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Magnetic properties of GaMnAs nanodot arrays fabricated using porous
alumina templates
S. P. Bennett, L. Menon, and D. Heimana兲
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共Received 11 March 2008; accepted 5 May 2008; published online 22 July 2008兲
Ordered arrays of GaMnAs magnetic semiconductor nanodots have been fabricated using anodic
porous alumina templates as etch masks. The magnetic behavior is studied for prepared arrays with
40 nm dot diameter, 15 nm dot thickness, and 80 nm periodicity. The disklike nanodots exhibit an
easy axis for fields applied in the radial direction and a hard axis in the smaller direction. In the
radial direction superparamagnetism is observed with a blocking temperature of 30 K. The
fabrication technique is convenient for preparing nanodot arrays of compound semiconductors that
cannot be formed by self-assembly techniques. © 2008 American Institute of Physics.
关DOI: 10.1063/1.2955450兴
INTRODUCTION

As research in nanoscale electronics and magnetics is
flourishing, so is the demand for nanostructures of unique
materials. Following the progress of growing twodimensional 共2D兲 epitaxial structures, there has been significant advancement in fabricating lower-dimensional structures, namely, nanodots, nanowires, and nanotubes.
Fabrication of highly ordered nanodot arrays composed of
and
ferromagnetic
quantum
dot
semiconductors1
2,3
nanoparticles is drawing increased interest as advanced devices call for smaller nanostructured systems.1,4 Current research on the preparation of semiconducting nanodot arrays
relies mainly on self-assembly during growth, such as InAs
quantum dots in GaAs or postgrowth fabrication using photo
lithography or electron beam lithography and etching. Another promising technique for fabricating nanodot arrays is
the use of porous templates, such as anodic porous alumina.
These can be used as shadow masks for direct deposition,5–7
selective etching,7–9 and preparation of imprint molds.10,11
There are several advantages of using these mask techniques:
共1兲 the fabrication of smaller dot sizes ⬍10 nm, 共2兲 the rapid
manufacture of large-size arrays, and 共3兲 the possibility of
fabricating nanodot arrays made from a larger class of materials, including metals, compound semiconductors, and insulators.
This report describes the fabrication and magnetic properties of GaMnAs magnetic semiconductor nanodot arrays.
The fabrication process uses anodic porous alumina as deposition masks followed by plasma etching. A thin film of the
ferromagnetic semiconductor GaMnAs is first deposited on a
GaAs substrate. This is followed by the deposition of metal
nanodots on the film surface using porous alumina as a mask.
A key feature of this process is the long-range, roomtemperature migration of the metal through the relatively
long and thin nanochannels. The metal nanodots are then
used to block the etching action of an argon plasma that
removes the film material between the dots. The resulting
a兲
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arrays of disklike GaMnAs nanodots had a dot diameter of
40 nm, thickness of 15 nm, and periodicity of 80 nm. The
magnetic properties of the nanodots were investigated for
various directions of the magnetic field and for field-cooled
共FC兲 and zero-field-cooled 共ZFC兲 conditions. When the magnetic field is applied in the plane of the disks, the ZFC magnetic moment has a maximum at a temperature of 30 K. This
behavior is assigned to superparamagnetism with a blocking
temperature of TB = 30 K. In contrast to this easy magnetic
axis for fields applied on the plane of the dots, a hard magnetic axis is observed for fields applied perpendicular to the
plane of the disks, where no thermal blocking mechanism is
observed.

FABRICATION

A multistep process was used to fabricate the nanodot
arrays using porous alumina masks. This process is similar to
a technique used to fabricate arrays of Si nanodots.7 The
porous alumina masks were fabricated using a dual anodization process on high-purity Al foil.12 Anodization was carried
out at a constant voltage of 40 V in a 3% oxalic acid solution. The Al foil was first anodized for 10–12 h. Since the
bottom of the pores in this first layer of alumina has improved spatial ordering, it is removed using a mixture of
chromic-phosphoric acid to leave a dimpled pattern on the Al
surface that is highly ordered.13 Next, the patterned surface is
reanodized for a short time in 3% oxalic acid to produce the
desired ordered array of pores. The top surface of the film is
then protected against etching by coating it with an organic
layer 共GE-7031 varnish兲, after which the bottom Al layer is
removed using a saturated HgCl2 solution. The barrier layer
of alumina below the porous layer is removed using 5 wt %
phosphoric acid for about 80 min. The masks typically had
pore diameters of ⬃40 nm, pore spacing of 80 nm, and
mask thickness of ⬃400– 800 nm. The scanning electron
microscope 共SEM兲 micrographs of these templates were
taken using a Hitachi S-4800 field-emission SEM. The SEM
micrographs confirmed that the pores extend all the way
through the mask and are open at both ends.
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FIG. 1. 共Color online兲 Magnetic moment vs temperature for a ferromagnetic
2D film of Ga1−xMnxAs and x = 0.07 in an applied magnetic field of 5 Oe.
The moment drops to zero at the ferromagnetic Curie temperature, TC
= 140 K. The inset shows the ferromagnetic hysteresis at T = 70 K.

