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Mn behaviors in the Ge0.96Mn0.04 thin films grown on Si �001� substrates by molecular beam epitaxy
were investigated by high resolution transmission electron microscopy, electron energy loss
spectroscopy, and energy dispersive spectroscopy. Unlike the previously reported case of GeMn thin
films grown on Ge, Mn has been found to be diffused toward to the surface during the thin film
growth. When the Mn concentration is sufficiently high, Mn5Ge3 clusters may be formed. Further
annealing of the high Mn concentrated thin film promotes the formation of �-Mn metallic clusters.
We believe that all these extraordinary phenomena are attributed to Si as the substrate. © 2008
American Institute of Physics. �DOI: 10.1063/1.2875110�

Since the growth of GeMn diluted magnetic semicon-
ductor �DMS� was reported in early 2000s,1 extensive atten-
tion has been paid in terms of its promising applications in
spintronic devices.2–10 One of the key issues to achieve
GeMn DMS is to uniformly dope Mn into the Ge matrix.7,10

It has been reported that the Mn dilution in Ge depends
strongly upon the substrate temperature and that inhomoge-
neous Mn distributed in the Ge films tends to the formation
of Mn-rich precipitates, such as Mn5Ge3

4–6 and Mn11Ge8
8,9

phases, which makes it complicated to understand the origin
of ferromagnetism of GeMn DMS films. Most of the previ-
ous studies have been focused on the structural and magnetic
properties of these Mn-rich clusters in GeMn films grown on
Ge substrates. However, little attention has been paid on the
Mn behavior in the GeMn films grown on Si substrates, al-
though such information is of great significance, both scien-
tifically and technologically.

In this letter, through detailed transmission electron mi-
croscopy �TEM�, electron energy loss spectroscopy �EELS�
and energy dispersive spectroscopy �EDS� investigations, the
Mn behavior in Ge0.96Mn0.04 thin films grown on Si �001�
substrates with different film thicknesses and the annealing
effect on the Mn behaviors are comprehensively investi-
gated. The fundamental reasons behind the observed new
physical phenomenon are discussed.

Two Ge0.96Mn0.04 thin films were grown on Si �001� sub-
strates by a Perkin-Elmer solid source molecular beam epi-
taxy with nominal thicknesses of 15 nm �sample A� and
80 nm �sample B�. The Si substrates were cleaned by
H2SO4:H2O2 �5:3� and 10% HF with a final step of HF
etching. Native oxide was removed by 800 °C annealing for
10 min in vacuum. After that, 4% Mn-doped Ge was depos-
ited with a growth rate of 0.02 nm /s on Si �001� substrates at
250 °C. Half of the two samples were further annealed at
400 °C for 30 min in vacuum. All as-grown and annealed
samples were characterized by x-ray diffraction �XRD�,

cross-sectional TEM. TEM specimens were prepared using a
tripod technique, followed by a final ion beam thinning. The
TEM and EELS experiments were performed in a FEI Tecnai
F30 TEM equipped with a Gatan image filtering system and
the EDS examinations were carried out in a FEI Tecnai F20
TEM.

Figures 1�a� and 1�b� are typical cross-sectional TEM
images of the as-grown and annealed samples A and show
their general morphology of the GeMn thin films. From these
figures, a relative uniform crystalline layer, adjacent to the Si
substrates and topped with an amorphous layer, can be re-
vealed in both cases. It can be noted that the thickness of the
amorphous layer ��2.5 nm� in the annealed case is thinner
than that ��5 nm� in the as-grown case, indicating that par-
tial crystallization has been taken place during the annealing.
In fact, this conclusion can be further supported by the thick-

a�Electronic mail: j.zou@uq.edu.au.

FIG. 1. Typical TEM images of the as-grown �a� and the annealed �b�
samples A; �c� and �d� are the corresponding HRTEM images of as-grown
and annealed samples A, respectively; �e� and �f� EFTEM Mn elemental
maps of corresponds to regions given by �a� and �b�, respectively.
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ened crystalline layer in the annealed case. To understand the
structural variation of the two cases, high resolution TEM
�HRTEM� was carried out and typical �110� zone-axis HR-
TEM images are, respectively, shown on Figs. 1�c� and 1�d�
for the two cases, where amorphous layers can be clearly
seen. From these HRTEM images, stacking faults in the crys-
talline layers can be seen for both cases. No structural clus-
ters were found in sample A through our extensive HRTEM
investigations and no secondary phases were detected by our
XRD measurements �not shown here�. To further understand
Mn distribution in the GeMn film �crystalline and amor-
phous�, energy filtered TEM �EFTEM� was preformed.11

