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A multi-element perovskite nanoscale film composed of Li* cation incorporated into Ca%*-doped PbTiO3
(LCPT) was derived via colloidal chemistry, sol-gel (SG) method followed by heat-treatment. The mor-
phology, chemical composition and structure of the LCPT nanofilms were investigated by advanced
instrumentation (microscopy and spectroscopy) techniques. The characterization indicates formation

of a tetragonal crystalline ceramic after sintering. The humidity sensing performances of LCPT nanofilms
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with various formulations were evaluated as a function of lattice distortion. The LCPT sensor doped with
Li (0.5-0.1 mol%) possessed the distortion of 1.041-1.046 and displayed rapid sensitivity (current changes
from 1.5 x 10~3 to 5.2 A), high linearity (R? =0.997) in the whole relative humidity range (¢: 8-93% RH)
under low frequency of 100 Hz, and excellent long-term stability.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Accurate measurement of water vapor content (relative humid-
ity) is an important factor in numerous applications [1]. In this
regard, itis critical that measurements are accurate, precise and sta-
ble, especially for monitoring atmospheric humidity [2]. A number
of methods have been developed in the measurement of humidity.
These have focused on electrical sensors [3] through measure-
ment of capacitance [4] or interferometer [5]. Recently, the change
in gold nanoparticles to protein localized surface plasmon reso-
nance [6] which has the advantage of sensitivity [7]. Deliquescence
properties of sodium chloride have also been used to measure
humidity which is modeled to increase with decreasing particle
diameter [8]. In the aerosolized form the deliquescence can incor-
porate between one to four monolayers of water adsorbed on the
surface [9] yielding higher sensitivity than the bulk surface. Other
approaches include use of electrolytes [10], alumina thin films [11],
salts [12], organic (bio)polymers [13] or ceramics [14] from which
miniature humidity sensors can be are fabricated [15].The advan-
tages of ceramic-based sensors are improved chemical, thermal or
mechanical stability [16]. Previous attempts have focused on use
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of ZrO, [17], ZnCr,04 [18], MgAl,04 [19] and other systems such
as a-hematite [20]. The current focus is on the development of a
ceramic sensor based on perovskite family using sol gel processes.
Perovskite materials are a large family of crystalline or amorphous
ceramics which are of practical importance, due to their dielectric,
piezoelectric, ferroelectric, and mechanical properties [21]. One key
member of this perovskite family is lead titanate (PbTiO3) [22],
which have attracted attention, because of its potential application
in areas such as: dynamic access memory, electro-optical devices,
and sensors and actuators [23]. It has been hypothesized that
crystalline structure and close packing are related to applicabil-
ity. PbTiO3 crystals commonly resort to a face-centered tetragonal
structure below the Curie temperature, T, [24]. When the temper-
ature is lowered towards the Curie point, a well-known first-order
phase transition occurs from the prototype cubic to tetragonal
phase [25]. The PbTiO3 possesses high tetragonality (defined as the
relative ratio of lattice constant of cover a, denoted as § = c/a) result-
ing in a large internal stress during the cooling process through
the Curie point. These stresses often cause cracking and deforma-
tion of the microstructure [1]. A possible method to eliminate this
deformation is to modify lead titanate though A-site substitution
via doping suitable ions such as calcium ions (Ca%*). Doped mate-
rials possess smaller tetragonal distortion leading to a lowering of
internal stress. Therefore, modification of CaxPb;_,TiO3 films can be
accomplished, resulting in relief of microstructure distortion which
is related to the amount of the doped Ca?* present [26]. In addi-
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tion, lithium ions (Li*, due to their high charge density) can also be
employed to change the electronic properties of the CayPb;_,TiO3
film, ultimately resulting in enhanced performance of the humid-
ity sensor compared to the sensor without lithium modification
[27] due to changes in the dielectric constant. It has been previ-
ously observed that doped PbTiO3; nanofilms demonstrate higher
piezoelectric and pyroelectric figures of merit than the undoped
substance [28].

