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It has generally been recognized that Mg gives rise to an interstitial donor level in Si although the
possibility of the existence of a Mg substitutional acceptor in Si has been suggested. In this work,
we explore the synthetic conditions required to obtain substitutional Mg acceptor in Si. We have
diffused Mg into Si wafers under the Mg vapor environment created by the thermal decomposition
of MgB2. The Mg vapor pressure is low enough to suppress the formation of the stable silicide
phase, Mg2Si, but is high enough to induce Mg diffusion into Si. The resultant Mg-diffused Si
exhibited degenerate p-type semiconducting behavior. It was proposed that the presence/absence of
the Mg2Si phase plays a key role in determining the location and solubility of Mg in Si. © 2010
American Institute of Physics. �doi:10.1063/1.3517412�

I. INTRODUCTION

Impurity states in semiconductors, most especially in
silicon, have been one of the well-studied topics in solid-
state physics. In contrast to group-III and group-V impuri-
ties, however, group-II impurities have attracted less atten-
tion because of their generally low solubility ��1015 cm3� in
silicon. In addition, there have been no “site-preference”
rules concerning the lattice sites of group-II elements in sili-
con, which leads to perplexing situations in designing p- and
n-type semiconductors. For example, Be �Refs. 1 and 2� and
Zn �Refs. 3 and 4� have been reported to give rise to accepter
levels, whereas Mg �Refs. 5–11� results mostly in donor lev-
els. As pointed out previously, however, there is no a priori
reason why Mg should not occupy substitutional sites in
silicon.12 Indeed, both experimental12 and theoretical13 re-
sults gave implications for the existence of substitutional Mg
acceptor sites, suggesting that a desired impurity site can be
“engineered” by subtle manipulation of experimental
conditions.12

The purpose of this study is to investigate the preparing
condition to obtain a substitutional Mg acceptor level in Si.
We thermally treated Si wafers under a low Mg vapor pres-
sure ��10−3 bar� induced by the thermal decomposition of
MgB2. We found that this procedure allows us to introduce a
high concentration of acceptor levels in Si, yielding the
p-type silicon with a resistivity of �10−4 � cm at room
temperature. It should be noted that the resistivity of the thus
prepared Si sample decreases with decreasing temperature,
showing a typical characteristic of degenerate semiconduc-
tors. On the other hand, the thermal treatment of Si under a
high Mg vapor pressure ��10 bar� resulted in Mg donor

levels, as inferred from the previous reports.5–11 The ob-
served effect of the Mg vapor pressure is understood in terms
of the presence/absence of the Mg2Si phase during the ther-
mal diffusion process of Mg.

II. EXPERIMENTAL DETAILS

In most of the previous studies, Mg was incorporated
into Si by thermal diffusion using the sandwich
technique;5–7,11 that is, an undoped silicon sample is sand-
wiched between two other specimens, all three having thick
magnesium film deposited on the surfaces by evaporation,
and heated at �1200 °C in an inert atmosphere. This tech-
nique is useful to prevent magnesium from escaping into the
ambient since the sample and the “covers” weld together by
forming Mg2Si,6 which is the only stable compound in the
Mg–Si system. We, however, consider that the formation of
Mg2Si is not preferable in the viewpoint of Mg doping, as
will be discussed in Sec. IV. Also, this technique results
solely in interstitial donor levels of Mg, as noted earlier.

Thus, we carry out thermal diffusion of magnesium in
such a condition as to avert the formation of Mg2Si. We
found that this condition is achieved when Si is heated in the
presence of MgB2 under an Ar atmosphere. It has been dem-
onstrated that MgB2 is thermally decomposed into Mg and
MgB4 at temperatures more than �700 °C.14 The decompo-
sition process of MgB2 is written by

2MgB2�s� = Mg�g� + MgB4�s� . �1�

Thus, monoatomic magnesium is evaporated during the de-
composition of MgB2.15 The resulting Mg vapor pressure is
estimated to be �10−3 bar �Refs. 15 and 16� at temperatures
around 1000 °C.

