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a b s t r a c t

Recent developments in the synthesis of multiferroic materials from metalorganics are reviewed. Single-
phase multiferroics have weak coupling among ferroic properties. Heterostructures are more promising
for device applications since the coupling in such structures is many orders of magnitude stronger. These
heterostructures also offer more degrees of freedom such as composition, microstructure and orientation
for optimized coupling. Two major deposition techniques are discussed: (i) metalorganic chemical vapor
deposition (MOCVD), and (ii) chemical solution deposition (CSD). These techniques are versatile and
economical for deposition of the mentioned structures. In MOCVD the film growth is continuous, whereas,
CSD is a multi-step process that involves coating using suitable precursor solution followed by annealing
in appropriate ambient, and the desired thickness is obtained by repeating these steps. The desired
properties of metalorganic precursors suitable for use in these techniques are outlined. In the case of
MOCVD, different precursor delivery methods for liquid and solid precursors are also presented as they
are equally important. Recent efforts on fabrication of single-phase multiferroics and improvements in

properties of single-phase materials through doping/substitution using MOCVD and CSD are reviewed.
Formation and synthesis of multifunctional multiferroic composites and heterostructures using these
techniques is an area that is st
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ill much to be explored.
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1. Introduction

1.1. Multiferroic materials
Multiferroic materials exhibit at least two of the “ferroic”
[1] properties—ferroelectricity, ferromagnetism, ferroelasticity and
ferrotoroidicity—in the same phase [2,3] (Fig. 1). By combining
these different physical properties in the same material, multi-
ferroics offer a promising route to create multifunctional devices.

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:takoudis@uic.edu
dx.doi.org/10.1016/j.ccr.2009.09.003
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Fig. 1. The different forms of “ferroic” orders.

he current decade is witnessing a flurry of research activity on
hese materials and related phenomena (Fig. 2). Magnetoelec-
ric (ME) multiferroics have drawn the most interest. They have
oth ferroelectric and ferromagnetic domains in the same phase
ith a coupling between them [4], and hence hold the promise

o achieve the long sought-after combination of electronic and
agnetic functionalities in a single device component. Realiza-

ion of such devices would further advancements towards device
iniaturization and better technology. High-speed low-power

lectrically controlled magnetic memory elements, electrically tun-
ble microwave devices and highly sensitive magneto sensors are
nly a few of the vast array of aspired applications [5].

It was in early 1960s when the magnetoelectric coupling was
rst predicted and later observed in Cr2O3 [7,8]. The research
n magnetoelectric materials continued for the next two decades
efore the excitement waned since not many such materials could
e produced. However, recent developments in the field of mate-
ials research have led to renewed interest in multiferroic and
agnetoelectric materials (Fig. 2). Improvements in first-principles

heoretical calculations have provided us a better understanding of
he underlying multiferroic phenomena at the atomic level [9,10]
nd have led to the identification of new mechanisms [11,12]. Simi-
arly, the development of theory to describe the multiferroic effects
n heterostructures has opened up another avenue for developing

tructures with stronger multiferroic effects [13]. This has given
s the ability to design new multiferroic materials. Also, progress

n thin film growth techniques has equipped us with capabilities
o create new phases and modify existing materials [14]. The field

ig. 2. Research activity on magnetoelectrics as indicated by the number of arti-
les published during the last six decades. The data are based on analysis of search
esults obtained by specifying “magnetoelectric” as research topic search keyword
n SciFinder Scholar [6].
y Reviews 253 (2009) 2920–2934 2921

of multiferroics has been progressing rapidly and there have been
recent reviews covering this exciting research area [4,12,15–18].

In the subsequent sub-sections, this review will cover two broad
categories of multiferroic structures: (i) single-phase compounds
and (ii) heterostructures. Sections 2 and 3 would be devoted to
the synthesis of these materials from metalorganic precursors.
The desired properties of the metalorganic precursors would be
discussed in Section 2 along with a review of available volatility
and thermal stability data. Section 3 would focus on the reported
efforts related to chemical vapor deposition and chemical solution
deposition techniques for the synthesis of multiferroic structures
employing different metalorganic precursors. Section 4 would
summarize and conclude the review with an outlook to future
developments.

1.2. Single-phase multiferroics

A major breakthrough in the understanding of the magnetoelec-
tric effect came in the form of the pioneering work of Landau and
Lifshitz wherein it was shown that the magnetoelectric response
required a time-asymmetric media [19]. Experiments on Cr2O3,
which was predicted to show such violation of time-reversal sym-
metry, constituted another major step forward in the research
[8,20]. In the wake of the generated excitement, several more
magnetoelectric compounds were identified [21]. However, the
magnetoelectric coupling in the single-phase materials is too weak
for application in devices, and can only be observed at very low
temperatures because of their low Néel (TN) and Curie (TC) tem-
peratures. The problem is further compounded by the fact that the
single-phase magnetoelectric multiferroic materials are rare. This
rarity has been explained through recent theoretical investigations
[9,10]. The conventional atomic-level mechanisms that drive fer-
roelectricity in a material require empty transition metal orbitals,
while those that drive ferromagnetism in a material require par-
tially filled transition metal orbitals. Both these mechanisms are
mutually exclusive. But, an alternate mechanism for driving either
of these ferroic properties could lead to magnetoelectric behavior in
a single-phase material [12,22,23]. A number of single-phase multi-
ferroics that have been identified can be broadly classified into—(i)
perovskites such as BiFeO3, (ii) hexagonal manganites (RMnO3,
R = Y, Sc, In, Ho, Er, Dy, Tm, Yb, Lu), (iii) cuprates [24], and (iv)
other compounds such as BaMnF4 [25] and Ni3B7O13I [26]. Among
these, BiFeO3 deserves a special mention as it is the only known
single-phase magnetoelectric material that has electric and mag-
netic ordering temperatures above room temperature (TC ∼1100 K
and TN ∼650 K) [27].

1.3. Synthesized artificial multiferroic heterostructures

Apart from being rare and having very low Néel and/or Curie
temperatures, the single-phase multiferroic compounds suffer
from another major limitation. Since most of these compounds
have definite compositions, the possibility of optimization of
magnetoelectric property through ion substitution or doping is
very limited [4]. Song et al. recently reported room temperature
ferromagnetism and ferroelectricity in Co-doped LiNbO3 films fab-
ricated using laser beam epitaxy [28]. In the case of BiFeO3, the
use of dopants has been mainly driven by the idea that it would
improve the ferroelectric properties by reducing the current leak-
age which is a major problem with BiFeO3 films. Several reports
have indicated that the dopants could affect the electrical proper-

ties of BiFeO3 films via a structural modification such as reduced
anisotropy, or by modifying the defect chemistry which controls
the oxygen vacancies [29–32].

To explore new degrees of freedom for achieving stronger
magnetoelectric coupling, the research has been directed towards
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Fig. 3. Schematic of a precursor bubbler (dotted lines indicate heated sections). The
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esigning magnetoelectric materials. Fortunately, the timing seems
o be good because recent progress in thin film deposition tech-
iques has provided new routes to deposit novel multiferroics in
he form of horizontal multilayer, vertical superstructures or other
omplex structures in a precise controlled manner [18,33]. One of
he most promising approaches is to synthesize composites of mag-
etostrictive and piezoelectric materials [4]. The realization of the
E effect in this case can be represented as follows

E effect = magnetic
mechanical

× mechanical
electrical

The concept was demonstrated in the pioneering works of
an der Boomgaard and van Suchtelen on CoFe2O4–BaTiO3 and
i(Co,Mn)Fe2O4–BaTiO3 composites [34,35]. In such composites

he mechanical strain between the two materials is employed to
nduce the magnetoelectric effect. The ME effects in composites
ave been observed to be about hundred times greater than that

n single-phase magnetoelectrics. However, the ME effect in this
ase may be non-linear unlike in the case of single-phase materi-
ls. Also, the interfacial mechanical strain should be transferred
etween the components with minimal losses. The related the-
ry and experimental works have been reviewed in Refs. [4,36,37].
ased on this idea, one approach to obtain large magnetoelectric
ffects is to deposit thin films of a ferromagnet on a piezoelectric
ubstrate such as lead magnesium niobate–lead titanate or BaTiO3.
f the strain transfer between the ferromagnet and the substrate is
trong, an electrically applied strain in the substrate could induce
train in the ferromagnet film leading to the observation of mag-
etization changes. This indirect magnetoelectric effect could be
ue to stress-induced anisotropy or stress-induced phase changes.
owever, the substrate should have a large piezoelectric effect and
t the same time should allow epitaxial growth of magnetic films
or quantitative analysis [38]. Similarly, in the case of magnetic

aterials which have charge carrier density dependent magnetic
roperties, polarization of an adjacent ferroelectric film can control
he magnetization near the interface.

. Precursors

In this section, we discuss the desired properties of precursors
o that they may be suitable for depositing films using metalor-
anic chemical vapor deposition (MOCVD) and chemical solution
eposition (CSD). Although inorganic molecules may also be used
or chemical vapor deposition and chemical solution deposition,
hey are beyond the scope of the present report. Since in the case
f MOCVD, precursor delivery is as important as the choice of pre-
ursor itself, it would be discussed here briefly.

