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in nanostructured Mn,Geq_,
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The authors have investigated the magnetic, electrical, and structural properties of Mn,Ge;_, (on Ge
substrate) nanostructured films produced by a nanopattern assisted Mn implantation followed by
annealing. The semiconducting property and hole-mediated ferromagnetism mechanism enabled
them to control the magnetic phase transition in the diluted magnetic semiconductor channel by a
gate bias. © 2007 American Institute of Physics. [DOL: 10.1063/1.2424658]

Diluted magnetic semiconductor (DMS) materials have
attracted a great deal of interest in recent years as they prom-
ise the possibility of combining the advantage of semicon-
ductor band gap engineering with controllable magnetic
properties in a single semiconductor device.' The most well
accepted theory for Mn-based DMS is hole-mediated ferro-
magnetism * based on the Ruderman-Kittel-Kasuya-Yosida
(RKKY) theory. A particularly exciting development is the
recent realization of ferromagnetism in Mn-doped group 1V,
having the compatibility with current Si-based technology
and expected high Curie temperature. 6-8

To investigate the carrier-spin exchange interactions in
nanostructured films, structural control of nanostructured
films is essential, since the exchange interactions are sup-
posed to be very sensitive to atomic scale structure. In this
letter, we present the study of structural, electrical, and mag-
netic properties in a nanostructured Mn,Ge;_, DMS system
with an average Mn concentration of about 2%.

We fabricated a periodic nanostructure based on
Mn,Ge,_, by Mn implantation into Ge (111) using a pattern
as a mask. A 60 nm thick SiO, film was deposited on the
p- and n-type (10" cm™ for p-type and 107 cm™
for n-type) Ge substrates by plasma enhanced chemical
vapor deposition, followed by spinning a layer of
poly(methylmethacrylate-styrene) diblock copolymer. Under
a specific condition, this diblock copolymer layer forms a
20 nm scale periodic nanohole pattern on top of SiO,/Ge
substrate. After several process steps including ultra violet
light and reactive ion etching, the pattern with a periodic
20 nm diameter hole structure was transferred to the SiO,
film to form a mask. This mask was used to direct the im-
plantation of Mn ion with 40 keV energy and a fluence of
4% 10" cm~2. Following implantation, rapid thermal anneal-
ing was performed on samples at 450 °C (which is an opti-
mum annealing condition as obtained by a series of system-
atic experiments) in N, atmosphere for 20 min. During the
annealing, a blank Ge wafer was capped on top of the im-
plant samples to avoid oxidation and other contamination.
The SiO, mask was removed by diluted hydrofluoric acid of
which the samples were then annealed. After the fabrication
of the DMS layer, we proceeded to fabricate a spin gated
structure [i.e., metal-oxide-semiconductor (MOS) structure]
using atomic layer deposition to grow a 20 nm Al,O5; and
metallization with 400 nm Al.
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Figure 1(a) shows a scanning electron microscopy
(SEM) image of the SiO, pattern on Ge after etching and
removing the diblock copolymer layer, indicating a regular
and repeatable nanohole pattern with a diameter of about
20 nm. The SiO, pattern works as a mask for the subsequent
uniform implantation of Mn into Ge. Figure 1(b) shows the
uniform and smooth surface after removal of the SiO,. The
planar transmission electron microscope (TEM) picture,
shown in Fig. 1(c), shows that the Mn,Ge,_, DMS nano-
structure is coherently incorporated in the Ge matrix with an
average Mn concentration of about 2%. The inset is the en-
larged image of the DMS nanodots. The cross-section image
in Fig. 1(d) shows the detailed structure of a DMS nanodot.
The well resolved lattice planes extending throughout the
whole image [Fig. 1(d)] reflect the high crystallinity of the
layer. We can see the dot sets in a well defined distance and
range from the interface [Fig. 1(d)]. A further analysis sug-
gests that some Mn rich phase such as Mns;Ge; was formed
in this confined Mn implanted region, where some Mn is
presumably to have been accumulated. By calculating the
plane distance and angle, we discover other phases in addi-
tion to the MnsGes. Since the Mn concentration is about 2%,
some other phases are more dilute Mn,Ge,_, (x<<5 %) DMS
phases, e.g., Mn substitutionals in Ge.