In order to produce nanoscale materials, there are several
approaches developed, such as sol-gel (SG) synthesis, inert gas
condensation, mechanical alloying, or high-energy ball milling,
plasma synthesis, and electro-deposition [29]. In our study, the cost
effective SG technique was employed to fabricate the nanoscale
material, especially for the Li-modified CaxPb;_,TiO3 nanofilms.
This method can offer the significant advantages, such as high
purity, chemical homogeneity, controlled particle size, and large
surface area [30]. This SG method also allows the preparation of
a mixture in an aqueous solution, achieving homogeneity on the
molecular scale in the solid product [31]. The SG method followed
by solid-state chemistry is becoming an increasingly popular route
for the preparation of multi-component metal oxides, such as the
PbTiO3-based materials [32]. Increasing attention has recently been
focused on SG-formed oxides with highly porous structure, pro-
viding very high surface areas, which favors the chemisorptions of
the analyte on the surface of the thin films [33]. In this study, our
aims were to prepare uniform nanothin films of PbTiO3 by the SG
method, which were modified through doping with Ca2* (and/or)
Li* cations, in order to decrease lattice distortion and increase elec-
trical properties of the final assembled sensor, respectively. The
current work focused on nanocharacterization of the film sen-
sor through analytical techniques such as transmission electron
microscopy (TEM), atomic force microscopy (AFM) and laser Raman
spectroscopy (LRS). TEM was used to evaluate the structure of
the final product composed of lithium-modified Cag35Pbgg5TiO3
(abbreviated as LCPT) ceramic films, generated using the SG method
[34]. Particle size and size distribution can also be determined from
which the triple phase boundary (TPB) and surface area can be eval-
uated. AFM was used to identify the surface topology and height
roughness from which pore size and grain boundaries can be deter-
mined [35]. LRS was used to measure all longitudinal (LO) optical
and transverse optical (TO) modes [36]. The addition of Ca2* and/or
Li* into the PbTiO3 lattice provides new information on the soft
mode behavior of this perovskite material, consequently resulting
in the enhanced performance of the sensor.

2. Materials and methods

The construction of the sensor will be presented first followed by
fabrication of the sensing element and sensor operability (Section
2.1). Its surface topology and vibrational structure was charac-
terized using state-of-the-art instrumentation (Section 2.2). The
sensor performance and humidity sensing mechanism were eval-
uated and discussed (Section 2.3).

2.1. Materials preparation

All chemicals, solvents, and reagents unless otherwise speci-
fied were obtained from VWR International, (West Chester, PA) or
Sigma-Aldrich (St. Louis, MO). Double-distilled, filtered ultrapure
water was used (Ultraopure™, Barnstead, Dubuque, IA, referred
to as distilled water), was used where water-based solvents were
necessary and all solvents were reagent or HPLC grade.

SG technique was applied to fabricate the sensor precursor
containing multi-elements of lithium (Li), calcium (Ca), lead (Pb),
titanium (Ti), and oxygen (O). The starting materials of titanium(IV)
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Fig. 1. Overview of sensor construction and detection method.

n-butoxide (Ti(OBu)4) was dispersed in normal butanol (C4H190)
and high agitation (1000 rpm) was applied for 30 min. Li, Ca and Pb
nitrates (LiNO3, Ca(NO3),-4H,0, Pb(NO3),) were dissolved in dis-
tilled water and then simultaneously injected into the Ti-containing
solution. The mixture was agitated, for further 30 min until a
homogeneous colloidal suspension was formed at ambient tem-
perature and pressure. The LCPT sol-precursor was deposited via
spin-coating onto the interdigited electrode which was composed
of the aluminum oxide (a-Al,03) coated with gold (Au) and palla-
dium (Pd) alloy (1:1 mass-to-mass ratio). After five coating layers,
the base sensing element was heated at various temperatures (from
600 to 1000°C in air, at a heating rate of 2, 10, or 20°C/min), and
it was noticed that 850 °C was the optimal temperature (in terms
of crystallinity and particle size) [37]. The overview of the LCPT
sensor was displayed in Fig. 1 (and illustration of sensor design
Fig.S1(a) and (b) in supplemental section). It can be seen from Fig. 1
that integration of nanoparticle sensing element into macrosensor
yields the high performance of nanosystems, such as high surface
area, speed of detection with the robustness and ease of use of a
macrodevice.

2.2. Nanostructure characterization

Four advanced instrumentations were employed to study
the surface topology of the particles of the sensor elements. A
Tecnai F20-G2 high-resolution transmission electron microscopy
(HRTEM) (FEI Company, Hillsboro, Oregon) with electron diffrac-
tion (ED) capabilities was employed in this work in order to
obtain nanostructured and crystalline phase information about the
SG-formed LCPT sensor. Selective area electron diffraction were
obtained at a 75kV accelerating voltage. Atomic-resolved lattice
fringe of LCPT materials were characterized at 200 kV and equipped
with slow scan cooled CCD (Gatan) camera with the digital micro-
graph software with resolution of 1 mega pixel. A NanoScope Illa
Atomic Force Microscopy (AFM) (Veeco Instruments Incorporation,
Plainview, NY) with taping mode capabilities was employed to
obtain the surface topology and height roughness about the SG-
formed LCPT sensor. The tapping AFM was conducted with stiff
crystal silicon probes. The tap velocity was controlled at approx-
imately 23.5 um/s and sample line of 256 was used. In order to
increase the ratio of signal and noise, slow scan rate of 0.587 Hz
was applied. A Spex 1403 Laser Raman Spectroscopy (Renishaw
Plc, Edison, NJ) with double monochromator (HeNe laser, oper-
ated at 632.8 nm) was employed to determine the lattice vibration
frequencies and molecular structure of the LCPT sensor. An argon-
ion laser with emission wavelength of 541.5 nm was used in this
study. The resolution was 1.0 cm~!, The wavelenth ranged from 800
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Table 1
Structural and operational data of Li*-modified Cag 35Pbg 5 TiO3 humidity nanofilms.