For application of MOCVD, availability of suitable precursors is
ritical. At the least the precursor: (i) should have a sufficiently high
nd reproducible vapor pressure, (ii) should not decompose during
elivery or storage, and (iii) should not be hazardous [39]. Gas or

iquid precursors with suitably high vapor pressures are ideal for
OCVD because of the ease with which they can be delivered to the

eactor in a controlled manner. In the case of gas precursor, a mass
ow controller is conventionally employed to control the dosage
f precursor. For liquid precursors, the use of bubblers is the most
ominant delivery method (Fig. 3). In such a setup, a carrier gas at a
ontrolled flow rate is fed through the liquid in the bubbler so as to
ntrain the precursor molecules, thereby delivering the precursor
o the reactor [40]. The bubbler has to be maintained at a specific

emperature using a temperature controller in order to achieve a
onstant equilibrium precursor vapor pressure. Thus, in both cases,
simple and inexpensive arrangement is needed to reproducibly

ontrol the vapor phase concentration of the precursor in the reac-
or.
carrier gas with a regulated flow rate (fcarrier) passes through the liquid precursor
via a dip tube. The bubbler is kept at constant temperature (TB) and pressure (PB)
to maintain constant precursor vapor pressure (PV). The equation for estimating the
flow rate of the precursor (fprecursor) is also shown.

On the other hand, solid precursors pose challenges that may
limit their suitability for MOCVD. Solid precursors, in general, have
relatively lower vapor pressures compared to liquids. More impor-
tantly, their vapor pressures decrease because of changing surface
area as they are consumed. Also, lower vapor pressures require
that solid precursors be used at elevated temperature to increase
the vapor pressure; but this could lead to agglomeration and/or
degradation of the precursor in the precursor vessel. However, for
many metals, only solid precursors are available. Therefore, in order
to overcome these difficulties with solid precursors, ingenious
yet complex and expensive non-conventional delivery approaches
have been developed which would be discussed in Section 3.

Table 1 lists the metalorganic precursors that have been
reported for chemical vapor deposition of BiFeO3 and other mul-
tiferroics. Their structures are shown in Figs. 4–6. �-Diketonates
have been more popular than any other class of volatile precursors
for chemical vapor deposition of multiferroics. This may be cred-
ited to the extensive studies on the chemistry of these complexes
to understand the fundamental relationships between their volatil-
ity and their structure [41,42]. Their volatility depends strongly on
the degree of branching of the hydrocarbon end groups as they
largely determine the strength of the intermolecular interactions.
The branching increases their volatility and decreases their ten-
dency to hydrate or polymerize. The volatility also depends on
the nature of the complex-forming metal. In case of rare-earth �-
diketonates, the volatility increases in the series from La to Lu which
has been attributed to the lanthanide contraction [43]. For Bi, aryl
sources, particularly triphenyl bismuth, have been equally popular
because of their good thermal stability upon sublimation and dur-
ing storage [44]. In case of iron precursors, metallocenes have been
the other major choice apart from the �-diketonates.

The volatility and thermal stability during evaporation are crit-
ical properties that determine the suitability of a precursor for
MOCVD. The vapor pressure of precursors reported for MOCVD
of multiferroic materials is presented in Table 2. A good ther-
mal stability ensures that the precursor would neither decompose
while flowing through the delivery lines nor would it degrade
during storage. In order to use a precursor efficiently, it should
evaporate completely without leaving any residue. When deposit-
ing a multi-metal oxide more than one metalorganic precursor

is required, therefore, it becomes important that their volatilities
be similar when using a liquid injection type of delivery scheme.
To characterize these properties, thermogravimetric (TG) analysis,
differential scanning calorimetry, mass spectroscopy and infrared
spectroscopy techniques are most appropriate [64].
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Table 1
Combinations of precursors reported for MOCVD of single-phase multiferroic materials.

Deposited material Synthesis Precursors Reference

BiFeO3 MOCVD Bi(Me)2(dmamp); Fe(EtCp)2 [45]
DLI-MOCVD Bi(thd)3; Fe(thd)3 [46]
DLI-MOCVD Bi(p-tol)3; Fe(DIBM)3 [47]

DLI-MOCVD Bi(thd)3; Fe(thd)3 [48]
Bi(mmp)3; Fe(thd)3

Solid feeder MOCVD Bi(Ph)3; Fe(thd)3 [49]
MOCVD Bi(Ph)3; Fe(n-BuCp)(Cp) [50]

YMnO3 MOCVD Y(thd)3; (MeCp)Mn(CO)3 [51]
MOCVD Y(thd)3; Mn(thd)3 [52]
DLI-MOCVD Y(thd)3; Mn(thd)3 [33,53]

HoMnO3 MOCVD Ho(thd)3, Mn(thd)3 [52]
DLI-MOCVD Y(thd)3; Mn(thd)3 [33]

DyMnO3 MOCVD Dy(thd)3; Mn(thd)3 [52,54]
DLI-MOCVD Dy(thd)3; Mn(thd)3 [33]

TbMnO3 DLI-MOCVD Tb(thd)3; Mn(thd)3 [33]
ErMnO3 DLI-MOCVD Er(thd)3; Mn(thd)3 [55]
Pr(1−x)CaxMnO3 DLI-MOCVD Pr(thd)3; Ca(thd)2; Mn(thd)3 [56]

dmamp: 2-[(dimethylamino-N)methyl]phenyl; Cp: cyclopentadienyl; Ph: phenyl; thd: 2,2,6,6-tetramethyl-3,5-heptanedionato; DIBM: diisobutyrylmethanato; mmp: 1-
methoxy-2-methyl-2-propoxide.

Fig. 4. Structures of bismuth metalorganic precursors that have been reported for MOCVD of BiFeO3. (a) Bi(dmamp)(Me)2, (b) Bi(mmp)3, (c) Bi(thd)3, (d) Bi(p-tol)3, (e)
Bi(o-tol)3, (f) Bi(Ph)3.
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F D of BiFeO3. (a) Fe(n-BuCp)(Cp), (b) Fe(MeCp)2, (c) Fe(EtCp)2, (d) Fe(thd)3, (e) Fe(TMOD)3,
( isobutyrylpivaloylmethanato.
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ig. 5. Structures of iron metalorganic precursors that have been reported for MOCV
f) Fe(DIBM)3, (g) Fe(IBPM)3. TMOD: 2,2,6,6-tetramethyl-3,5-octanedionato; IBPM:

The thermal behavior of Bi(Ph)3 has been characterized by
hermogravimetric analysis [65] and it was observed that Bi(Ph)3
aporized in a single step without any decomposition. The vapor-
zation occurs in the range 160–280 ◦C with a final residue of about
% at 350 ◦C. Bi(o-tol)3 and Bi(p-tol)3 which belong to the same
lass as Bi(Ph)3 also show similar thermal characteristics. Based on
he reported TG analysis Bi(o-tol)3 and Bi(p-tol)3 undergo single
tep clean evaporation in the range 170–350 ◦C and 170–300 ◦C,
espectively [44]. The final residue left at 600 ◦C was 3.3 % and 1.4
, respectively. Interestingly, in situ infrared spectroscopy indicate
hat during MOCVD Bi(p-tol)3 dissociated via a different mecha-
ism than Bi(o-tol)3. While the ortho derivative dissociates via a
reakdown of the aromatic rings, in case of the para derivative

he breakdown involves dissociation of the aromatic ring-methyl
ond. Thermogravimetric analysis curve for Bi(thd)3 reveals two
ass losses in the ranges 80–190 ◦C and 190–310 ◦C [44]. The

nal residue was reported to be 2.29%. Mass spectrometry analysis
erformed on the vapors produced during the thermogravimetric

Fig. 6. Structures of metalorganic precursors that have been reported for MOCVD
of manganites.
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Table 2
Vapor pressure data of precursors reported for MOCVD of single-phase multiferroic materials.

Precursor Vapor pressure Temperature range (K) Reference

Bi(Ph)3 log10 p(Torr) = 11.19 − 4885
T(K) 353–473 [57]

Bi(o-tol)3 log10 p(Torr) = 13.45 − 6267
T(K) – [58]

Fe(Cp)2 log10 p(Torr) = 10.66 − 3805
T(◦C)+273.15 295–325 [59]

Fe(n-BuCp)(Cp) log10 p(Torr) = 34.32 − 32840.4
T(K)+582.493

Bi(mmp)3 log10 p(Torr) = 8.2509 − 2257.2
T(K) 293–343 [60]

Bi(thd)3 log10 p(Torr) = 10.275 − 5203
T(K) 293–343 [60]

Fe(thd)3 log10 p(Torr) = 15.127 − 6541
T(K) 359.8–377.8 [61]

Fe(acac)3 log10 p(Torr) = 14.627 − 6510.64
T(K) 369.3–387.5 [61]

