
curvature dominated and is no longer controlled by mass 
transport from the surrounding matrix. A similar model can 
be applied to the crystallization and growth of grains in the 
present metal oxide thin fi lms: in the fi rst crystallization stage 
the grains are dispersed and isolated in the amorphous matrix 
and the crystallization and grain growth is purely driven by the 
balance between the volume free energy because of crystalliza-
tion and the increase in interfacial energy at the crystalline/
amorphous phase boundary. In this early stage the crystalliza-
tion rate is low and the cerium as well as gadolinium dopant 
atoms are consumed from the amorphous phase for crystal 
formation. The crystallization rate is purely determined by the 
interfacial reaction rate of the atoms in the amorphous matrix 
and the crystallites’ surfaces. Once the crystallization peak tem-
perature is reached at  T  p  a volume fraction of about 0.2 is crys-
tallized and the grains start to percolate and cluster. Then, grain 
coarsening occurs by consuming amorphous matrix atoms, 
which is accompanied by moving grain boundaries among 
the grains. In this stage grain growth occurs at the expense of 
the accruement of other grains and the grain growth kinetics 
becomes dependent on solute drag. This is also refl ected in the 
reduced crystallization rate.   

 2.2. TTT-Diagrams 

 TTT-diagrams are presented for amorphous thin fi lms in 
 Figure    8  . Indicated in the plot are the amorphous range and the 
iso-crystalline lines representing equal degrees of fractions of 
crystallized material for constant conversion rates.  

 The specifi c characteristic temperatures are those of the thin-
fi lm deposition temperature ( T  d ) and the crystallization peak 
temperature ( T  p ). The original single data points were taken 
from both previous reports and our own study using non-
isothermal and isothermal DSC crystallization experiments, 
XRD data, and TEM analysis of CeO 2 −  x   [  13  ,  31  ,  36  ]  and 20 mol% 
gadolinia-doped ceria thin fi lms [  35  ,  49  ]  and the data and their 
origin are summarized in  Table    2  .  
© 2010 WILEY-VCH Verlag GmAdv. Funct. Mater. 2010, 20, 2807–2814
 The thin fi lms nucleate readily at 410  ° C, which is slightly 
above the thin-fi lm deposition temperature  T  d   =  390  ° C, 
Figure  8 . In contrast to classical glass-ceramic or metallic-
glass TTT diagrams, where the cooling curves are regis-
tered for transformation from the undercooled liquid to 
the crystalline state, the thin fi lms crystallize upon heating 
to temperatures higher than their thin-fi lm deposition 
bH & Co. KGaA, Weinheim 2811
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   Table  2.     Data origin for determining the degree of crystallinity for the TTT diagrams of CeO 2 −  x   and Ce 0.8 Gd 0.2 O 1.9  −   x   thin fi lms made by the precipita-
tion-based method of spray pyrolysis (Figure  8 ). 

CeO 2 −  x  Ce 0.8 Gd 0.2 O 1.9  −   x  

Crystallization experiment

Ref.

Crystallization experiment

Ref.non-isothermal isothermal non-isothermal isothermal

3–20  ° C/min, DSC study – this study 3–20  ° C/min, DSC and TEM 

study  

– this study, [50]

– 500–900  ° C DSC, Raman, 

XRD and TEM studies

[13, 29] – 500–1100  ° C DSC, XRD and 

TEM studies

this study, [36]
temperature ( T  >  T  d ). In the present TTT diagrams the impact 
of the solute is clearly visible for temperatures higher than 
the crystallization peak temperature,  T  >  T  p . Below  T  p  crys-
tallization proceeds mostly at a similar rate for both thin 
fi lms with respect to non-isothermal, as well as isothermal 
annealing. However, the choice of heating rate for  T  >  T  p  
greatly affects the degree of crystallinity for the doped mate-
rial. The Ce 0.8 Gd 0.2 O 1.9 −  x   thin fi lms need a much longer time 
under isothermal heating to reach the same fraction of crystal-
lization as compared to pure CeO 2 −  x ,  or higher temperatures 
for non-isothermal heating. This is similar to a glass-based 
system, where the introduction of solutes shifts the nose of 
the “C-type” TTT curve to higher temperatures, thus providing 
more time to undergo phase transition. This reveals that 
much lower heating rates are required to crystallize the pure 
ceria compared to the Gd-containing CeO 2  solid solution. TTT 
© 2010 WILEY-VCH Verlag G
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      Figure  9 .     TTT diagram for metal oxide thin fi lm. The TTT curves indicate ph
minimal heating rate for equal phase formation with respect to time–temper
curve. The thin-fi lm deposition temperature,  T  d , and the DSC crystallization 
diagrams clearly reveal the temperature-time regions in which 
the solute infl uences the crystallization rate. Therefore, these 
TTT diagrams are a useful guide for the evaluation of solute-
drag effects on the grain-growth kinetics of thin fi lms, similar 
to the standard TTT diagrams already existing for glass-based 
systems. 

