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ABSTRACT

A general approach for the synthesis of manganese-doped II −VI and III−V nanowires based on metal nanocluster-catalyzed chemical vapor
deposition has been developed. High-resolution transmission electron microscopy and energy-dispersive X-ray spectroscopy studies of Mn-
doped CdS, ZnS, and GaN nanowires demonstrate that the nanowires are single-crystal structures and homogeneously doped with controllable
concentrations of manganese ions. Photoluminescence measurements of individual Mn-doped CdS and ZnS nanowires show characteristic
pseudo-tetrahedral Mn 2+ (4T1 f 6A1) transitions that match the corresponding transitions in bulk single-crystal materials well. Photoluminescence
studies of Mn-doped GaN nanowires suggest that manganese is incorporated as a neutral (Mn 3+) dopant that partially quenches the GaN
band-edge emission. The general and controlled synthesis of nanowires doped with magnetic metal ions opens up opportunities for fundamental
physical studies and could lead to the development of nanoscale spintronic devices.

Semiconductor nanowires are emerging as versatile building
blocks for nanoscale electronic and photonic devices1,2

ranging from electronic sensors3 to nanoscale light-emitting
diodes.4,5 The ability to utilize a bottom-up paradigm to
assemble distinct types of building blocks into different
functional devices is especially important because it repre-
sents an approach to active devices and systems that contrasts
with conventional technologies.1 The potential uniqueness
of the bottom-up approach thus rests in part on the diversity
of functional building blocks available for assembly, and in
this regard, researchers have made many advances.1,2 For
example, basic semiconductor nanowires have been elabo-
rated through the controlled introduction of simple dopants,
which have enabled the demonstration of electronically well-
defined materials essential for studies of active electronic
and photonic devices.3-5

Substitutional doping of semiconductors with paramagnetic
transition-metal ions can produce magnetic materials called
dilute magnetic semiconductors (DMSs).6 The interesting
magnetic and magneto-optical properties of DMSs, which
arise from spin-exchange interactions between the dopant
ions and the semiconductor charge carriers (sp-d exchange
interactions), have been the focus of intense efforts for

conventional planar semiconductor structures because of the
possibility of utilizing these materials for semiconductor spin-
based electronics or spintronics.7,8 Much less attention has
been placed on doping nanostructures with paramagnetic
metal ions, although clear evidence for cobalt- and manganese-
doped nanocrystals of different group II-VI materials has
been obtained.9-11

More recently, Mn-doped nanowires have been prepared
using several different synthetic methods.12-14 ZnO nano-
wires doped with Mn ions were achieved by ion implantation
followed by thermal annealing to remove defects introduced
during the implantation step.13 In cases where nanowire
structures are robust to thermal annealing, this approach has
considerable promise for controlled transition-metal-ion
doping. Alternatively, chemical vapor deposition methods
have been used to provide evidence for the direct growth of
Mn-doped GaN nanowires.12,14 Here we report the general
synthesis of single-crystalline II-VI and III-V DMS nano-
wires using Mn-doped CdS, ZnS, and GaN nanowires as
examples. The ability to synthesize well-defined and syn-
thetically tunable DMS nanowire materials could open up
new opportunities for fundamental studies of spin interactions
in quasi-1D systems as well as provide new building blocks
for spintronics.

Mn-doped nanowires were prepared by adapting metal
nanocluster-catalyzed chemical vapor deposition (CVD)
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methods for II-VI15 and III-V5 nanowire growth. The
synthesis of Mn-doped CdS (Mn:CdS) and ZnS (Mn:ZnS)
nanowires was carried out using a core/shell methodology.
First, CdS and ZnS nanowires were synthesized using gold
nanocluster-catalyzed vapor-liquid-solid (VLS) growth
with single-source Cd(S2CNEt2)2 and Zn(S2CNEt2)2 precur-
sors, respectively.15 Second, shell layers were grown at lower
temperature using either a mixture of Cd(S2CNEt2)2 and
Mn2(CO)10 (molar ratio: n(Cd)/n(Mn) ) 10/1) or Zn(S2-
CNEt2)2 and MnCO3 (molar ratio: n(Zn)/n(Mn) ) 5/1) as
precursors. The shells were grown at 400°C for Mn:CdS
and at 500°C for Mn:ZnS nanowires. Doping concentrations
were systematically varied by changing the Mn/Cd or Mn/
Zn precursor ratio and the shell thickness. Following shell
growth, the nanowires were annealed at ca. 250°C for 2 h.
The synthesis of Mn-doped GaN (Mn:GaN)NWs was carried
out in a single step from a mixture of elemental Ga and up
to 10 mol % MnCl2 in a flow of NH3 and H2 using a nickel
catalyst prepared in situ.5