Y(thd)3 log10 p(Torr) = 16.617 − 7392.92
T(K) ; solid 395–435 [62]

log10 p(Torr) = 10.475 − 4674
T(K) ; liquid 449–456

Ho(thd)3 log10 p(Torr) = 15.246 − 6861.7
T(K) ; solid 420–458 [43]

log10 p(Torr) = 9.916 − 4419.7
T(K) ; liquid 458–500

Pr(thd)3 log10 p(Torr) = 18.033 − 8637.2
T(K) ; solid 450–495 [43]

log10 p(Torr) = 12.109 − 5703.7
T(K) ; liquid 495–530

Tb(thd)3 log10 p(Torr) = 16.415 − 7388.6
T(K) ; solid 420–454 [43]

log10 p(Torr) = 10.145 − 4544.8
T(K) ; liquid 454–500

Dy(thd)3 log10 p(Torr) = 15.484 − 6972.1
T(K) ; solid 410–456 [43]

log10 p(Torr) = 10.067 − 4504.6
T(K) ; liquid 456–500

Er(thd) log p(Torr) = 15.526 − 6955.5 ; solid 410–454 [43]
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3 10 T(K)

log10 p(Torr) = 10.065 − 4478.3
T(K) ; liquid

Ca(thd)2 log10 p(Torr) = 7.06 − 3760
T(K)

nalysis showed that the first mass loss temperature range was
ssociated with partial dissociation or decomposition of the thd
igand. From the differential scanning calorimetry the second mass
oss temperature range seemingly corresponds to clean evapora-
ion of the precursor. However, the possibility that a small fraction
f the precursor decomposes during evaporation via mechanisms
bserved for the first mass loss range could not be ruled out.
i(dmamp)(Me)2 is a liquid precursor with a vapor pressure of
.1 Torr at 55 ◦C [66]. It evaporates in a single step at ∼200 ◦C
nd starts to decompose at 230 ◦C. Its higher volatility in com-
arison with Bi(Ph)3 has been attributed to its lower molecular
ass. Bi(mmp)3 is a highly air-sensitive solid alkoxide complex. The

eported TG analysis shows a multi-step mass loss profile during
vaporation which occurs in the temperature range 50–300 ◦C [67].
large amount of non-volatile residue (40 %) was also observed and
as attributed to the formation of hydrolyzed product that was

eportedly difficult to avoid in case of the small sample size that
as used in the TG analysis.

The TG analysis of Fe(Cp)2 carried out in the temperature range
5–800 ◦C shows that it undergoes clean single step sublimation
rocess in the range 50–200 ◦C resulting in almost 0% residue [68].
he thermal decomposition behavior of (C4H9C5H4)Fe(Cp) is very
imilar to that of ferrocene. It evaporates in a single step in the
ange 50–240 ◦C, leaving behind only 2% residue [69]. This indi-
ates a clean evaporation without any decomposition. Fe(thd)3 is
eported to melt in the range 160–182 ◦C and evaporate in the range
84–280 ◦C leaving a residue of about 1% [70]. Differential thermal

nalysis did not indicate any decomposition during evaporation.
e(acac)3 has been reported to evaporate in a single step in the
ange 150–230 ◦C and leaves a 6% residue [71].

Y(thd)3 sublimes completely in the range 100–180 ◦C in a single
tep with no residue [72]. Mass spectrometry indicated that there
454–490

383–553 [63]

was no degradation of precursor during evaporation. The atmo-
spheric pressure TG curve of Pr(thd)3 indicates that this precursor
complex sublimes in a single step, in the 150–300 ◦C temperature
range, with a 3–4% residue at 450 ◦C indicating clean vaporization
with low residue [73]. Tb(thd)3 sublimes in the range 150–260 ◦C
and leaves a 3.3% residue [74]. Only one peak that corresponded to
sublimation was observed in the differential scanning calorime-
try data indicating that there was no decomposition during the
sublimation process. Er(thd)3 evaporates in the temperature range
100–190 ◦C and leaves no residue [75]. In case of Ca(thd)2, a
two-step mass loss due to evaporation of volatile impurities and
vaporization of precursor has been reported [63]. No residue was
left after the evaporation of Ca(thd)2 complex. From the ther-
mogravimetric analysis of Mn(thd)3, it has been observed that it
is thermally stable and vaporizes in a single step in the range
130–240 ◦C with a final residue of about 3% left at 300 ◦C [65]. The
trivalent rare-earth ions have a tendency to attain a high coordina-
tion which results in polymerization. This tendency is stronger for
the lighter lanthanides due to their larger ionic radius [42]. Tb(thd)3
and Dy(thd)3 are reported to undergo irreversible change from a
dimeric form to monomeric form upon heating at 147 ◦C and 115 ◦C,
respectively [76].

Although chemical solution deposition is a solution-based and
less complex synthesis technique, the requirements for the precur-
sors are challenging to meet. In order to successfully utilize the CSD
technique, the precursors should meet a number of requirements
as have been listed by Schwartz et al. [77]:
(i) the precursors should have sufficient solubility in the solvent,
(ii) the precursors should decompose without undesirable

residues,
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iii) precursor components should not undergo phase separation
during processing, and

iv) precursor solution should be stable for obtaining desired films
reproducibly.

The first two requirements are particularly restrictive and make
etalorganics more suitable because their solubility can be tuned

y choosing appropriate ligands and optimally tuned ligands would
yrolyze in an oxidizing atmosphere without leaving any residue.
recursors belonging to carboxylates, alkoxides and �-diketonates
lasses of metalorganics have been typically used in chemical solu-
ion deposition. These three classes differ in reactivity and solubility
nd result in different solution chemistries. Differences in precursor
tructures and solvent can exhibit significant effects in the proper-
ies of the deposited films. The sol–gel processes utilize alkoxides
s starting reagents and alcohols such as 2-methoxyethanol as
eactant and solvent. The key reactions in this synthesis route are
ydrolysis, alcohol exchange and condensation of alkoxides. 2-
ethoxyethanol has been the most widely used solvent due to its

bility to dissolve a variety of metalorganics. The chelate processes
lso employ alkoxides but are based on a different key reaction
hich is the chelation of metal alkoxides by chelating agents such

s acetic acid and acetylacetone. Chelation allows easy handling of
he precursor solutions in air by lowering the hydrolysis tendency
f alkoxides. However, the reaction chemistry in chelate process
s quite complex making it hard to control the properties of the
recursor solution. Metalorganic decomposition route involves dis-
olution of metal carboxylates in a common solvent such as xylene
nd combining these solutions to obtain desired stoichiometry in
he films. This synthesis route is straightforward but suffers from
imitations such as large shrinkage and mass loss due to the large
rganic ligands and limited process flexibility due to the minimal
eactivity of the starting reagents. Details of the chemical solution
eposition processes and precursor chemistries could be found in
efs. [78,79]. Table 3 lists the metalorganic precursors that have
een reported for chemical solution deposition of BiFeO3 and other
ultiferroics.

. Routes for synthesis of multiferroic nanostructures from
etalorganics

.1. Metalorganic chemical vapor deposition

Chemical vapor deposition (CVD) refers to the process of
epositing thin films of materials through a chemical reaction from
he precursors present in the vapor phase. The process has been

sed to deposit thin films of a wide variety of materials for broad
ets of applications. It is one of the most flexible and versatile yet a
imple and robust process that can deposit conformal films with
igh purity and abrupt interfaces. It can deposit materials over
large area with high uniformity and high growth rates. It can

able 3
ombinations of precursors reported for CSD of single-phase multiferroic materials.

Deposited material Precursors Reference

BiFeO3 Bi (CH3COO)3; Fe(acac)3 [32,80–88]
Bi(OtC5H11)3; Fe(OC2H5)3 [89]
Bi(OnC4H9)3; Fe(acac)3 [90]
Bi(OtC4H9)3; Fe(OtC4H9)3 [91]
Bi(OtC5H11)3; Fe(acac)3 [30,92]
Bi(OCO(CH)(C2H5)(C4H9)3; Fe(acac)3 [93]

YMnO3 Y(CH3CO2)3·4H2O; Mn(CH3CO2)2·4H2O [94–96]
Y(OiPr)3; Mn(CH3CO2)2·4H2O [97–99]
Y(OiPr)3; Mn(OiPr)2 [100]
[Y(OC2H4OCH3)3]10; Mn(OC2H4OCH3)2 [101]

cac: acetylacetonate.
y Reviews 253 (2009) 2920–2934

work in different operating pressure regimes. It offers economi-
cal manufacturing making it highly suitable and preferred method
of growing various kinds of materials in the industry. In situ thin
film probing capabilities offer another advantage for research pur-
poses.

When metalorganic compounds are used as precursors, the
process is generally referred to as MOCVD. Depending upon the
phase and properties of the precursors, various methods have been
reported for delivery of precursor into the reactor. As mentioned
in the previous section, the precursors for MOCVD should have
certain properties. While precursors with inorganic ligands such
as halides may be suitable, those are beyond the scope of this
paper. Depending upon the processing conditions, reactor config-
uration, precursor delivery method and whether external agent is
used to induce the reaction, different MOCVD variants are avail-
able, for example, low-pressure MOCVD, atmospheric pressure
MOCVD, hot-wall/cold-wall MOCVD, horizontal/vertical MOCVD,
direct-liquid injection (DLI) MOCVD, and plasma-enhanced (PE)
MOCVD.