Specifications of the LCPT sensor

Dimension of the sensor (mm) 8 x 10 x 0.025
Average particles of LCPT (nm) 22.8
Operating temperature (K) 298
Operating relative humidity (RH%) 8-95
Sensitivity (Order of magnitudes in current) 0.001-1
Supply voltage (V) 4

Previous works cited
Frequency (Hz) 0.5-10,000
Standard Resistance (() 100
Response time during absorption (s) 7.8
Response time during desorption (s) 9.8
Hysteresis (%) +2.2
Stability (after 12 months) +2.8

to 20cm~! at ambient temperature and pressure. X-ray powder
diffraction (XRD) with copper (Cu) diffractometer and visual XRD
Jade 7 software (Rigaku Americas Incorporation, Houston, TX) was
employed to determine the phase structure and crystalline size.
To study the lattice constant and then calculate the microstructure
distortion, the slow scanning at 0.05°/min between 30 and 33° was
used to obtain high-resolution XRD data.

2.3. Sensor performance evaluation

Adsorption of water vapor onto the absorption surfaces will lead
to enhancement of electrical conductivity (or resistance) of metal
oxides, from which sensor performance can be tested. Over pro-
longed usage, the sensor may lose sensitivity due to exposure to
other air-borne contaminates in addition to water vapor via both
physical and chemical processes between these contaminates and
the sensor surface. If the nanostructure is in the powered form, this
can lead to signal variation especially over high temperature ‘clean
cycles’, which is not an issue with ceramic film based surfaces.
The perovskite family contains up to 0.5-1.0 mol% Li and demon-
strates a single-phase solid solution. This single phase is indicative
of uniformity and high purity of the sensor and is reflected in the
measured tetragonality. The properties of the LCPT are summarized
in Table 1. The electrical performance of the sensor under vary-
ing relative humidities and various formulations (Table 2) were
measured using a GR 1658 RLC Digibridge Impedance Bridge (DIB)
w/test adaptors (USA GenRad, Westbury, NY). This DIB equipment
was used to measure the resistance or current to determine sensor
performance. The operating conditions were controlled at voltage
of 4V, standard resistance 100 k2, frequency varying from 0.5 to
10,000 Hz. The relative humidity was created using various satu-
rated aqueous salts solutions.

Table 2
The selection of tetragonality of various Li*-modified Cag35Pbg 5 TiO3 sensors.

3. Results and discussion

The integration of nanoscaled particles in a macroscale sensor
allows certain advantages, such as increased reactive surface area
for sensing, rapid response time which when incorporated into the
macro-system, such as humidity sensor, yields the above advan-
tages plus ruggedness, ease of read-out and portability. The bulk
of publications discuss concepts or demonstrations of materials
and device properties, but few address nano-macro-integration.
The key lies in the understanding and manipulating the inter-
faces between nano-, micro-, and macroscale for both materials
and devices to optimize device performance at both levels of
design. Significant improvements in materials properties enabled
by nanostructure are the focus of optimization of the humidity
sensor. An in-depth understanding of the sensor properties was
obtained through nanocharacterization (by TEM and AFM, Sections
3.1 and 3.2) for determination of grain boundaries, pore structure,
triple phase boundaries and local topology. LRS analysis was used
to address the vibrational mode of the modified perovskite-based
materials (Section 3.3) to provide the experimental validation nec-
essary for rapid, iterative development of the nanotech-enabled
system. XRD analysis (Section 3.4) was carried out to determine
the tetragonality of the LCPT nanoparticles of varying formulations
(Table 2), from which device sensitivity can be optimized. Lastly,
electrochemical properties of the LCPT sensor were evaluated by
measurement of current under different relative humidity condi-
tions (Section 3.5).

