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Undoped zinc oxide thin films having various types of morphology and nanostructure were deposited by
metal organic chemical vapor deposition (MOCVD) on single-crystalline substrates. Water-assisted MOCVD
process at low temperatures (300-500 °C) was applied along with conventional MOCVD in oxygen-containing
atmosphere at 500 and 600 °C. The strong correlation between room-temperature ferromagnetism of the
films, their electrical properties and morphology at nano-scale was demonstrated.
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1. Introduction

Ferromagnetism of zinc oxide, both undoped and doped with transi-
tion metals, is an astonishing phenomenon and subject of much contro-
versy. Since Dietl at al. [1] theoretically predicted in 2000 weak room-
temperature ferromagnetism (RTFM) of ZnO doped with transition
metals (TM), many researchers have obtained ferromagnetic ZnO films
doped with Co, Mn and other TM with T close to room temperature
[2-6]. However, there are several reports that deny even the possibility
of intrinsic RTFM in zinc oxide [7-9]. Despite the large number of publi-
cations on this subject, the nature of magnetism in ZnO films is still not
clear. One of the main open questions today is the role of TM-doping in
the origin of ZnO ferromagnetism [10]. Our Co-doped ZnO films obtained
by water-assisted metal organic chemical vapor deposition (MOCVD)
[11] showed ferromagnetic behavior at room temperature. However,
no logical correlation between the dopant concentration and saturation
magnetization of the films was found. Some researchers have reported
ferromagnetism in Mn-doped ZnO [12,13], while others reported anti-
ferromagnetism or paramagnetism [14,15]. Even in the films exhibiting
RTEM, their saturation magnetization depends very non-monotonically
on Mn concentration [16]. To date, many scientists have suggested that
TM-doping does not play the key role in ferromagnetism of zinc oxide,
and that ZnO can be ferromagnetic without any doping [17-21]. In this
case, however, the origin of RTFM becomes even less explicable. In
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different papers defects in ZnO, such as oxygen vacancies, zinc vacancies
or interstitials, are suggested to be responsible for FM. Unfortunately, the
conclusive evidence of this fact does not exist yet. Recently, Prof. Rao's
group reported robust RTFM in nanoparticles of several oxides, such as
Ce0O,, Al,03, Iny03, SnO,, and ZnO [22], which do not possess RTFM in
bulk. It was suggested that the exchange interaction between unpaired
electron spins arising from oxygen vacancies at the surface of the nano-
particles might be the origin of their ferromagnetism. Furthermore, the
authors [23] proposed this type of ferromagnetism arising from surface
defects as a universal feature of inorganic nanoparticles. For ZnO in
particular, Straumal and coworkers [24] suggest that FM originates
through crystallographic imperfections such as grain boundaries in
nanogranular ZnO samples and that the magnetic moments are lo-
cated at the vacancies present at the grain boundaries. In general, it
seems that the nanosized state - whether in form of nanoparticles
or nanograins - is necessary for zinc oxide to be ferromagnetic. The
aim of this study was to reveal the dependence of the magnetic prop-
erties of undoped ZnO thin films deposited by CVD on their nano-
structure, morphology and defect structure.

2. Experimental section

The films were deposited in a laboratory scale hot-wall MOCVD
apparatus. Single-crystalline hexagonal (1-102) Al,O5 (r-sapphire),
(0001) Al;,03 (c-sapphire), cubic (111) ZrO,(Y203) (yttrium stabilized
zirconia, YSZ) and (111) MgAl,O, substrates were used. All substrates
were subjected to ultrasound-assisted acetone washing for 10 min
before deposition. Volatile MOCVD precursor - Zn acetylacetonate
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Table 1
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Deposition parameters and the main results on magnetic properties and structure of the deposited ZnO films.

Sample Substrate Deposition temperature Film thickness XRD data and Magnetic properties
and reacting gas (nm) film morphology at RT

R_Ox (1-102) Al,03 600 °C, oxygen 140 Dense, flat epitaxial film with Non-magnetic
micro-sized whiskers on the top

C_Ox (0001) Al,03 600 °C, oxygen 280 The same as R_Ox Non-magnetic

Y_Ox (111) ZrO5(Y203) 600 °C, oxygen 100 The same as R_Ox Not measured

MAO_Ox_600 (111) MgAl,04 600 °C, oxygen 230 Epitaxial film Ferromagnetic
with in-plane variant structure

MAO_Ox_500 (111) MgAl,04 500 °C, oxygen 50 Epitaxial film Ferromagnetic
with in-plane variant structure

