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ZnO is a very promising material for spintronics applications, with many
groups reporting room-temperature ferromagnetism in films doped with tran-
sition metals during growth or by ion implantation. In films doped with Mn
during pulsed laser deposition (PLD), we find an inverse correlation between
magnetization and electron density as controlled by Sn-doping. The saturation
magnetization and coercivity of the implanted single-phase films were both
strong functions of the initial anneal temperature, suggesting that carrier
concentration alone cannot account for the magnetic properties of ZnO:Mn
and factors such as crystalline quality and residual defects play a role. Plau-
sible mechanisms for ferromagnetism include the bound magnetic polaron
model or exchange that is mediated by carriers in a spin-split impurity band
derived from extended donor orbitals. The progress in ZnO nanowires is also
reviewed. The large surface area of nanorods makes them attractive for gas
and chemical sensing, and the ability to control their nucleation sites makes
them candidates for microlasers or memory arrays. Single ZnO nanowire
depletion-mode metal-oxide semiconductor field effect transistors exhibit good
saturation behavior, threshold voltage of ;"3 V, and a maximum transcon-
ductance of 0.3 mS/mm. Under ultraviolet (UV) illumination, the drain-source
current increased by approximately a factor of 5 and the maximum transcon-
ductance was ;5 mS/mm. The channel mobility is estimated to be ;3 cm2/V _ss,
comparable to that for thin film ZnO enhancement mode metal-oxide semi-
conductor field effect transistors (MOSFETs), and the on/off ratio was ;25 in
the dark and ;125 under UV illumination. The Pt Schottky diodes exhibit
excellent ideality factors of 1.1 at 25°C, very low reverse currents, and a strong
photoresponse, with only a minor component with long decay times thought to
originate from surface states. In the temperature range from 25°C to 150°C,
the resistivity of nanorods treated in H2 at 400°C prior to measurement
showed an activation energy of 0.089 eV and was insensitive to the ambient
used. By contrast, the conductivity of nanorods not treated in H2 was sensitive
to trace concentrations of gases in the measurement ambient even at room
temperature, demonstrating their potential as gas sensors. Sensitive pH sen-
sors using single ZnO nanowires have also been fabricated.
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INTRODUCTION

The use of carrier spin, in addition to charge,
appears promising for a new class of devices such
as polarized light emitters, chips that integrate
memory and microprocessor functions, magnetic
devices exhibiting gain, and ultra-low power tran-
sistors.1–10 The use of carrier spin in metallic multi-

layers forms the basis for hard drives in information
storage. The control of spin-dependent phenomena in
electronic oxides or more conventional semiconduc-
tors may lead to devices such as spin–light-emitting
diodes (spin-LEDs), spin–field effect transistors
(spin-FETs), and spin qubits for quantum com-
puters.1,2,8 A key requirement in realizing most
devices based on spins in solids is that the host
material be ferromagnetic above room temperature.
In addition, it is necessary to have both efficient(Received May 10, 2005; accepted August 25, 2005)
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spin-polarized carrier injection and transport. It is
generally believed that it is necessary to achieve
single-phase dilute magnetic oxides in order to real-
ize useful devices, since it is the polarized carrier
population that carries the spin information, although
there may be applications for multiphase materials
in magneto-optical applications. The usefulness of
ferromagnetic wide bandgap semiconductors for
spintronic applications requires the existence of a
coupling between ferromagnetic and semiconducting
properties, independent of the actual microstruc-
ture of the system under study. If precipitates or
clusters below detectable size limits are present
and responsible for the ferromagnetism and if the
carriers do not mediate the ferromagnetic inter-
action, then the usefulness of such materials in spin-
tronics should be called into question. On the other
hand, it is not clear that the presence of ferromag-
netic nanoclusters excludes a carrier-mediated inter-
action. Isolated by themselves, such clusters should
act as superparamagnets.

