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Manganese diffusion in monocrystalline germanium
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The diffusion of a half monolayer of Mn deposited by molecular beam epitaxy on a Ge(00 1) substrate was studied via secondary
ion mass spectrometry. Mn diffused in Ge under extrinsic conditions, exhibiting a solubility of 0.7–0.9%. All the Mn atoms were
activated, occupying Ge substitutional sites and exhibiting a negative charge, in agreement with semiconductor doping theory.
The diffusion mechanism being vacancy (V)-mediated, the formation of Mn–V pairs is suggested. Mn surface desorption occurred
for temperatures >600 �C.
� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Interesting results concerning the magnetic prop-
erties of Mn-doped Ge structures have been reported [1–
5]. Two types of Mn:Ge spintronic applications are
currently being investigated: (i) the fabrication of a
Mn-doped Ge diluted magnetic semiconductor (DMS),
exhibiting tunable magnetic properties due to the use
of electric field [1,3]; and (ii) the fabrication of a ferro-
magnetic Mn5Ge3 layer in epitaxy on Ge(1 11) [5–8],
which could be used as an electric contact for spin injec-
tion in monocrystalline Ge. Thus, understanding Mn
atom incorporation in Ge bulk is currently of great
interest, since it raises many important theoretical is-
sues. It is currently accepted that, in Ge, substitutional
Mn atoms are double acceptors, promoting p-type
doped Ge, while interstitial Mn atoms are donors that
compensate both holes and magnetic moments due to
substitutional Mn [9–11]. Mn-doped Ge films exhibit
anomalous Hall effects [10,12], and the concentration
of holes resulting from the activation of Mn doping
atoms in Ge has been suggested to be a critical parame-
ter driving the magnetic properties of Mn-doped Ge
films [12]. In general, metallic impurities occupy substi-
tutional sites in Ge [13–15]. In contrast to Si, in which
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no significant substitutional Mn atoms can be found
[10,16], experiments and calculations show that the con-
centration of substitutional Mn in Ge is higher than that
of interstitial Mn [17,18]. Understanding of the electrical
and magnetic properties of Mn:Ge DMS film relies on
the knowledge of parameters that have not yet been well
established. For example, the solubility of Mn in Ge is
not really known, varying from 0.2 to 6% in the litera-
ture [3,11,12,18]. The proportion of substitutional Mn
vs interstitial Mn is still under debate, and the charge
of substitutional Mn ions is not clear. Mn can have dif-
ferent positive or negative charge states in Ge [9,11], but
substitutional Mn2+ ions have been suggested [10,12,17].
Mn atoms were shown to exhibit a cluster tendency in
Ge [19], and they appear to form complexes with Ge
vacancies (Mn–V pairs) [15,20,21].

Mn diffusion experiments in Ge are interesting, as
they can add to knowledge concerning Mn incorporation
in Ge. Diffusion profiles can inform on Mn thermody-
namic solubility (only mobile Mn atoms are in solution
[22,23]). The determination of the Mn diffusion mecha-
nism in Ge can give information concerning the propor-
tion of substitutional and interstitial Mn [22,24–26], and
high concentration (extrinsic) dopant diffusion informs
about the charge of the substitutional dopant
[22,24,26–28]. Dopant diffusion being dependent upon
interactions between the dopant and point defects as
sevier Ltd. All rights reserved.
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Figure 1. SIMS profiles measured after annealing (open symbols) and
corresponding simulations used to extract the diffusion coefficients D0

and D1 (solid lines).

Figure 2. As-grown SIMS profile (solid line), with the SIMS profiles
measured after annealing at 650, 700 and 750 �C for 1 h (profiles not
corrected, open symbols).

270 A. Portavoce et al. / Scripta Materialia 67 (2012) 269–272
vacancies (V) and self-interstitials (I), the diffusion mech-
anism can also inform about dopant-point defects pair-
ing [22,24,26–28]. Furthermore, the knowledge of the
Mn diffusion coefficient in Ge is important for under-
standing and designing fabrication processes to produce
relevant Mn:Ge structures, since different structures can
be produced, such as nanocolumns [4,29], clusters [4,30],
nano-films [3,5,31] and quantum dots [32]. In Si, Mn dif-
fusion is direct interstitial [33], meaning that all diluted
Mn atoms occupy interstitial sites. In Ge, the vacancy-
mediated mechanism seems to prevail, since, in contrast
to Si [22,24], Ge self-diffusion is vacancy-mediated only
[25,34,35], as well as the diffusion of several dopants such
as P and As [26–28], which are simultaneously using the
interstitial and vacancy mechanisms in Si [24]. Regarding
dopants, only B has been reported to use an interstitial-
mediated mechanism in Ge [36,37].