3.1. Transmission electron microscopy (TEM) analysis of LCPT
sensor

The TEM micrograph indicates that the average particle size was
approximately 18 nm (Fig. 2a). It was also noticed that the particles
were on the whole mono-dispersive (+4 nm) and certain degree of
agglomeration occurred upon heat-treatment at high temperature
850°C. In general, nanoscale particles resulted in a larger surface
area and longer phase boundary length than the bulk phase, which
favored increased sensitivity and response time (due to increased
water chemisorption). Ultrafine particles (<8 nm) were not synthe-
sized, since these are subject to mechanical peeling in the sensor
and consequentially were not observed. On the other hand, coarse
particle sizes (>30nm) which contribute to lower surface areas
were not synthesized nor observed. From our studies, crystallite
sizes ranged from 8 to 30 nm, which resulted in rapid sensitivity
(three orders of magnitude in current change, cf. Fig. 7a3, Section
3.5) with excellent mechanical strength of the LCPT sensor which
is typical of ceramic-based sensors [38].

The indexing of selected area electron diffraction (SAED) pat-
tern from the PbTiO3 single crystal region is shown in Fig. 2b. This
indicates that the perovskite LCPT crystalline structure was of high
purity since it correlated with the standard based on the Joint

# of samples Ca dopant (mol%) Heating rate (°C/min) Heat-treatment temperature (°C) Tetragonality
1 30 2 900 1.050
2 30 10 900 1.049
3 30 20 900 1.048
4 30 20 800 1.046
5 30 20 700 1.042
6 35 20 900 1.046
7 35 20 800 1.044
8 35 20 700 1.040
9 50 20 900 1.045

10 50 20 800 1.043

11 50 20 700 1.040
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Fig. 2. (a) TEM image of LCPT nanopowders. (b) Selected area electron diffraction (SEAD) of LCPT from single crystal unit. (c) Lattice fringe of LCPT from single crystal unit.

(d) Ring patterns of LCPT from polycrystals region.

Committee on Powder Diffraction Standards (PDF 06-452). The
identification of the Miller indices demonstrates that a highly crys-
tallized LCPT was obtained. Atomic resolution TEM image (Fig. 2¢)
for the single crystal unit confirms that the LCPT crystal structure
was well defined although few stacking faults were observed. The
distance between adjacent fringes was approximately 0.3853 nm
identical to the d-spacing of the [100] plane of the standard,
PbTiO3. From the analysis of the halo-ring patterns from the poly-
crystals (Fig. 2d), it was confirmed that well ordered crystallized
LCPT was formed because the diameter of the rings corresponded
to the d-spacing of the tetragonal phase structure. No second phase
was detected in our study [39]. Collectively, these studies demon-
strate that the nanoparticles were of high purity and crystallinity
as confirmed by XRD.

3.2. Atomic force microscopic analysis of LCPT sensor

The surface topology and the height roughness of the LCPT sen-
sor (Fig. 3a) are consistent with the formation of nanoscale films.
The films contour was compact and uneven along the z-axis and
showed the presence of sub-domains formed by polycrystalline
particles, with areas averaging approximately 1 um x 1 pwm. These
domains provide significant advantage for chemisorptions of water
molecules when the sensor was exposed to moisture. From the 2D
micrograph (Fig. 3a) (and 3D in Fig. S2 supplemental section) it

was noted that uniform films (in the x-y plane) were formed which
were also highly densified. From the micrograph, the grain bound-
ary can also be easily distinguished, which favors chemisorption of
the water molecules. Although speculative, it can also be seen from
the micrograph and our illustration (Fig. 3b) that water molecules
adsorbed on the neck and grain boundary region can be desorbed
under standard temperature and pressure due to the increased sur-
face area relative to the bulk powered form. This water adsorption
or desorption is reflected in changes of measured current and indi-
cate fast kinetics, an advantage of the nanoscaling. It was also seen
that the root mean square (RMS) roughness (or unevenness) of sur-
face was about 54 nm, which indicates that the deposition of the
LCPT film was uniform and the film particles were mono-disperse
[40]. A physical sensing mechanism for humidity is shown in the
schematic (Fig. 3b) based on the AFM micrograph (Fig. 3a). The
schematic indicates sites of water adsorption in the LCPT sensor.
The nanoparticles adsorb water vapor throughout its well-defined
pore structure and condense within the grain surfaces. The con-
densation of water vapor tends to occur more towards the ‘neck’ of
the grain surfaces, which resemble the bulk itself, from which the
measured current can give an estimation of the relative humidity to
a high precision. Water adsorption can conceptually be thought of
being chemisorbed on the neck through ionic interactions, which
results in water dissociation ((i) HO — HO~ +H*). Lithium substi-
tution leads to creation of an ‘oxygen vacancy’, ((ii) Ca* substituted
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Fig. 3. (a) Two-dimensional AFM topology of LCPT sensor surface. (b) Schematic of
LCPT sensor surface correlating to AFM two-dimensional topology.