Since the available metalorganic sources for multiferroic mate-
rials are mostly solids, there are a few major precursor delivery
methods worth mentioning. These methods mainly differ in
whether the phase of the precursor when delivered to the reac-
tor is solid or liquid. One approach has been the liquid injection
wherein the precursor is dissolved in an appropriate solvent and
then injected in a controlled manner into a heated unit where it gets
flash vaporized and the vapors are then flowed into the reactor with
or without the use of a carrier gas. In the case when multiple precur-
sors are to be used, precursors may be injected independently from
independent solutions [47] or they could alternatively be injected
in the form of a solution prepared by carefully mixing the different
precursors in the same solvent [102]. The use of a solvent raises the
possibility of organic contamination in the films. Also, particularly
in the case of mixed precursors, appropriate solvent needs to be
determined using solubility and viscosity tests [48]. In a band-flash
type of setup, the choice of solvent becomes more relaxed [102,103]
(Fig. 7).

Alternatively, instead of using a solvent-based approach, one
can also use solid precursors directly by employing various means.
In one approach, one may provide a separate heating zone where
a crucible containing the precursor may be kept and then using
a carrier gas the vapors can be flown into the reaction zone. This
method though simple, does not provide any control of the amount
of precursor flowing to the substrate. Another approach is to mix
the precursors in appropriate quantities together in the powder
form and make a disk by compaction. Then microportions from
this disk may be sliced and fed to the reactor [104] (Fig. 8).

3.1.1. Single-phase multiferroic materials
3.1.1.1. BiFeO3. Ueno et al deposited epitaxial BiFeO3 films using
Bi((CH3)2(2-(CH3)2NCH2C6H4)) and Fe(C2H5C5H4)2 as precursors
in a bubbler-type delivery MOCVD setup [45]. The Bi:Fe molar ratio
in the films correlated with the molar ratio of precursors in the
feed gas. The films were deposited on SrRuO3/SrTiO3 substrates
at 620 ◦C. For 480 nm thick BiFeO3 films, polarization hysteresis
loops with remanent polarization 51 �C/cm2 and coercive field
166 kV/cm were obtained at 80 K.

Yang et al. used liquid delivery MOCVD to grow epitaxial BiFeO3
films on SrRuO3/SrTiO3 and SrRuO3/SrTiO3/Si substrates at 650 ◦C
[46]. Bi(thd)3 and Fe(thd)3 dissolved in tetrahydrofuran were used
as the source metalorganics. To avoid condensation of the vaporized

precursors, a showerhead heated with oil was used. The Bi/(Bi + Fe)
ratio in the precursor solution was varied between 0.5 and 0.85 in
order to optimize the film composition. Bi/(Bi + Fe) ratio of 0.7 was
optimal to obtain stoichiometric BiFeO3 films. Smaller polarization
values and coercive field values were observed for films deposited
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ig. 7. The droplets are injected on the moving tape, the solvent evaporates in the
vaporator, where the vector gas flowing to the left part carries the precursor vapo
igure was reproduced from Ref. [102], with permission of the copyright holders.

n SrRuO3/SrTiO3/Si compared to those for the films deposited on
rRuO3/SrTiO3.

Tasaki et al. compared various precursors for liquid deliv-
ry MOCVD of BiFeO3 films [47]. Bismuth aryls—Bi(o-Tol)3 and
i(p-Tol)3—were studied as bismuth sources, while iron �-
iketonates (Fe(DPM)3, Fe(TMOD)3, Fe(DIBM)3 and Fe(IBPM)3) and

ron cyclopentadienyls (Fe(Cp)2 and Fe(MeCp)2) were compared as
he iron sources. Bismuth and iron precursors were dissolved in
oluene in order to prepare the precursor solution for use in the
iquid delivery MOCVD apparatus. Bi(p-Tol)3 was reported to be a
etter bismuth precursor since the bismuth content in the films was
ore controllable in case of Bi(p-Tol)3 compared to Bi(o-Tol)3. Bi(p-

ol)3 was selected as the bismuth precursor for comparative studies
n the iron precursors. Fe content in the films was very low in case of
yclopentadienyls compared to �-diketonates. For depositing sto-
chiometric BiFeO3 films, Bi(p-Tol)3 and Fe(DIBM)3 mixed in ratio
:1 were chosen as precursors. X-ray diffraction (XRD) analyses
howed that the films deposited at 500 ◦C and 525 ◦C were BiFeO3
hile films deposited 550 ◦C also had Bi2O3 phase present. The films

◦
eposited at 525 C were reported to be ferroelectric though the
bserved remanent polarization (less than 2 �C/cm2) was very low.

Thery et al. compared two different bismuth precursors—
i(thd)3 and Bi(mmp)3—for depositing BiFeO3 films while Fe(thd)3
as fixed as the Fe source [48]. Various commonly used solvents

Fig. 8. Schematic of the shaving solid feeder.
Figure was reproduced from Ref. [104], with permission of the copyright holders.
zone and is eliminated at right end. The tape carries the dry precursor toward the
ard the substrate.

were compared for preparing the precursor solution. Bi(mmp)3
was reported to be more suitable Bi source. The BiFeO3 films were
deposited at 550 ◦C and 666 Pa (5 Torr) on SrTiO3 substrates in a
pulsed liquid delivery MOCVD. XRD and TEM analyses did not reveal
any secondary phases. However, XPS indicated presence of Fe in
mixed valence states which apparently led to the magnetization
value (70 emu cm−3) which is much higher than the bulk value for
BiFeO3.

Kartavtseva et al. reported growth of epitaxial BiFeO3 films on
(0 0 1) SrTiO3 using single-source MOCVD [49]. Bi(Ph)3 and Fe(thd)3
were used as the precursors for growing the films in the tem-
perature range 500–800 ◦C and a total pressure 1.2–1.8 kPa. The
saturation magnetization for the film was measured to be 9 kA/m
(9 emu cm−3).

Singh et al. prepared BiFeO3 nanofilms on platinized silicon sub-
strates [Pt(111)/TiO2/SiO2/Si] by MOCVD using n-butylferrocene
and triphenylbismuth [50]. The films deposited at 550 ◦C and
15 Torr were polycrystalline and had a saturation magnetization
of ∼8 emu cm−3 at room temperature. Using electrostatic force
microscopy, the films were observed to have ferroelectric char-
acteristics. Magneto-dielectric coupling was observed through the
measurements of magnetic field dependence of real and imag-
inary parts of the effective dielectric constant at 18 GHz. The
coupling indicates the potential use of BiFeO3 films in tunable high-
frequency devices.

3.1.1.2. YMnO3. Choi et al. used MOCVD to deposit YMnO3 films
on Y2O3 buffered p-type Si(1 0 0) substrates at 500 ◦C and 3 Torr
for FeRAM applications [51]. Metalorganics Y(thd)3 and methylcy-
clopentadienylmanganese tricarbonyl ((CH3C5H4)Mn(CO)3) kept
in individual bubblers were used as sources for Y and Mn, respec-
tively. The Y(thd)3 and (CH3C5H4)Mn(CO)3 bubblers were kept at
162 ◦C and 20 ◦C, respectively. The deposited films annealed for
60 min in 100 mTorr vacuum at 750 ◦C were observed to have
superior properties (crystallinity, ferroelectricity and low leakage)
compared to films annealed in oxygen. Magnetic behavior was not
reported for these films.

Bosak et al. deposited single-phase epitaxial YMnO3 films on
LaAlO3 (0 0 1) and SrTiO3 (0 0 1) substrates using Y(thd)3 and
Mn(thd)3 [52]. The MOCVD used a single-source band-flash evap-
oration method for precursor delivery [103]. The films were grown
at 840 ◦C and 1300 Pa (9.75 Torr) with oxygen partial pressure of
435 Pa (3.26 Torr). Epitaxial stabilization due to low lattice mis-
match substrates enabled the growth of the films in the perovskite
structure instead of the stable hexagonal form. Interestingly, it is
the hexagonal phase that exhibits multiferroicity.

More recently, Kim et al. used metalorganics Y(thd)3 and

Mn(thd)3 in a liquid precursor injection MOCVD reactor to deposit
YMnO3 films on Pt/Ti/SiO2/Si substrates at 10 Torr and 450–600 ◦C
[53]. A flash evaporator maintained below 300 ◦C was used to
vaporize the precursor solution (0.03 M Y(thd)3 and Mn(thd)3 in
tetrahydrofuran). Films annealed at 830 ◦C in inert ambient were
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bserved to crystallize in hexagonal YMnO3 phase. Ferroelectric
oop measurements revealed a remanent polarization of 2 �C/cm2

nd coercive field of 10 kV/cm. Magnetization behavior was not
eported for these films.

Dubourdieu et al. synthesized thin films of hexagonal YMnO3
y liquid delivery MOCVD using Y(thd)3 and Mn(thd)3 metalor-
anic precursors [33]. The precursors mixed in monoglyme solvent
ere injected into an evaporator held at 250 ◦C. Films were

rown on (1 1 1) ZrO2(Y2O3) and Pt(1 1 1)/TiO2/SiO2/Si substrates at
00–900 ◦C and total pressure of 660 Pa (5 Torr) with oxygen partial
ressure of 0.33 kPa (2.5 Torr). In situ annealing of the samples in
00 kPa (750 Torr) O2 was done after deposition. Though, mainly,
-axis oriented films were obtained on both the substrates, films
eposited on platinized silicon had larger amount of secondary ori-
ntations and also had some perovskite phase present. From the
eutron diffraction experiments at different temperatures, TN was
stimated to be 66 K [55].