The Mn-doped nanowires were characterized at the single-
nanowire level using transmission electron microscopy
(TEM), energy-dispersive X-ray (EDX) spectroscopy, and
photoluminescence.16 A representative TEM image of a Mn:
CdS nanowire (Figure 1a) shows that these nanowires have
smooth surfaces and uniform thicknesses along the growth
direction. From the average values of the nanowire diameters
before and after the shell growth, we estimate that the

diameter of the initial nanowire core in Figure 1a is about
20 nm and that the shell thickness is ca. 7 nm, where the
core diameter is consistent with that obtained using 20-nm-
diameter gold nanoclusters in a VLS process.15 In addition,
the absence of defects or boundaries related to a core/shell
interface in the TEM data suggests that the Mn-doped CdS
shell grows epitaxially. High-resolution TEM (HRTEM)
images (Figure 1b) confirm that shell growth is epitaxial;
moreover, measurements made at different positions along
the lengths of a number of Mn:CdS nanowires show that
these single-crystal materials do not have observable second-
ary phases. Previous TEM studies of Mn-doped thin film
semiconductors have demonstrated the importance of such
studies for identifying Mn-rich phases.17 Because Mn-rich
phases can significantly affect measured physical properties,
our HRTEM images are important in showing that the Mn:
CdS nanowires are homogeneously doped at this level of
characterization. Similar TEM characterization studies and
results have been obtained for the Mn:ZnS nanowires.
Specifically, TEM, HRTEM, and electron diffraction data
recorded on Mn:ZnS nanowires prepared by the core/shell
approach (Figure S1, Supporting Information) show that the
nanowires have single-crystal structures without evidence for
secondary phases.

In addition, EDX measurements were carried out to
determine the overall composition and spatial distribution
of Mn ions in individual nanowires. EDX measurements on
a representative Mn:CdS nanowire (Figure 1c) show that the
Mn composition is ca. 7%. More importantly, the Mn, Cd,
and S elemental line scans recorded perpendicular to the
nanowire axis are all of similar functional form. This
similarity in Mn and Cd EDX profiles was quantified by
modeling.18-20 Significantly, our analysis shows that the Cd
and Mn elemental line scans are well fit to the same function
(solid lines, Figure 1c), thus indicating that the Mn ions are
distributed homogeously through the nanowire and not
localized in an outer shell. To test this interpretation further,
we also modeled the Mn EDX line scan profile assuming
that dopant ions are located exclusively in a shell. This
analysis (Figure S2, Supporting Information) shows that the
maximum Mn signal should occur at the edges of the nano-
wire, where the Cd intensity is dropping rapidly, and that
the Mn signal should exhibit a dip at the center of the nano-
wire, where the Cd signal is a maximum. Notably, this
scenario clearly contrasts the observed experimental data and
thus supports our conclusion that Mn:CdS nanowires are
homogeneously doped. During synthesis, the Mn is added
formally as a shell to a CdS nanowire core; however, fast
diffusion, which has been documented for first-row transi-
tion-metal elements in II-VI lattices at comparable temper-
atures,21 can explain the observed homogeneous Mn ion
distribution in the Mn:CdS nanowires.

The Mn-doped CdS and ZnS nanowires were also char-
acterized at the single-nanowire level using photolumines-
cence (PL) measurements. A representative PL spectrum
recorded on a single Mn:CdS nanowire at 5 K (Figure 2a)
excited at 395 nm exhibits two distinct features centered at
495 and 570 nm. The relatively narrow (17 nm full-width at

Figure 1. (a) TEM image of a 7% Mn-doped CdS nanowire, (b)
HREM image of the same nanowire, and (c) EDX line scans for
the nanowire shown in the inset, with Cd, S, and Mn data plotted
as red dots, yellow crosses, and green dots, respectively. The red
and green solid lines through the data are fits to the experimental
data for Cd and Mn, respectively. Scale bars in a and b are 10 and
5 nm, respectively.
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half-maximum) peak at 495 nm corresponds to CdS nano-
wire band-edge emission.22 A comparison of PL spectra
recorded from similarly sized Mn:CdS and CdS nanowires
under the same conditions shows that the presence of Mn
dopant ions leads to a partial quenching of the CdS band-
edge emission, which is consistent with energy transfer to
Mn ions in the lattice (see below). Significantly, the good
agreement of the second feature centered at 570 nm with
PL data from single-crystal and nanocrystalline Mn:CdS23-25

enables the assignment of this peak to the Mn2+ 4T1 f 6A1

d-d ligand-field transition. This spectral feature is charac-
teristic of isolated Mn2+ in a quasi-tetrahedral site26 and
together with the EDX measurements described above
(Figure 1c) is a clear indication of homogeneous (not surface)
incorporation of isolated Mn ions.