by Li* and oxygen vacancy [Vg*| created, (iii) OH~ occupies [Vg']
and H* interacts with O-Ti, via dipole-dipole intermolecular forces
(Section 3.5)). Therefore the charge carriers are between the sub-
stituted Li* ions and resulting oxygen vacancies in the LCPT and
adsorbed water molecules on the neck with the mobile proton (gen-
erated in step (i)) migrates across the surface via different sites.
As the water content increases, multilayers may be created due
to long range interactions of the water molecules with the inner
core hydroxyls, at the neck through hydrogen bonding. This may
lead to an increase in current (due to increase in proton concentra-
tion) when the relative humidity was increased (Section 3.5). The
increase in measured current can therefore be assigned to protonic
conductance and formation and occupancy of oxygen vacancies by
the anionic oxygen from the hydroxyl group. It can be concluded
that the film posses large specific surface area and ‘good’ electro-
chemical behavior which results in fast reversible kinetics and low
hysteresis for humidity sensing.

3.3. Laser Raman spectroscopic analysis of LCPT sensor

Laser Raman Spectroscopic (LRS) study of the sensor depicted
that there existed significant differences (Fig. 4a and b between
the Raman spectra of LCPT and those of pure PbTiOs; [41]).
The five Raman peaks (2A;{(TO)+2E(TO)+1(B;+E)) of LCPT
(Fig. 4a), appearing at 75, 125, 190, 273 and 585cm~! were
attributable to the red shift and extension of E(1TO), A;(1TO),
E(2TO), B; +E and A{(3TO) vibration soft mode of the perovskite
tetragonal phase, respectively. It is commonly agreed that fer-
roelectric phase of PbTiO3 exhibits a tetragonal symmetry with
C;V space group at ambient temperature. Ten optical modes
(3A1(TO)+1A;(LO) +3E(TO) + 2E(LO) + 1(B; +E)) for the C,, point

]
190:E (2TO) )3 585:A1 (3TO)
Nh2 273:BI+E
=
=
gl 12s:a10710) Li-modified Ca, ;sPb, ¢ TiO;
£
2
= PbTiO,

10

100 200 300 400 500 600 700 800
Raman Shift (cm'l)

Fig. 4. (a and b) Raman spectra of pure PbTiO; and Li-modified Ca-doped PbTiO3
LCPT sensor. (a) Spectrum of Li-modified Cag35Tig6503; (b) spectrum of PbTiOs.

group were detected and they were assigned to A;(TO), A;(LO),
B; +E, E(TO), E(LO), where LO and TO refer to longitudinal and
transverse optical modes [42]. It can be seen that the five charac-
teristic LRS bands of PbTiO3 (Fig. 4b) become Raman silent modes
due to the higher symmetrical atoms arrangement in LCPT crystal,
corresponding to the reduction of tetragonality. The assignments
of the Raman bands and their attributions were summarized in
Table 3. Briefly, the Raman spectra of the non-modified PbTiO3
were assigned at the following: the 84 cm™! results from E(1TO)
optical mode (1), 105cm~! from E(1LO) mode (2), 145cm™~! from
A1(1TO) mode (3),203 cm~! from E(2TO) mode (4), 289 cm~! from
B1+E mode (5), 332 cm™! from A;(2TO) mode (6), 447 cm~! from
E(2LO) mode (7), 500 cm~! from E(3TO) mode (8), 597 cm~! from
A1(3TO) mode (9) and 757 cm~! from A;(3LO) mode (10) [43].
These ten measured peaks represent the vibration modes in the
tetragonal PbTiO3 with the largest tetragonality. The frequency
and intensity in these modes also indicated that unsymmetrical
vibration and high dipole-moment of Pb—O and Ti-O bonds which
result in the Raman active spectra [44]. On the other hand, when
the Ca%* ion (r=0.099 nm) replaced Pb2* ion (r=0.120nm) in the
A-site of the tetragonal structure, the tetragonality is decreased
according to the CaZ* molar percent. With the increase of the mole
percent CaZ* content, the tetragonality is further decreased, which
means that the phase structure of LCPT tends to be transformed to
cubic from tetragonal. When Pb%* cation is completed replaced by
Ca?*, the primitive cubic phase will be obtained. In this study, the
Li-modified and Ca-doped PbTiO3 with lattice distortion varying
from 1.040 to 1.055 is delicately designed to achieve high sen-
sitivity. From our previous study using X-ray powder diffraction
[41], the tetragonality of PbTiOs is 1.064 which is essentially iden-
tical to the reported value 1.065 (0.4156/0.3902 nm) [45,46]. When
Ca?* dopant varied from 0.15 to 0.35 mol%, the tetragonality was
decreased from 1.064 to 1.051 and to 1.040, respectively. Due to the
diminished tetragonality, the octahedral structure of the TiOg and
dodecahedral PbO;; become more symmetrical [47]. Therefore the
dipole moment of the lattice vibration and polarization are both
decreased, which translate to a decrease in the observed Raman
activity [48]. Compared with the PbTiO3 face-centered tetragonal
structure, the frequency of the LCPT was subject to red shift and the
line intensity was decreased [49]. Five bands (Table 3 and Fig. 4a) in
LCPT were obtained which resulted from E(1TO), A;(1TO), E(2TO),
B; +E, and A;(3TO) optical modes, whereas the remaining become
Raman inactive.