 On the basis of the current TTT diagrams for ceria-based 
thin fi lms one can, for example, determine that a low heating 
rate (e.g.,  < 1  ° C min −1 ) or an isothermal dwell procedure 
(e.g., isothermal hold for 15 h at 700  ° C) is required to obtain 
fully crystalline Ce 0.8 Gd 0.2 O 1.9 −  x   thin fi lms. In the present 
example conventional heating rates  > 6  ° C min −1  only produce 
fully crystalline fi lms at temperatures of 1000  ° C or above. A 
schematic concept of the present results from the TTT dia-
grams for crystallization of metal oxide thin fi lms is shown 
in  Figure    9  .     
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2010, 20, 2807–2814
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 3. Conclusions 

 The importance of primary TTT diagrams for the crystallization 
of amorphous metal oxide thin fi lms, for CeO2 − x   and its gadolinia 
solute solutions is proven to give suitable thermokinetic guidance 
for usage of functional thin fi lms in microelectromechanical 
systems (MEMS). These metal oxide thin fi lms deposited by spray 
pyrolysis exhibit dense and amorphous microstructures directly 
above the fi lm deposition and they remain in the solid state for 
the full transition from amorphous to fully crystalline. In the fi rst 
crystallization stage single crystals form in the amorphous thin-
fi lm matrix, and crystallization, as well as grain growth proceed 
in a solute-independent way. Once the crystallization peak tem-
perature,  T  p , is reached the solute slows down the grain growth, 
as well as the crystallization of the thin fi lm. For  T  >  T  p , dopant-
dependent crystallization rates of 0.42 and 0.27 crystallized frac-
tion per hour were determined for CeO 2 −  x   and Ce 0.8 Gd 0.2 O 1.9  −   x   
thin fi lms under non-isothermal heating at 6  ° C min −1 . The 
exemplary TTT diagrams of the two thin fi lms materials show 
isocrystalline lines (a constant degree of crystallinity with respect 
to heating), as well as the important thin-fi lm characteristics, 
such as the crystallization peak temperature,  T  p , thin-fi lm deposi-
tion temperature,  T  d , and the presence of the fully amorphous 
and crystalline phases. Comparison of the TTT diagrams for the 
undoped and doped thin fi lms reveals that only for  T  >  T  p  the 
TTT curves of the doped fi lm shift to longer times and higher 
temperatures once crystallizing grains start to cluster. 

 The TTT diagrams for these metal oxide thin fi lms differ from 
those of metals or glass-based systems as the crystallization his-
tory is heating (and not cooling)-rate dependent. This difference 
can be attributed to the fi lm characteristics, such as the initial 
deposition temperature and the crystallization peak temperature, 
which are given by the choice of fi lm processing, and the fact 
that the whole crystallization process occurs in the solid state. 

 For the fi eld of MEMS engineering TTT diagrams of metal 
oxide thin fi lms are of high relevance for thermal processing 
of the devices. We have successfully demonstrated the usage 
and importance of TTT diagrams such as the one for the 
Ce 0.8 Gd 0.2 O 1.9  −   x   spray-pyrolysis thin fi lms for thermal engi-
neering of these thin fi lms in micro-SOFCs. The TTT diagrams 
illustrate that extremely low heating rates, for instance, 1  ° C min −1  
or lower, or multi-step annealing with isothermal holds at tem-
peratures below 800  ° C are required for the realization of purely 
crystalline Ce 0.8 Gd 0.2 O 1.9  −   x   electrolyte thin fi lms in order to avoid 
damaging of the wafer substrate of the fuel cell. Conventional 
heating at higher heating rates, for example at 3–6  ° C min −1 , 
usually used in the fabrication of micro-SOFCs, would have to 
be carried out at 1100  ° C to assure the full crystallinity of the 
electrolyte fi lm. It is clear that such high temperatures would 
severely damage the wafer substrate and, therefore, better 
thermal engineering on the basis of these TTT diagrams should 
be carried out. It is therefore recommended to encourage the 
establishment and use of TTT diagrams for metal oxide thin 
fi lms to allow for better MEMS engineering in the future.   