In this work, p-type �001� and n-type �001� silicon wa-
fers were used as substrates. The resistivities of the originala�Electronic mail: uchino@kobe-u.ac.jp.
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wafers were greater than 10 � cm for both the p-type and
n-type samples. In what follows, we will mainly show the
results of the p-type Si substrate since we obtained basically
the same structural and electrical properties for both types of
samples. MgB2 was prepared using the following solid-state
reaction of B2O3 �99% purity� and Mg �99.9% purity� at
800 °C in an Ar atmosphere:17,18

4Mg + B2O3 = MgB2 + 3MgO. �2�

The resultant MgB2–MgO composite was put in the alumina
crucible, and the Si wafer was located above the alumina
crucible. We then heated this set of sample in an Ar atmo-
sphere at 1000 °C for 2 h to induce Mg diffusion into the Si
substrate.19

X-ray diffraction �XRD� analysis was performed with a
x-ray diffractometer �Rigaku, SmartLab� using Cu K� radia-
tion. High-resolution reciprocal space mapping �RSM�
around the �004� lattice point was also performed by using a
four-crystal Ge�220� monochromator and a two-crystal
Ge�220� analyzer in the triple axis configuration. In this op-
tical setup, the Cu K�2 component was completely sup-
pressed. RSM allows one to distinguish changes in orienta-
tion of the lattice planes �mosaicity� from variation in the
lattice spacing ��d /d�.20 The RSM is usually plotted using
the following reciprocal space coordinates qx and qz:

21

qx = 1/dx = − �2/��sin�� − 2�/2�sin � ,

qz = 1/dz = �2/��cos�� − 2�/2�sin � ,

where � is the incident x-ray wavelength �Cu K�1, �
=1.5406 Å�, 2� is the angle between the incident and the
diffracted beams, and � is the angle between the incident
beam and the sample surface. In the RSM, the scattered in-
tensity due to changes in lattice spacing is observed along
the qz direction, while mosaicity yields a broadening in the
scattered x-ray intensity in the qx direction.

Cross-sectional analysis was performed with the mi-
croarea XRD system on BL10XU at SPring-8 in Hyogo, Ja-
pan; the incident x-ray beam was monochromatized to a
wavelength of 0.400 085 Å and collimated to 15 �m in di-
ameter. The diffracted beam was detected using a flat imag-
ing plate �IP, Rigaku R-AXIS IV�. Composition profile of the
cross sectional area was obtained by line-scanning tech-
niques using an electron probe microanalyser �EPMA�
�JEOL, JXA-8900� equipped with wavelength dispersive
x-ray spectrometers �WDS�. WDS analyses were obtained at
15 kV and 20 nA, and the data correction were made by the

Bence–Albee method using well characterized natural and
synthetic minerals as chemical standards. For the cross-
sectional analyses, the Si wafer was embedded into epoxy
resin and was sliced into approximately 100 �m thick sec-
tions with a diamond-blade. The sections were ground and
polished to a thickness of approximately 30 �m.

Electrical resistivity measurements were performed from
room temperature down to 7 K using standard lock-in tech-
niques. Gold wires were attached onto the samples in a four-
terminal configuration with silver epoxy. Hall measurements
were also performed at room temperature in the van der
Pauw configuration using a Hall coefficient measurement
system �Toyo Corporation, ResiTest 8300�.

III. RESULTS

A. XRD analysis

Figure 1 shows the XRD patterns of the starting
MgO–MgB2 composite along with that remained in the cru-
cible after heating at 1000 °C in an Ar atmosphere. The
diffraction peaks attributed to MgB2 disappeared upon heat-
ing at 1000 °C and those to MgB4 newly emerged, in agree-
ment with the decomposition process of MgB2 described in
Eq. �1�. Figures 2�a� and 2�b� show the XRD patterns of the
�001� Si wafer around the Si�004� diffraction signals
�2��69°� before and after heat treatment at 1000 °C in the
presence of the MgO–MgB2 composite. The XRD pattern of
the original Si wafer �see Fig. 2�a�� is characterized by two
Si�004� peaks at 2�=69.18° and 69.37°, which correspond to
Cu K�1 ��=1.5406 Å� and Cu K�2 ��=1.5444 Å�, respec-
tively; the �004� interplanar spacing d004 is estimated to be
1.3569 Å. On the other hand, the heat-treated sample �see

90807060504030

x 10

2θ (degree)

MgO

MgB2

MgB4

MgO

In
te
n
si
ty
(a
rb
.u
n
it
s)

