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1. INTRODUCTION

The rare-earth (R) manganese oxides are an interesting family
of materials that can be structurally divided into two groups
based on the size of the R constituent: for the larger rare earths
(La-Dy), orthorhombic perovskite structure is adopted whereas
the smaller rare earths (Sc, Y, Ho-Lu) crystallize in a hexagonal
structure when prepared under ambient pressure.1,2 The wide
interest toward the hexagonal h-RMnO3 series has largely been
due to the coexistence of antiferromagnetic (AFM) ordering of
the MnIII moments and the ferroelectric polarization along the
c-axis at low temperatures.3-6 The fairly uncommon situation has
its origin in the noncentrosymmetric structure involving the
buckling observed in the R planewhich is increasedwith decreasing
size of the rare-earth element. The orthorhombic structure, on the
other hand, compensates the decreasing size of the R constituent
through the distortion of the oxygen sublattice leading to increas-
ing tilts of the MnO6 octahedra. The nondoped orthorhombic
o-RMnO3 phases are antiferromagnetic insulators; however, the
preparation of stoichiometric samples can be challenging in the
case of the largest members of the rare-earth series. Moreover, the
stoichiometric samples are often not even desired as the exciting
functional properties only emerge upon increasing the concentra-
tion of MnIV on the expense of MnIII. As soon as cation vacancies
are formed in the structure, the presence of MnIV gives rise to
ferromagnetism (FM), improving also the electrical conductivity
and colossal magnetoresistance.7-9 In addition to colossal mag-
netoresistance, the orthorhombic RMnO3 phases are known for
their catalytic properties, e.g., as combustion catalysts.10,11

Atomic layer deposition (ALD) offers an excellent method for
producing a coating that is not only uniform and conformal on
large uneven surfaces but also is a technique that enables excellent
control of the film thickness and stoichiometry.12 The benefits of
ALD are mainly derived from the self-limiting growth mechanism,

which is achieved through alternate pulsing of the precursors.
Thus, gas-phase reactions are eliminated, and the growth pro-
ceeds exclusively via surface reactions. The number of ternary
oxide processes developed for ALD has been steadily increasing
in recent years. Most of the work has been performed on the
immensily versatile perovskite family of oxides. In the present
work, a method has been developed for fabricating both hex-
agonal and orthorhombic RMnO3 thin films through ALD and
postdeposition heat treatment. To the author’s knowledge, it is
the first time such an extensive series of rare-earth manganites
from lanthanum to lutetium has been prepared by any thin film
fabrication method. In addition to an elegant way for producing
metastable perovskites of o-RMnO3 of the smaller rare earths,
the magnetic properties of the o-RMnO3 perovskite series have
been studied.

Table 1. Deposition Temperatures (Tdep) and Precursor
(R(thd)3) Evaporation Temperatures (Tsub) Used in the
Depositions of RxMnyO3 Thin Filmsa

R Tsub/�C Tdep/�C GPC/Å cycle-1

La 162 275 0.23

Sm 139-141 275 0.23

Tb 128-130 250-325 0.18

Y 123 225-350 0.18

Yb 123 275-300 0.18

Lu 123 275-300 0.18
aThe growth-per-cycle (GPC) values are for the RMnO3 films depos-
ited at 275 �C with a R/Mn pulsing ratio of 1:1.
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ABSTRACT: Atomic layer deposition (ALD) with subsequent
annealing in N2 gas flow was employed to fabricate an extensive
series of both hexagonal and orthorhombic rare-earth manga-
nate RMnO3 thin films using R(thd)3, Mn(thd)3, and ozone as
precursors. Excellent control of the R/Mn stoichiometry was
achieved for all the rare-earth constituents studied at 275 �C.
The formation of the metastable perovskites was elegantly
enhanced through depositions on coherent perovskite sub-
strates resulting in a complete series (from R = La to Lu) of
single-phase RMnO3 perovskites on LaAlO3 substrates. The magnetic properties of the perovskite series exhibited expected
antiferromagnetic behaviour at low temperatures (except for R = La which showed ferromagnetic interactions due to cation
vacancies).
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2. EXPERIMENTAL SECTION