Figures 1�e� and 1�f� are the EFTEM Mn elemental maps
that correspond to Figs. 1�b� and 1�a�, respectively. It is of
interest to note that, in the as-grown case, a higher Mn con-
centration is found in the amorphous layer �when comparing
Figs. 1�a� and 1�f��. It should be noted that the overall con-
centration of Mn is low, so that the contrast in the Mn maps
tends to be faint. Nevertheless, the distribution of Mn in the
entire film can be clearly seen. In contrast, the Mn map in the
annealed case shows some Mn distribution in the entire film,
suggesting that the annealing has not only promoted crystal-
lization, but also promoted the redistribution of Mn within
the entire GeMn film. Nevertheless, a higher Mn concentra-
tion can still be observed in the surface region in the an-
nealed sample �refer to Fig. 1�e��. The fact that, in the case of
the as-grown sample, most of Mn was found in the topmost
layer suggests that, during the growth of the GeMn film, a
dynamic Mn diffusion has taken place, even at a relatively
low growth temperature �250 °C in our case�, in which Mn
diffuses towards to the top surface. An interesting physical
phenomenon arises: why Mn diffuses towards to the surface
during the thin film growth. To understand this, we note that
the lattice parameter of Ge �a=0.566 nm� is larger than that
of Si �a=0.543 nm�,12 leading to the grown Ge dominated
layer �Ge0.96Mn0.04� experiencing a compressive strain from
its underlying Si substrate. Since the atomic radius of Mn
�0.140 nm� is larger than that of Ge �0.125 nm�,13 it is ener-
getically favorable for Mn to be diffused away from the
GeMn /Si interface to reduce the otherwise increased com-
pressive strain. Moreover, since Mn has been found to be
active in terms of their diffusion in solids,14,15 the realization
of Mn diffusion in our case is therefore expected.

For the case of thicker Ge0.96Mn0.04 thin films, Figs. 2�a�
and 2�b� are, respectively, typical TEM images of the as-
grown and the annealed samples B. Compared with sample
A, the thickness of the GeMn films tends to be nonuniform
and a thin and discontinued amorphous-like layer is seen for
both as-grown and annealed samples �refer to Figs. 2�a� and
2�b��. Figures 2�c� and 2�d� are their corresponding Mn
maps, respectively. For both samples, Figs. 2�c� and 2�d�
confirmed that Mn is dominated in the top surface. Since the
overall Mn content in the thicker GeMn film is higher than
that in the thinner film, the Mn accumulation leads to a
strong Mn contrast in the EFTEM images. The careful com-
parison between Figs. 2�a� and 2�c� suggests that Mn-
containing clusters correspond to the dark regions near the
top of the crystalline layer, as one of them marked in Fig.
2�a�. HRTEM investigations were carried out to determine

the nature of Mn-rich clusters. Figure 2�e� is such an ex-
ample, in which a Mn-containing cluster is clearly seen on
top of the Ge lattice. Using the lattice spacing of Ge as a
reference, the lattice spacings of the Mn-containing cluster
can be determined as 0.62 and 0.25 nm, which are well
matched with the distances of �100� and �002� atomic planes
of the hexagonal Mn5Ge3 phase. The fast Fourier transfor-
mation �FFT—equivalent to electron diffraction16� was also
performed to further confirm its crystal structure and the re-
sult is shown in the inset of Fig. 2�e�. Both the HRTEM
image and its corresponding FFT pattern indicate the cluster
belongs to the hexagonal Mn5Ge3 phase,12,17 and the crystal-
lographic relationship between the Mn5Ge3 cluster and the
Ge0.96Mn0.04 �GeMn� matrix can be determined as

�001�Mn5Ge3
� �001�GeMn and �010�Mn5Ge3

� �11̄0�GeMn, which is
consistent with the result previously reported.4 Our extensive
HRTEM investigations suggest no other Mn-containing
phases in the as-grown GeMn films.

