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Abstract: The structural study of diluted magnetic semiconductors is important for interpreting the ferromagnetic behavior asso-
ciated with the materials. In the present work, a series of low concentration Mn-doped ZnO thin films synthesized by pulsed la-
ser deposition was studied by electron microscopy. All films show the wurtzite structure with (001) preferred growth orientation
on the Si substrate. Electron diffraction experiments indicate the deterioration of the growth orientation in some areas of the films
with increasing Mn concentration, and the existence of a secondary phase, of Mn,O;-type, in the films with larger Mn concentra-
tions. High-resolution electron microscopy images confirm the existence of the secondary phase in the grain boundary of the Mn-
doped ZnO phase. The magnetic properties of Mn-doped ZnO are discussed in relation to the structures of the films.
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1. Introduction

Spintronic technologies seek to extend the properties and
applications of established electronic devices by making use
of the spins of electrons in addition to their charge. Com-
pared with conventional semiconductor devices, the poten-
tial advantages of spintronic devices are to increase data pro-
cessing speeds, decrease electric power consumption, and
increase integration densities. Spintronic devices are depen-
dent on the development of ferromagnetic ordering in dilut-
ed magnetic semiconductors (DMS), which are non-magnet-
ic semiconductors doped with magnetic atoms/ions. The key
need for achieving practical applications of these devices is to
increase the Curie temperature 7, of DMS materials to above
room temperature.

Much of the recent effort has focused on conventional 11—
VI and III-V semiconductor materials. For example, the high-
est Curie temperature 7, in Mn-doped GaAs is about 172K
[1]. Tt has been theoretically predicted that, when suitably
doped with transition metal ions (V, Mn, Fe, Co or Ni), ZnO
might be made ferromagnetic with a Curie temperature higher
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than room temperature[2,3]. Extensive experiments have been
carried out in many research groups in response to this pre-
diction[4-9]. However, controversy between research groups
was reported on the magnetic behavior of the materials. Both
the absence of ferromagnetic ordering and its existence, with
differing 7, values, have been reported.

In the Mn-doped ZnO system, Fukumura et al. [4] found
a spin-glass behavior, Jung et al. [5] observed ferromagnet-
ic ordering with a T, ~ 45 K, and Tiwari et al. [6] did not find
any ferromagnetism. Sharma et al. [7] reported a confirma-
tion of the theoretical predication of ferromagnetism in Mn-
doped ZnO; weak ferromagnetic ordering above 300K was
observed in both bulk pellets and in transparent films 2—3 um
thick. The important points in the synthesis of Mn-doped ZnO
DMS were noticed, i.e., (a) low concentration of Mn, and (b)
relatively low-temperature treatment. However, similar exper-
iments were carried out in other research groups, and the fer-
romagnetic behavior found was related to either an oxygen-
vacancy-stabilized metastable phases Zn-incorporated Mn,O,
[8] or Zn-incorporated MnO, [9].
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Table 1
A series of Mn-doped ZnO films studied in the present work

Nominal composition (Mn at. %) EDS result {Mn at. %)

0.78-0.92
1.63-1.93
2.21-2.78
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Nominal concentration of Mn (Znj_yMnyO) and the results in X-ray energy
dispersive spectroscopy (EDS).

Low temperature processing has the potential problem that
the interactions between the MnO, and ZnO particles only act
near the interfaces, as shown by the fact that the actual con-
centration of Mn in ZnO is much less than the nominal val-
ue. This will create a difficulty for the Mn-doped ZnO DMS
in bulk or powder form. This problem can be avoided for Mn-
doped ZnO film by pulsed laser deposition (PLD), since a
low-temperature process such as PLD is effective for making
more magnetic ions soluble in the ZnO than in the bulk under
equilibrium conditions[10].

A series of Mn-doped ZnO films were synthesized by the
PLD method, and ferromagnetic ordering was detected in
these low concentration Mn-doped films [11]. In the present
work, we report the results of a systematic electron micros-
copy/diffraction study of the crystalline growth of and any
secondary phases in the thin films, which are the two crucial
points in the interpretation of the magnetic properties of the
transition-metal-doped DMS thin films.