FERROMAGNETISM IN ZnO

Of the semiconducting oxides, ZnO offers signifi-
cant potential in providing charge, photonic, and
spin-based functionality.11–36 ZnO is a direct, wide
bandgap semiconductor with potential utility in UV
photonics and transparent electronics. For spintronics,
theoretical predictions suggest that room-temperature
carrier-mediated ferromagnetism should be possible
in ZnO, albeit for p-type material. Unfortunately, the
realization of p-type ZnO has proven difficult until
recently. Ab initio calculations do predict ferromag-
netism in n-type ZnO-doped with most transition
metal ions, including Co and Cr, but predict no
ferromagnetism for Mn-doped ZnO.30 This is consis-
tent with experimental results in which ferromag-
netism is not observed in Mn-doped ZnO that is n
type due to group III impurities (Table I). How-
ever, ferromagnetism has been observed in n-type
Mn-implanted and Sn-doped ZnO crystals. Sn (a
group IV element) serves as a doubly ionized donor
impurity. The specific role of Sn dopant in enabling
ferromagnetism in Mn-doped ZnO is unclear. The
Sn may simply provide carriers, albeit electrons,
that effectively mediate the spin interactions. The
Sn dopant might alternatively form complexes with
Mn, resulting in both Mn12 and Mn13 sites that
could yield a ferromagnetic ordering.

Several groups have investigated the magnetic
properties of TM-doped ZnO, as summarized in
Table II. In all of these studies, the ZnO material
was n type. The magnetic properties of Ni-doped
ZnO thin films were reported by a number of
groups.9,23,25 For films doped with 3–25at.%Ni, fer-
romagnetism was observed at 2 K. Above 30 K, super-
paramagnetic behavior was observed. Fukumura
et al.9 have shown that epitaxial thin films of Mn-
doped ZnO can be obtained by pulsed-laser deposi-
tion, with Mn substitution as high as 35%, while
maintaining the wurtzite structure. This is well
above the equilibrium solubility limit of ;13% and
illustrates the utility of low-temperature epitaxial
growth in achieving metastable solubility in thin
films. Co-doping with Al resulted in n-type material
with carrier concentration in excess of 1019 cm"3.
Large magnetoresistance was observed in the films,
but no evidence for ferromagnetism was reported.
However, Jung et al.20 recently reported ferromag-
netism in Mn-doped ZnO epitaxial films, with a
Curie temperature of 45 K. The discrepancy appears
to lie in differing film-growth conditions.
Ion implantation can be used to survey the mag-

netic properties of a number of transition metal
dopants in various semiconducting oxide materials.
High-temperature ferromagnetism was observed in
ZnO crystals implanted with transition metal dopants,
including Co and Mn, Co-doped with Sn.4,5,21,22 In
the case of Mn Co-doped with Sn, the Sn ions are
provided as doubly ionized donors. This result dif-
fers from that reported for Mn-doped ZnO-doped
n-type with Al or Ga, and suggests that group IV
dopants may behave differently than shallow
group III donors in terms of interaction with mag-
netic dopants. If carrier-mediated mechanisms are
responsible, one must explain why the behavior
depends on the specific cation dopant species chosen
(Sn versus Al, Ga). Insight into this issue may
reside in the fact that doping via a multi-ionized
impurity likely introduces relatively deep donor
levels in the energy gap. Conduction from deep donors
is often due to the impurity band or hopping con-
duction, as opposed to conventional free electrons
excited to the conduction band. Any carrier-mediated
processes would be dependent on the relevant
conduction mechanisms. This result appears to
contradict the expectation that, in the absence of a
shallow acceptor level, the dominant exchange
mechanism is short-range superexchange, which,

Table I. Oxidation and Charge States Expected for Some Candidate Transition Metals in ZnO9

ZnO 3d3 3d4 3d5 3d6

Acceptor (negative charge) — — Cr+ Mn+

Neutral — Cr2+ Mn2+ Fe2+

Donor (positive charge) Cr3+ Mn3+ Fe3+ —
Double donor (2+ charge) Mn4+ Fe4+ — —
p-ZnO Cr Cr3+ (donor) — — —
p-ZnO Mn — — Mn2+ (neutral acceptor) —
p-ZnO Fe — — Fe3+ (donor) —
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for Mn12 in ZnO, should favor antiferromagnetic
ordering. The results will be discussed in detail in
a later section. Despite the uncertainty in the mech-
anism, these results (high-temperature ferromag-
netism in Co and Mn, Sn-doped ZnO) indicate a
pathway for exploring spintronics in ZnO materials.
The ionic radius of Mn12 (0.66 Å) is relatively

close to that for Zn (0.60 Å), suggesting moderate
solid solubility without phase segregation. As such,
the primary transition metal dopant of interest will
be Mn. Chromium and cobalt presents the possi-
bility of achieving ferromagnetism in ZnO via doping
with magnetic ions for which the net superexchange
coupling is ferromagnetic. Low-temperature ferro-
magnetic behavior has been observed in Cr-based
spinel semiconductors. Theoretical results predict
that Cr-doping in II-VI semiconductors should result
in ferromagnetism.7,12