This paper reports on Mn diffusion experiments in
monocrystalline Ge. The sample was prepared in a
molecular beam epitaxy (MBE) chamber exhibiting a
residual pressure P of �1 � 10�10 torr. Before loading
in the MBE system, an Sb-doped Ge(0 01) substrate
with resistivity 0.34 X cm was ex situ cleaned following
a two-step procedure: (i) the sample was rinsed in vari-
ous solvents using ultrasound; and (ii) the Ge native
oxide was removed using a diluted HF solution. Once
inside the MBE chamber, the Ge substrate was kept at
T = 450 �C for several hours, before heating to 750 �C
for a few seconds. Once back to room temperature, a
0.5 atomic monolayer of Mn was deposited on the Ge
substrate, using a standard effusion cell. Then, the sam-
ple was heated at 250 �C for 3 h to form the initial Mn
diffusion source in the surface vicinity. Subsequently,
the sample was removed from the MBE system and
cut into 1 � 1 cm2 pieces. Thus, each of these sample
pieces was annealed separately in a furnace under vac-
uum (P < 7.5 � 10�8 torr) at different T (from 450 to
750 �C) and for different times t. Finally, Mn diffusion
profiles in the annealed samples were measured by sec-
ondary ion mass spectrometry (SIMS), using an
ADEPT 1010 Dynamic SIMS system operated at 2 kV
with an O2

+ primary ion beam with an impact angle
of 40� compared with the normal of the sample surface.
The raster area was 300 � 300 lm2, with a detection
window of 95 � 95 lm2. In order to minimize the error
on Mn diffusion lengths, the SIMS profiles were cor-
rected following the method described in Ref. [38].
Using the as-deposited sample, the mixing-induced slope
in the SIMS profiles in the analysis conditions was
found to be 4.91 nm/decade (see Ref. [38]). The sample
fabrication ensures equilibrium Mn diffusion since, in
contrast to ion implantation, point defect supersatura-
tion in Ge bulk is prevented. Consequently, the diffusion
model used to extract diffusion coefficient in this work is
based on thermodynamic equilibrium conditions.

Figures 1 and 2 present the SIMS profiles measured
after annealing at 450 (192 h), 500 (50 h), 550 (5 h), 600
(1 h), 650 (1 h), 700 (1 h), and 750 �C (1 h). Mn diffusion
profiles can be observed for temperatures up to 600 �C.
For higher temperatures, the samples were losing Mn
during annealing (Fig. 2), owing to Mn surface desorp-
tion. Figure 1 shows that the maximum concentration
of mobile Mn is �3–4 � 1020 cm�3, which corresponds
to a solubility limit of 0.7–0.9 at.%. This is in agreement
with the work of Ferri et al. [31] showing that the resistiv-
ity of Mn:Ge films decreases if the Mn concentration is
>1%, owing to the formation of clusters of Mn–Ge com-
pounds. The diffusion profiles in Figure 1 do not corre-
spond to the classical Fick diffusion. These types of
dopant profiles are well known in semiconductors
[22,24,26–28]; they are the result of both (i) an extra inter-
nal electric field driving force due to the coulomb interac-
tions between the substitutional ionized (activated)
dopants and the delocalized charge carriers (electrons or
holes), and (ii) the variation in the dopant diffusion coef-
ficient with concentration as a result of the variation in
charge point defects with the semiconductor Fermi level.
In the present case, Mn is known to act as a double accep-
tor in Ge and to generate holes [9–12]. Consequently, the
Mn diffusion coefficient will be dependent on the local
concentration of positively charged point defects, and
thus dependent on the local hole concentration h
[22,24]. In order to take into account the internal electric
field between the activated dopants and the delocalized
charged carriers, the diffusion flux J of dopants on substi-
tutional sites exhibiting a charge q, can be written