In addition, PL studies of Mn:ZnS nanowires were carried
out. A typical PL spectrum recorded from a single Mn:ZnS
nanowire at 300 K (Figure 2b) shows features centered at
337 and 585 nm. The sharp feature at 337 nm corresponds
to band-edge emission from the ZnS nanowire, whereas the
feature at 585 nm can be assigned to the4T1 f 6A1 transition
in Mn2+.27 In the case of Mn:ZnS nanowires, the Mn2+-based
emission is dominant with respect to the band-edge emission.
This suggests that energy transfer to Mn2+ in ZnS is more
efficient than in CdS nanowires. To clarify further energy
transfer, we have characterized the relative Mn2+ 4T1 f 6A1

to ZnS band-edge emission intensity as a function of
concentration of Mn ions. These data (inset, Figure 2b) show
that the ratio increases almost linearly up to 6% Mn, and
further support the conclusion that the Mn-doped nanowires
have uniform distribution of isolated paramagnetic ions.

We have explored the generality of our approach to Mn-
doped nanowires through studies of Mn:GaN, which is a
potentially attractive system because of the prediction for
ferromagnetic ordering above room temperature.28 TEM and

electron diffraction data obtained from a ca. 2% Mn-doped
GaN nanowire (Figure 3a) show that the nanowire is a single
crystal with wurtzite structure and a〈0001〉 growth axis;
additional TEM images also demonstrate that the nanowire
has a hexagonal cross section. A representative HRTEM
image of the same nanowire (Figure 3b) further illustrates
the single-crystalline structure and the lack of secondary
phases, which are often encountered in the synthesis of Mn-
doped III-V thin films using gas-phase deposition tech-
niques.17 We emphasize that the same high-quality single-
crystal Mn:GaN structures have been observed in detailed
analyses of at least 10 independent samples prepared in
different growth runs using similar experimental conditions.
These results testify to the reproducibility of the Mn:GaN
nanowires prepared in our studies. In addition, we note that
ca. 15% of Mn:GaN nanowires have triangular cross sections;
in contrast, the growth of pure GaN under the same
conditions yields almost exclusively nanowires with hex-
agonal cross sections. These results suggest that it will be
interesting in the future to explore further how reactant
species might be used to control faceting in VLS-based nano-
wire growth.

The concentration and distribution of Mn dopants were
characterized by EDX as discussed above for Mn:CdS and
Mn:ZnS nanowires. EDX elemental line scans recorded from
single Mn:GaN nanowires with hexagonal and triangular
cross sections are shown in parts a and b of Figure 4,
respectively. An inspection of the data shows for both nano-
wire morphologies that the Ga (K shell, 9.25 keV) and Mn
(K shell, 5.9 keV) elemental profiles have a similar functional
form, which suggests that the Mn dopants are incorporated
homogeneously through the nanowire structure. Quantitative
modeling18-20 of the Ga and Mn EDX profiles demonstrates
that the Ga and Mn elemental line scans are fit by the same
scaled function (solid lines, Figure 4) for both the hexagonal

Figure 2. (a) PL spectrum of a single Mn-doped CdS nanowire at
5 K and (b) PL spectrum of a Mn-doped ZnS nanowire at 300 K.
The Mn concentrations determined by EDX for the Mn:CdS and
Mn:ZnS samples were ca. 7 and 3%, respectively.

Figure 3. (a) TEM image of an ca. 2% Mn-doped GaN nanowire
with a hexagonal cross section. (Inset) Electron diffraction pattern
indexed for the wurtzite structure with a〈0001〉 growth direction.
(b) HRTEM image of the same nanowire. The electron diffraction
and HRTEM were recorded along the [01-10] zone axis. Scale bars
in a and b are 200 and 5 nm, respectively.
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and triangular morphology nanowires. The nanowire diam-
eters determined from the fits, 33 nm for the hexagonal and
230 nm for the triangular Mn:GaN nanowires, also agree
with diameters determined directly from the TEM images.
Hence, these results show that the Mn ions are distributed
homogeously within the Mn:GaN nanowires and not local-
ized, for example, near the surface, or segregated in separate
phases.