R_W_300 (1-102) Al,03 300 °C, water vapor 110 Polycrystalline film Ferromagnetic

R_W_500 (1-102) Al,03 500 °C, water vapor 150 Polycrystalline film Ferromagnetic

(Zn(acac),) - was synthesized in our laboratory using conventional
methodic from Zn nitrate tetrahydrate (“Reachim”; Fe, Mn, Cu<
10 ppm), dehydrated acetylacetone and KOH (pro analyse). As-
synthesized Zn(acac),+xH,0 (x=1-2) was than dehydrated and
additional purified by vacuum sublimation. The substrates were
attached to the holder with Ta wire; Ta foil was used as an extra
nonmagnetic protecting layer between the nonmagnetic stainless
steel holder and the substrates. The deposition temperature was
controlled by a thermocouple placed near the substrate. Zn(acac),
was evaporated in the powder flash evaporation system described
elsewhere [25] at 220 °C. Argon was used as a carrier gas (10 I/h).
When oxygen was used as an oxidizing agent (5 I/h), the deposition
temperature was fixed at 500-600 °C.

Water-assisted MOCVD with water vapor as a hydrolyzing agent
was used as an alternative technique [11]. In this case heated water
vapor was added to the precursor gas directly above the substrate
surface, no oxygen was added to the gas mixture. The deposition tem-
perature was in the range 300-500 °C. The water vapor flow rate was

controlled by injecting liquid ionized water into the vacuum evapora-
tor using an injection valve with subsequent immediate evaporation
of the water. The total pressure in both oxygen-assisted and water-
assisted versions of the process was 0.5 kPa. The deposition time
was 30-40 min; the deposition rates amounted to 3-7 nm/min. The
films prepared were characterized by X-ray diffraction (XRD) using
Rigaku Smartlab four-circle diffractometer. 6-26 scans and ¢-scans
were measured. Reflections of the substrate were used as internal
standard. The morphology of the films was studied by scanning elec-
tron microscopy (SEM) with LEO SUPRA 50VP (Carl Zeiss) microscope,
operating voltage 15 kV. For the investigation of the nanostructure of
ZnO film deposited on the (111) MgAl,04 spinel substrate, high-
resolution transmission electron microscopy (HRTEM) was employed.
The sample was studied using Titan 80-300 TEM/STEM (FEI, Oregon,
US) equipped with a spherical aberration (Cs) corrector (electron
probe corrector), a high angle annular dark field detector, an atmo-
spheric thin-window energy dispersive spectrometer (Phoenix Sys-
tem, EDAX, Mahwah, NJ, USA), and a post-column energy filter (Gatan,
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Fig. 2. SEM image of the film deposited at 600 °C by oxygen-assisted CVD on r-sapphire
substrate (R_Ox).

Pleasanton, CA, US). The TEM was operated at 300 kV. Focused ion beam
(FIB)/scanning electron microscope HELIOS (FEI, USA) was used for the
cross-sections preparation. The energy of Ga* ions was 30 kV in the be-
ginning steps and 2 kV and low ion current in the final (polishing) steps.
The cross-sections were handled with micromanipulator (Omniprobe,
USA) in-situ in the FIB/SEM. The film magnetization (M) was investi-
gated using vibrating sample magnetometer Lake Shore 7400 with
sensitivity up to 1x10~° Axm? in magnetic field (H) up to 1.6 T. A
liquid nitrogen flow cryostat was used to carry out the measure-
ments in the temperature range 80-300 K. The signals of diamag-
netic sample holders and the substrates were subtracted from the
measured signals; the resulting M vs. H curves were fitted with the
least-squares method. The temperature dependences of resistivity in
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Fig. 3. M(H) at room temperature for the films deposited at 600 °C by oxygen-assisted
CVD on r-sapphire (R_Ox) and c-sapphire (C_0x) substrates.

the 4.2-295 K temperature range were measured in a home-made
automated experimental setup containing a cryostat. Conventional
four-probe method in the constant current mode was used. Pb-Sn
alloy contacts with typical diameter less than 0.3 mm were soldered
to the films. The sample current was held constant with the accuracy
0.05%. The typical dimensions of the samples in these experiments
were 4-6 mm length and 1-2 mm width.

3. Results and discussion

The main results on magnetic properties and structure character-
ization are briefly summarized in Table 1 together with important
deposition parameters; below the results are discussed in details.