Figure 1 shows the magnetization versus field
behavior at 300 K for Sn-doped ZnO samples im-
planted with 3at.%Mn and 5at.%Mn. Hysteretic behav-
ior is clearly observed, consistent with ferromagnetism.
At 10 K, the coercive field in the 3at.%Mn-doped sam-
ple is 250 Oe. It must be noted that other possible
explanations for hysteretic M versus H behavior that
are remotely possible include superparamagnetism
and spin-glass effects. Magnetization measurements
were also performed on Sn:ZnO crystals that were
not subjected to the Mn implant. This was done to
eliminate the possibility that spurious transition
metal impurities might be responsible for the mag-
netic response. The Sn-doped ZnO crystals exhibit
no magnetic hysteresis, showing that Mn-doping is
responsible for the behavior. To track the hysteretic
behavior in the implanted samples as a function of
temperature, both field-cooled and zero-field-cooled

magnetization measurements were performed from
4.2 K to 300 K. By taking the difference between
these two quantities, the para and diamagnetic con-
tributions to the magnetization can be subtracted,
leaving only a measure of the hysteretic ferromag-
netic regime. For the 3at.%Mn sample, in particu-
lar, a robust ferromagnetic signature is observed to
persist up to temperatures .300 K.
While assigning the origin of ferromagnetism in

transition-metal-doped semiconductors, one must
carefully consider the possibility that secondary
phase formation is responsible. First, metallic Mn
is antiferromagnetic, with a Nèel temperature of
100 K. In addition, nearly all of the possible Mn-
based binary and ternary oxide candidates are
antiferromagnetic. The exception to this is Mn3O4,
which is ferromagnetic with a Curie temperature

Table II. Potential Second Phases That Can Form in Mn-and Co-Doped ZnO and Their
Magnetic Properties

Phase Nature of Magnetism
Applicable Magnetic
Temperature (K)

Mn Antiferromagnetic 100
Co Ferromagnetic 1373
MnO Antiferromagnetic 122
MnO2 Antiferromagnetic 84

Antiferromagnetic 17
Weak ferromagnetic 44

Mn3O4 Ferromagnetic 1443
Ferromagnetic 42
Ferrimagnetic 46

ZnMn2O4 Ferromagnetic 1298
Zn0.9Mn0.1O Ferromagnetic 30
Zn0.7Mn0.3O Ferromagnetic 45
MnSi Ferromagnetic 29.5
MnZn (15% Mn) Ferromagnetic 150
MnAu4 Ferromagnetic 360
MnAu2 Ferromagnetic 365
CoO Antiferromagnetic 291
Zn0.95Co0.5O Ferromagnetic 280
Zn0.85Co0.15O Ferromagnetic 300
Zn0.75Co0.15O Ferromagnetic 280
CoZn Ferromagnetic 468

Fig. 1. Hysteresis loops in Sn-doped ZnO implanted with Mn.
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of 46 K in thin films. Table II shows a compilation of
reported magnetic behavior characteristics of poten-
tial second phases that could form in either Mn or
Co-doped ZnO. X-ray diffraction (XRD) measure-
ments on the implanted samples showed no evi-
dence for Mn-O phases, although it is recognized
that diffraction is limited in detecting secondary
phases that may represent a fraction of a percent
of total volume in the implanted region. However,
even if this phase were present, it could not account
for the remarkably high ferromagnetic transition
temperature of;300 K observed for the Mn-implanted
ZnO:Sn crystals. It must also be noted that the Mn
concentrations used in this study were well below
the solid solubility limit of Mn in ZnO. Increasing
the Mn content from 3at.% to 5at.% resulted in a
significant decrease in the relative magnetization
response. This provides strong evidence, albeit
indirect, that the magnetization is not due to any
precipitating secondary phase. If the formation of
a secondary Mn-related phase were responsible for
the ferromagnetic behavior, an increase in Mn con-
centration would presumably increase the secondary
phase volume fraction and related magnetization
signature. Instead, the opposite behavior is observed.
One can postulate as to the mechanism by which Sn-