The nanodot arrays of GaMnAs were fabricated using
the following procedure: First, a 10 nm thick buffer layer of
GaAs was grown on an oxide-desorbed, semi-insulating
GaAs substrate at a temperature of 580 ° C using a molecular
beam epitaxy 共MBE兲. This was followed by the epitaxial
growth of a 15 nm thick Ga1−xMnxAs, x = 7% layer at a substrate temperature of 255 ° C. The sample was then
annealed14,15 in air at 230 ° C for 20 min to increase its ferromagnetic Curie temperature. Magnetic measurements were
carried out using a superconducting quantum interference device magnetometer 共Quantum Design MPMS XL-5兲. Figure
1 shows the magnetic moment of the GaMnAs 2D film as a
function of temperature in the range of T = 10– 200 K. It can
be seen that the magnetic moment collapses to zero at the
ferromagnetic transition temperature of TC = 140 K. The inset shows the hysteresis at T = 70 K with a coercive field
HC = 6 Oe.
The porous alumina masks were placed on the top surface of the GaMnAs. Figure 2共a兲 shows a section of the
porous alumina mask. Cr metal was then deposited through
the pores in the mask via thermal evaporation. The Cr was
chosen because it has a much slower etch rate than the underlying GaMnAs layer. The Cr was deposited at a rate of
⬃0.1 nm/sec to an equivalent thickness of 35–40 nm in a
vacuum of 7 ⫻ 10−7 torr. In spite of the relatively high aspect ratio of the pores, with length/diameter of ⬃10– 20, the
metal has sufficient mobility at room temperature to deposit
a significant amount of material onto the film surface. The
mask was then dissolved using a 5% phosphoric acid solution. This resulted in Cr nanodot arrays on the surface of the
GaMnAs film, where they act as masks in the next etching
step. Lastly, a plasma etch process was used to remove the
unwanted GaMnAs film layer surrounding the Cr nanodots.
For this step, a reactive ion etcher 共South Bay Technology
RIE 2000兲 was used with high-purity argon gas as the
etchant. The etching time was adjusted so that it was sufficient to remove the GaMnAs film between the metal nanodots, but not long enough to completely remove the Cr
nanodots. The appropriate etching times were several hours
at an argon pressure of 100 mtorr.
Figure 2共b兲 shows a portion of the edge of the sample,

FIG. 2. SEM micrographs. Those shown are 共a兲 anodic porous alumina
mask, 共b兲 cross section of the porous alumina mask lifted away from the
substrate 共left兲 and the Cr nanodots that were deposited on the substrate
through the pores 共right兲, and 共c兲 side view of the GaMnAs/Cr nanodots
after plasma etching.

where the mask was pulled away from the surface of the
sample. In this image the Cr dots are seen on the right side
and the cross section of the mask is on the left side. Notice
that the dots are aligned next to their associated pores. The
heights of the deposited Cr dots are approximately 35 nm,
somewhat less than the 40–45 nm thickness of the Cr layer
that was deposited on top of the mask. The brighter material
seen on the left side of the mask 共top of the pores兲 is the
residual Cr. This buildup eventually impeded the flow of the
Cr through the mask to the substrate. After the masks were
removed, the Cr dots remained on the surface of the layered
substrate and provided masking during the plasma etching.
The resulting array of the GaMnAs nanodots has the same
triangular symmetry and spacing as the pores in the alumina
mask. The diameter of the bumps is 35–40 nm, approximately the same as that of the pores in the mask. Figure 2共c兲
shows the nanodots in cross section, revealing dot heights in
the range of 30–35 nm.
RESULTS

Figure 3 shows the magnetic properties of a GaMnAs
nanodot array for fields applied on the plane of the disklike
nanodots. The magnetic moment is plotted as a function of
temperature m共T兲 for ZFC and FC conditions. In each case,
the sample was cooled from room temperature to T = 5 K,
either in an applied field of H = 100 Oe 共FC兲 or cooled in
zero magnetic field 共ZFC兲. After reaching the low temperature, a small field of H = 100 Oe was applied and the magnetic moment was measured as a function of the increasing
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FIG. 3. 共Color online兲 Magnetic moment vs temperature of a GaMnAs
nanodot array in an applied field of H = 100 Oe. The FC and ZFC data are
shown, revealing superparamagnetic behavior with a blocking temperature
of TB = 30 K. The inset shows the ferromagnetic hysteresis at T = 4 K.