FIG. 1. XRD patterns of the MgO–MgB2 composite before �bottom� and
after �middle and top� heating at 1000 °C for 2 h under an Ar atmosphere.
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FIG. 2. �Color online� �a� Si�004�-Bragg reflection of
the original �001� Si wafer. �b� Si�004�-Bragg reflection
of the �001� Si wafer after heating at 1000 °C for 2 h
under an Ar atmosphere in the presence of the
MgO–MgB2 composite. The open circles are the ex-
perimental data, the solid lines are the results of fitting
using Voigt-type functions �dotted lines�.
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Fig. 2�b�� exhibits four peaks at 2�=69.16°, 69.23°, 69.36°,
and 69.42°. The first �69.17°� and third �69.36°� peaks are
comparable to the doublet of the Cu K�1 and Cu K�2 lines of
the original Si wafer �d004=1.3570 Å�, whereas the second
�69.23°� and the fourth �69.42°� peaks are attributed to an-
other set of the Cu K�1 and Cu K�2 lines and are character-
ized by a slightly compacted d value �d004=1.3561 Å�.

To obtain further information on the lattice contraction,
we next investigate the RSM of the Mg-treated Si sample.
Figure 3 shows the RSM for the Mg-treated �001� Si wafer,
with isointensity contour lines plotted in qx along the �110�
in-plane azimuth and qz along the �001� direction. In
the present �004� RSM, we see two peaks located at
qz= �0.7366 Å−1 �dz= �1.357 Å� and �0.7372 Å−1

�dz= �1.356 Å�, corresponding to the original Si lattice and
the contracted one, respectively. Furthermore, both the peaks
are highly scattered along the qx direction, showing a typical
mosaic-structured feature. This result demonstrates that the
present Mg diffusion process induces not only lattice con-
traction but also variations in the orientation of the lattice
planes parallel to the sample surface.

Figure 4 shows the cross sectional XRD pattern of the
Mg-treated sample. A monochromatic x-ray beam of
�15 �m was irradiated on the surface cross-section of the
sample; that is, a surface region of depth about �15 �m can
be exclusively investigated by this technique. We see from
Fig. 4 that the XRD pattern consists of the diffraction peaks
indexed to the cubic phase of Si �Joint Committee for Pow-
der Diffraction Standard 27–1402� and that of MgO �Joint
Committee for Powder Diffraction Standard 45–946�. No
diffraction peaks attributed to metallic Mg and any Mg- and
B-related compounds, such as Mg2Si and MgB2, were found.
Note also that all possible diffraction peaks of the cubic Si
phase were observed, as in the case of powder diffraction
patterns of polycrystalline Si. This indicates that as far as the
�110� in-plane azimuth is concerned, the surface Si phase has
no preferential orientation,22 in harmony with the mosaic-
structured Si lattice shown in Fig. 3. In the cross sectional

XRD pattern, respective Si-related diffraction peaks were
composed of one component; the lattice parameter a esti-
mated from the set of diffraction peaks �a=5.4278 Å� is
slightly smaller than that of the normal cubic phase of Si
�a=5.4309�. The degree of contraction �a /a was 	0.057%,
which is almost comparable to that obtained from the two
sets of Si�004� reflection ��d /d=−0.066%� shown in Fig. 1.
This indicates that only the contracted Si phase exists at the
surface of the present Mg-treated Si sample.

B. EPMA analysis

The EPMA depth profile of the heat-treated sample is
shown in Fig. 5. Both Mg and O were found in the region of
�6 �m thickness, whereas the B-concentration is virtually
zero in the whole cross-sectional area investigated. The Mg-
concentration tends to exceed the O-concentration with a de-
crease in depth from the top surface, indicating that a part of
Mg is present in the form other than MgO in the near surface
region. That is, Mg atoms are likely to diffuse into the Si
lattice to form a Mg-doped Si layer with thickness of
�6 �m. Unfortunately, we cannot exactly estimate the con-
centration of Mg in Si because of a relatively large uncer-
tainty ��40%� of the present EPMA depth profile analysis.
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FIG. 3. �Color online� Reciprocal space map of the Mg-treated Si wafer.
The data were obtained around the �004� Si lattice point and plotted in
reciprocal coordinate qx parallel to the �110� in-plane azimuth and qz along
the �001� direction.
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FIG. 4. A typical XRD pattern of a cross-sectional area of the Mg-treated Si
wafer. Data were obtained with the microarea XRD system using a mono-
chromatic x-ray beam ��=0.400 085 Å� with a diameter of 15 �m. The
x-ray beam was irradiated perpendicular to the cross section �slice plane� of
the sample, namely, parallel to the �110� in-plane azimuth of the �001� Si
wafer �see inset�.