doping yields ferromagnetic interactions among the
Mn ions. First, the Sn ionsmay simply provide carriers
or bound donor states with extended wavefunctions
that mediate interactions among the Mn ions. The
Sn dopants may alternatively form complexes with
the Mn ions, yielding a distribution of Mn13 sites. In
this case, the mixture of Mn12/Mn13 sites could yield
ferrimagnetic ordering through superexchange inter-
action. With this, the magnetic moment/Mn ion should
increase with Sn-doping even if the measured conduc-
tivity changes very little. It should be noted that very
little is known about the behavior of Sn in ZnO. Iden-
tifying the location of the energy state associated with
Sn in ZnO would be most useful in the interpretation
of magnetic properties when Co-doped with Mn. One
could also look for shifts in the Sn or Mn dopant state
location as the other dopant is added.
The observation that a doubly ionized donor (Sn)

leads to ferromagnetic interactions amongMn atoms
in ZnO raises the question as to whether deep states
are, in general, effective in mediating ferromagne-
tism.Of particular interest are the theoretical predic-
tions that ferromagnetism above room temperature
should be possible in Mn-doped ZnO that is p type.
Given the difficulty in realizing a shallow acceptor in
ZnO, an obvious experiment, using the results for the
MnCo-dopedwithadeepdonor (Sn), is toCo-dopeMn
with a deep acceptor. Attractive deep acceptors for
addressing this question areCuandAs.Copper-doping
introduces an acceptor level with an energy;0.17 eV
below the conduction band. There is a large ionic radii
mismatch for As (2.22 Å) on the O (1.38 Å) site, sug-
gesting limited solid solubility for these anions.
Nevertheless, p-n junctionlike behavior has been
reported between an n-type ZnO film on GaAs sub-
jected to annealing. In this case, a p-type layer was

reportedly produced at the GaAs/ZnO interface. Fur-
ther understanding of group V substitution in ZnO
requires the study of doped materials that are free
from complications of reactive substrates or interfa-
cial layers. The primary interest is to investigate
whether the deep acceptor states fromCu or Asmedi-
ate ferromagnetic interactions in TM-doped ZnO.
For practical application in spintronic devices, the

Curie temperature should be well above room tem-
perature. As discussed earlier, theory suggests that
the Curie temperature will tend to increase with
decreasing cation mass. In addition, there is phe-
nomenological evidence that Tc increases with
increasing gap. Fortuitously, for Mn-doped ZnO:Sn,
the only ferromagnetic secondary phase candidate is
the Mn3O4 spinel. None of the other possible secon-
dary phases involving combinations of Zn, Mn, O,
and Sn yield a known ferromagnetic material. The
high-temperature ferromagnetism in Mn-implanted
ZnO:Sn crystals cannot be attributed to Mn3O4 as
the Tc is much higher in the Mn-doped ZnO than
for the Mn3O4 phase.
In addition to transmission electron microscopy

(TEM), one can also use XRD to search for secon-
dary phases within the films. Despite the obvious
sensitivity limitations involved in detecting impur-
ity phases that represent only 1–5 vol.% of a thin-
film sample, we have been able to detect nanoscale
precipitates in transition metal implanted samples.
This is demonstrated for Co-implanted ZnO. Epi-
taxial (Zn1"xCox)O (x 5 0.05–0.25) exhibits high-
temperature ferromagnetism with Tc greater than
300 K. The ferromagnetic behavior is assigned to
substitutional Co on the Zn site. Monte Carlo simu-
lations of the indirect exchange interaction of
Co-doped ZnO also predict ferromagnetism in these
materials. SQUID magnetometry measurements of
Co-doped ZnO clearly indicate ferromagnetism, as is
shown in Fig 2. However, a careful examination of
the XRD u-2u scan along the surface normal, shown
in Fig. 2b, indicates the presence of Co precipitates.
A Co (110) peak is clearly evident. From the width of
the peak, the size of the cobalt precipitates can be
estimated to be approximately 3.6 nm. Table III
Summarizes results for magnetism in ZnO.
It should be noted that the presence of magnetic

precipitates may mask an underlying carrier-mediated
ferromagnetism due to substitutional doping. In this
case, a more direct means of measuring the spin
properties of the semiconductor carrier population
is needed. Much of the research activity being pres-
ently pursued in spintronics is directed at demon-
strating device structures (spin-LED, spin-FET) that
differentiate spin polarization distribution among
the electron/hole population in the semiconductor.