Interestingly, in the annealed sample B, both the �-Mn
clusters with the lattice parameter of a=0.89 nm �Ref. 15�
and Mn5Ge3 clusters can be constantly observed on the top
region of the GeMn films. A typical example of the �-Mn
nanoparticles �arrowed in Fig. 2�b�� is shown in Fig. 2�f�, in
which the �-Mn cluster is epitaxially grown on the underly-
ing GeMn film. From the FFT pattern �the inset in Fig. 2�f��,
the crystallographic relationship between the �-Mn cluster
and the GeMn film can be determined as

�11̄1̄��-Mn� �001�GeMn and �100��-Mn� �111�GeMn.
There are two physical phenomena that need to be un-

derstood: �1� why and how the Mn5Ge3 clusters were formed
in the thicker GeMn film �sample B�, and �2� why and how
the �-Mn clusters were formed in the thicker GeMn film
�sample B�. To understand the first phenomenon, we note

FIG. 2. �a� and �b� Typical TEM image of the as-grown and the annealed
samples B, respectively; �c� and �d� are the corresponding Mn maps of �a�
and �b�, respectively; �e� HRTEM image of a typical Mn5Ge3 cluster epi-
taxially grown on the Ge�Mn� lattice showing the crystallographic orienta-
tion relationship; �f� HRTEM image of a typical �-Mn metallic cluster epi-
taxially grown on the Ge�Mn� lattice showing the crystallographic
orientation relationship.
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that �1� the diffusion of Mn is very active and is significantly
dependent on the temperature;14,15 �2� Mn tends to diffuse to
the surface during the growth as discussed earlier; �3� the
overall Mn concentration in the thicker GeMn film is higher
than that in the thinner film; and �4� there is a negative ad-
hesive energy
�−0.0717 eV/atom� for the Mn5Ge3 phase, which is favorable
for the formation of the compound.18 As a consequence,
Mn5Ge3 clusters may be formed when the Mn concentration
and the temperature are sufficient for the nucleation and
growth of the clusters. The fact that no Mn-containing clus-
ters �such as Mn5Ge3� were observed in the annealed sample
A suggests that the nucleation of Mn-containing clusters
needs a threshold concentration. Below that no nucleation of
Mn-containing clusters takes place, which is also consistent
with the previous report.4 To further support our argument,
extensive EDS investigations under scanning TEM mode
were carried out to present quantitative information in terms
of the Mn distribution and the results are summarized in
Table I. Significantly high Mn concentration near the surface
for the thicker films is clearly demonstrated, which confirms
that a large amount of Mn atoms has been diffused into the
surface region. These results also imply that the postanneal-
ing is not necessary for the formation of Mn5Ge3, but en-
hances the Mn diffusion.

To understand the second physical phenomenon, we
compare Figs. 1�b� and 2�b�, in which the annealing process
lead to different Mn behaviors for different GeMn thin film
thicknesses. For the case of the thinner film, the enhanced
Mn diffusion leads to Mn diffusion back to the GeMn film;
while for the case of the thicker film, the enhanced Mn dif-
fusion leads to the formation of �-Mn metallic clusters near
the surface. Since the thicker film provides a higher Mn con-
centration, the experiment results suggest the nucleation and
growth of �-Mn clusters also needs a threshold concentra-
tion. The fact that the �-Mn clusters have been only found in
the annealed thicker sample indicates that the nucleation and
growth of �-Mn clusters also needs a threshold temperature,
possibly due to �-Mn having a higher adhesive energy
��0.1486 eV/atom�.18 It should be mentioned that, for

sample B, there is no significant change in the Mn5Ge3 den-
sity before and after the annealing, suggesting that the an-
nealing results predominately in the formation of the �-Mn
clusters.

In conclusion, we have systematically examined the na-
ture of Mn doped in GeMn films grown on Si �001� sub-
strates. It has been found that �1� a dynamic Mn diffusion
during the GeMn growth leads to a higher Mn concentration
in the surface region; �2� Mn5Ge3 clusters may be formed
near the surface during the film growth when a threshold Mn
concentration is reached; and �3� �-Mn metallic clusters can
be formed when both the threshold Mn concentration and the
threshold temperature are reached. Our results also indicate
that the Si substrate has played a key role in the Mn behav-
iors in GeMn thin films.
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TABLE I. Mn concentration variation from the film surface to the interface
for the four samples.

Sample
�GeMn thin film on

Si substrate�

Mn concentration �%�

Film
surface

Middle area
�near surface�

Middle area
�near bottom�

Interface
�near Si�

Sample A �15 nm� 5 3 2 1
Annealed sample A 4 4 3 2
Sample B �80 nm� 23 14 1 1
Annealed sample B 29 10 1 0
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