Undoped ZnO films were deposited on r- and c-sapphire substrates,
which are usually used for ZnO deposition, as well as on (111) YSZ sub-
strate using the conventional oxygen-assisted CVD process at 600 °C.
We have shown earlier [26] that such conditions result in the deposi-
tion of dense, well-crystallized epitaxial films. XRD 6-26 and ¢-scans
(Fig. 1) confirmed the epitaxial growth of ZnO with only one in-plane
orientation. A representative SEM image of a film obtained under these
conditions (R_Ox sample) is shown in Fig. 2. The films possessed dense
and rather flat surface with micro-sized whiskers, which tend to grow
on top of ZnO films due to the high growth anisotropy of zinc oxide.

Magnetization versus magnetic field (M(H)) curves of ZnO films
on r- and c-sapphire substrates (R_Ox and C_Ox samples listed in
Table 1) are shown in Fig. 3. The films did not show any ferromagne-
tism. Only diamagnetic signal from the substrate is present (due to
the strong paramagnetism of YSZ, no magnetic measurements could
be performed for the films on these substrates).

The morphology of ZnO films deposited in the presence of water
vapor was quite different from that of ZnO films deposited in the
presence of oxygen. SEM images of the films obtained by water-
assisted CVD at 300 and 500 °C are shown in Fig. 4 a) and b), respec-
tively. The films deposited at 300 °C had nano-sized, “crossed plates”-
like structure. They consisted of uniform plates, with the plate surface
perpendicular to the substrate surface; the characteristic dimensions
of the plate edges parallel to the substrate surface being 10 x 100 nm.
The films deposited at 500 °C possessed nano-sized whisker struc-
ture. Each whisker itself consisted of planes connected in series. The
planes were 200-300 nm wide having hexagonal shape. Under the
“whisker layer” we observed a bottom layer of film with granular
structure consisting of grains about 20 nm.

Representative room temperature M(H) curves of the ZnO films de-
posited in the presence of water vapor at 300 and 500 °C on r-sapphire
substrates are shown in Fig. 5. The diamagnetic contribution from the
substrate and the signal from the sample holder are subtracted. A ferro-
magnetic behavior with a weak but distinguishable magnetic moment
and saturation magnetization of about 210~ 8 A~m? was observed in
the films obtained at 300 °C (R_W_300). This value corresponds to
0.65 Axm?/kg (0.65 emu/g) and is comparable with values mentioned

Fig. 4. SEM images of the films deposited by water-assisted CVD on r-sapphire: a) at 300 °C (R_W_300); b) at 500 °C (R_W_500).
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Fig. 5. M(H) at room temperature for the films deposited by water-assisted CVD on
r-sapphire substrates at 300 °C (R_W_300) and at 500 °C (R_W_500).

in the literature for undoped ZnO films [18]. The nanostructured films
with whisker structure obtained at 500 °C showed clear ferromagnetic
loops. Fig. 5 shows the magnetic hysteresis loop for one of the films
(R_W_500) with Hc of about 10 mT and a remarkable saturation
moment of 3+10~7 A=m?, which corresponds to a very high specific
magnetic moment of 7 A~m?/kg.

Our results indicate that morphology of undoped ZnO films at
nano-scale has a strong influence on their magnetic properties. The
more developed nanostructure of the film is, the more pronounced
is its ferromagnetism. According the hypothesis of Sundaresan et al.
[22], FM in undoped ZnO is caused by structure defects located at
the surface of nanosized objects. In our work such nano-objects are
formed within the ZnO film. If one could learn how to control the
film defect structure and the degree of nanocrystallinity in a quantita-
tive manner, it would become possible to control the magnetism in a
quantitative manner as well. It is a very difficult task to achieve, how-
ever, in the CVD growth of ZnO films, since ZnO has an extremely
strong tendency to anisotropic growth, and even minor changes of
deposition conditions may result in distinctly different nanostructures.

In order to check the hypothesis mentioned above, we propose
another approach to influence the magnetism of epitaxial ZnO films
by intentionally introducing nano-sized defects in their structure.
Kaul et al. [26] demonstrated that the deposition of ZnO on cubic
(111) MgAl,0,4 substrates led to the formation of epitaxial films
with in-plane variant structures. On (111) MgAl,0,4 substrates, two
equivalent in-plane orientations of ZnO can grow, which differ from
each other by a 30° rotation (Fig. 6), in contrast to other substrates
where no such in-plane variants form. This leads to the formation of
nano-sized variants, or structure domains, each of them is epitaxial in
respect to the substrate. XRD data for ZnO films deposited on (111)
MgAl,0, in oxygen at 600 °C (Fig. 7) confirm out-of plane orientation.
@-scans with periodic reflections at every 30° reveal the variant struc-
ture of the films (compare with the ¢-scan in Fig. 1 for the film depos-
ited on (111) YSZ).