Thin film depositions of RxMnyO3 with R = Y, La, Sm, Tb, Yb, and Lu
were performed using a commercial flow-type ALD reactor (F-120 by
ASM Microchemistry Ltd.) under a pressure of 2-3 mbar. In order to
study the ALD process of rare-earth manganites, the deposition tem-
perature was varied between 225 and 350 �C (Table 1). Most of the
depositions were, however, carried out at 275 �C to allow reasonable
comparison of the film properties. On the basis of earlier studies for R =
La13,14 and Y15 and preliminary depositions performed for the present
work, self-limiting ALD-type growth was found to take place at the
chosen deposition temperature of 275 �C. The metal precursors used in
this study were R(thd)3 and Mn(thd)3 synthesized according to
methods described in refs 16 and 17 and purified by sublimation. The
alternating precursor pulses of metal and oxygen sources were intro-
duced into the reactor using nitrogen as a carrier and purging gas. Ozone,
used as an oxygen source, was generated from oxygen (>99.999%) in an
ozone generator (Fischer model 502). The concentration of ozone was
ca. 10% (60 g/m3), and the gas flow rate during the pulse was about
60 cm3/min as measured for the oxygen gas. Nitrogen (>99.999%) gas
was generated in a Schmidlin UHPN 3000 N2 generator. The films were
deposited on single-crystal substrates of LaAlO3(100) (pseudocubic, a =
3.79 Å), SrTiO3(100) (cubic, a = 3.91 Å), and Si(100). The precursor
(R(thd)3) evaporation temperatures (Tsub) and substrate temperatures

(Tdep) together with the growth-per-cycle (GPC) values for each of the
materials are listed in Table 1. Process parameters, such as precursor
pulsing and purging times, used in the depositions were partly adopted
from earlier studies on ALD of YMnO3, Y2O3, and MnOx

15,18,19 and
were generally found to apply well for the entire series of RMnO3. A
basic ALD cycle consisted of the following sequence: 1.5 s R(thd)3
followed by 1.5 s purge or 2.0 s Mn(thd)3 followed by 2.0 s purge, 1.5 s
ozone, and 1.8 s purge. The film thickness after 1000 basic cycles was
typically about 20 nm. The pulsing schemes were alternated to facilitate
optimal mixing of the metal components. As most of the as-deposited
films were amorphous, selected films were annealed after deposition in a
rapid thermal annealing (RTA) furnace PEO 601 (ATV Technologie
GmbH) inN2 flow. The heat-treatment temperature varied between 600
and 1000 �C.

The actual Mn content against the total metal content, i.e., y/(xþ y),
was measured by an X-ray fluorescence (XRF) spectrometer (Philips
PW 1480 WDS) using Rh excitation. The data were analyzed with the
UniQuant software which utilizes a DJ Kappa model to calculate
simultaneously the composition and the mass thickness of an unknown
bulk or thin-film sample.20 The thicknesses of the RxMnyO3 films were
determined by X-ray reflectivity (XRR) using Panalytical X’Pert Pro
MPD Alpha-1 powder diffractometer with Cu KR1 radiation. The X-ray
diffraction (XRD) measurements were performed with a Philips MPD
1880 powder diffractometer using Cu KR radiation. The lattice para-
meters were obtained from profile fitting with the FULLPROF soft-
ware.21 Magnetization of the RxMnyO3 thin-film samples was studied with
a superconducting quantum interference device (SQUID) magnetometer
byQuantumDesign:MPMS-XL5. The samples for SQUIDmeasurements
were prepared by depositing 200 nm of RxMnyO3 on the substratematerial
mounted on a plastic straw with film surface perpendicular to the direction
of the applied field. The temperature dependence of magnetization was
measured in both field-cooled (FC) and zero-field-cooled (ZFC) modes
under a magnetic field of 1000 Oe.