temperature. While the curves are equivalent in temperatures
above T = 60 K, there is a significant difference in the ZFC
and FC conditions seen below T = 60 K. Below this temperature the ZFC moment is significantly smaller than the FC
moment.
This
behavior
is
assigned
to
superparamagnetism—a consequence of the small magnetic
moment of nanometer size ferromagnetic particles and signature of reduced dimensions.16,17 At low temperature, T
⬍ 30 K, the ZFC moment increases in increasing temperature because the direction of the moments in the magnetic
nanodots, which were originally frozen in random orientations during the ZFC process, requires increased thermal energy to become aligned with the small measuring field. The
maximum in the ZFC moment is identified with the blocking
temperature, TB = 30 K. This blocking temperature separates
the paramagnetic behavior of T ⬎ TB and the ferromagnetic
behavior of T ⬍ TB. Below TB the nanodots are ferromagnetic
and magnetic hysteresis is observed, as shown in the inset of
Fig. 3. At T = 4 K, the magnetization saturates at a field of
HS ⬃ 1000 Oe and the hysteresis has a coercive field of HC
= 130 Oe. The ZFC curve is relatively broad and the broadening is attributed to nonuniformity in dot size and/or shape
over the millimeter square dimension of the array.
Magnetic measurements were made for various directions of the applied magnetic field. An easy axis behavior
was observed for fields applied in the plane of the disklike
nanodots, while a hard axis was found for fields applied perpendicular to the disk plane. For the present arrays, the fabrication technique makes the plane of the disks lie parallel to
the plane of the initial 2D epitaxial layer, the 共001兲 plane.
The same easy/hard axis behavior is found for 2D films of
GaMnAs. This is attributed to the strong biaxial crystalline
anisotropy of the strained GaMnAs epitaxial layer on the
slightly lattice mismatched GaAs substrate, rather than the
shape anisotropy, which is several orders of magnitude
weaker.18 Thus, the GaMnAs lattice in the nanodots is not
appreciably relaxed and remains strongly affected by the
strain of the lattice mismatch with the GaAs substrate. For
fields applied in the plane of the disklike nanodots, no dis-

cernable difference was observed in the 关110兴 and 关1–10兴
crystalline directions. This is unlike that found in 2D layers
of GaMnAs that exhibit uniaxial magnetic anisotropy for
fields applied in the plane of the layers.19 This uniaxial anisotropy has been found to be dependent on the temperature,
Mn concentration, and annealing conditions.20 The in-plane
easy axis shifts by 90° upon annealing due to an increase in
the hole concentration and consequent increase in the saturation moment. This shift in the easy axis is a consequence of
the relative magnitudes of the biaxial 共KC兲 and uniaxial 共KU兲
anisotropy constants. These change differently with temperature as they are proportional to the saturation moment with
different power laws, where KC ⬀ m4 and KU ⬀ m2.21 For
the nanodots it appears that the uniaxial anisotropy may be
much smaller than the cubic anisotropy in the temperature
region of interest. An effective anisotropy constant 共KE兲 for
the nanodots can be deduced from the blocking temperature,
where the ratio of anisotropy energy to thermal energy is
given by K1 V / kBTB = 25 and V = D2 H / 4. For the dot diameter D = 40 nm, height H = 15 nm, and TB = 30 K, K1 =
⬃ 6000 ergs/ cm3. This is on the order of that found in a 2D
epitaxial layer.21
CONCLUSION

Fabricating GaMnAs nanodots with the porous alumina
as an etch mask is an example of nanofabrication of a semiconductor material, which is difficult to grow in nanoscale
dimensions. The direct MBE growth of GaMnAs nanodots
through a porous alumina deposition mask has not been
successful22 in spite of the successful growth of GaAs and
AlGaAs nanodots using a deposition mask.23,24 This is attributed to the required low growth temperature of GaMnAs
共Ref. 25兲 at ⬃250 ° C, which is evidently too low to allow
the Mn to migrate through the pores. This mobility deficiency is essential to the growth of homogeneous 2D layers
of GaMnAs, where the Mn mobility must be low enough to
inhibit the Mn from clustering into self-assembled MnAs
nanodots.
In conclusion, highly organized arrays of GaMnAs magnetic semiconductor nanodots have been fabricated using a
porous alumina template-based process. The resulting 40 nm
diameter nanodots were found to be superparamagnetic with
a blocking temperature of TB = 30 K. This method can be
applied to other semiconductor materials and heterostructures that cannot be fabricated using traditional methods of
self-assembly. Heterostructures fabricated from metal and
semiconductor layers can naturally lead to nanometer size
electronic devices and device arrays for electronic circuits.
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