J ¼ �D
n
ni

� ��q d
dx

C
n
ni

� �þq� �
ð1Þ

with D the diffusion coefficient, C the dopant concentra-
tion, n the electron concentration, and ni the intrinsic
electron concentration in the semiconductor (nh ¼ n2

i ).
In general, the experimental profiles shown in Figure 1
can be obtained only if the interactions between the
delocalized holes and the Mn substitutional ions are
attractive (cooperation between the internal field driving



Figure 3. Comparison of diffusion coefficients of several species (Ge,
Fe, Au and B) in Ge with the Mn coefficients measured in the present
study (open circles for uncharged defects D0, and open squares for
charged defects D1). The diffusion coefficient of Mn in Si is also given
(red thick solid line). Coefficients are given vs the ratio Tm/T, with Tm

the melting temperature of the considered matrix (Ge or Si).
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force and the concentration gradient driving force).
Thus, substitutional Mn atoms have to exhibit a nega-
tive charge, and have to obey the charge balance equa-
tion C + n = |q|h as for the general case of p-type
dopants. Thus, the local concentration of holes in Ge
is given by h = (C +

p
a)/2|q| with a ¼ C2 þ 4jqjn2

i , and
the Mn flux is

J ¼ �Deff 1þ jqjCffiffiffi
a
p

� �
dC
dx

ð2Þ

Mn being a double acceptor in Ge [9,11], q = �2 is set

in the present model (Mn2� as substitutional ions). The

variation in the effective Mn diffusion coefficient Deff

with concentration was set as [22,24]

Deff ¼ D0 þ D1

h
ni

ð3Þ

D0 corresponds to Mn diffusion using uncharged
point defects, for which their concentration does not
vary with the Ge Fermi level, and D1 corresponds to
Mn diffusion using point defects exhibiting a single (ele-
mentary) positive charge [22,24]. A third coefficient tak-
ing into account the use of double charged positive
defects could be added (D2 � h2=n2

i ) [22,24,26–28,36].
However, the simulations showed that the fit of the
experimental profiles is not improved by doing so. In or-
der to fit SIMS profiles correctly, it was necessary to
take into account the presence of Mn clusters on the
Ge surface for concentrations higher than a solubility
limit of 4 � 1020 cm�3, as well as the dissolution of part
of these clusters during diffusion. The diffusion equation
used to model the Mn diffusion was then

dC
dt
¼ � dJ

dx
þ kclCcl ð4Þ

with kcl the dissolution rate of the clusters, and Ccl the con-
centration of Mn atoms in the clusters. In the simulations,
all the mobile Mn atoms were considered to be activated.
ni vs temperature was taken from the same source as in
Ref. [27]. Figure 1 presents as a solid line the simulation re-
sults used to extract the diffusion coefficients D0 and D1 at
450, 500, 550 and 600 �C. It can be noted that the profile
measured at 450 �C presents a second slope for concentra-
tions close to 9 � 1019 cm�3, which cannot be fitted by the
chosen model. Since this phenomenon was observed at the
lowest temperature only (8 days of annealing), it has been
neglected. However, simulations show that the total pro-
file could be simulated if a second diffusion mechanism
independent of the one described by Eqs. (1)–(4), follow-
ing the classical Fick equations, was taken into account.
At 600 �C, the curvature of the simulated profile is slightly
different from the curvature of the SIMS profile. This cur-
vature results from the additional effects of D0 and D1 � h/
ni in Eq. (3). Thus, this difference may be explained by a
value of ni at 600 �C slightly different from the value ex-
pected by the law used in Ref. [27]. D0 and D1 are reported
vs Tm/T in Figure 3 (open circles for D0 and open squares
for D1), with Tm the melting temperature of Ge (or Si) and
T the annealing temperature. They correspond to the
Arrhenius laws D0 = 1.54� 10�3exp(�2.36 ± 0.01 eV/
kT) cm2 s�1 and D1 = 1.29� 10�3exp(�2.60 ± 0.01 eV/
kT) cm2 s�1. kcl was found to vary from 1.55 � 10�6 s�1