3. RESULTS AND DISCUSSION

The fabrication of RxMnyO3 thin films by ALD was successful
for the entire series, and the films were of high-quality showing
no significant gradients in either thickness or Mn content. The
linear dependence of YxMnyO3 film thickness on the number of
basic ALD cycles (deposited at 275 �C) is demonstrated in the
inset of Figure 1. The constant GPC or growth-per-cycle value

Figure 1. Effect of the precursor pulsing ratio on the actual Mn content
(O) and the growth-per-cycle (GPC) value (2) of RxMnyO3 (R = Yb, Y,
Tb) films at deposition temperature of 275 �C. The inset shows the
dependence of the YxMnyO3 (with a Y/Mn pulsing ratio of 1:1) film
thickness on the number of basic ALD cycles.

Figure 2. Temperature dependencies of the growth-per-cycle (GPC)
value (triangles) and theMn content (circles) for RxMnyO3 (R = Y, Tb)
deposited with a R/Mn pulsing ratio of 1:1 (the number of basic ALD
cycles was 2000). Filled symbols refer to YxMnyO3 and open symbols to
TbxMnyO3.
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confirms that the thickness of the films can be controlled simply
by monitoring the number of deposition cycles. Depositions
performed at 275 �C showed moreover excellent control of the
cation stoichiometry as seen in Figure 1 for R = Yb, Y, and Tb.
Although it is often found that the film composition has a slightly
nonlinear dependency on the ALD precursor pulsing ratio, in the
case of RxMnyO3 (with R = Tb, Yb), this dependency is extremely
close to linear. In contrast to our previous work on YMnO3,

15 it
was found that even highlyMn-rich films (withMn content up to
88%) could be deposited in a well-controlled manner if the
temperature was kept at 275 �C or below and the ozone pulsing
was sufficient. In general, it is quite evident that the GPC value
tends to increase with increasingMn content for all the RxMnyO3

systems deposited in this study, probably due to the rapidly
increasing GPC of binary manganese oxide at temperatures
above 240 �C.22 In addition, the GPC is also increased while

depositing highly terbium-rich TbxMnyO3 films. X-ray diffraction
analysis performed on as-deposited samples reveals the presence
of terbium oxide in the films. Although the ALD processes are
known for most of the binary rare-earth oxides, terbium oxide is
an exception. A few TbOx depositions were performed in this
study and, as the films were visibly thinner toward the edges of
the silicon substrate, it was evident that no well-controlled growth
could be observed at the attempted temperature range of 250-
325 �C. The GPC of terbium oxide at 275 �C was found to be
∼0.6 Å/cycle, which would well explain our observation of
increasing growth rate of TbxMnyO3 with increasing Tb content.

The GPC values for the entire series of rare-earth manganites
are presented in Table 1. It is well-known that the GPCs of binary
rare-earth oxides increase with increasing size of ionic radius
r(RIII) from 0.21 Å/cycle for Tm up to 0.44 Å/cycle for Nd.23,24

The GPC is increased not only because of the increasing size of
the R constituent but also due to other factors including the
tendency of larger rare earths to adopt higher coordination num-
bers leading to dimerization of their R(thd)3 complexes.25-27 In
the case of the RMnO3 series, the increase in GPC is somewhat
less pronounced compared to binary rare-earth oxides but still
greater than what can be explained simply by the increasing ionic
radius r(RIII).

