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The magnetic and transport properties of Mn-doped ZnO thin films co-doped with P are examined.
Superconducting quantum interference device magnetometry measurements indicate that the films
are ferromagnetic with an inverse correlation between magnetization and electron density as
controlled by P doping. In particular, under conditions where the acceptor dopants are activated
leading to a decrease in free-electron density, magnetization is enhanced. The result is consistent
with hole-mediated ferromagnetism in Mn-doped ZnO, in which bound acceptors mediate the
ferromagnetic ordering. Increasing the electron density decreases the acceptor concentration, thus
quenching the ferromagnetic exchange. This result is important in understanding ferromagnetism in
transition metal doped semiconductors for spintronic devices. © 2007 American Institute of
Physics. �DOI: 10.1063/1.2739302�

I. INTRODUCTION

Spintronics with magnetically doped semiconductors has
the potential to provide enhanced performance and new
functionality in semiconducting devices, including spin-
based field-effect transistors �FETs�, spin-polarized lasers
and light emitting diodes �LEDs�, nonvolatile magnetic
semiconductor memory, and perhaps quantum computing.1,2

Research in dilute magnetic semiconductors �DMS�3–7 has
been stimulated by the discovery of materials with a Curie
temperature, Tc, significantly higher than that observed in
previously studied DMS materials. In particular, the experi-
mental Tc For Mn-doped GaAs is on the order of 110 K.8

However, the penetration of spintronics as a technology de-
pends upon the development and understanding of semicon-
ductors that can support spin-polarized carrier operation at or
above room temperature.

Several magnetically doped semiconductors have re-
cently been discovered that exhibit ferromagnetic ordering
above room temperature,9–12 including transition metal
doped ZnO. ZnO is a direct wide band-gap material of inter-
est for photonic, electronic, and magnetic applications.13,14

Ferromagnetism was initially predicted by Dietl et al. in
p-type Mn-doped ZnO.15 Zener’s model was used as the ba-
sis, driven by exchange interaction between hole charge car-
riers and localized spins. Numerous studies have since ad-
dressed the magnetic properties of transition metal doped
ZnO, with most activities focusing on cobalt or manganese
doping.16–33 For Mn-doped ZnO, Jung et al.21 reported low

Tc �45 K� ferromagnetism, whereas Fukumura et al.22 ob-
served spin-glass behavior with a spin-freezing temperature
of 13 K. For Mn doping, we have reported ferromagnetism
with a Curie temperature approaching 250 K in Mn, Sn-
doped ZnO.23,24 High-temperature ferromagnetism was also
reported in �Zn,Mn�O by Sharma et al., with a Tc above 425
K in bulk crystals and above 300 K in thin films.12 Mn-doped
ZnO, with an apparent Tc above 300 K, appears attractive for
spintronic technology. With a lack of high-temperature ferro-
magnetic secondary phases in the Zn-Mn-O phase diagram,
this material is particularly useful in delineating the origin of
ferromagnetism in a semiconductor host. The only ferromag-
netic composition for this solid solution is Mn3O4, which is
ferrimagnetic with a Curie temperature of less than 50 K.34,35

Therefore, any room-temperature ferromagnetism cannot be
assigned to known secondary phases as none exist. The pos-
sible presence of secondary ferromagnetic phases cannot be
easily eliminated as the origin of the magnetic signals for
other transition metal dopants.