.1.1.3. HoMnO3. Bosak et al. deposited single-phase epitaxial
oMnO3 films on LaAlO3 (0 0 1) and SrTiO3 (0 0 1) substrates using
o(thd)3 and Mn(thd)3 [52]. The MOCVD used a single-source
and-flash evaporation method for precursor delivery [103]. The
lms were grown at 840 ◦C and 1300 Pa (9.75 Torr) with oxygen
artial pressure of 435 Pa (3.26 Torr). Epitaxial stabilization due to

ow lattice mismatch substrates enabled the growth of the films in
he perovskite structure instead of the stable hexagonal form.

Dubourdieu et al. synthesized thin films of hexagonal HoMnO3
y liquid delivery MOCVD using Ho(thd)3 and Mn(thd)3 met-
lorganic precursors [33]. The precursors mixed in monoglyme
olvent were injected into an evaporator held at 250 ◦C. Films were
rown on (1 1 1) ZrO2(Y2O3) and Pt(1 1 1)/TiO2/SiO2/Si substrates at
00–900 ◦C and total pressure of 660 Pa (5 Torr) with oxygen par-
ial pressure of 0.33 kPa (2.5 Torr). In situ annealing of the samples
n 100 kPa (750 Torr) O2 was done after deposition. The films had c-
xis oriented perpendicular to the substrate. For films thicker than
00 nm secondary orientations were also observed. In the neutron
iffraction analysis, TN was not clearly observed though a magnetic
ransition at 50 K corresponding to reorientation temperature on
ulk HoMnO3 was observed [55].

.1.1.4. DyMnO3. Bosak et al. deposited single-phase epitaxial
yMnO3 films on LaAlO3 (0 0 1) and SrTiO3 (0 0 1) substrates using
y(thd)3 and Mn(thd)3 [52]. The MOCVD used a single-source
and-flash evaporation method for precursor delivery [103]. The
lms were grown at 840 ◦C and 1300 Pa (9.75 Torr) with oxygen
artial pressure of 435 Pa (3.26 Torr). The films had perovskite
tructure instead of desired hexagonal structure. In a later report,
osak et al. used (1 1 1) ZrO2(Y2O3) substrate to induce epitaxial
tabilization to obtain the hexagonal structure [54]. The films were
ynthesized by liquid injection MOCVD at 900 ◦C and 670 Pa using
he same precursors as before.

Dubourdieu et al. synthesized thin films of hexagonal DyMnO3
y liquid delivery MOCVD using Dy(thd)3 and Mn(thd)3 met-
lorganic precursors [33]. The precursors mixed in monoglyme
olvent were injected into an evaporator held at 250 ◦C. Films were
rown on (1 1 1) ZrO2(Y2O3) and Pt(1 1 1)/TiO2/SiO2/Si substrates at
00–900 ◦C and total pressure of 660 Pa (5 Torr) with oxygen par-
ial pressure of 0.33 kPa (2.5 Torr). In situ annealing of the samples
n 100 kPa (750 Torr) O2 was done after deposition. Though the sta-
le phase for DyMnO3 is the perovskite structure, the metastable
exagonal phase was obtained because of epitaxial stabilization.
.1.1.5. TbMnO3. Dubourdieu et al. synthesized thin films of hexag-
nal TbMnO3 by liquid delivery MOCVD using Tb(thd)3 and
n(thd)3 metalorganic precursors [33]. The precursors mixed in
onoglyme solvent were injected into an evaporator held at 250 ◦C.
y Reviews 253 (2009) 2920–2934

Films were grown on (1 1 1) ZrO2(Y2O3) substrates at 800–900 ◦C
and total pressure of 660 Pa (5 Torr) with oxygen partial pressure
of 0.33 kPa (2.5 Torr). In situ annealing of the samples in 100 kPa
(750 Torr) O2 was done after deposition. Epitaxial stabilization
enabled the deposition of the hexagonal phase of TbMnO3.

3.1.1.6. ErMnO3. Thin ErMnO3 films (450–500 nm) were deposited
on (1 1 1) ZrO2(Y2O3) substrates by liquid injection MOCVD using
Er(thd)3 and Mn(thd)3 as precursors. TN ∼68 K was estimated from
the neutron diffraction experiments for 500 nm thick films [55].

3.1.1.7. Pr(1−x)CaxMnO3. Nakamura et al. used a liquid injection
MOCVD to deposit 300 nm Pr(1−x)CaxMnO3 films on Pt/SiO2/Si sub-
strates at 480 ◦C and 5 Torr [105]. Pr(thd)3, Ca(thd)2 and Mn(thd)3
dissolved in tetrahydrofuran were used as the precursors. Each dis-
solved precursor was carried by N2 into a vaporizer and then the
reactor where O2 was mixed in. After deposition the films were
annealed at 600 ◦C for 5 h. The films showed reversible resistance
switching upon application of electrical pulses [106].

3.1.2. Multiferroic structures
Work on preparation of doped-multiferroics or composites

using MOCVD is non-existent, though reports on MOCVD of fer-
rites alone exist. Only acetylacetonate complexes have been used
as precursors in these reports.

Itoh et al. prepared (Ni, Zn)Fe2O4 films on silica glass and
MgO (1 0 0) substrates in a low-pressure MOCVD using thermal
decomposition of acetylacetonate complexes [107]. The solid pre-
cursors Ni(acac)2, Zn(acac)2 and Fe(acac)2 were evaporated by
heating in independent furnaces at 157 ◦C, 79 ◦C and 146 ◦C, respec-
tively, and were carried by N2 to the reactor. Oxygen was used
as the oxidizer and the depositions were done at 12 Torr in tem-
perature range 400–800 ◦C. The NiFe2O4 films deposited on silica
glass between 400 and 450 ◦C had low crystallinity. The saturation
magnetization and crystallinity increased with deposition tem-
perature. Films deposited above 600 ◦C were epitaxial and had
a saturation magnetization of 40–50 emu g−1. (Ni,Zn)Fe2O4 films
deposited on silica glass between 500 and 600 ◦C were polycrys-
talline with saturation magnetization 54–62 emu g−1 and coercive
force 50–100 Oe. In comparison, films grown on MgO between 600
and 650 ◦C were epitaxial and showed higher saturation magneti-
zation (60–67 emu g−1) and lower coercive force (20–30 Oe).

Fujii et al. synthesized thin films of CoFe2O4 and Co(1−x)Znx

Fe2O4 (0 ≤ x ≤ 0.5) by plasma-enhanced MOCVD using metal acety-
lacetonate complexes [108] at a lower temperature. The soda-lime
glass substrate was kept at 400 ◦C and the depositions were done
at 10 Pa with a 400 W rf power. Fe(acac)3, Co(acac)3 and Zn(acac)2
vaporized at 135 ◦C, 145–152 ◦C and 66–76 ◦C, respectively, were
used as the metal sources. The deposited Co–Zn ferrite films
had a (1 0 0) texture with a columnar structure. Faraday hystere-
sis loops indicated that the films had perpendicular magnetic
anisotropy with a coercive force of 3200 Oe. The Faraday rotation
at 800 nm and the Curie temperature were observed to decrease
with increasing Zn content; this was attributed to the substi-
tution of Co2+ in tetrahedral sites of CoFe2O4 by non-magnetic
Zn2+.

Langlet et al. deposited (Ni,Zn) ferrite thin films by a CVD process
in which an aerosol of precursor was transported into the reactor
and then pyrolyzed on glass substrate at 460 ◦C [109]. A solution of
metal acetylacetonate precursors dissolved in butanol was kept in
a glass container fitted with a piezoelectric transducer which was

excited to generate aerosol. The films were annealed at 500 ◦C in air
to improve crystallization. The films were polycrystalline and had
cubic spinel phase. The metal concentration ratio in the films was
different from that in the precursor solution; this was attributed
to differences in the thermal stability of the metal acetylacetonates
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Fig. 9. Different steps in a typical chemical solution deposition process.

sed. The saturation magnetization ranged from 70–280 emu cm−3

epending upon the composition of the ferrite.

.2. Chemical solution deposition

The CSD method is another versatile technique for synthesiz-
ng thin films. This method refers to approaches such as sol–gel
nd metalorganic decomposition which have been recently used
or depositing various kinds of high-quality thin film materials
ncluding oxides. Fig. 9 illustrates the general steps involved in a
SD process. Suitable precursors, such as inorganic salts and met-
lorganics, are chosen and dissolved in a solvent. The precursor
olutions are then mixed together in ratios chosen so as to yield
esired stoichiometry in the deposited films. This mixed solution

s then used to coat the flat substrates by spin-, spray- or dip-coating
rocess. The films are then dried to remove organic material and the
oating process is repeated if the desired thickness is not achieved
ith a single coating step. The film is finally subjected to annealing

n air or oxygen to improve the crystallinity and microstructure. The
SD technique with details of the processing steps and the under-

ying thermodynamics has been reviewed in Refs. [77,110,111]. In
his review, the focus is on CSD using metalorganic precursors such
s acetates, carboxylates, alkoxides and �-diketonates. It is impor-
ant to note that chemical vapor deposition results in continuous
rowth, whereas in the case of CSD a thickness of 20–100 nm is typ-
cally crystallized at the same time. Also, since only the top surface
f film is in contact with the ambient, it is hard to control the partial
ressure of oxygen in the bulk of the film [112].