Our earlier studies on YMnO3
15 have given some indication of

the increase in Mn content with increasing temperature. As seen
in Figure 2, the same is observed also for TbMnO3 thin films and
it is quite clear that the ALD processes of these ternary man-
ganites are sensitive to changes in temperature. Fortunately, the
changes in Mn content and GPC are not too significant, and
moreover, it should be noted that the processes are reproducible
at a specific temperature as long as the heating of the ALD reactor

Table 2. Effect of the Substrate Material on the Crystal
Structure of RMnO3 with R = Y, La, Sm, Tb, Yb, Lu (after
Post-Deposition Annealing in N2)

R

deposited

on Si

deposited on

LaAlO3

deposited on

SrTiO3

La r-LaMnO3 r-LaMnO3

Sm o-SmMnO3 o-SmMnO3 o-SmMnO3

T o-TbMnO3 o-TbMnO3 Tb2Mn2O7 or TbMn2O5

Y h-YMnO3, Y2O3,

MnO2, Mn2O3

o-YMnO3 o-YMnO3

Yb h-YbMnO3 o-YbMnO3 o-YbMnO3, h-YbMnO3

Lu h-LuMnO3 o-LuMnO3

Figure 3. XRD patterns for annealed YbMnO3 films deposited on (a)
Si(100), (b) SrTiO3(100), and (c) LaAlO3(100) substrates. The indices
are for the hexagonal space group P63cm in (a) and for the orthorhombic
space group Pbnm in (b) and (c). The film thickness was 200 nm.

Figure 4. XRD patterns for annealed SmMnO3 films deposited on (a)
Si(100), (b) SrTiO3(100), and (c) LaAlO3(100) substrates. The indices
are for the orthorhombic space group Pbnm. The film thickness was
200 nm.
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is reliable and reproducible. Any changes in reactor configuration
tend to affect the cation ratio of the films; however, the depend-
ency between the film composition and the ALD pulsing ratio
(Figure 1) should not be affected. In the case of RMnO3, the film
composition should always have a close to linear dependency on
the ALD pulsing ratio, thus, depositing a film with a specific
composition should be rather an easy task to achieve. According
to Figure 2, the temperature range of constant GPC of YMnO3

films seems to be between 225 and 300 �C, but in practice,
the films deposited at 225 �C were of lower quality in terms of
thickness variations. For TbMnO3, the observed temperature
range of ALD-type growth is slightly narrower ranging from 275
to 300 �C.

None of the rare-earth manganites had crystallized during the
deposition; thus, a postdeposition heat treatment was performed
for all the cation-stoichiometric samples. The size of the rare-
earth element was found to have little effect on the temperature
at which the films were crystallized. For instance, the film thick-
ness has a more significant effect on the crystallization tem-
perature. According to calculations on film/substrate mis-
match of RMnO3 and the perovskite substrates LaAlO3 and
SrTiO3, the low mismatch with lanthanum aluminate should
be the best promoter for the formation of metastable o-RMnO3

perovskites. The most successful results on stabilization of
the o-RMnO3 perovskites with the small R constituents
were indeed obtained when depositing the film on LaAlO3

(Table 2). In fact, single-phase RMnO3 perovskite samples
were obtained on LaAlO3 for all the Rs investigated in this
study. As seen in Figure 3, orthorhombic YbMnO3 contained
minor amounts of hexagonal impurity when deposited on
SrTiO3, whereas the film deposited on LaAlO3 was of single-
phase o-YbMnO3. Hexagonal YbMnO3 was obtained on
silicon at 900 �C but was found to decompose at 1000 �C
forming binary oxide impurities. Similar behavior was ob-
served for h-LuMnO3 as well, even though higher tempera-
tures are known to favor the formation of the hexagonal
structure in bulk samples.28-30 Not surprisingly, the crystal
structures for the larger rare earths were less affected by
the substrate crystals used and, as presented in Figure 4,
single-phase orthorhombic SmMnO3 was obtained on all
the attempted substrates. An exception to the rule was given
by TbMnO3 deposited on SrTiO3 which resulted in the formation
of either Tb2Mn2O7 or TbMn2O5. Moreover, the distinction
between orthorhombic and rhombohedral perovskite structures
of LaMnO3 was rather challenging considering the methods

available, but the preparation conditions, including the pre-
sence of ozone, are likely to favor the formation of rhombohedral,
cation-deficient La1-εMn1-εO3. In general, the crystal structure of
RMnO3 could be well controlled by simply choosing an appro-
priate substrate crystal, and the minor amounts of impurities
observed in the samples consisted of either binary oxide impu-
rities or hexagonal phase of the RMnO3 in question.