PL studies of single Mn:GaN nanowires were carried out
to further investigate the nature of the dopant ions within
the GaN host lattice. Typical room-temperature PL data
recorded from a Mn:GaN nanowire with ca. 2% Mn (Figure
5) show a single feature centered at 367 nm that is charac-
teristic of GaN band-edge emission. A comparison of the
PL spectra recorded from similarly sized Mn:GaN and GaN

nanowires under the same conditions (Figure 5, blue vs red
plots) demonstrates that emission is ca. 20× weaker in the
2% Mn-doped sample; additional data from the ca. 5% Mn-
doped sample (inset, Figure 5) show a further reduction in
the band-edge emission intensity. These results are consistent
with the quenching of band-edge emission by the Mn dopant
ions, although no spectral features characteristic of the
4T1 f 6A1 transition in tetrahedral Mn2+ are observed, in
contrast to the situation for the Mn-doped CdS and ZnS nano-
wires. The band-edge emission decreases exponentially with
Mn dopant concentration (inset, Figure 5). This dependence
is substantially stronger than that observed for the Mn:CdS
and Mn:ZnS nanowires, although strong PL quenching has
also been reported in Mn-doped GaN thin films prepared
by molecular beam epitaxy.29 In the future, we believe that
the physical origin of this interesting behavior can be
resolved by carrying out both time-resolved and steady-state
PL measurements on these Mn:GaN nanowires and on
samples modified, for example, by annealing.

Emission quenching by manganese in Mn:GaN materials
has been attributed to different mechanisms. Emission
quenching in well-characterized Mn:GaN thin films grown
by molecular beam epitaxy has been attributed to the
presence of a deep Mn3+ neutral state that facilitates
nonradiative recombination of band-edge electrons and
holes.29 These results are similar to our observations of
quenching of band-edge emission and contrast with recent
studies of Mn:GaN nanowires prepared using carbon nano-
tube templates where spectral features were assigned to the
4T1 f 6A1 transition in tetrahedral Mn2+. This difference
with our work could be explained by Mn incorporation in
the near surface region or secondary phases in the previous
work12 and not in bulk GaN lattice sites, and underscores
the importance of careful composition characterization
needed to develop a robust understanding of the physical
properties of these new materials.

In summary, we have demonstrated a general approach
for the synthesis of manganese-doped II-VI and III-V
nanowires based on metal nanocluster-catalyzed CVD. TEM,
HRTEM, and EDX measurements have shown that the Mn-
doped CdS, ZnS, and GaN nanowires, which have control-
lable manganese concentration, are single-crystalline struc-
tures and homogeneously doped with no evidence of
secondary phases. PL measurements of individual Mn-doped
CdS and ZnS nanowires show characteristic pseudo-
tetrahedral Mn2+ (4T1 f 6A1) transitions, whereas PL studies
of Mn-doped GaN nanowires suggest that manganese is
incorporated as a neutral deep Mn3+ state. The general and
controlled synthesis of nanowires doped with magnetic metal
ions opens up opportunities for fundamental studies of
optical, electrical, and magnetic properties in quasi-1D DMS
systems and could lead to the development of nanoscale
spintronic devices.
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Figure 4. EDX elemental line scans for Mn:GaN nanowires with
(a) hexagonal and (b) triangular cross sections. The insets are TEM
images of the respective nanowires; the dashed horizontal lines
correspond to the positions at which the EDX line scans were taken.
The red and green data points correspond to Ga and Mn,
respectively, in both a and b. The solid lines correspond to fits as
discussed in the text. The Mn profiles were multiplied by a factor
of 20 for clarity.

Figure 5. PL spectrum of single Mn:GaN (blue) and GaN (red)
nanowires recorded at 300 K. Both nanowires were 70 nm in
diameter, and the Mn concentration was 2%. (Inset) Plot of the
ratio of band-edge emission intensity for GaN/Mn:GaN vs [Mn].
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Supporting Information Available: TEM analysis of
Mn-doped ZnS. EDX line scan data and simulations for Mn-
doped CdS. This material is available free of charge via the
Internet at http://pubs.acs.org.
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