.2.1. Single-phase multiferroic materials

.2.1.1. BiFeO3. Bismuth acetate and iron acetylacetonate has been
he most popular combination for chemical solution deposition of
iFeO3 films [80,82–84,86,88]. Qi et al. used bismuth acetate and

ron acetylacetonate dissolved in acetic acid and acetone to deposit

iFeO3 films on SrTiO3 and LaAlO3 substrates by sol–gel technique
86,113]. For thicknesses less than 300 nm, highly c-axis oriented
iFeO3 films were obtained. The final composition and surface mor-
hology of the films was reported to be sensitive to the sintering
rocess. The films sintered at 780 ◦C showed high porosity and
y Reviews 253 (2009) 2920–2934 2929

presence of Bi2Fe4O9 impurity phase. This was attributed to the
volatility of Bi. The films were reported to be antiferromagnetic
or paramagnetic since the magnetization showed a small linear
increase with applied magnetic field. The ferroelectric character-
istics were not investigated.

Chung and Wu used propionic acid as the solvent for these pre-
cursors to deposit BiFeO3 films [83]. They studied the effect of
annealing temperature on the current leakage, dielectric constant
and polarization of the films. For the films annealed between 350
and 550 ◦C, the grains were uniform and increased slightly from
30 nm at 350 ◦C to 50 nm at 550 ◦C. However, the films annealed
at 600 ◦C had large grains (∼1000 nm) as well as small grains
(70–100 nm). No secondary phases were reported to be observed
for all these annealed films. The leakage current for the annealed
films at 10 kV/cm was less than 10−7 A/cm2 and decreased with
increasing annealing temperature up to 550 ◦C above which it
increased. The trend in leakage currents with increasing annealing
temperatures was attributed to changes in grain size. The remanent
polarization of the films did not vary much with annealing temper-
atures and was 30 �C/cm2. The coercive field for films annealed
above 450 ◦C was close to 80 kV/cm. Iakovlev et al. reported fabri-
cation of BiFeO3 polycrystalline films by CSD using these precursors
in acetic acid and DI water [80]. A 0.25 mol/l solution was pre-
pared by dissolving the precursors in DI water and acetic acid
mixed in 1:2 volume ratio. The prepared solution had 2 mol% excess
Bi in order to compensate for loss during annealing. Thin films
were prepared by successive spin-coating (5000 rpm, 30 s) this
solution on (1 1 1) Pt/Ti/SiO2/Si substrates. After each coating, the
deposited layer was dried on a hot plate. The films were annealed
in oxygen/air at 650 ◦C for 1 h. The films were crack-free and had
a partial (1 0 0) texture. Films annealed in oxygen have a more
dense structure with finer crystallites and had higher electrical
resistance. The oxygen annealed films exhibited poor ferroelec-
tric behavior (2Pr ∼1 �C/cm2) and had a 12 pm/V piezoelectric
coefficient which was independent of the applied voltage ampli-
tude.

Habouti et al. reported substantial improvement in leakage
resistance for their sol–gel BiFeO3 films deposited with assistance
of UV pyrolysis (UVP) [84]. Compared to the BiFeO3 films deposited
with no UV pyrolysis (NP), the UVP films had better crystallinity as
inferred from the stronger intensities of the peaks in diffractogram.
The films had strong (1 0 0) preferred orientation. Also, SEM micro-
graphs indicated a fine-grained smooth topography for UVP films in
contrast to the rougher grain morphology as observed for NP films.
It was speculated that UV treatment caused early cracking of C–H
bonds and formation of highly activated oxygen species that led to
efficient pyrolysis resulting in the observed fine morphology. The
UVP films had leakage currents several orders of magnitude less
than those observed in NP films. However, the ferroelectric polar-
ization remained poor for the films. The saturation magnetization
of the UVP and NP films was 55.4 emu cm−3 and 45.8 emu cm−3,
respectively.

Tyholdt et al. synthesized BiFeO3 films by spin-coating a
sol prepared by alcoholysis of Fe(OtBu)3 and Bi(OtBu)3 in 2-
methoxyethanol [91]. Using sols with 0% and 10% Bi excess, films
were deposited on Pt/TiO2/SiO2/Si(1 0 0) substrates. The films were
crystallized at 500, 600 or 700 ◦C for 20 min. Phase pure (0 1 2)-
oriented films were obtained with the preferred texture being more
enhanced in films prepared using 10% Bi excess sol. The texture
increased with increasing crystallization temperature. The films
deposited with 10% Bi excess were smoother and had a denser

microstructure. Surface analysis indicated the presence of some
excess Bi at the film surface.

Nakamura et al. used a solution of 2-ethylhexanoate bismuth
[Bi(OCO(CH)(C2H5)C4H9)3] and Fe(acac)3 to spin coat 250 nm thick
BiFeO3 films on Pt/TiO2/SiO2/Si substrates [93]. Two solutions with
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% and 10% excess Bi were used to prepare three different structures
f stoichiometric BiFeO3 thin film with (i) Bi excess top layer (Bi–T),
ii) bottom layer (Bi–B), and (iii) top and bottom layer (Bi–TB). The
lms were polycrystalline with Bi–TB and Bi–B structures having
he best and worst crystallinity, respectively. It was speculated the
i excess layers at the top and bottom could accelerate the crys-
allization. The films on Bi–TB had larger grain size compared to
he other two structures and had the best ferroelectric property
Pr = 55 �C/cm2 and coercive field of 385 kV/cm at room temper-
ture). The saturation magnetization at 80 K was 16 emu cm−3

ttributed to the suppression of inhomogeneous cycloidal magnetic
pin structure [114]. In another related study, they investigated
iFeO3 films with different Bi/Fe ratios [115]. BiFeO3 films with 10%
e excess, and 5%, 10% and 20% Bi excess were deposited using the
ame precursors and procedures as in Ref. [93]. All deposited films
ere mainly polycrystalline perovskite. However, 10% Fe excess
lms had Bi2Fe4O9 while 20% Bi excess films had Bi2O3 present as

mpurity phase. AFM analyses revealed that all films had a rosette
tructure consisting of circular regions with an uneven texture
urrounded by regions with flat surface. The roughness of these
ircular regions increased with increasing Bi/Fe ratio. Further prob-
ng with Raman spectroscopy revealed that the circular regions

ere crystalline BiFeO3 while the outer regions were amorphous
iFeO3. The films with excess Bi showed larger leakage currents.
he remanent polarizations for a maximum applied electric field of
.2 MV/cm were 30, 38, 28, 85 and 53 �C/cm2 for the 10% Fe excess,
toichiometric, 5% Bi excess, 10% Bi excess and 20 % Bi excess films,
espectively.

.2.1.2. YMnO3. Teowee et al. synthesized YMnO3 films via sol–gel
rocess from a 0.25 M yttrium manganate solution prepared using
ttrium acetate, manganese acetate and methanol [94]. The solu-
ion was spin-coated at 2000 rpm for 30 s on platinized silicon
afers and then fired in oxygen at 400 ◦C between successive coat-

ngs. The deposited films were annealed at different temperatures.
ilms annealed up to 750 ◦C were amorphous and those annealed
bove 800 ◦C were fully crystallized in hexagonal phase. How-
ver, the polarization hysteresis loops indicated the films had low
olarization (0.5 �C/cm2 at 228 K) and high charge leakage behav-

or.
Tadanaga et al. prepared 300 nm YMnO3 thin films on Pt,

i(1 1 1) and Pt/Ti/SiO2/Si(1 0 0) substrates by sol–gel method via
wo different routes—thermal decomposition and reflux—using
(OAc)3·4H2O and Mn(OAc)2·4H2O as precursors [116]. For
hermal decomposition route, a solution was prepared by mix-
ng the precursors individually dissolved in ethanol containing
iethanolamine (DEA), whereas 2-ethoxyethanol was used for the
eflux process. In case of thermal decomposition, single-phase
exagonal YMnO3 films were obtained after annealing at 900 ◦C,
hile in the case of reflux process, hexagonal films were obtained

bove 800 ◦C. However, stoichiometric YMnO3 films had large
ielectric losses due to pinholes, and 5–10% excess Y improved
he properties. Later, they studied the effect of addition of DEA
n the manganese precursor solution for deposition of YMnO3
lms [95]. Manganese precursor solution was prepared by dis-
olving Mn(OAc)2·4H2O in 2-ethoxyethanol with or without the
ddition of DEA. The solution was dehydrated and refluxed at
25 ◦C for 3 h. Yttrium precursor solution was prepared simi-

arly but with addition of DEA. The two precursor solutions were
hen mixed together and refluxed for 5 h at 125 ◦C. This solution
as then used to coat Pt, quartz glass and Pt/sapphire substrates

sing a dipping method. The deposited films were then thermally
reated in air at 400 ◦C for 15 min to remove the residual organ-
cs. These coating and thermal treatment steps were repeated
everal times to obtain desired film thickness. The final struc-
ure was then annealed in air at 800–900 ◦C for 2–3 h. It was
y Reviews 253 (2009) 2920–2934

observed that the films deposited from the solution with addi-
tion of DEA to the Mn precursor had c-axis preferred orientation
whereas the films deposited from solution without the addition
of DEA had random orientations. It was also reported that the
films heat treated in vacuum had very low leakage current and
ferroelectricity could be observed even at room temperature. In
another work, they reported a lowering in the crystallization tem-
perature to 500 ◦C when yttrium tri-isopropoxide was used as the
yttrium precursor [97]. The permittivity measured at 100 kHz for
the films heat treated at 500, 600 and 700 ◦C was 40, 50 and 70,
respectively, while the dissipation factor was 0.10, 0.10 and 0.25,
respectively. However, the films had a relatively large leakage cur-
rent (∼2.4 × 10−4 A/cm2).