Fig. 6. The scheme of two equivalent in-plane orientations realized at ZnO film growth
on (111) MgAl,0, substrate. Dotted lines show a stress of the ZnO lattice.
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Fig. 7. XRD 6-26 scan of ZnO film grown on (111) MgAl,0,4 substrate (at the top) and
@-scans for ZnO and (111) MgAIL,04 (at the bottom).

According to SEM observations, the films on MgAl,0,4 do not pos-
sess any special kind of nanostructure at the surface. SEM images of
these films are similar to those of epitaxial films on other substrates
and therefore are not shown here.). However, the nano-scale imper-
fections of the epitaxial film structure could be seen in the high-
resolution TEM images presented in Fig. 8. Many distorted areas,
which start at the interface, penetrate to a film depth of 10-15 nm.
They are separated from each other by 15-20 nm. These areas can
be interpreted as the structure imperfections at the boundaries of
neighboring variants.

The epitaxial ZnO films with variant structure, in contrast to
other epitaxial films discussed above, are ferromagnetic at room
temperature (Fig. 9). The saturation magnetization is 5+10~8 Axm?
and 6+10~8 Axm? for the films deposited at 600 and 500 °C, respec-
tively, and, similar to the results obtained by Hong at al. [17], the
saturation magnetization is much higher for the thin film (50 nm,
MAO_O0x_500) than that for the thicker film (230 nm, MAO_Ox_600).
This fact together with the absence of a developed surface nanostruc-
ture for this kind of ZnO films allows us to conclude, that in this case
the magnetism of the films is most probably caused by introduced
structure defects located near the substrate-film interface.

Nanostructure of the films has a strong influence on their electric
properties. Films synthesized by water-assisted process at 300 °C with
“crossed plates”-like structure had very high, non-measurable resis-
tance, while films with whiskers structure deposited at 500 °C were
more conductive and showed values of resistance of about tens M(Q at
room temperature. At lower temperatures the resistance was non-
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Fig. 8. HRTEM image (left) and its Fourier-transformation (right) for the ZnO film deposited on (111) MgAl,04 (MAO_Ox_600 sample). Thin white lines are shown to mark imper-

fection areas.

measurable. The temperature dependences of resistivity for the epitaxial
films deposited on different substrates in oxygen-containing atmo-
sphere at 600 °C are presented in Fig. 10. All the films investigated
showed the behavior typical for semiconductors — resistivity de-
creased with the increase of the temperature, but resistivity of the
films differed by several orders of magnitude depending on the
substrate used. ZnO film deposited on (111) MgAl,04 showed the
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Fig. 9. M(H) at room temperature for the films deposited by oxygen-assisted CVD on
(111) MgAl,0,4 substrates at 500 °C (MAO_Ox_500) and at 600 °C (MAO_Ox_600).
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Fig. 10. Temperature dependences of resistivity for the epitaxial ZnO films deposited at
600 °C by oxygen-assisted CVD on different substrates.

highest resistivity. Under the temperature below 150 K the resistiv-
ity, p, of this film obeyed the Motts law:

TO/T)1/4

P = poe' (1)

Parameter Ty is close to 2500 K. This is an indication of the hop-
ping mechanism of conductivity in the films deposited on MgAl,0,.
Hopping conductivity points to the localization of the electronic
states near Fermi level. Typically, localization of electron states near
Fermi level in undoped semiconductors originates from disorder
and/or point defects. This is consistent with the structure of the
films on (111) MgAl,04 substrate, which contains nano-sized defects
and imperfections at the boundaries of the variant domains in con-
trast to the films deposited on other substrates.

In conclusion, undoped ZnO thin films with different nanostructure
were obtained by oxygen-assisted and water-assisted CVD. Morphology
of the films varied strongly depending on deposition conditions — from
dense and rather flat epitaxial films to polycrystalline films with devel-
oped nanostructure of whiskers or crossed nano-sized plates. Nano-
structure of ZnO films had a crucial influence on their magnetic and
electrical properties. The highest magnetic moment possessed ZnO
films with highly developed surface deposited at the presence of
water vapor at 500 °C. Another way to achieve ferromagnetic undoped
ZnO films was the creation of epitaxial variant structure with nanosized
structure domains. Our results show, that the conclusion made by
Sundaresan et al. [22] about strong correlation between ferromagne-
tism and nano-sized state of nonmagnetic oxides nanoparticles, ex-
tends to the field of thin films.
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