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Mn-rich clusters in Mn-doped Ge thin films epitaxially grown on Ge (001) have been investigated
by various transmission electron microscopy techniques. Both the mysterious Mn;;Geg and the
hexagonal MnsGe, (¢=0.72 nm and ¢=1.3 nm) clusters were confirmed to coexist in the thicker
GeggsMnyg o4 film (80 nm). Their possible formation mechanism is attributed to the existence of
ordered stacking faults. The fact that no Mn-rich clusters found in thinner films (<=40 nm)
suggests that, for a given Mn concentration and growth/annealing condition, a critical thickness
exists for the formation of Mn-rich clusters. © 2008 American Institute of Physics.

[DOI: 10.1063/1.2884527]

Diluted magnetic semiconductor (DMS) has been inves-
tigated extensively due to its promising applications in spin-
tronic devices."? In particular, Ge,Mn;_, DMS has attracted
considerable attention.”” Many attempts have been devoted
to obtaining a room-temperature ferromagnetic Ge,Mn,_,
DMS with high concentration and uniformly distributed
Mn.* However, the fact of the low solubility of Mn in Ge
makes it a challenge task to secure a high Curie temperature
DMS. Therefore, the knowledge of Mn distribution is essen-
tial to understand the origin of ferromagnetism of Ge Mn,_,
DMS films. It has been reported that inhomogeneous Mn
distributed in Ge films tends to form Mn-rich magnetic
precipitates,é_8 such as MnsGe; and MnHGeg.10 Jamet et
al."" and Li er al.’ found nanosized Mn-rich GeMn columns
in the GeMn films grown on Ge. Bihler et al.® and Passa-
cantando et al.® reported MnsGe; clusters in the epitaxially
grown GeMn films and the ion implanted GeMn alloys. In
contrast, Park et al.'* and Biegger et al.” deduced the exis-
tence of Mn;;Geg ferromagnetic clusters in the GeMn thin
films, based on the ratio of Mn and Ge concentration and the
extraordinary magnetic properties found in their GeMn films.

In this letter, the GejgsMng 4 thin films grown on Ge
(001) with different thickness were investigated using trans-
mission electron microscopy (TEM), energy dispersive spec-
troscopy (EDS), and energy filtered TEM (EFTEM). From
which, we confirmed the existence of the orthorhombic
Mn,Geg clusters in the thicker Ge9sMn o4 thin films. Fur-
thermore, hexagonal MnsGe, clusters were also discovered
that coexist with the Mn;;Geg clusters in the thicker
Ge( 9sMny 4 thin film. The effect of the film thickness on the
formation of these Mn-rich clusters is discussed.

The GeygsMng o, thin films with nominal thickness of
80, 40, and 20 nm were grown on Ge (001) substrates by a
Perkin—Elmer solid source molecular beam epitaxy system.
Ge substrates were firstly degreased by acetone and methanol
with ultrasonic agitation. The substrates were then etched in
1% HF for 1 min and loaded into the vacuum chamber after
drying by N,. The native oxide was removed by a 550 °C
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annealing for 10 min in the chamber. The surface quality of
the substrate was monitored to have 2 X 1 reconstruction by
the in situ reflection high energy electron diffraction
patterns.14 Prior to the thin film deposition, a 10 nm Ge
buffer layer was grown at 400 °C. After that, 4% Mn-doped
Ge was deposited on the Ge substrates with a growth rate of
0.02 nm/s at 70 or 120 °C, although no structural difference
can be detectable for samples grown at different tempera-
tures. After the growth, the samples were further annealed at
400 °C for 30 min in the chamber.

TEM investigations were carried out to understand the
nanostructures and compositional variations of grown thin
films. (110) cross-sectional TEM specimens were prepared
using a tripod technique, followed by final ion polishing. The
TEM and EFTEM were performed in a FEI Tecnai F30 TEM
equipped with a Gatan image filtering system. The EDS was
carried out in a FEI Tecnai F20 TEM in scanning TEM
(STEM) mode.

