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Growth optimization and structural analysis for ferromagnetic Mn-doped
ZnO layers deposited by radio frequency magnetron sputtering

M. Abouzaid and P. Ruteranaa�

SIFCOM UMR 6176 CNRS-ENSICAEN, 6 Boulevard du Marechal Juin, 14050 Caen Cedex, France

C. Liub� and H. Morkoç
Department of Electrical Engineering, Virginia Commonwealth University, Richmond Virginia 23284

�Received 3 January 2006; accepted 28 March 2006; published online 6 June 2006�

The effect of the deposition temperature on the crystalline quality of �Zn,Mn�O is investigated in
thin films prepared by radio frequency magnetron sputtering on c-plane sapphire and GaN
substrates. The layers are made of a 0.5 �m Mn-doped layer towards the surface on top of a 150 nm
pure ZnO buffer. Depending on the deposition temperature, the layers can exhibit a columnar

structure; the adjacent domains are rotated from one another by 90°, putting �101̄0� and �11̄20�
directions face to face. At high Mn concentration the columnar structure is blurred by the formation
of Mn rich precipitates. Only one variety of domains is observed at an optimal deposition
temperature of 500 °C: they are slightly rotated around the �0001� axis �mosaic growth� and
bounded by threading dislocations. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2200768�

I. INTRODUCTION

Semiconductors doped with magnetic ions have been ex-
tensively studied since the reports on carrier-induced ferro-
magnetism in In�Mn�As �Ref. 1� and later on Ga�Mn�As.2

The calculations of Dietl et al. based on the Zener model of
ferromagnetism predicted that Mn-doped GaN and ZnO can
have a Curie Temperature TC higher than room temperature.3

Subsequently, considerable effort has been focused on
achieving reliable ZnO-based dilute magnetic semiconduc-
tors �DMSs� with a Curie temperature above room tempera-
ture by doping with transition metals, especially Mn �Refs. 4
and 5� and Co.6 However, the situation is still complicated as
ferromagnetism has been reported in insulating Zn�Mn�O,7

n-type Zn�Mn�O,5 and p-type Zn�Mn�O,8 as well as
paramagnetism.9 In addition, doping ZnO layers with these
transition metal atoms may lead to the formation of various
interphase precipitates, which may have magnetic
properties.10 A number of thin film deposition techniques are
now available for the production of good quality ZnO layers,
with pulsed laser deposition11 �PLD� being probably one of
the most used methods for this material. Metal organic
chemical vapor deposition12–14 �MOCVD� is an alternative
technique for growth that has advantages such as its chem-
istry and thermodynamic dependent growth, control at the
atomic level, large area deposition, and the possibility of
different in situ doping processes. Typical growth conditions
are as follows: chamber pressure of 20–50 Torr and growth
temperature of 250–600°C.15 Such ZnO layers grown on
sapphire were shown to have a relatively low thermal stabil-
ity after annealing at about 800 °C.15 Molecular beam epi-
taxy �MBE� technique is also currently used for the growth

of high quality ZnO, but high dose p doping may be
difficult.16 It is claimed that in ZnO, ferromagnetism may be
connected with p doping, especially using nitrogen. One of
the easiest and low cost methods for introducing high doses
of nitrogen may be the deposition by radio frequency �rf�
magnetron sputtering.17 For this technique incorporation of
nitrogen is done directly in the plasma and large amounts
may be incorporated in the layer in contrast with the other
growth techniques such as MBE or PLD. However, the de-
posited layers may be of poorer crystalline quality and the
existence of structural imperfections can impede the clarifi-
cation of experimentally observed ferromagnetism in DMSs.
Therefore, our aim is to develop a better understanding of the
observed magnetic behavior by carrying out a detailed mi-
crostructural analysis of transition metal and nitrogen-doped
ZnO thin films. In this transmission electron microscopy in-
vestigation, it is pointed out that the substrate temperature
during deposition plays an important role on the layer micro-
structure.