ZnO Nanowire Devices

We have fabricated many types of ZnO nanowire
devices, including MOSFETs, diodes, and UV sen-
sors. In this work, we will only discuss more recent
work on pH sensors. There is emerging interest in
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the use of wide bandgap semiconductors as sensitive
gas and chemical sensors. ZnO is a piezoelectric,
transparent wide bandgap semiconductor used in
surface acoustic wave devices. Its bandgap can be
increased by Mg-doping. ZnO has been effectively
used as a gas sensor material based on the near-
surface modification of charge distribution with
certain surface-absorbed species. In addition, it is
attractive for biosensors given that Zn and Mg are
essential elements for neurotransmitter production
and enzyme functioning. ZnO is attractive for form-
ing various types of nanorods, nanowires, and nano-
tubes. The large surface area of the nanorods makes
them attractive for gas and chemical sensing, and
the ability to control their nucleation sites makes
them candidates for high density sensor arrays.
The sensing mechanism for chemical adsorbates in
piezoelectric materials originates from compensa-
tion of the polarization-induced bound surface charge
by interaction with the polar molecules in the liquids.
Single ZnO nanorods with ohmic contacts at

either end exhibit large changes in current upon
exposing the surface region to polar liquids intro-
duced through an integrated microchannel. The polar
nature of the electrolyte introduced leads to a change
of surface charges on the nanorod, producing a
change in surface potential at the semiconductor/
liquid interface. The nanorods exhibit a linear change
in conductance between pH 2–12 of 8.5 nS/pH in the
dark and 20 nS/pH when illuminated with ultraviolet
(UV, wavelength of 365 nm) light. The nanorods show
stable operation with a resolution of;0.1 pH over the
entire pH range. The results indicate that ZnO nano-
rods may have application in integrated chemical,
gas, and fluid monitoring sensors. The pH solution
was made using a syringe autopipette (2–20 mL). A
scanning electronmicrograph (SEM) of the completed
device is shown in Fig. 3.
Prior to the pH measurements, we used pH 4, 7,

10 buffer solutions from Fisher Scientific (Newark,
NJ) to calibrate the electrode. The measurements at
25°C were carried out in the dark or under UV illu-

mination from 365-nm light using an Agilent 4156C
parameter analyzer to avoid parasitic effects. The
pH solution was made by the titration method using
HNO3, NaOH, and distilled water. The electrode
was a conventional Acumet standard Ag/AgCl elec-
trode. The adsorption of polar molecules on the sur-
face of ZnO affects the surface potential and device
characteristics. Fig. 4 shows the conductance at a
bias of 0.5 V as a function of time from nanorods
exposed for 60 sec to a series of solutions whose
pH was varied from 2 to 12. The current is signifi-
cantly reduced upon exposure to these polar liquids
as the pH is increased. The data in Fig. 4 show
that the high-electron-mobility transistor (HEMT)
sensor is sensitive to the concentration of the polar
liquid and therefore could be used to differentiate
between liquids into which a small amount of out-
flow of another substance has occurred.
Figure 5 shows the conductance of the nanorods

in either the dark or during UV illumination at a
bias of 0.5 V for different pH values. The nanorods
exhibit a linear change in conductance between pH
2–12 of 8.5 nS/pH in the dark and 20 nS/pH when
illuminated with UV (365 nm) light. The nanorods
show stable operation with a resolution of ;0.1 pH
over the entire pH range, showing the remarkable
sensitivity of the HEMT to relatively small changes
in concentration of the liquid.
There is still much to understand about the mech-

anism of the current reduction in relation to the
adsorption of the polar liquid molecules on the
ZnO surface. It is clear that these molecules are
bonded by Van der Waal type interactions. They
screen surface change that is induced by polariza-
tion in the ZnO. Different chemicals are likely to
exhibit degrees of interaction with the ZnO surface.
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Fig. 2. Hysteresis loop in (a) Co-implanted ZnO and XRD spectra from the sample showing the (b) presence of oriented Co precipitates.
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Fig. 5. Relation between pH and conductance of ZnO nanorod either
with or without UV (365 nm) illumination.

Fig. 4. Change in conductance with pH (from 2 to 12) at V 5 0.5 V.

Fig. 3. Scanning electron microscopy of ZnO nanorod with integrated
microchannel (4-mm width).
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