Despite experiments indicating high-temperature ferro-
magnetism in these materials, questions remain regarding the
origin of the magnetic behavior in Mn-doped ZnO materials.
Dietl’s work predicted that highly p-type, Mn-doped ZnO
should have Curie temperatures in excess of room
temperature.15,36,37 The theory assumes that ferromagnetic
ordering between the localized moments of the Mn atoms is
mediated by free holes in the material. High hole concentra-
tions should yield high Curie temperatures; carrier-mediated
ferromagnetism in n-type material should be limited to lower
temperatures. This distinction in carrier type is attributed to
the smaller density of states and exchange integral for Mn
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with the conduction band in comparison to the valence
band,38 as the Mn2+ state lies within the valence band of
these materials. For wide band-gap semiconductors, the ex-
change interaction for Mn is fundamentally different from
the other transition metal ions. Mn d states lie in the valence
band while the other transition metals d-state orbitals intro-
duce states within the gap. There are also apparent discrep-
ancies between experimental results and Dietl’s model for
Mn-doped ZnO. In some materials, ferromagnetism has been
reported in n-type and/or semi-insulating samples. Formation
of p-type ZnO with high carrier density is a significant chal-
lenge that is being actively pursued for electronic
applications.39 An alternative model addresses whether ferro-
magnetic ordering of the Mn moments could originate from
carriers �holes� that are present in the material, but localized
at the transition metal impurity.40,41 The bound magnetic po-
laron model assumes an exchange interaction between the
transition metal �Mn� ion and localized �trapped� holes that
are spatially near the Mn ion. The size of the bound magnetic
polaron grows as temperature decreases until its radius over-
laps that of neighboring polarons. This enables ferromagnetic
ordering of the Mn ions in an otherwise insulating or semi-
insulating material. Ferromagnetic ordering appears possible
with a bound magnetic polaron model. However, for Mn, it
still depends on the availability of holes, albeit a localized
distribution.

In this paper, we report on the synthesis and magnetic
properties of Mn-doped ZnO epitaxial films that are co-
doped with P. Co-doping allows independent control over the
magnetic and electronic properties of the material by doping
for each separately. In II-VI materials, the addition of Mn2+

does not introduce shallow states. By co-doping II-VI semi-
conductors, Mn provides the localized spins needed for
carrier-mediated ferromagnetism, with the additional dopant
added to control the carrier concentration in the material. We
investigated the carrier density dependence of saturation
magnetization, using P as an acceptor dopant.

II. EXPERIMENTS

Epitaxial Mn, P-doped ZnO films were grown by con-
ventional pulsed-laser deposition. Laser ablation targets were
prepared from high purity powders of ZnO �99.999%�, with
MnO2 �99.999%� and P2O5 �99.95%� serving as the doping
agents. The pressed targets were sintered at 1000 °C for 12 h
in air. The targets were fabricated with a nominal composi-
tion of 3 at. % Mn and 2 at. % P. A Lambda Physik KrF
excimer laser was used as the ablation source. The laser en-
ergy density was 1−3 J /cm2 with a laser repetition rate of 1
Hz and target-to-substrate distance of 6 cm. The growth
chamber exhibits a base pressure of 10−5 Torr. Films were
deposited onto single-crystal, c-plane-oriented sapphire sub-
strates. Film growth was conducted over a temperature range
of 400–600 °C. An oxygen pressure of 20 mTorr was used
for all film growth experiments. Film thicknesses were ap-
proximately 300–400 nm. X-ray diffraction was used to de-
termine the crystallinity and secondary phase formation. Su-

perconducting quantum interference device �SQUID�
magnetometry was used to characterize the ferromagnetic
behavior of the doped films.

III. RESULTS

The phase stability and solid solubility of Mn in the ZnO
films were investigated before and after annealing for films
with P co-doping. Figure 1 shows the x-ray diffraction scans
for films deposited under the given growth conditions. In all
cases, the dominant film peaks correspond to c-axis perpen-
dicular ZnO. Note that, for these films, segregation of the
Mn3O4 phase is not observed in the diffraction data. As men-
tioned earlier, the Mn3O4 phase is ferromagnetic with a Curie
temperature of less than 50 K. Previous reports from Fuku-
mura et al. indicated that epitaxial ZnO films with a Mn
concentration as high as 35% could be achieved while main-
taining the wurtzite structure using pulsed laser deposition.42

Upon annealing, a shift in the d-spacing for the ZnO is ob-
served. This may indicate a segregation of either P or Mn in
the films with thermal processing.