The decrease in the vibrational modes from PbTiO3 to LCPT
can be attributed to the high symmetry of the LCPT unit cell [30].
According to the “soft mode theory” applied to ferroelectric mate-
rials, the spontaneous polarization in the crystal structure can be
studied [38,50]. This polarization is highly indicative of the vibra-
tional modes of Raman spectra. The terminology of the “soft mode”
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Table 3
LRS spectra assignments of Li*-modified Cag 35Pbg¢5TiO3 humidity nanofilm.

Spectra peaks (cm~) Peak mechanism

Undoped PleO3 Li-modified C30.35Pb0‘55Ti03

84 75 E (1TO)
105 Raman inactive E (1LO)
145 125 A1 (1TO)
203 190 E (2TO)
289 273 B1+E
332 Raman inactive A1 (2TO)
447 Raman inactive E (2LO)
500 Raman inactive E (3TO)
597 585 A1 (3TO)
757 Raman inactive A1 (3LO)

is defined as the recovery coefficient of the vibrational mode is
going to be decreased with the temperature decrease or the Ca
dopant increase. With the temperature decrease and Ca dopant
increase, the frequency of the vibration in the crystal structure is
also decreased [30], known as “soft mode”. When the frequency of
the vibration approaches to zero, the lattice cannot transfer from
one phase to another state which indicates a formation of the new
phase, known as phase transition [37]. This transition is located
in the center of the Brillouin zone. When PbTiO3 is subjected to
a decrease in temperature when passing the T, the cubic phase
is transformed to tetragonal phase. Some vibrational frequencies
in the lattice are subject to a decrease and become stationary
(unchanged) [51]. Therefore, at these temperatures, the tetragonal
phase cannot be transformed to the cubic phase. According to the
energy distribution, the optical frequency is related to the Raman
active modes. In terms of the LCPT, five optical frequencies become
inactive in the Raman spectra which correspond to our results.

3.4. Microstructure distortion

Lattice distortion is defined as a ratio of lattice constant c over
a, also called tetragonality, §(a=b, a<c. § mainly depends on the
mole percent of Ca and not Li). XRD (Fig. 5a and b) was used
to identify the crystalline phase of three selected specimens of
CaxPb;_,TiO3, which is well aligned with the standard tetrag-
onal structure of PbTiO3 (JCPDS No. 6-0452, a=3.853 +0.001A,
o =90°) [34]. This crystallographic characterization corresponds
with the TEM electron diffraction indexing results (Fig. 2c and
d). To determine the & value of the LCPT, the scanning rate of
0.05°/min from diffraction angle at 31-33° for the major spec-
trum was applied to increase the XRD resolution (Fig. 5b) [34]. The
Bragg equation (d=[(a/h)? +(b/k)? +(c/1)2]'2) and Scherrer equa-
tion (D=kA/fB cos8) were used for calculations of lattice constant
and crystallite size, respectively. The § values for 37 different
sensing LCPT elements under various fabrication parameters were
determined, of which 11 are shown in Table 2. It was found that
three fabrication variables affected the § value of LCPT the great-
est. These were heat-treatment temperature, calcium dopant mole
percent and heating rate and they are discussed separately below.
XRD directly provides the dimensions of the tetragonality, whereas
the Raman spectra yields less active Raman modes (Fig. 4a and b)
due to the increase in symmetry of Ca-doped PbTiO3 compared
with pure PbTiO3. LCPT tends to be transformed from tetragonal
to cubic, which is not observed in this study, confirming our initial
purpose of producing tetragonal face-centered structure [41].

3.4.1. Heat-treatment temperature effect on tetragonality

Changes in § were subject to variation with corresponding
changes in temperature. From Table 2, it can be seen that the §
increases from 1.042 — 1.046 — 1.048 when temperature increases
from 700 — 800 — 900°C with a constant mole percent Ca%* at
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Fig. 5. (a and b) XRD spectra of three selected Li-modified Ca-doped PbTiO3 LCPT
sensor, (a) XRD spectra with scanning rate of 2°/min; (b) spectra slow scanning
rate of 0.02°/min, (1): the Li-modified Cag,Tigg03; (2): Li-modified Cag3Tip703; (3):
Li-modified C30_5Tig_503.

