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Oxides with a perovskite structure are important functional materials often used for the development of
modern devices. In view of extending their applicability, it is necessary to efficiently control their
growth as thin films using technologically relevant synthesis methods. Pulsed spray evaporation CVD
was used to grow several perovskite-type oxides on planar silicon substrates at temperatures ranging
from 500 to 700 °C. The optimization of the process control parameters allows the attainment of the
perovskite structure as a single phase. The electrical characterization using the temperature-dependent
conductivity and thermopower indicates the p-type conduction of the grown films and shows a
decreasing concentration of the charge carrier, mobility and band gap energy in the sequence
LaCoO3 >LaMnO3>LaCrO; >LaFeOs;. The investigation of the electric properties of the obtained
perovskite thin films shows the versatility of CVD as a method for the development of innovative

devices.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Perovskite-type transition metal oxides constitute an impor-
tant class of materials due to their electrical, magnetic and
catalytic properties. Theses properties allow them to be used as
catalysts for hydrocarbon oxidation [1-3] and the control of
automobile emissions [4,5], electrode and interconnect materials
for solid oxide fuel cells (SOFC) [6-8], sensor materials for
reducing gases such as CO and alcohols [9-11] and as thermo-
electric devices [12]. In particular LaCrO; and LaCoOs; are
intensively investigated as electrodes for fuel cells [13,14],
LaMnOs and derived compounds exhibit colossal magnetoresis-
tive effect that is exploited for the development of sub-
micrometer magnetic field sensors [15] whereas LaFeOs; was
involved to induce ferromagnetic-antiferromagnetic exchange
bias effect, exploited for the development of advanced magnetic
read heads and magnetic memory cells [16]. Unlike bulk ceramics,
thin films of these materials would allow the integration of their
functionalities in a number of modern devices, e.g. as on-chip
temperature sensors or as on-chip cooling systems [17]. In this
respect, magnetron sputtering is repeatedly used as a process to
grow perovskite thin films [18,19]. Much attention was given to
their preparation method since their performances were noticed
to strongly depend on the synthesis procedure. For instance, it has
been found that the microstructure, the electric and magnetic
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properties of thin films are different from those reported for the
corresponding bulk materials [20,21]. Although chemical vapor
deposition (CVD) is particularly advantageous as a non-line-of-
sight, high throughput and low-cost process, it was rarely applied
for the growth of perovskite films such as LaMOs; (M = Co, Mn, Cr
and Fe) [22]. The limited use of CVD for the growth of perovskites
is likely due to the difficulty to simultaneously control the supply
of two precursors, which was solved in a two-steps strategy;
hybrid CVD/sol-gel [23,24]. The performance of the CVD process
depends highly on the properties of the source materials and the
delivery technique. Liquid delivery of the precursor exhibits
numerous advantages when compared to the conventional
bubbler delivery. These advantages include the less demanding
criteria in terms of precursor properties and the accurate control
of the composition in the case of the deposition of mixed oxides
and alloys [25,26]. This study shows the suitability of pulsed spray
evaporation (PSE)-CVD to grow these materials as thin films, and
reports their electric properties in comparison with the corres-
ponding bulk materials.