Kim and Kim studied the effect of drying temperature on the
properties of YMnO3 films deposited using sol–gel [96]. Yttrium
acetate hydrate and manganese acetate hydrate were dissolved in
2-methoxyethanol separately and refluxed at 125 ◦C for 3 h. The
solutions were then mixed to give an equimolar Y:Mn solution
which was refluxed at 70 ◦C for 2 h and then distilled at 125 ◦C
for 5 h. Distilled water and acetyl acetone were added to obtain a
0.15 M YMnO3 which was further refluxed. YMnO3 films were then
deposited on (1 1 1) Pt/Ti/SiO2/Si or Si substrate by spin-coating
(4000 rpm, 30 s). Drying at various temperatures (300–450 ◦C) was
done in between successive coatings. The coating/drying steps were
repeated seven times to get 300 nm thick films. These films were
finally annealed at 850 ◦C in O2 for 1 h. For films dried at 450 ◦C,
the peak intensity of (0 0 0 4) peak increased rapidly indicating
stronger c-axis orientation of the films. The films dried below 400 ◦C
showed no preferred orientation. With increasing drying tempera-
ture, the grain size and surface roughness also increased. Electrical
measurements performed indicated that the films dried at higher
temperature had a higher permittivity and lower leakage currents.
The remanent polarization value was maximum for films dried at
450 ◦C (2Pr ∼3.6 �C/cm2).

YMnO3 films were prepared on Si substrates by chemical
solution deposition using yttrium tri-iso-propoxide and man-
ganese acetylacetonate dissolved in 2-methoxyethanol with small
amounts of acetic acid [98] or acetylacetone [99]. The films pre-
pared with acetic acid in precursor solution were finally annealed
in air at 800 ◦C for 1 h. In case of films prepared with acetylacetone in
solution, annealing was done in air at 650 ◦C for 40 s. The films had
a (0 0 0 1) oriented hexagonal structure, however, ferroelectricity
at room temperature could not be observed.

Suzuki et al. reported preparation of YMnO3 films by chemi-
cal solution deposition using yttrium isopropoxide and manganese
isopropoxide dissolved in ethylene glycol monomethyl ether [100].
The precursor solution was spin-coated on Pt(1 1 1)/TiOx/SiO2/Si
substrates. The as-deposited films were dried at 150 ◦C, calcined
at 350 ◦C and finally rapid thermal annealed at 750 ◦C in vacuum
or oxygen ambience. The films annealed in vacuum had hexagonal
structure with small grain size (30–50 nm) but low c-axis orien-
tation. The films annealed in oxygen, on the other hand, were a
mixture of hexagonal and perovskite phases with larger grain size
(100–150 nm). Interestingly, a two-step annealing process where
the films were first annealed in vacuum for 7 s followed by 10 min
annealing in flowing oxygen, produced c-axis oriented hexagonal
YMnO3 films. The first step restrained the crystallization in the
perovskite phase while the latter promoted the c-axis orientation.
Films annealed in argon had remanent polarization of 2.1 �C/cm2

and coercive field of 110 kV/cm [117].
Westin and Jansson prepared YMnO3 films on platinized sub-

strates by sol–gel using alkoxide precursors [Y(OC2H4OCH3)3]10
and Mn(OC2H4OCH3)2 [101]. The films had hexagonal structure

with minor amounts of orthorhombic phase. However, the study
focused only on the deposition process and no electrical properties
for the obtained films were reported.



emistry Reviews 253 (2009) 2920–2934 2931

3
3
e
b
a
c
p
d
fi
o
e
m
p
b
c
p
v
d
c
n
o
b

fi
m
w
a
fi
b
i
e
t
c

(
L
a
c
g

F
B
F

M.K. Singh et al. / Coordination Ch

.2.2. Multiferroic structures

.2.2.1. Doped materials. Chung et al. reported the electrical prop-
rties of Mn- and Nb-doped BiFeO3 thin films (200 nm) deposited
y CSD [81]. Bismuth acetate, iron acetylacetonate, manganese
cetate and niobium ethoxide were used as the metal sources. Pre-
ursor solutions with different compositions were prepared using
ropionic acid as solvent and 2-methoxyethanol as additive. The
opants did not affect the crystal structure of BiFeO3; the doped
lms were smooth, dense and polycrystalline having pure per-
vskite phase with decreased grain size. However, the effect on
lectric properties was significant. The doped films had higher per-
ittivity values. The leakage behavior was also different from the

ure BiFeO3 films. Mn-doped films showed an Ohmic conduction
ehavior where the conductivity increased with increasing dopant
oncentration. Though, Mn ions were mainly present as Mn3+, the
resence of some Mn2+ was attributed for the increase in oxygen
acancies and, thereby, the increased leakage behavior of the Mn-
oped films. In case of the Nb-doped films, grain boundary limited
onduction behavior was observed. This was explained by the sig-
ificant decrease in oxygen vacancies and grain size due to presence
f Nb5+. Nb-doped BiFeO3 films also showed better ferroelectric
ehavior than the pure BiFeO3 films (Fig. 10).

Brinkman et al. deposited 0%, 2%, 5% and 15% Sr-doped BiFeO3
lms (∼1 �m thick) by chemical solution deposition using bis-
uth acetate, Fe(acac)3 and Sr(acac)2 dissolved in acetic acid and
ater [32]. The crystal structure as well as electrical properties was

ffected by addition of Sr dopants. The pure and 2% Sr-doped BiFeO3
lms had distinct (1 0 4) and (1 1 0) peaks, which merged into single
road peak upon further addition of Sr dopants (Fig. 11(a)) indicat-

ng a loss of anisotropy and reduction in grain size which were also
vident in the SEM images (Fig. 11(b)). As expected of an accep-
or dopant, the Sr-doped BiFeO3 films showed increased leakage
urrent densities.

Singh et al. deposited 0%, 5%, 10% and 20% La-doped BiFeO3 films

400 nm) from a sol–gel prepared using Bi(OnC4H9)3, Fe(acac)3 and
a(OnC4H9)3 dissolved in 2-ethylhexanoic acid [90]. The films were
nnealed in a nitrogen atmosphere at 550 ◦C for 10 min. The films
rystallized in single perovskite phase with mixed orientations. The
rain size increased with La concentration while the leakage cur-

ig. 11. (a) X- ray scan of the (1 0 4)/(1 1 0) spectral region, and (b) SEM determined micr
iFeO3 films.
igure was reproduced from Ref. [32], with permission of the copyright holders.
Fig. 10. Effect of Nb-doping in the BiFeO3 films.
Figure was reproduced from Ref. [81], with permission of the copyright holders.

rent decreased. Pr was 50 �C/cm2 for 5% La-substituted BFO film.
Uchida et al. fabricated La- and Nd-doped BFO films (300 nm) by
CSD using Bi(OtC5H11)3, La(OiC3H7)3, Nd(OiC3H7)3 and Fe(acaca)3
[30]. Films with less than 5% doping had random orientations while
the films with more than 10% doping were highly oriented. It
was observed that the lattice spacing d101 and lattice parameter
c decreased gradually with increasing dopant content indicating
lowering of crystal anisotropy. Although, the electrical resistivity
of the BFO films was improved upon doping with Nd3+, the fer-
roelectric properties degraded as indicated by the non-saturated
polarization loops. In case of La3+-doped films, even the resistivity
degraded. Additionally, current densities for the doped films mea-
sured at 10 K were observed to be much lower than the densities
at room temperature indicating the presence of undesirable con-
duction paths even after doping with rare-earth ions. Habouti et

al. [85] fabricated 0%, 5% and 10% LaMnO3-doped BiFeO3 polycrys-
talline films on platinized substrates. The leakage current densities
for 5% LaMnO3-doped BiFeO3 films was lower then pure BFO, how-
ever at higher doping content, the properties deteriorated. The 5%

ostructure: plane view and cross section pure BFO, 2% Sr, 5% Sr, and 15% Sr-doped
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oped film showed well-saturated polarization loops with rema-
ent polarization of 45 �C/cm2 and coercive field of 215 kV/cm. The
aturation magnetization for doped BiFeO3 films was lower than
hat for pure BiFeO3 films but increased with increasing LaMnO3
ontent.