at 450 �C to 7.7 � 10�4 s�1 at 600 �C, following the Arrhe-
nius law kcl = 6.43 � 108exp(�2.13 ± 0.01 eV/kT) s�1.
Usually, three groups of impurities can be defined,
depending on their diffusion kinetic: (i) the fastest impuri-
ties are dissolved on interstitial sites and are using the
interstitial mechanism—this is the case of Fe in Ge
(Fig. 3); (ii) for intermediate diffusion kinetics, the impuri-
ties are dissolved on substitutional sites, but thanks to an
interstitial–substitutional exchange mechanism, diffuse on
interstitial sites, as Au in Ge (Fig. 3); and (iii) the slowest
impurities that exhibit in general a diffusivity close to the
matrix atom self-diffusion, usually using mechanisms sim-
ilar to the matrix atoms, are dissolved on substitutional
sites, but are using complex point defects as dopant–point
defect pairs in order to diffuse, as As and P using As–V and
P–V pairs in Ge [26–28,36]. Contrasting with Si, Ge self-
diffusion is using vacancies only [25,34,35]. Consequently,
impurities using self-interstitial-mediated mechanisms are
predicted to exhibit diffusion kinetics significantly slower
than Ge self-diffusion [28,39] (this is the case of B in Ge;
Fig. 3), while vacancy-mediated impurities are predicted
to exhibit diffusion kinetics closer to Ge self-diffusion (as
As and P) [26–28,36]. Ge self-diffusion [35], as well as the
diffusion of Fe [40], Au [13] and B [37] in Ge is presented
in Figure 3 for comparison with the Mn diffusion mea-
sured in the present work. Similar to the case of As and
P diffusion in Ge, the Mn diffusion coefficients are close
to Ge self-diffusion, leading to the conclusion that Mn
diffusion is vacancy-mediated in Ge. Mn diffusion is �10
orders of magnitude slower in Ge than in Si (Fig. 3). Con-
sidering Eq. (3), the intrinsic Mn diffusion coefficient (h/
ni = 1) can be defined as Din = D0 + D1 = 1.72 � 10�3exp
(�2.37 ± 0.01 eV/kT) cm2 s�1. It is interesting to note that
the activation energy found for Mn (2.37 eV) is quite close
to the activation energies of Sb (2.3 eV) measured by Kos-
enko [41], of As (2.4 eV) measured by Bösenberg [42] and
of P (2.4 eV) measured by Dunlop [43], which all exhibit
X–V pair mediated diffusion. As formerly suggested
[26,44], the difference in activation energy (Ea) between
Ge self-diffusion (3.09 eV [35]) and X–V-mediated impu-
rity diffusion is related to the binding energy between the
substitutional dopant X and the vacancy V in second or
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third nearest-neighbor position. In the case of As, theoret-
ical calculations predicted that the As–V pair binding
energy in Ge should be equal to 0.68 eV [45], which is in
good agreement with the value given by the experimental
activation energies of Ge and As previously cited:
Ea

Ge�Ea
AsV = 3.09–2.4 = 0.69 eV (Brotzmann and

Bracht reported a lower value of 0.38 eV [26]). Conse-
quently, in agreement with previous theoretical work
[15,20,21], Mn diffusion in Ge appears to be mediated by
Mn–V point defects, exhibiting a binding energy of
0.72 eV that is close to the P–V (0.69 eV from Ref. [43]),
As–V (0.69 eV from Ref. [42]), and Sb–V (0.79 eV from
Ref. [41]) binding energies (Brotzmann and Bracht re-
ported the values of 0.24, 0.38 and 0.54 eV for P, As and
Sb, respectively [26]).

In conclusion, Mn diffusion in monocrystalline Ge
was studied under thermodynamic equilibrium and
extrinsic conditions for temperatures between 450 and
600 �C. Experiments show that Mn diffusion is
vacancy-mediated in Ge, and follows the classical
behavior of p-type dopants. All the diluted Mn atoms
occupy substitutional sites, and exhibit a negative
charge and a solubility limit of 0.7–0.9%. In addition,
the results suggest that substitutional Mn ions form
Mn–vacancy pairs. Annealing at temperatures >600 �C
under vacuum promotes Mn desorption from the Ge
surface. The solubility limit reported in the present work
suggests that the magnetic properties of annealed
Mn:Ge “DMS” with Mn concentration >1% are actu-
ally related to magnetic Mn–Ge phase precipitation.
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