 4. Experimental Section 
  Thin Film Preparation : Ceria spray-pyrolysis precursor solutions 

were made of 0.1  M  cerium nitrate (Alfa Aesar, 99% purity) dissolved in 
© 2010 WILEY-VCH Verlag GmAdv. Funct. Mater. 2010, 20, 2807–2814
10:90 (v/v) water/tetraethylene glycol (Aldrich,  >  99% purity). For the 
gadolinia-doped thin fi lms the same solvents were used and 0.02  M  
gadolinium chloride (Alfa Aesar, 99% purity) was dissolved with 0.08  M  
of the cerium nitrate salt. These precursor solutions were fed to a spray 
gun (Compact 2000 KM, Bölhoff Verfahrenstechnik, Germany) with a 
liquid fl ow rate of 5 mL h −1  and atomized at 1 bar standard atmospheric 
pressure. The droplets produced in this manner were sprayed on a heated 
sapphire single-crystal substrate (Stettler, Switzerland) at 390  ±  5  ° C 
for 1.45 h. The working distance between the spray nozzle and the hot 
plate was kept at 39 cm during the whole experiment. The spray-pyrolysis 
process is described in further detail elsewhere. [  7–9  ]  After spray pyrolysis 
the thin fi lms were amorphous and could be converted to biphasic 
amorphous-nanocrystalline or totally nanocrystalline fi lms by annealing 
at temperatures higher than the deposition temperature. [  10  ,  11  ]  

  Crystallization : Crystallization of the amorphous thin fi lms during 
annealing was measured using calibrated differential scanning calorimetry 
(DSC/TG, Netzsch STA 449C) experiments. In these measurements 
the degree of crystallinity was determined from the exothermic heat 
loss results. [  57  ]  In order to quantify the DSC results, the instrument 
was calibrated with calibration standards (Netzsch 6.223.5–91.2) 
of known heat absorption for melting points or phase changes. The 
as-deposited amorphous CeO 2  thin fi lms were scratched off from 
the sapphire substrate and the obtained powder was analyzed by DSC. 
The powder was always enclosed in a Pt pan with a lid and measured 
against an empty Pt pan with a lid as a reference under static air 
atmosphere. 

 In the case of continuous heating, 50  ±  1 mg of amorphous CeO 2  powder 
was measured at different heating rates ranging from 3–20  ° C min −1 . 
A subsequent correction measurement for quantitative DSC analysis 
using a totally crystallized, spray-pyrolysis CeO 2 −  x   powder of the same 
mass under equivalent experimental conditions was performed. 
The result of this experiment was recorded and subtracted from the 
measurement of the originally amorphous powder. 

  Grain Growth : The average grain size was determined by X-ray 
diffraction (XRD, Bruker AXS D8 Advance). The development of 
line widths of the Bragg peaks during in-situ annealing in a furnace 
(Anton Paar HTK 1200) provided information on the average grain 
size development. Diffracted X-rays from the sample were detected by 
a position-sensitive detector (Braun PSD ASA-S). The XRD setup was 
equipped with a Cu radiation source (  λ    =  0.15404 nm) operated at 40 kV 
and 40 mA followed by a K  α   1 -Ge monochromator (Bruker AXS). The 
average grain size was determined from the full width at half maximum 
(FWHM), by using Fourier analysis of the XRD peaks, refi ned by a 
split Pearson 7 function (Software EVA 6.0). The FWHM resulted from 
instrumental broadening and from the microstructure of the fi lm. The 
instrumental peak broadening of the diffractometer was determined by 
measuring a commercially available microcrystalline and stress-free CeO 2  
powder of large particles (Alfa Aesar, purity 99.99%). The instrumental 
broadening could then be eliminated from the FWHM using the Warren 
and Biscoe equation. [  58  ]  The average grain size was then calculated 
according to the Scherrer equation. [  59  ,  60  ]   
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