2. Experiment

Mn-doped ZnO (Zn;_Mn,O, x = 0.01, 0.03, 0.05; x = 0 for
comparison) thin films were grown on Si (100) substrates by
the PLD method. The base pressure of the PLD chamber was
2 x 1077 Torr. During film growth, the oxygen pressure in the
chamber was kept at 5 x 10~* Torr, and the substrate tempera-
ture was 500 °C. The magnetic measurements were made in a
superconducting quantum interference device (SQUID) mag-
netometer (Quantum Design, MPMS-XL). Electron diffrac-
tion (ED) and high-resolution electron microscopy (HREM)
studies were undertaken using a Jeol JEM2010 200 kV TEM
equipped with X-ray energy dispersive spectroscopy(EDS).
Polycrystalline electron diffraction patterns were analyzed us-
ing JECP/PCED [12], a computer program for the simulation
of polycrystalline electron diffraction.

3. Results and discussion

Mn-doped ZnO (Zn;_Mn,O, x = 0.01, 0.03, 0.05) thin films
were examined by EDS, and Table 1 lists the experimental re-
sults together with the nominal Mn compositions. It is noted
that the Mn concentration of the films increases with the de-
signed concentration in the experiments; however, the con-
centration is less than the nominal composition for the sam-
ples with x = 0.03 and 0.05, and is quite close for the sample
with x = 0.01. In the following, all films are labeled by their
nominal composition for convenience.

a - b
Fig. 1. Electron diffraction patterns of samples Zn;,_ Mn O (a) x =
0.01 and (b) x = 0.03. The patterns are indexed using the wurtzite
structure of ZnO. A deteriorated (001) preferred orientation can be
noticed with additional rings in (b) in comparison with the pattern
in (a).

JECF/PCED: PolyCrystalle Electren Diffractian r:
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Fig. 2. (a) Electron diffraction pattern of sample Zn,_ Mn,O, x = 0.05
and (b) a simulated electron diffraction pattern of Mn,O; together with
ZnO. The nearest ring in Fig. 2 corresponds to the (211) reflection of
Mn,05.

3.1. Electron diffraction results

The electron diffraction results show that all samples Zn,
Mn, O, x =0,0.01, 0.03, 0.05 on Si substrates have the wurtz-
ite structure with a (001) preferred orientation. There is no
difference in the electron diffraction patterns for Zn;, Mn O,
x =0 and 0.01, which is shown in Fig. 1(a). In some areas of
the samples Zn, . Mn O, x = 0.03 and 0.05, additional rings
appear in the electron diffraction pattern, which are shown
in Fig. 1(b) for comparison. However, all the rings can be in-
dexed with the wurtzite structure, which means that the (001)
texture deteriorates with increasing Mn doping.

In the electron diffraction patterns taken in some areas of
the x = 0.05 sample, additional rings are observed as shown in
Fig. 2(a), which cannot be indexed with the wurtzite structure,
thus indicating the existence of a secondary phase. Potential
secondary phases include the manganese oxides: MnO,, MnO,
Mn;0,, Mn,0;. All Mn oxides are antiferromagnetic except
Mn;0,, which is ferrimagnetic with 7, = 43 K. However, Zn-
incorporated MnO, and Mn,0O; were reported to be the pos-
sible source of ferromagnetism in Mn-doped ZnO in experi-
ments on bulk samples [8, 9].
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Fig. 3. (a) Plan-view HREM image of sample Zn;_Mn O, x =0.01 and (b) enlarged view of a selected area in (a). The hexagonal arrangement
of dots or lattice fringes can be viewed in most areas of the grain, and extends to the grain boundaries.

Fig. 4. (a) Plan-view HREM image of sample Zn;_Mn O, x = 0.05 and (b) enlarged view of a selected area in (a). A secondary phase can be

identified in the boundaries of the Mn-doped ZnO phase.