Figure 2(a) and 2(b) show the x-ray diffraction (XRD)
spectra of samples annealed at a temperature of 450 °C. The
XRD spectra for both p-type and n-type substrates are simi-
lar, containing stoichiometric MnGe phases with a dominant
MnsGe; phase and a negligible Mn;;Geg phase. These
phases have been known to possess a theoretical T near
room temperature. 510 Also, as we can see from the results,
no Mn peak is seen, indicating the absence of Mn clusters.
The TEM and x-ray data both show that there is a phase
separation of Mn rich phases (Mns;Ge; and Mn,;Geg) from a
nanocrystalline Mn,Ge;_, and Ge matrix. Though the XRD
spectra of p- and n-type Ge substrate samples are similar,
they exhibit different magnetic properties. As shown in Figs.
2(c) and 2(d), the Mn implanted Ge p-type (10'° cm™)
sample shows a prominent ferromagnetic hysteresis loop,
with T~ about 340 K, as shown in the inset; while the Mn
implanted 7 type (10'7 cm™) Ge substrate exhibits a magne-
tization curve without hysteresis, characteristic of a paramag-
netic state. This behavior further suggests that the ferromag-
netic exchange coupling in our samples is hole mediated.
Since our samples have a periodic Mn- doped nanopattern,
the TEM and XRD reveal a hybrid system, consisting of
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Mn,Ge,_, DMS nanostructure (including Mn rich phase and
Mn substituted in Ge) and pure Ge. According to Morresi ef
al., the spin of localized carriers can polarize the surrounding
magnetic impurities, leading to so-called bound magnetic
polarons.11 We consider a Mn,Ge,_, nanodot as a big po-
laron. The alignment of the polarization is mediated by the
holes in the system via interaction according to the RKKY
theory.5

With a patterned metal layer being an Ohmic contact to
the MnGe layer, we measured the resistivity versus tempera-
ture for the n-type sample, as shown in Fig. 3(a). The resis-
tivity decreases with increasing temperature over the mea-
sured temperature region, suggesting that the material (DMS
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FIG. 1. SEM and TEM micrographs:
(a) SEM of the periodic SiO, nano-
structure mask before Mn implantation
showing a regular and repeatable
nanohole pattern with a diameter of
about 20 nm. (b) SEM of sample’s
smooth surface after Mn implantation
and removal of the SiO, mask. (c)
TEM planar view of nanostructured
Mn,Ge,_, DMS. The inset figure
shows enlarged dot planar view with a
diameter about 20 nm. (d) TEM cross
section of the  nanostructured
Mn,Ge;_, DMS.

and the Ge substrate) has a semiconducting characteristic.
Although this is an average result of the DMS and the Ge
substrate, it confirms that the material does not possess a
dependence of electrical conductivity on temperature, which
is typical for metals. The inset gives the linear fit of the
Arrhenius plot at high temperatures, from which the activa-
tion energy E,~0.4 eV was obtained. This result is very
consistent with the absorption data we obtained from Fourier
transform infrared. Considering that pure Ge has a band gap
of 0.66 eV, a model to explain sample’s higher band gap
compared to Ge is still required. With the fabricated MOS
structure of 1 mm in diameter, we obtain the C-V
(capacitance-voltage) curve for the n-type sample at
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FIG. 2. XRD and superconducting quantum interfer-
ence device (SQUID) results for DMS samples an-
nealed at 450 °C on p-type and n-type Ge substrates.
1 (a) XRD result for the p-type DMS sample, (b) XRD
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100 kHz, as shown in Fig. 3(b), with a gate bias ranging
from —10 to 10 V. We can see the clear accumulation and
inversion, which indicate that the surface potential and the
surface carrier concentration are controlled by the applied
electric field. The inset of Fig. 3(b) shows negligible hyster-
esis in C-V. But there is a small kink at the depletion region,
which may be due to the interface traps. The relatively small
flatband shift suggests the reliable gate oxide.

Figure 4 shows the magnetic moment versus applied
field under various gate biases at 10 K for the DMS MOS
structure on the n-type substrate shown in the inset. When
the voltage is applied from —6 to —30 V going into strong
inversion, the hole concentration increases, the magnetic
hysteresis becomes larger, and the channel magnetization in-
creases. At 0 V bias, there are still some excess holes after
compensating with defects, and thus only a line with a small
slope and a small negligible loop is seen. However, when a
positive voltage is applied to the gate, holes are partially
depleted, resulting in a decrease of the channel magnetiza-
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FIG. 4. Magnetic moment vs applied field under various biases from
—30 to 30 V at 10 K. The obtained hysteresis is the largest under —30 V
gate voltage, and the ferromagnetic phase is turned off under +30 V gate
bias. The inset shows the spin gated structure used to investigate C-V and
gate bias dependent magnetic properties.

tion and in the disappearance of magnetic hysteresis.

In summary, we reported the formation of DMS
Mn,Ge,_, nanostructure in Ge substrate using Mn ion im-
plantation through a nanodot mask followed by thermal an-
nealing treatment. TEM and XRD studies indicated the pres-
ence of MnsGe; ferromagnetic phase. The semiconducting
properties and hole-mediated exchange permit control of fer-
romagnetic ordering through controlling the hole concentra-
tion. The our T~ we obtained is higher than the predicted 7
calculated from the spin interaction and percolation theory.4
We realized a magnetic phase transition by controlling the
carrier concentration in the DMS channel through gate bias
in our ultimate goal to implement a spin field-effect transis-
tor device."
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