II. EXPERIMENT

The ZnO buffer layer and the Mn-doped ZnO film were
deposited between 500 and 750 °C. A rf power of 150 W
was used to sputter the ZnO target. The dc power applied to
the Mn target was 5 W for the Mn-doped ZnO film. The
targets were presputtered for 5 min before the actual deposi-
tion to remove contamination from the target surface. The
substrates were either sapphire or thick GaN buffer layers.
The as-deposited films on sapphire substrates were annealed
at 850 °C for 1 h in an air ambient in order to improve the
crystalline quality. The deposition conditions are summa-
rized in Table I.

Cross sectional transmission electron microscopy �TEM�
samples were prepared by gluing two pieces of the film face
to face, cutting to slices, followed by mechanical polishing
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down to 100 �m, and then dimpling to 10 �m. The electron
transparency was finally obtained by ion milling, with the
sample holder kept at liquid nitrogen temperature in order to
minimize the irradiation damage. The observations were car-
ried out in a 002B Topcon high resolution microscope oper-
ated at 200 kV.

III. RESULTS

In the following, we first discuss the influence of the
deposition temperature on the sputtered ZnO crystalline
structure. Next, we present the results on the various phases
that form upon doping the layers with Mn.

A. Influence of the deposition temperature

1. The structure of the layers

The first observation is a large influence of the deposi-
tion temperature on the layer microstructure, especially on
sapphire. At the highest temperatures �650 °C�, the layers
exhibited a strong columnar growth, with large adjacent col-
umns �diameter�200 nm� of different orientations as can be
noticed in the bright field micrograph of Fig. 1�a� in which

the dark columns are imaged along the �112̄0� axis of ZnO.

As recorded along the �101̄0� zone axis of sapphire, the dif-
fraction pattern �Fig. 1�b�� in an area containing many col-

umns in ZnO exhibits two zone axes, the �101̄0� and �112̄0�.
In this diffraction pattern which is a superimposition of the
two zone axis patterns, the central row belongs to the two

FIG. 1. �a� Large columns after deposition at 650 °C. �b� A diffraction
pattern of a large area showing the two epitaxial relationships of the col-
umns; the two coexisting zone axes are marked.

FIG. 2. Layer deposited at 550 °C: rough interface to the Mn-doped area
towards the surface �white arrows� and an intermediate phase at the sapphire
surface �black arrows�.

FIG. 3. Deposition at 500 °C, the layers exhibit a mosaic growth.

TABLE I. Deposition temperature, substrate, and doping of the investigated
samples.

Sample Substrate T �°C� N �SCCM�

SP105 Sapphire 550 0
SP110 Sapphire 650 10
SP272 GaN 750 0
SP280 GaN 550 10
SP316 GaN 500 0
SP318 Sapphire 500 10
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zones, with the 0002n spots clearly underlined by the over-

lap. On each part, the two inner rows belong to the �112̄0�
zone and the next two belong to �101̄0�. Therefore the two
main epitaxial relationships in the mismatched growth of
wurtzite structures, which have been reported on the growth
of wurtzite GaN on the �0001� sapphire surface,18 coexist in
these layers and adjacent columns can be rotated, one from
the other, by 90° around the �0001� direction. When the
deposition temperature is lowered to 550 °C, the columnar
growth is still present, but the column diameter is strongly
decreased; the size of the individual columns is below 50 nm
�Fig. 2�. In this sample, the Mn doping was 10% �Fig. 2�.
There is a clear structural difference between the doped and
undoped areas, as can be seen �arrows�; the doping was
started after the deposition of about 150 nm undoped ZnO.
In the undoped region, the columnar growth is still visible,
whereas the doped area contains a large number of precipi-
tates of various shapes and sizes, which blur out the colum-
nar structure. The interface between the two areas is very
rough as indicated by the two white arrows. The peak-to-
peak roughness is about 40 nm substantially larger than at
the top surface of the Zn�Mn�O layer. This may imply that
there has been an interdiffusive reaction in this area, either
during the deposition or the subsequent annealing step,
which took place at 850 °C. At the interface with the sap-
phire substrate �see black arrows�, there is a thin layer which
exhibits a different contrast, and this is the case as well for
the layers deposited at 650 °C.