The temperature dependencies of magnetization for the
SmMnO3 thin-film samples deposited on silicon, LaAlO3, and
SrTiO3 are shown in Figure 5. The observed N�eel temperature
is ∼60 K in all the cases, regardless of the substrate material
and well in agreement with results on powder samples.31 Most
of the measurements were, however, performed on RMnO3

samples deposited on LaAlO3 as these samples contained the
least amount of impurities. The poor crystallinity of hexagonal
phases caused some difficulties in the magnetization measure-
ments, and collecting good-quality data proved to be challenging
despite several attempts. Moreover, although qualitative inter-
pretations based on magnetization measurements of thin-film
samples can be done reliably, care should be taken while making
any conclusions based on absolute values obtained from the data
as several factors, such as the degree of crystallinity of the film,
can affect the magnitude of the magnetic susceptibility. For o-
RMnO3, the temperature dependence of magnetization revealed
the expected antiferromagnetic properties as seen in Figure 6
where o-YMnO3 and o-TbMnO3 were chosen as representative
examples. The N�eel temperature for both o-YMnO3 deposited
on LaAlO3 and o-TbMnO3 deposited on silicon is 40 K which
is in good accordance with studies performed on powder
samples.32,33 The magnetization measurements showed ferro-
magnetic interactions in the La1-εMn1-εO3 sample below the
Curie temperature (TC) of 175 K giving reason to believe that the
sample preparation through ALD and subsequent annealing at
1000 �C in N2 flow does not result in a stoichiometric sample. In
order to confirm that the oxygen nonstoichiometry of LaMnO3

thin films can be easily affected through alterations in the
annealing conditions, the lattice parameters of LaMnO3 samples
(deposited on silicon) annealed at 800 �C in nitrogen and
oxygen flow were determined. A slight deviation was indeed
observed in the lattice parameters of rhombohedral-type
structure34,35 with a and R increasing from 5.434(8) Å and
60.519(6)� (O2 flow) to 5.450(1) Å and 60.610(2)� (N2 flow)
with decreasing partial pressure of oxygen, thus indicating a
decrease in oxygen content/an increase in the concentration
of cation vacancies in the structure.

Figure 5. Temperature dependence of magnetic susceptibility (χ) in ZFC and FC modes under an external field of 1000 Oe for SmMnO3 thin-film
samples deposited on silicon, LaAlO3, and SrTiO3.
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4. CONCLUSIONS

An extensive series of high-quality thin-film samples of the
RMnO3 perovskite family has been fabricated employing the
ALD technique and a subsequent heat treatment. The formation
of the metastable orthorhombic RMnO3 perovskites of the small
rare earths was successfully promoted even for the smallest R
constituent of Lu by depositions on coherent perovskite sub-
strates with low lattice mismatch with the targeted structure.
High-quality samples were obtained especially on lanthanum
aluminate substrates on which the entire series of RMnO3 perov-
skites from R = La to Lu could be obtained. Due to close to linear
dependency between the actual cation ratio and the cation
pulsing ratio, the fabrication of essentially cation-stoichiometric
samples was rather an easy task. The results of magnetization
measurements were in good accordance with earlier studies on
powder samples. The ferromagnetic interactions in theLa1-εMn1-εO3

sample revealed the presence of cation vacancies in the structure. For
R = Y, Yb, and Lu, deposition of RMnO3 thin films with the
hexagonal structure (after postdeposition annealing) was successfully
realized when Si as a substrate material was used.
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