2. Experimental

The growth of the LaMOs perovskite thin films was performed
in a cold-wall stagnation point-flow CVD reactor, which is
equipped with a pulsed spray evaporation (PSE) system for the
delivery of liquid precursor feedstocks. More details about the
deposition set up can be found elsewhere [26,27]. The concentra-
tion of lanthanum acetylacetonate in the feedstock was fixed at
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2.5mM, while that of the transition-metal acetylacetonate
precursor was adjusted between 0.5 and 2.5mM in order to
obtain stoichiometric single-phase perovskite films. Metal acetyl-
acetonate precursors Co(acac),, Cr(acac)s, Fe(acac),, Mn(acac),
and La(acac)s are purchased from STREM Chemicals and are used
as received. The precursors were dissolved in ethanol, mixed with
the desired ratios and kept at room temperature under atmo-
spheric pressure during deposition. Metal acetylacetonates were
selected in this study as precursors owing to their stability and
high solubility in ethanol. Furthermore, most metals are commer-
cially available as acetylacetonate complexes, which the combined
use is not affected by the ligand exchange reaction. The PSE
delivery was achieved with a valve opening time of 2.5ms and a
frequency of 14Hz enabling an average feeding rate of 570l
min~. The evaporation of the injected feedstock takes place at
220°C in the tubular 30 cm-long evaporation chamber, where a
complete evaporation of the precursors in addition to ethanol
takes place. The resulting vapor was transported to the deposition
chamber with N,/O, flow rates of 0.1/2 slm. During the transport
step, the reaction of the transition metal acetylacetonate with
ethanol solvent or oxygen can not be excluded. Planar silicon
substrates were heated using a flat resistive heater. The substrate
temperature was chosen in the range of 500-700°C during
deposition, while the total pressure in the reactor was kept at
30 mbar. The identification of the crystalline phase of the grown
films was performed using X-ray diffraction (XRD, PHILIPS X'Pert
Pro MDR) under ambient conditions, and the crystallite sizes (D)
were calculated by means of the Scherrer's equation from the
widening of the diffraction peaks. The thickness of the obtained
films was estimated gravimetrically using a microbalance (Mettler
ME30, digital resolution of 1 pg), while the microstructure was
examined using scanning electron microscopy (SEM, S-450
Hitachi). Conductivity measurements were performed in air
atmosphere and up to 560 °C using a PC-controlled four-probe
d.c. equipment. The electrical conductivity was measured starting
from room temperature except for LaFeOs;, which was only
measurable starting at a temperature of 220 °C. The thermopower
was assessed using K-thermocouples to measure the applied
temperature gradient and platinum electrodes to measure the
resulting voltages. In order to avoid the influence of the substrate
during the electrical characterization, a thin film of a-Al,03 was
grown by CVD starting from AlCl; precursor [28]. The «-Al,03
layer provides an electrical insulation up to 900°C in the
measurement conditions of voltage and current. Therefore, the
electrical and thermopower properties were measured on o-Al,03
coated silicon substrates using perovskite films with a thickness of
250 nm.

3. Results and discussion
3.1. Growth and characterization

Before undertaking the deposition investigations of the
perovskite LaCoOs films, the growth of La;Os; and of CoO/Co304
was performed starting from the corresponding acetylacetonate
complexes. This step determines the operating window where
both materials grow readily. Fig. 1 shows the XRD patterns of
LaCoO; films obtained after 3h of deposition on Si(100) at
substrate temperatures of 600 and 700°C. In this case, an
equimolar concentration of the precursors was used in the
feedstock (R=1, R is defined as the precursors concentration
ratio in the feedstock; R = [Co(acac),]/[La(acac)s] = 1).

The diffraction peaks show the coexistence of the cubic
lanthanum cobaltate (PDF-Nr 75-0279), the cubic cobalt mon-
oxides (PDF-Nr 75-0533) and the spinel cobalt oxide Co304
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Fig. 1. XRD patterns of 130 nm-thick films deposited using R = 1 and a substrate

temperature of (a) 600 °C and (b) 700 °C. Diffraction peak at 45° corresponds to the
spinel cobalt oxide.
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Fig. 2. Evolution of the growth rate (a) and XRD-patterns (b) as a function of R for
LaCoOs films deposited at 700 °C for 3 h. The indexes correspond to the reference
database of the perovskite LaCoOs (PDF Nr 75-0279/ cubic Pm3m).

(PDF-Nr 42-1467). Increasing the deposition temperature from
600 to 700 °C suppresses the formation of Co304 and leads to an
increase of the intensity of the diffraction peaks of both phases,
LaCoOs3 and CoO, indicating the improvement of the film crystal-
linity. The preferential incorporation of cobalt into the film, within
this temperature range, indicates the larger sticking probability of
Co(acac), relative to that of La(acac)s. Thus, the excess of cobalt in
the film forms the CoO phase. In this investigation, it is clear that
the co-formation of the cobalt monoxide phase cannot be simply
suppressed by adjusting the deposition temperature. Therefore,
the effect of the metals’ stoichiometry in the liquid feedstock was
investigated by decreasing the concentration of Co(acac), pre-
cursor. As depicted in Fig. 2a for films grown at 700 °C, the growth
rate of the films decreases generally with the decrease of R, which
indicates that the growth kinetic is mainly controlled by the
concentration of Co(acac), precursor in the feedstock.
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Fig. 3. XRD patterns of LaCoOs films deposited with R=0.4 at substrate
temperature varying from 500 to 700 °C.