When the deposition temperature is decreased to
500 °C, the misorientation between the growth domains be-
comes very small; the epitaxial relationship which dominates
the growth on �0001� sapphire and also for GaN is the only
one to take place.19 The layers end up with a mosaic growth
mode �Fig. 3� as has been already pointed out in GaN layers

grown on top of sapphire20 and only one epitaxial relation-
ship is exhibited: �0001�sap� �0001�ZnO and

�101̄0�sap� �112̄0�ZnO. The adjacent columns are now
bounded by threading dislocations; some of them are shown
by arrows in Fig. 3. At the interface with the sapphire sub-
strate, the ZnO layer has now grown directly; there is no
intermediate phase as in samples deposited at higher tem-
peratures �Fig. 4�. In this high resolution TEM image, the

sapphire substrate is viewed along the �112̄0� zone axis. The
transition between sapphire and ZnO takes place within one
atomic layer as shown by the white arrow. So, as far as the
ZnO layer quality is concerned, within the investigated tem-
perature range, it appears that the best growth condition is
attained at the lowest used temperature of 500 °C. At this
temperature �Table II�, there is no more columnar growth and
no interfacial phase is formed.

2. The magnetic properties

The magnetic susceptibility was also measured for the
samples deposited at various temperatures. A typical ex-
ample is shown in Fig. 5 for samples SP272 and SP316,
which were deposited at 750 and 500 °C, respectively. Hys-
teresis loop behavior is observed at both temperatures; the
magnetization at 300 K is relatively weak. The magnetic sig-
nal from the sapphire substrate was subtracted in these mea-
surements. Temperature dependent magnetization �M vs T�
measurements of the Mn-doped ZnO film were performed
under both zero-field-cooled �ZFC� and field-cooled �FC�

TABLE II. Column diameter and interfacial phase formation vs the deposi-
tion temperature.

T /Sub �°C�
Sapphire

�nm� Interphase

650 200 Yes
550 60 Yes
500 �10 No

FIG. 4. A high resolution micrograph of the interfacial area with the sap-
phire substrate, SP316 �500 °C�; the interface between ZnO and sapphire is
atomically abrupt �white arrow�.

FIG. 5. Net magnetization at 5 K of samples SP272 deposited at 750 °C
and SP316 deposited at 500 °C. In the insert, the net magnetization of the
same samples at 300 K.

FIG. 6. A high resolution micrograph of the interfacial phase in 550 °C
ZnO on �0001� sapphire.
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conditions and para- and diamagnetic contributions to the
hysteresis loop were eliminated.17 Thus, we conclude that the
magnetization hysteresis loops are attributed to the ferromag-
netism of the Mn-doped ZnO film. Ferromagnetism is exhib-
ited for both samples at low temperature as well as at room
temperature and the best magnetic characteristics are again
obtained in the SP316 layer, which was deposited at 500 °C.

B. The ZnO/sapphire interfacial phase

A micrograph of the interfacial phase, which formed in
the high temperature layers, is exhibited in Fig. 6. As can be
noticed, the thickness of this layer is not a constant, it can
extend from 2 to 5 nm. However, one point is quite obvious:
there is a noticeable difference between its two interfaces.
The ZnO/interphase side is abrupt within one atomic layer,
whereas the interphase/sapphire interface extends to a few
monolayers. This is a possible indication that the reaction,
which led to its formation, may have proceeded from ZnO
towards sapphire. Moreover, all over this layer, one family of
lattice fringes is parallel to the �0001� sapphire. In this area,
we have a crystalline phase, which is viewed along a low
index zone axis. As can been seen in Fig. 7, two families of
lattice planes are present in this highly magnified part of the
same image and they have the same d spacing as well as an
angle of 70°8�. This is a good indication that this interphase
is most probably cubic.