In order to improve the electrical resistivity, Yasui et al. fab-
icated 0–50% Sc-doped BFO films on Pt(1 1 1)/TiO2/SiO2/Si(1 0 0)
ubstrates by CSD using Bi(OtC5H11)3, Fe(C5H7O2)3, Sc(OiC3H7)3
92,118]. The films had trace amounts of Bi2Fe4O9 which increased
ith Sc3+ content. The variations in the d101 and d110 values
ith increasing Sc3+ content indicated that the ion substitution

ncreased the c-axis as well as the a-axis. Well-saturated polar-
zation hysteresis curves were observed for 15% Sc-doped BFO
lms (Pr = 35 �C/cm2 and Ec = 295 kV/cm). The reduced leakage cur-
ent density for 15% and 30% Sc3+-doped BFO films (10−7 A/cm2)
ompared to that of BFO film (10−4 A/cm2) was attributed to the
ubstitution of electrically unstable Fe3+ ions by Sc3+ cations. The
ffect of doping on magnetic properties was not investigated. In
nother independent study, Bi(CH3COO)3, Fe(acac)3 and scandium
itrate were used for fabrication of 30% Sc-doped BFO films by
ol–gel [87]. In this case too, the doping led to increase in unit
ell volume (2%). The dielectric constant of the Sc-doped BFO film
nnealed in N2 measured at 1 kHz was 235, compared to 208 for
ndoped BFO film. The films had a Pr value of 1.4 �C/cm2 at 50 Hz.
owever, the increase in magnetization at room temperature was
ot significant.

Sakamoto et al. investigated BiFeO3–PbTiO3 thin films with
ear morphotropic phase boundary compositions [89,119].
1−x)BiFeO3–xPbTiO3 (x = 0.2, 0.3, 0.4, 0.5) thin films (500 nm)
ere fabricated on platinized silicon substrates by chemical solu-

ion deposition using Bi(OtC5H11)3, Fe(OC2H5)3, Pb(CH3COO)2, and
i(OiC3H7)4 as precursors. The deposited films crystallized in the
erovskite phase and the stabilization in this phase was attributed
o the formation of a solid solution with PbTiO3. This was also
laimed to cause reduction in oxygen ion vacancy which is usually
bserved due to high volatility of Bi and Pb. This was reflected in
he electrical properties; the leakage current density was observed
o decrease with increasing PbTiO3 content. Due to defects lead-
ng to current leakages, well-saturated hysteresis curves were not
bserved for these films at room temperature. However, low-

◦
emperature measurements done at −190 C led to observance
f well-saturated hysteresis loops. 0.7BiFeO3–0.3PbTiO3 exhibited
he largest remanent polarization (Pr = 60 �C/cm2, Ec = 230 kV/cm).
oping with Mn further improved the properties of BFO–PTO films
nd well-saturated hysteresis loops could be observed even at room

Fig. 12. Fabrication of NFO-PZT core-shell nanowires b
Figure was reproduced from Ref. [121], with
y Reviews 253 (2009) 2920–2934

temperature. In this case, it was suggested that the Mn2+ ions in
the film could effectively trap the hopping electrons between Fe2+

and Fe3+, a mechanism thought to be the main cause of leakage in
BiFeO3 films.

3.2.2.2. Laminates and other structures. In another approach to
reduce the leakage currents in the BiFeO3 films, Murari et al. used
a 30 nm Ba0.25Sr0.75TiO3 (BST) interlayer between the platinized
substrate and 300 nm BiFeO3 films [120]. The heterostructure was
fabricated by chemical solution deposition. For the BST film, precur-
sor solution prepared from barium(II) acetate trihydrate, strontium
acetate and titanium isopropoxide was used. For the BiFeO3 layer,
bismuth(III) nitrate pentahydrate and iron 2–4 pentaniodinate
were used as precursors. The BiFeO3 films had rhombohedral
crystal structure which was not affected by the BST interlayer.
However, the BST interlayer affected the magnetization and elec-
trical properties. The saturation magnetization and coercivity for
the BFO/BST heterostructure was measured to be 19.6 emu cm−3

and 320 G, respectively which were slightly different from the val-
ues for pure BFO film (17.2 emu cm−3 and 346.5 G, respectively).
The leakage current density for the heterostructure was reduced
by three orders of magnitude, however the polarization hysteresis
loops were weakly saturated.

Liu et al used a combination of modified sol–gel and elec-
trochemical deposition processes to synthesize magnetoelectric
NiFe2O4(NFO)-PZT core-shell nanowires [121]. The process con-
sisted of three steps (Fig. 12): (i) using sol–gel to fabricate PZT
nanotube in anodized aluminum oxide templates, (ii) forming
a core-shell structure by filling the nanotubes with Ni33Fe67
alloy using electroplating, and (iii) oxidizing in air to obtain
the NFO–PZT core-shell nanotube array. For the sol–gel step,
a 0.3 M precursor solution with 10% excess lead content pre-
pared by dissolving Pb(CH3CO2)2·3H2O, Zr(OCH2CH2CH3)4 and
Ti(OC4H9)4 in 2-methoxyethanol was used. A saturation magneti-
zation of 245 emu cm−3 and saturation polarization of 4 �C cm−2

was obtained. In a later report, they used another sol–gel pro-
cess in which a mixed precursor solution was used to deposit
CoFe2O4(CFO)-PZT nanocomposite films [122]. PZT precursor solu-
tion prepared by dissolving Pb(CH3CO2)2·3H2O, Zr(OCH2CH2CH3)4
and Ti(OC4H9)4 in 2-methoxyethanol was mixed in volume

ratio 1:2 with CFO precursor solution prepared by dissolving
Co(CH3CO2)2 and Fe(CH3CO2)2·3H2O in 2-methoxyethanol. This
solution was then used to deposit CFO–PZT nanocomposite films on
Ru/SiO2/Si substrates. Perovskite PZT and spinel CFO phases were
identified in XRD analysis. From the TEM analysis, well-defined

y modified sol–gel and electrochemical process.
permission of the copyright holders.
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FO grains surrounded by PZT grains were observed. This was
ttributed to the spontaneous phase separation during the short
nnealing of the spin-coated mixed precursor solution. The satura-
ion magnetization of 118 emu cm−3 and polarization saturation of
8.5 �C cm−2 was obtained.

. Summary and conclusions

This review focused on the only two chemical synthesis routes
hat have been used for depositing thin multiferroic films. Both of
hese routes depend critically on the availability of suitable met-
lorganic precursors. The desirable properties of the precursors
ave been elucidated. For metalorganic chemical vapor deposition

iquid precursors with sufficient volatility and good thermal stabil-
ty are ideal. However, very few precursors satisfying these criteria
re available for multiferroic materials. Since solid precursors have
een the only option for most multiferroic materials, researchers
ave had to employ complex precursor delivery schemes which
ave been presented in the review. A variety of precursors and their
ombinations have been reported for the synthesis of multiferroic
lms by MOCVD as well as CSD techniques. Interestingly, differ-
nt precursor combinations have resulted in thin films of the same
aterial with significantly different properties. Therefore, there is
need to explore new precursor chemistries that would lead to

ptimal film properties. Development of novel tailored precursors
ould add flexibility in tuning the film properties which in gen-

ral are dependant on the precursors and deposition process. Such
n effort has proven to be critical to the progress of the compli-
entary metal oxide semiconductor and random access memory

echnologies in the microelectronic industry. A similar effort in the
rea of multiferroics holds great promise in taking us closer to the
ealization of the several proposed multifunctional devices. Avail-
bility of such precursors would facilitate the deposition of more
omplex structures that exhibit stronger multiferroic coupling than
heir single-phase counterparts.

Chemical vapor deposition route has been employed for
epositing mainly single-phase multiferroic materials. The deposi-
ion of doped films and complex heterostructures by MOCVD is an
rea that is open for exploration subject to the availability of precur-
ors that have good volatility and thermal stability. CSD routes have
een used to synthesize single-phase materials, doped multiferroic
aterials as well as laminates with the latter two approaches being

ocused mainly on improving the current leakage properties. Again,
he use of CSD for synthesizing multiferroic heterostructures is yet
o be explored. A concerted effort between the synthesis chemists
nd materials scientists is required to expedite research in these
reas.

Another critical effort is needed in carrying out fundamental
tudies such as in situ analysis to understand evaporation and
eaction mechanisms of existing and new precursors during the
eposition process. Such efforts would prove particularly impor-
ant in designing metalorganic precursors.

Through five decades of continued research on magnetoelec-
ric multiferroics a lot of progress has been made. A much
etter understanding of underlying mechanisms in single-phase
s well as composites has been attained. New techniques with
ub-nanometer level precision have been developed to fabricate
ultiferroic structures. Though we are getting closer to the point
here devices based on such materials would be realized, this is

till an area of basic research. Single-phase multiferroics thin films,
articularly BiFeO3 and YMnO3, have received the most atten-

ion. Although through doping newer phases have been explored,
he ordering temperatures are very low and the coupling effect
n single-phase multiferroics is still too weak for device applica-
ions. Research efforts need to be directed towards the study of
ilayered and multilayered epitaxial composites synthesized using
y Reviews 253 (2009) 2920–2934 2933

techniques such as chemical vapor deposition, atomic layer deposi-
tion and chemical solution deposition that offer precise control over
stoichiometry and microstructure along with the flexibility of using
a wide variety of precursors and processing conditions. Through
wide choice of materials constituting different layers, such com-
posites also provide pathways to achieve strong coupling between
ferroic properties above room temperature.
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