Decreasing the ratio R allows an efficient limitation of the
formation of CoO, which is attained at R= 0.4 as illustrated in
Fig. 2b, where only the cubic (Pm3m) LaCoOs (PDF-Nr 75-0279)
with a (110) preferred orientation is obtained. Decreasing the
deposition temperature in these conditions to 500 °C favors the
(100) orientation as indicated in Fig. 3.

In this section we demonstrated the possibility to grow
perovskite as a pure phase using the PSE-CVD process through
the accurate adjustment of the feedstock composition. In fact, the
liquid delivery in this case presents a useful tool to overcome the
inherent contrast between the sticking probabilities of various
precursors in the dual-source strategy for the growth of multi-
component films. It is also shown that the deposition temperature
remarkably influences the growth orientation of the film.

Comparable optimization procedures, as for LaCoOs;, were
performed for other transition metals to grow LaMnOs, LaFeO3
and LaCrOs thin films. The XRD patterns of the grown Laggq
Mng 9503, LaFeO3; and LaCrOs films, Fig. 4, show pure perovskite
phases. LaggsMngogO3 (PDF Nr 85-0372) crystallizes in the
rhombohedral R-3c lattice while LaCrOs (PDF Nr 75-0288) and
LaFeO5; (PDF Nr 75-0541) crystallize in the cubic (Pm3m) lattice.

As shown in Table 1, LaMnOs and LaCrOs5 require an equimolar
feedstock (R = 1), while LaCoO3 and LaFeOs are grown with R = 0.4.
The delivery parameters and the deposition pressure are mentioned
in the experimental part. SEM micrographs, Fig. 5, show comparable
film morphology for LaCoO3; and LaFeOs; with compact spherical
grains, whereas LaCrOs; exhibits a cauliflower structure with
apparent open porosity. The obtained LaMnOs film is composed of
spherical particles that build closely packed film with a relatively
rough surface. The cross-sectional view shows a granular texture
that grows in a columnar way forming a dense film.

3.2. Electrical characterization

Fig. 6a displays the temperature-dependent electrical conduc-
tivity of LaMOs films (M = Cr, Mn, Co and Fe) up to 600 °C. The
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Fig. 4. XRD patterns of LaCrOs;, LaMnOs and LaFeOs; obtained after 3h of
deposition on Si(100) substrates. The indexes correspond to the reference database
of the corresponding perovskites LaCrO; (PDF Nr 75-0288/ cubic Pm3m),
Lap94Mng9g03 (PDF Nr 85-0372/ rhombohedral R-3c¢) and LaFeOs; (PDF Nr 75-
0541/ cubic Pm3m).

Table 1

Growth characteristics of LaFeOs3, LaMnOs, LaCoO3 and LaCrOs films.
Characteristics LaFeO3 LaMnO3 LaCoOs3 LaCrOs
Substrate temperature (°C) 700 700 700 750

R = [M?(acac),]/[La(acac)s] 0.4 1 0.4 1
Growth rate (nm min—!) 0.73 0.48 0.79 1.39
Average crystallite size (nm) 63 57 53 60

4 M = Fe, Mn, Co and Cr.

investigated perovskites exhibit an increased conductivity with
increased temperature over the measured temperature range,
which is a typical semiconductor behavior [29].