Defect chemistry calculations for Mn-doped ZnO indi-
cate that Mn2+ forms a donor level �2.0 eV below the con-
duction band edge.43 This deep donor state with Mn substi-
tution on the Zn site in ZnO has no direct effect on the
electron concentration at room temperature. However, defect
chemistry calculations also indicate a reduction in Zn inter-
stitials with Mn doping. Zn interstitials are generally ac-
cepted as the primary shallow donor defects in nominally
undoped ZnO. This will yield an increase in resistivity for
Mn-doped films as compared to undoped material.43–45 The
Mn-doped ZnO films with no P exhibit a resistivity on the
order of 102 � cm with a carrier density of mid-1016/cm3.
This carrier density is substantially lower than that seen for

FIG. 1. X-ray diffraction of ZnO films co-doped with Mn and P both before
and after annealing. The target was ZnO doped with 3%Mn and 2%P.
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undoped epitaxial films and is consistent with the reduction
of shallow donors. Limited results on the doping behavior of
P in ZnO indicate that it introduces a donor state for as-
deposited films, an acceptor state when annealed.

The behavior of phosphorus in ZnO epitaxial films both
as deposited and upon annealing has been reported in detail
elsewhere.46 For the as-deposited films, the inclusion of
phosphorus yields a significant increase in electron density,
resulting in ZnO that is highly conductive and n type. The
shallow donor behavior in the as-deposited films is inconsis-
tent with P substitution on the O site, and presumably origi-
nates from either substitution on the Zn site or the formation
of a phosphorus-bearing complex. Previous work has shown
that the defect-related carrier density in nominally undoped
ZnO can be reduced via high-temperature annealing in oxy-
gen or air. In the case of undoped material, the reduction in
donor density is presumed due to either a reduction in oxy-
gen vacancies, Zn interstitials, or perhaps out diffusion of
hydrogen that is incorporated in the ZnO lattice during syn-
thesis. In order to reduce electron density annealing in oxy-
gen can be performed. Figure 2 shows the resistivity of films
annealed at various temperatures. Note that the resistivity of
the as-deposited phosphorus-doped films is significantly
lower than that for the nominally undoped film. For as-
deposited films, a shallow donor state dominates transport.
As the films are annealed at increasing temperatures, the re-
sistivity of the phosphorus-doped films increases rapidly.
This is particularly evident for films subjected to annealing
temperatures of 600 °C or higher. When annealed at 700 °C,
the phosphorus-doped ZnO films become semi-insulating
with a resistivity approaching 104 � cm. The conversion of
transport behavior from highly conducting to semi-insulting
with annealing should be attributed to at least two factors.
First, the defect associated with the shallow donor state in
as-deposited films appears to be relatively unstable. This
would explain the increase in resistivity, but would alone
predict a saturation of resistivity at the value given by the
undoped material. The dependence of postannealed resistiv-
ity on phosphorus content suggests that a deep level associ-
ated with phosphorus dopant is present. This is, in fact, con-
sistent with the expected results that P substitution on the
oxygen site yields a deep acceptor. Figure 2 also shows the
carrier concentration for P-doped films. For all of the data

shown in Fig. 2, the Hall sign was negative, indicating n-type
material. Both carrier density and Hall mobility data for
some annealed samples are absent in the plots. From the
measurements yielding unambiguous Hall voltage, both the
carrier density and mobility in phosphorus-doped films are
observed to decrease with annealing. This is consistent with
a reduction in the shallow donor state density and activation
of a deep �acceptor� level in the gap.