Electron diffraction patterns of all manganese oxides to-
gether with ZnO were simulated using the JECP/PCED com-
puter program for identifying the secondary phase. It was
found that the extra ring in Fig. 2(a) can only be matched to
the electron diffraction pattern of Mn,0O;, which means the
secondary phase has a Mn,O;-type structure. Fig. 2 shows (a)
the electron diffraction pattern taken from sample Zn, M-
n,0, x =0.05 and (b) the simulated pattern of Mn,O; togeth-
er with ZnO phase. The simulating diffraction pattern of ZnO
includes the rings of all reflections, but only the reflections of
the [001] zone should be matching to the experimental ones.
The nearest ring in Fig. 2 corresponds to the (211) reflection
of Mn, 03, and the other rings from Mn,0O;, are shadowed by
the rings from ZnO, thus are not labeled here.

3.2. HREM results

Plan-view TEM samples were prepared for the structural
characterization of the Mn-doped ZnO films. The HREM im-
ages taken with the film normal along the incident beam in
Fig. 3 show the growth morphology of the sample with x =
0.01. The hexagonal arrangement of dots or lattice fringes can
be viewed in the most areas of the grain, and extends to the
grain boundaries. The averaged grain size is about 100 nm.

The HREM images of the x = 0 and 0.03 samples are similar
to Fig. 3.

Fig. 4 shows the HREM image of the x = 0.05 sample,
which was taken under the same conditions as Fig. 3. The
scattered distribution of the secondary phase with size less
than 20 nm can be identified in the boundaries of ZnO phase,
which confirms the observations from the electron diffraction
experiment of the x = 0.05 sample.

It was reported that a secondary phase exists in the inter-
face of TiO and its substrate for Co-doped TiO [13]. A cross-
sectional TEM sample was prepared for the x = 0.03 sample
for such an investigation. Fig. 5 shows a HREM image of
the x = 0.03 sample, taken with the film normal perpendicu-
lar to the incident beam. It shows the smooth growth of ZnO
grains in a columnar shape on the Si substrate. No precipi-
tate was found in the interface of the Mn-doped ZnO DMS
and Si substrate. The thickness of the Mn-doped ZnO film is
about 75 nm.

3.3. Discussion
Hysteresis loops have been observed in the same series of

samples in the present study, and the moment per Mn atom
was found to decrease with an increase of Mn concentration
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Fig. 5. (a) Cross-sectional HREM image of sample Zn,;_. Mn O, x = 0.03 and (b) enlarged view of a selected area in (a). It shows the smooth growth
of ZnO grains in a columnar shape on the Si substrate. No precipitate was observed in the interface of Mn-doped ZnO DMS and Si substrate.

[11]. This shows that ferromagnetic ordering exists in the low
concentration Mn-doped ZnO thin films on Si synthesized
by pulsed laser deposition. The TEM study confirms that the
magnetic ordering in the Mn-doped ZnO film does not orig-
inate from a Mn,O;-type of secondary phase, since there are
no secondary phases in the samples for x < 0.03, and the mag-
netic moment decreases when the Mn,O; type of secondary
phase exists in a sample Zn;_ . Mn O, x = 0.05.

Ferromagnetic ordering was also observed by Norton et al.
[14] in Mn-doped n-type ZnO with a T, of ~250 K, in ZnO
single crystals co-doped with Mn (3 at.%) and Sn; it was also
found that the magnetic moment decreases with the increase of
Mn up to 5 at.%. An inverse correlation between magnetization
and electron density as controlled by Sn doping was reported
[15]. It is worth pointing out that ZnO without any p-type dop-
ing is an intrinsic n-type semiconductor. The inverse correla-
tion is in agreement with that the color of the pellets processed
at low temperature, which are whitish and more like stoichio-
metric ZnO, but change to yellow on processing at high tem-
peratures, suggesting an increase in n-type carriers[7].

4. Summary

In the present work, electron diffraction and high-reso-
Iution electron microscopy have been used for the structur-
al characterization of Mn-doped ZnO films. The results show
that a Mn,O;-type secondary phase exists in 5 at.% Mn-doped
ZnO film. Although the mechanism of the formation of ferro-
magnetism in this system is unclear so far, it has been deter-
mined that the ferromagnetic ordering in the low-concentra-
tion Mn-doped ZnO films on Si substrate does not originate
from a secondary phase.
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