20 mol%. When heat-treatment temperature increased from 600
to 900°C (Fig. 6a), the value of § incrementally increased by 0.54%
averagely, which is calculated using this equation:

8900 — 8600 « 100%
8900

where the §ggg is the tetragonality of LCPT heated at 900°C
and Jggg is the tetragonality at 600 °C. When the heat-treatment
temperate surpassed 900°C, drastic change in § and crystal
growth were noticed. At higher temperatures, the electrons in
the d-orbitals of Pb/Ti possessed more kinetics energy, as a
result, the elongation along z-axis in the sub-unit of octahedral
TiOg/dodecahedral PbO4, was enhanced leading to high lattice dis-
tortion (14). In addition, higher temperatures (<900 °C) resulted in
crystal growth preferentially along the z-direction. In summary,
small nanoparticle size, which are formed at lower temperatures
(600 — 900°C) are desired to decrease crystalline deformation (}.68)
[14].

3.4.2. Ca content effect on tetragonality

It is commonly accepted that CaTiO3 has a cubic structure (lat-
tice constant a, b and c are identical, =8=y=90°) [31], while
PbTiO3 has a tetragonal structure (lattice constant c is slight larger
than a) [36]. Fig. 6b indicates that the § value of PbTiO3 is 1.064
and was decreased to 1.040 with increasing Ca mole percent
(1-50 mol%). A possible interpretation of this decrease in the § value
was that the Pb2* ions with their larger ionic size were more polar-
izable than the Ca2* ions. Therefore, the lattice of pure PbTiO3 is
readily deformed; leading to a higher & value. Among 37 specimens,
minimal distortion (1.040-1.046) was obtained in samples with Ca
(35 mol%) which formed ultra fine powders of particle size ranging
from 8 to 30 nm with excellent humidity sensing properties. It can
be hypothesized that large specific surface area and appropriate
distortion are the most important factors which contribute to high
humidity sensitivity.

3.4.3. Heating rate effect on tetragonality

It was determined that § value of Cag35Pg 65TiO3 was increased
from 1.040 to 1.046 under condition of slow heating rate
(2°C/min). Fig. 6¢ displayed the tetragonality of other formu-
lations of LCPT (Cao.1opo_90TiO3, Cap.15P0.85Ti03, Cag20Po.80TiO3,
and Cag3gPg70TiO3) at three different heating rates (2, 10 and
20°C/min). The cationic species such as Ca2*, Pb2*, and Ti** were
subject to fast transportation into the molten phase where they
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Fig. 6. (a) Tetragonality for LCPT as a function of heating temperature. (b) Tetrag-
onality for LCPT as a function of Ca mole percent. (c) Tetragonality for LCPT as a
function of heating rate.

resolidified (Fig. 3b) to form the perovskite structure. This phe-
nomenal resulted in large lattice deformation due to generation of
LCPT nanoparticles with large size (Fig. 3b) due to elongated grains
whose formation is diffusion-controlled [14]. From our study,
rate of heating affected nanoparticle growth, with densification at
slower heating rates. This is due to the sol-precursor being rapidly
homogenized via large capillary forces present between nano-sized
grains (Fig. 3b). Therefore, phase transformation and grain growth
can be controlled to synthesize and optimize the required particle
size and distribution, respectively.

3.5. Sensor performance

It is hypothesized that when Ca atom substitute for one of
the principal Pb atom within the crystal structure of PbTiOs, its
electrical properties and structure stability are optimized [52]. Dis-
locations and point defects in the crystal lattice of PbTiO3 allow
shear at lower stress than that needed for a perfect crystal. From
our study, it was determined that Ca2* doped PbTiO3 sensor dis-
played high performance at relative humidity (RH) >50% (Fig. 7a1 O
and O for Ca-modified and for @ PbTiO5 crystals respectively). This
demonstrates that the electrical property and internal stress of the
crystal can be enhanced through substitution of Ca for Pb at the A-
site. As we mentioned above, Ca2* addition at 0.35 mol% caused the
tetragonality of PbTiO3 to decrease from 1.064 to 1.040. The tetrag-
onality decrease eliminated the lattice distortion and anisotropic
properties. Therefore, the internal stress was lessened when the
sintering temperature was decreased from 900 °C or less to ambient
temperature. The addition of Ca2* ions also prevents film crack-
ing and peeling from the Al,03 substrate, which increases sensor
mechanical stability. However, the sensor was less sensitive in the
low relative humidity range (<50%) due to lack of [Vg*] (generated
in step (ii) and (iii) cf. Section 3.2).