The magnetic properties of the films were measured us-
ing a Quantum Design SQUID magnetometer. The diamag-
netic responses of the substrate and host semiconductor were
subtracted from the magnetization plots. The primary focus
of the measurements was to determine how the magnetic
properties of the films changed as a function of electron den-
sity as controlled by P doping. Samples that showed minimal
amounts of Mn3O4 precipitation via x-ray diffraction were
used for the SQUID measurements. Figure 3 shows the
room-temperature magnetization as a function of applied
magnetic field for epitaxial ZnO:3%Mn films both without
and with P co-doping. For the Mn-doped film with no P,
saturation in the magnetization is observed, but with little
evidence for hysteresis in the M versus H curves. The as-
deposited ZnO film doped with both Mn and P showed a
reduction in magnetization/Mn ion. This is consistent with
the proposed models for Mn-doped ZnO, where ferromag-
netic ordering is not favored by electron doping. Most inter-
esting is the saturation magnetization behavior as the
P-doped samples are annealed. As noted earlier, increasing P
concentration in as-deposited films initially increases elec-
tron density and conductivity. Figure 3 shows the room-
temperature magnetization versus field behavior for the ZnO
samples containing 3%Mn and 2 at. % P annealed in oxygen.
Magnetization is given as the magnetic moment/Mn dopant
ion. Initially, there is a decrease in magnetization with P
doping. However, with annealing, there is an inverse corre-
lation between the electron carrier concentration and satura-
tion magnetization. Similar results are seen at 10 K as shown
in Fig. 4. Initially, as the electron density increases with P
doping, the magnetization decreases. This is consistent with
the bound magnetic polaron model in which only a fraction
of the Mn ions are expected to order ferromagnetically due to
competing superexchange antiferromagnetic interactions be-
tween neighboring Mn ions.47 The inverse correlation of
saturation magnetization with electron density is interesting
and provides some insight into the mechanism for ferromag-
netism in Mn-doped ZnO. Overlap of the Mn d states with

FIG. 2. Resistivity and carrier concentration behavior of P-doped ZnO films
both as deposited and annealed in oxygen. The data shown is for 1 at. %
P-doped ZnO.

FIG. 3. Room-temperature SQUID measurements for epitaxial ZnO:3%Mn,
2%P films before and after anneal. Also shown is a ZnO:Mn film with no P.
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the valence band suggests that holes are necessary in order to
induce ferromagnetic order. For semi-insulating films to ex-
hibit ferromagnetism, the bound magnetic polaron model
provides a mechanism whereby holes that are localized at or
near the Mn ions are responsible for mediating ferromag-
netism. However, the most important observation is that the
activation of acceptor states for hole formation is necessary
in order to achieve ferromagnetism. The holes may be delo-
calized, but with low mobility, thus yielding low conductiv-
ity. In this case, the carrier-mediated mechanism may suffice
without the need of invoking bound polarons as inherent to
the ferromagnetic ordering. In either case, the addition of
electrons to the system will move the Fermi energy level up
in the band gap, resulting in a decrease in hole density and a
reduction in magnetization. Our results are consistent with
those reported on a similar set of experiments involving
ZnO:Mn co-doped with phosphorus.48 This appears consis-
tent with early work on trivalent doped �Zn,Mn�O, where no
ferromagnetism was observed for heavily n-type films. It
may also explain the discrepancy from other studies of Mn-
doped ZnO films in which the intrinsic defect-mediated do-
nor states are high in density. It should be noted that the
amount of magnetization in the material remains relatively
low at all temperatures as seen in the temperature-dependent
magnetization data in Fig. 5. It is important to note the need
to maintain a Mn concentration low enough to avoid Mn-Mn
antiferromagnetic interactions, which are likely to dominate
high-Mn-doped ZnO films.

The results of this study are consistent with previous
studies on the carrier-type dependence in Co- and Mn-doped
ZnO nanocrystalline films.49,50 In that case, ferromagnetism
was observed in Mn-doped ZnO nanocrystals only when ni-
trogen, a group V acceptor dopant, was introduced during the

synthesis process. In contrast, no ferromagnetism was ob-
served in Co-doped ZnO nanocrystals when processed with
nitrogen. Based on this and other properties, the authors con-
clude that ferromagnetism in ZnO is closely tied to the
charge transfer electronic structure of the transition metal
dopant. For Mn, ferromagnetism is induced when the holes
from the acceptor ion delocalize onto Mn2+. Again, our re-
sults are consistent with this conclusion.
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