At 230°C, the electrical conductivity of LaCoOs increased
dramatically compared to the other deposited films. For instance,
at 430 °C, the electrical conductivity of LaCoOs is about two orders
of magnitude larger than that of LaFeOs and one order of
magnitude larger than that of LaCrOs. This trend is in agreement
with that reported in literature for bulk ceramics with the similar
compositions [30-32]. The electrical conductivity of LaFeOs at
560 °C was measured to be 0.39S cm™!, which is close to the value
of 0.36Scm™! for bulk LaFeOs; reported by Hung et al. [33].
LaMnO; presents a conductivity of 4.80S cm™'at 560 °C, which is
close to ~5.5Scm™! reported by Fujihira et al. [34] for films
prepared on Al,O3; substrates using the sol-gel method. The
electrical conductivity mechanism of LaMOs; (M = Cr, Co, Fe and
Mn) perovskite oxides has been discussed by several authors. It is
largely accepted in the literature [34-36] that the charge transfer
occurs via the M-O-M bonds due to the exchange of the electronic
state of the transition metal between M* and M*3. It is worth
noting that the transition metal (M) in LaMOs perovskites is
present in the M oxidation state.

The measurement of the thermoelectric power was performed
with the objective to identify the charge carriers (electron or hole)
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Fig. 5. SEM surface micrographs of perovskite films and a cross-section view where LaCoOs is selected as an illustrative example. (Deposition conditions are listed in
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Fig. 6. Temperature dependence of the electrical conductivity (a) and Seebeck
coefficient (b) of 250 nm thick LaMOs films (M: Cr, Mn, Fe and Co).

and to determine their concentrations as a function of the
temperature. The temperature-dependent Seebeck coefficient
(S), depicted in Fig. 6b, shows positive values in the entire
investigated temperature range indicating a p-type conduction
behavior. Therefore, the electrical conduction occurs via the
mobility of the holes as noticed for the corresponding bulk
materials [30,32,37,38]. The measurement of S for LaFeOs film was
restricted to the temperature range where the electrical con-
ductivity was accurately measured. In order to calculate the
fraction of sites carrying the charge (C) we have used the Heikes
formula (1) that links this parameter to the Seebeck coefficient
[38,39]:

k 1-C
s-s(,:Eln( = ) (1)

Table 2
Electrical properties of the perovskites as measured at 430°C, including the
mobility activation (E,) energy and the gap energy (Ej).

Characteristic LaCoO3 LaMnOs LaCrOs LaFeO3

o (Scm™1) 22.29 3.08 2.03 0.201

E, (eV) 0.512+0.002  0.281+0.0006  0.32+0.0005  0.33+0.002
Eg (eV) 0.37+0.004 0.287 +0.005 0.24+0.006 0.20+0.01
C (%) 15.6 4.6 19 0.03

u (m?/Vs) 1.55 x 10~ %8 1.093 x 10-%° 6.09 x 10~ 1° 3.99 x 10713

where k is the Boltzmann constant, e is the electronic charge and
So is generally neglected because its value is supposed to be less
than 10 uV/K [38]. For illustrative purposes, the fraction of sites
carrying the charge at 430°C is given in Table 2. The gap energy
(Eg) of the grown perovskites was calculated according to the
formula (2) [40].

_E
C=0Co exp(ﬁ). (2)

where (C, is a temperature-independent constant. The Arrhenius
plots, In(C) versus 1/T derived from Eq. (2), allow the determina-
tion of the band gap energies (E,) that are listed in Table 2. The
band gaps measured here with perovskite thin films agree
reasonably with the calculated fundamental band gapes by local
spin-density approximation method [41,42] (LSDA) as illustrated
in Table 3. Good agreement is also observed with the measured
band gaps with conductivity-based methods for the correspond-
ing bulk materials as shown in Table 3 for LaCoOs; [43-46] and
LaMnOs [47]. Nevertheless, except for LaCoOs [48,49] all other
perovskites present band gaps that largely diverge from these
measured with optical methods [48-50], which is presumably
linked to the contrasting sensitivity of both methods to various
transitions.

The mobility of the charge carrier (©) was calculated from the
measured conductivity (¢) and the fraction of sites carrying the
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Table 3
Comparison between the measured and literature gap energy values.