In order to obtain rapid humidity sensitivity over the entire
range (RH: 5-95%), alkaline cations (Na*/K*/Li*) were added to
create |Vg*| in Ca-doped PbTiO3 [34]. The addition of Na* (O)/K*
(@) to Cap3sPbggsTiO3 increased sensitivity by three orders of
magnitude over the entire humidity range, however, the linear-
ity was non-uniform (R ~0.67, Fig. 7a2). With addition of Li* to
Cap35Pbgg5TiO3 the sensitivity was also increased with improved
linearity (R?~0.99, Fig. 7a3). This improved response may be
attributed to chemisorptions of water molecules on the lattice sur-
face via dipole-dipole interactions due to the high charge density of
Li* cation. Addition of Li* increased the polarization and chemisorp-
tions of water molecules absorbed on the surface (of the LCPT)
sensor. Li* cation and the negative charged end of oxygen in H,0
molecules formed intermolecular forces (e.g. ion-dipole moments),
which enhanced the dissociation of H,O into proton (H*) cations
and hydroxyl (OH~)anions (generated in step (i) ¢f. Section 3.2). The
protons combined with the lattice oxygen and OH™ anion filled the

V¢*| with one electron released as the electricity carrier (gener-
ated in step (ii) and (iii) ¢f. Section 3.2). Therefore, electrical current
of LCPT sensor increases with corresponding increase in relative
humidity. As the relative humidity increases, more water molecules
were chemisorbed on the sensor surface. Consequently, more elec-
trons as electricity carrier were released from the lattice, leading
to a further increase in measured current, which is directly pro-
portional to the relative humidity. Upon a change in humidity, the
hysteresis of the sensor was evaluated to be within 2% of sensitiv-
ity loop with increase in humidity (¢) and decrease in humidity (¢)
(Fig. 7b). The small hysteresis effect can be rationalized in terms of
water adsorption/desorption. When humidity is increased, water
molecules are attracted to the sensor surface through ion-dipole
intermolecular force between Li* cation and the negative end of the
H, 0. During the desorption event, extra energy is required to break
this attraction resulting in sensor delay. From our study, it was con-
cluded that the humidity sensing chemical mechanism occurs on
the surface of the sensor (Fig. 7c) through two channels (I) protonic
conductance due to combination of H* with lattice oxygen in the
LCPT crystal unit, and (II) occupancy of [V(;'] (defect site) by anionic
OH~, releasing charge carriers in the form of electrons (cf. Section
3.2).

The sensor response and range were similar or superior to other
sensors which utilize piezoelectric micro-cantilever sensing ele-
ments via Young’s modulus change of their piezoelectric layer
[53]. LCPT sensor performance was also comparable to a sensor
composed of ceramic nanowires of TiO, and organic polymers
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composite films coated on quartz crystal microbalance, although
our response time (~11s at 40% RH) [54] and linearity (R? >0.99)
were superior with lower hysteresis (£2%) than a silicon based sol
sensor [55] with good high temperature stability relative to a sin-
gle SnO, nanowires sensor [56]. The measured recovery time to
changes (<1 min 20-95% RH) in humidity was also better than other
approaches, such as use of a co-polyaniline nanocomposite thin film
sensor [57] with superior long-term stability [58] (tested at 1 week,
4 weeks 12 weeks and 52 weeks, data not shown [34]). The ceramic
design affords long-term stability of the sensor matrix.

4. Conclusion

A multi-component humidity sensor was synthesized by the SG
method and was composed of tetragonal PbTiOs3 crystals. The parti-
cle size of the LCPT sensor varied from 8 to 30 nm. The fine particle
size resulted in large specific surface area and long phase boundary,
which in turn, led to high sensitivity and rapid response time for
sensing of humidity. The root mean square of the roughness (along
the z-axis) was measured to be 54nm by AFM, which indicated
that a large phase boundary was achieved. The humidity sensing
mechanisms were due to the formation of ion-dipole intermolec-
ular forces between lithium cation and water molecule, resulting
in release of electron as the electricity carrier. Finally, the addition
of calcium ions led to a decrease in tetragonality, which in turn
improved lattice stability and decreased internal stress of PbTiO3
Cation Li* mainly increased water chemisorptions on the surface of
the sensor that increased sensor sensitivity across the entire rela-
tive humidity range. The operational parameters of the sensor were

similar to, or superior to other humidity sensors utilizing nanopar-
ticles, or proteins or organic polymers in their fabrication, in terms
of dynamic range, linearity of sensitivity, response time, hystere-
sis, recovery time, humidity range and long-term stability with the
advantage of device portability, ruggedness, ease of fabrication and
cost.
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