Figure 1(a) is a typical cross-sectional TEM image and
shows a general morphology of the GejgsMng g, thin film

Mn-rich clusters

] 0 nm

FIG. 1. (Color online) (a) A typical TEM image of the sample with nominal
thickness of 80 nm. (b) The SAED pattern with a feature of ordered stacking
faults (arrowed). (c) A high magnification TEM image with the inset dis-
playing the stacking faults. (d) The corresponding EFTEM elemental map-
ping of (c) showing Mn-rich clusters.

© 2008 American Institute of Physics
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FIG. 2. (a) A HRTEM image showing a GegMn;, cluster in the thicker
sample (80 nm). (b) The FFT pattern of (a). (c) A typical HRTEM image of
a Ge,Mn; cluster in the thicker sample. (d) The FFT pattern of (c).

with the nominal thickness of 80 nm. In Fig. 1(a), a thin film
with a rough surface is observed. This rough surface is be-
lieved to be caused by the relatively higher growth rate."*
Figure 1(b) is a selected area electron diffraction (SAED)

pattern taken along the [110]g, direction, showing a charac-
teristic of the diamond structure with ordered stacking faults
(SFs) [arrowed in Fig. 1(b)], similar to those observed in
I-doped (Zn,Cr)Te films."> To obtain the detailed structural
information, high magnification TEM was carried out and a
typical [110] zone-axis TEM image is shown on Fig. 1(c), in
which a high density of SFs can be seen in the entire film.
High resolution TEM (HRTEM) was used to confirm the
ordered SFs. Such an example is presented in the inset of
Fig. 1(c), in which a triplet periodicity of 0.98 nm (which is
3X the {111}, lattice spacing) of the ordered SFs is explic-
itly featured. To determine the distribution of Mn in the
Geg osMng g, thin film, EFTEM was preformed.'® Figure 1(d)
is an overlapped elemental map that corresponds to Fig. 1(c)
with Mn in the light contrast. From the elemental map, Mn-
rich clusters with the size of several nanometers can be ob-
served to be randomly distributed in the entire GegsMng g4
film. To determine Mn concentration within different thin
films, EDS was carried out in STEM mode (with a probe size
in the range of 2 nm). EDS results from over a dozen points
taken from the thinner film (no Mn clusters were found)
showed the average Mn concentration of ~4%, which is
identical to the nominal value. However, for the thicker film
(80 nm), the highest Mn concentration reaches ~14% (in the
area with clusters) and the lowest is only ~0.5% in the film,
indicating the far inhomogeneous Mn distribution in the
thicker film.

In order to determine the crystalline phase(s) of observed
Mn-rich clusters, HRTEM was again carried out. Extensive
HRTEM investigation confirmed the existence of two types
of GeMn clusters. Figure 2(a) shows an example, in which a
cluster can be seen. It should be noted that the matrix was
slight off from its (110) zone axis in order to obtain a better
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HRTEM image for the cluster. To determine the crystal struc-
ture of the cluster, the fast Fourier transformation (FFT)
(equivalent to the electron diffraction) of Fig. 2(a) was
performed®!” and is shown in Fig. 2(b). From the FFT pat-
tern, a set of diffraction pattern overlapped with several dif-
fraction spots can be seen. Through reversed FFT (not shown
here), we confirmed that the set of diffraction pattern came
from the cluster and the additional diffraction spots resulted
from {111} atomic planes [circled in Fig. 2(b)] of the GeMn
matrix. Using the lattice spacing of the matrix as the refer-
ence, we then can calculate the observed lattice spacings of

the cluster, which match well with {240}, {620}, and {460}
atomic planes of the orthorhombic Mn;;Geg phase with the
lattice parameters of a=1.320 nm, b=1.588 nm, and c
=0.509 nm."® To further confirm the cluster belonging to the
Mn,;Geg phase, the crystallographic angles between these
atomic planes were measured and the results also fit perfectly
with the corresponding theoretical crystallographic angles of
the Mn;;Geg phase.