Eg (eV) (this Eg (eV) Method Reference
work)
LaCrOs 0.24 0.6 Fundamental gap (LSDA) Solovyev et al. [41]
34 Optical method Arima et al. [48]
LaMnO; 0.287 0.2 Fundamental gap (LSDA)? Solovyev et al. [41]; Sarma et al. [42]
0.24 Electrical resistivity Mahendiran et al. [47]
1.1 Optical method Arima et al. [48]
1.7 Optical method Saitoh et al. [50]
LaFeO3 0.2 2.1 Optical method Arima et al. [48]
0.2 Fundamental gap (LSDA)? Solovyev et al. [41]
0.3 Fundamental gap (LSDA)? Sarma et al. [42]
LaCoOs3 0.37 0.35 Electrical resistivity Gerthsen and Hardtl [43]
0.37 Electrical resistivity Dorder et al. [44]
0.32-11 x1074T Electrical resistivity Jonker et al. [45]
0.3 Optical method Arima et al. [48]
0.2 Electrical resistivity Bhide et al. [46]
0.2 Fundamental gap (LSDA)? Solovyev et al. [41]; Sarma et al. [42]
0.6 Optical method Chainani et al. [49]

¢ Local spin-density approximation including the electron-electron interactions (LDA+U).

10 15 20 25 3.0
1000/T(K)

Fig. 7. Arrhenius plots In(uT) versus 1/T of the mobility for the perovskite films.

charge (C) according to Eq. (3) [40,51]:
o = NCeu (3)

where N is the total number of sites per unit volume. The carrier
mobility is expected to increase with the temperature since it is
thermally activated with an energy of E,.. For illustrative purposes,
the mobility was given in Table 2 at 430°C. The values of y, for
thin films, lie in the range of 1073-10"m?V-'sec™! that
overlaps with that reported for bulk materials (1076-10"°m?Vv~!
sec™!) [36]. The relatively lower charge mobility might be
attributed to the high density of grain-boundaries due to the
nano-sized particles forming the thin films. The calculated
temperature-dependent charge mobility was exploited to derive

the mobility activation energy of this process according to Eq. (4)
[40,51]. The corresponding plot is depicted in Fig. 7:

u:?exp(—%). 4)

The calculated value of the mobility activation energy for each
LaMOs film is given in Table 2. LaCoOs film exhibits a mobility
activation energy of 0.512eV, which agrees with the reported
value by Losurdo et al. [35] (0.55 eV) using nanostructured LaCoO3
thin film that was prepared by hybrid sol-gel and CVD method.

The increase of the electrical conductivity with the tempera-
ture shows the semiconducting behavior of LaMOs films, whereas
linearity between log(uT) and 1/T indicates that the mobility is
thermally activated as expected for small polaron hopping.
The obtained positive values of the Seebeck coefficient confirm
that the dominant charge carriers are holes. Therefore, the
electrical conductivity occurs by thermally activated jumps of
holes from M** cation to nearby M>* via the intermediate oxygen
ions. It has also been reported [52] that the successive jump of the
hole along the (M*" — 02~ - M?3*) chain is slightly influenced by
the Coulomb repulsion interaction due to the presence of La3*
ions. The fraction of M*" sites was calculated here in agreement
with the mobility and the conductivity behavior to follow the
sequence LaCoOs3>LaMnOs>LaCrOs;>LaFeOs. These differences
in electrical conductivity and mobility should be related to the
differences of band structure and energy gap of each sample. As a
matter of fact, the highest hole concentration in LaCoOs implies
the lowest Fermi energy close to the valence band and
consequently the highest gap energy. This explanation was
confirmed by calculating the band gap energy of each film from
the Arrhenius plot of fractional carrier concentration.

4. Conclusion

Pure LaMOs (M = Cr, Co, Mn and Fe) perovskite films were
successfully produced by PSE-CVD starting from ethanol solution
of the corresponding metal acetylacetonate precursors. The
principal control parameter for the deposition of single LaMOs
phase was the precursor concentration ratio (R) in the feedstock.
All LaMOs films exhibit p-type conduction (i.e. holes are the
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dominant charge carriers). The fraction of sites carrying the holes,
the band gap energy calculated from the experimentally mea-
sured Seebeck coefficients, and the carrier mobility values are
consistent with the electrical conductivity measurements. These
data show that PSE-CVD is a versatile method for the preparation
of perovskites thin films for high temperature applications.
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