We have carried out energy dispersive spectroscopy
�EDS� analysis in this interfacial area using a beam diameter
of about 3 nm; the various spectra are shown in Fig. 8. The
spectra were recorded just on top of the interphase and at
about 6 nm on each side. They show clearly that at this scale,
there is negligible interdiffusion between sapphire and ZnO
�Figs. 8�a� and 8�c��.

The most striking observation is that the interphase layer
contains Mn. This means that during the deposition and most
probably during the subsequent annealing process, Mn has
diffused from the doped area �150 nm� and come to react at
the interface with sapphire. In the first 100–150 nm undoped
ZnO, independent of the position, we have not been able to

detect any Mn. It is then possible that there has been some
driving force for the reaction to take place only at the inter-
face. In Fig. 8, we have inserted the deduced atomic compo-
sition of this phase. Although the error bars are difficult to
estimate and can be important, mainly due to our experimen-
tal setup, this analysis is an indication that this compound
may be a trimetallic oxide with roughly the same amount of
Mn and Al.

C. The precipitates inside Mn doped areas

As can be seen in Fig. 9, numerous precipitates are
present inside the Mn containing areas, particularly in this
layer doped at 10%. They have various shapes and sizes and
can be as large as a few hundred nanometers. Some may be
elongated in the basal plane �black arrows� and others may
be more or less round shaped �white arrows�. As the round
shaped ones are mostly of large size, we have been able to
identify their structure and composition using EDS and high
resolution transmission electron microscopy �HRTEM�. A
typical HRTEM image of a round shaped precipitate is
shown in Fig. 10. At this scale, the interface of the precipi-
tate with the surrounding matrix is formed by well defined
crystallographic facets in the form of ledges separated by
steps �arrows�.

From Fig. 10, we can extract a number of data and use-
ful information on the precipitate and its crystallographic
relationship with the surrounding ZnO matrix. The typical
angles of 110° between two equivalent directions and the 90°
angle between two others allow us to identify the �110� zone
axis of a cubic structure. In reference to the surrounding ZnO
matrix, we measured d111=4.95 Å and d220=2.98 Å within
0.1 Å error. We also see clearly that one set of the �111�
planes is parallel to type �0001� basal planes of ZnO. EDS

FIG. 7. A high magnification of the interfacial layer showing some equiva-
lent spacings.

FIG. 8. EDS analysis of the interfacial area: �a� 6 nm inside sapphire, �b� on
top of the interphase, and �c� 6 nm inside the ZnO.

FIG. 9. Precipitation in 10% Mn-doped ZnO layer; arrows show some of the
precipitates.
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analysis �Fig. 11� of this precipitate gives a ZnMnO3 stoichi-
ometry, which agrees with these d spacings within the 0.1 Å
errors as stated above. So this precipitate is of cubic symme-
try with a=8.35 Å and d111=4.83 Å. Along the �0001� ZnO
direction, the formation of such precipitates needs the ac-
commodation of a quite large mismatch �7%�. Work is in
progress to determine if the observed precipitates have any
connection with the measured ferromagnetism.

IV. SUMMARY

The microstructure of Mn-doped ZnO layers obtained by
rf sputtering on �0001� sapphire is presented. It is shown that
for the optimum deposition temperature of 500 °C, the co-
lumnar structure is replaced by the most common mosaic
growth with only one epitaxial relationship between ZnO
and sapphire, and the interface between ZnO and sapphire is

sharp. The Mn-doped ZnO layer exhibited round shaped cu-
bic and elongated MnZn oxide precipitates. The round
shaped precipitates are ZnMnO3; they are facetted with ex-
tended �0001� ledges and coherent areas. The other type of
precipitates is elongated inside the ZnO basal plane with
almost the same c lattice distance. At higher deposition tem-
peratures, a trimetallic �AlMn�ZnO3 phase formed in the
ZnO/sapphire interface region. In these Mn-doped layers, a
magnetic effect has been measured and its highest values
correspond to the optimized growth conditions. For the time
being, investigation is still underway in order to determine if
the formation of precipitates is to be correlated with the mag-
netization. However, it is clear that, even if the precipitates
were not magnetic themselves, their formation may modify
the local properties of the doped matrix.
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