In this study, another type GeMn cluster has also been
identified in the thicker GeMn film. Figures 2(c) and 2(d)
show such an example, in which Fig. 2(c) is a typical HR-
TEM image and Fig. 2(d) is the corresponding FFT pattern.
Both the HRTEM and FFT suggest that the cluster belongs to
the hexagonal MnsGe, phase with the lattice parameters of
a=0.720 nm and ¢=1.307 nm." In Fig. 2(d), two sets of
diffraction patterns can be distinguished with one belonging
to the (110) zone axis of the matrix (the {111} planes are
circled) and the other set can be uniquely indexed as the
diffraction pattern of (120) zone axis of the hexagonal
Mn;Ge, phase. The fact that the diffraction spots of 220;latrix
is coincided with the diffraction spots of 211;‘15662 indicates
that there is a crystallographic orientation relationship be-
tween the hexagonal MnsGe, phase and the Gej osMny) o, ma-
trix. Through detailed analyzis of the FFT pattern shown in
Fig. 2(d), combining with the HRTEM image, the crystallo-
graphic orientation relationship between the MnsGe, clusters
and the GejoeMnggs matrix can be determined as

<210>GSZMH5 ||<l 1 ]>Matrix and <120>GeZMn5 I <1 ]O>MatriX' Our ex-
tensive HRTEM investigations suggest no other type Mn-
rich clusters in the GeMn films.

HRTEM investigations have been repeated on the
samples with the nominal thickness of 20 and 40 nm, as
shown in Figs. 3(a) and 3(b), respectively. No noticeable
Mn-rich clusters are observed in these thinner GeMn films.
Interestingly, strain (dark) contrasts can be seen in the film
with the nominal thickness of 40 nm [as marked in Fig.
3(b)], suggesting a possible elemental segregation.zo It is also
of interest to note that Mn-rich nanosized columns were ob-
served in the 40 nm thin film without annealing [Fig. 3(c)],
which is similar to previously reported.“’9 This result indi-
cates that postannealing at 400 °C makes the nanosized col-
umns evolve into the clusterlike dark regions. Since Mn-rich
clusters were only found in the 80 nm thick sample, we an-
ticipate that these dark regions might have a slightly higher
Mn concentration. Nevertheless, the entire film remains the
diamond structure and extensive TEM observations found no
Mn-rich clusters in these samples, indicating that the nomi-
nal thickness of the thin film plays a critical role in the for-
mation of the Mn-rich clusters. Since the nominal composi-
tion of all three thin films 1s the same, i.e., GeygsMny o4, the



101913-3 Wang et al.

RN T RTE "
-'Z'n.; ', A

oy

_

FIG. 3. Typical HRTEM images of the GeyosMng o, films with nominal
thicknesses of 20 nm (annealed) (a), 40 nm (annealed) (b), and 40 nm
(nonannealed) (c).

thicker thin film must provide more Mn atoms in the entire
thin film. The fact that the GeMn clusters were only found in
the thicker (80 nm) film suggests that the formation of Mn-
rich clusters can onlﬁy take place when sufficient Mn is avail-
able for nucleation.

It should be noted that the commonly reported MnsGes
clusters were not observed in our case, although we cannot
absolutely rule out the existence of the MnsGe; clusters
based on the limitation of TEM. To better understand this
phenomenon, we note that, unlike previous reports,ﬁ_'0 a
high density of ordered SFs (refer to Fig. 1) were observed
within the entire thin film in our case. These SFs are closely
related to the growth parameters such as growth rate, growth
temperature, and annealing process. For example, SFs will
more easily formed when the growth rate is high and, in turn,
might affect the Mn diffusion and the subsequent formation
of the Mn-rich clusters. If this is true, this study indicates
that the nature of defects may also have an impact on the
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formation and the kind of Mn-rich clusters in the GeMn thin
film. On the other hand, it has been found that the MnsGe;
phase could transform into the Mn;;Geg phase during
annealing,21 meaning that postannealing might also play an
important role in the formation and the kind of Mn-rich clus-
ters.

In summary, Mn-rich clusters in the 80 nm thick
GeggsMng o4 film grown on Ge (001) substrates have been
identified. The mysterious Mn;;Geg clusters were found in
the film. Besides, hexagonal MnsGe, clusters have been also
determined in this thin film. The MnsGe, clusters have a
certain crystallographic orientation relationship with the
Ge( gsMny o, matrix. The fact that no Mn-rich clusters were
found in thinner GeMn films suggests that, for a given nomi-
nal Mn concentration, there exists a critical thickness 4 (in
our case, 40 nm </ <80 nm). Below that, Mn-rich clusters
cannot be nucleated, possibly due to insufficient total Mn
content in the GeMn film.
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