100

80

60

40

20

0
20151050

Si

Mg

B

O

Depth (μm)

A
to
m
ic
%

FIG. 5. �Color online� A typical EPMA depth profile obtained for a slice
plane of the Mg-treated sample. Constant oxygen concentration ��10%�
that is found in the depth region from �6 to 20 nm results probably from a
surface silica layer on the slice plane.
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However, it can safely be said that the surface Si layer is
heavily doped with Mg, containing at least a few atomic
percent of Mg, that is, �1
1021 Mg cm−3.

It is hence probable that the Mg-doped Si layer is re-
sponsible for the slight lattice contraction and mosaic grain
region of silicon deduced from the XRD analysis mentioned
in Sec. III A. Previously, local lattice relaxation of substitu-
tional Mg in Si has been theoretically investigated.23 Accord-
ing to the theoretical prediction,23 the Mg–Si bond distance
�2.352 Å� is very similar to the Si–Si bond distance �2.350
Å�, implying that the Mg impurity in Si hardly affects the
lattice constant. It appears that the prediction is inconsistent
with the present observation. We should note, however,
that the present Si lattice is only slightly modified
��d /d= �−0.06%� irrespective of the expected heavy dop-
ing. Furthermore, the Mg heavy doping may result in clus-
tering of Mg atoms in the Si lattice, as in the case of the B
atoms in heavily B-doped Si.24 The effect of clustering of
Mg atoms on the host lattice parameter is still unknown. As
for the issues of the lattice parameter of the Mg-doped Si,
further experimental and theoretical investigations will be
required.

C. Electrical Properties

We next turn to electrical properties of the Mg-diffused
sample. After the Mg-diffusion treatment, the original p-type
and n-type Si wafers all exhibited p-type conduction charac-
terized by low resistivity, illustrating that the diffused Mg
atoms behave as substitutional acceptors. A typical example
obtained for the Mg-diffused �originally p-type� Si wafers is
as follows. At room temperature, the sheet resistance and the
sheet carrier concentration were 5.8
10−1 � sq−1 and 4.5

1017 cm−2, respectively, with a Hall mobility of
31.9 cm2 V−1 s−1. If we assume that the Mg ions are distrib-
uted uniformly in the Mg-diffused region with a thickness of
�6 �m, the resistivity and hole concentration are estimated
to be �3
10−4 � cm and �7
1020 cm−3. Furthermore,
the sheet resistance shows a monotonic decrease with de-
creasing temperature down to 7 K �see Fig. 6�, thus demon-
strating a metal-like conducting behavior peculiar to a
heavily doped degenerated semiconductor.

We should note that the above measurements were car-
ried out without removing the surface insulating MgO layer.
Thus, the observed values do not quantitatively represent the
electrical properties of the conductive region of the sample.
We, however, believe that the present measurements can cap-
ture the underlying electrical properties of the Mg-doped re-
gion of Si.

IV. DISCUSSION AND CONCLUSIONS

The present p-type conductivity is best interpreted if we
assume that the doped-Mg atoms create substitutional accep-
tor levels in Si. As mentioned in the Introduction, however,
Mg has been believed to occupy the tetrahedral interstitial
site in silicon and form a deep-double-donor state.5–11 These
apparently contradicting observations presumably result
from the fact that Mg can occupy interstitial or substitutional
position depending on the sample preparation condition, as
has been indeed suggested by several researchers.12,13 Thus,
the following question naturally arises: what is the main fac-
tor that governs the position and the concentration of Mg in
silicon?

As pointed out in Sec. II, most of the previous studies
employed the sandwich technique to diffuse Mg into Si.5–7,11

This techniques inevitably accompanies the formation of
Mg2Si because of the thick magnesium film between two
silicon substrates. We assert that once the stable Mg2Si phase
is formed at the Mg/Si interface, further thermal diffusion of
magnesium into silicon will assist the crystal growth of
Mg2Si rather than promote an introduction of Mg into Si to
create the Mg-related impurity sites. We hence suggest that
the presence of the Mg2Si phase will not raise but will lower
the solubility of Mg in Si, forming only a small amount of
interstitial donor levels.

If the above assumption is valid, solubility of Mg in Si
can be increased when Mg diffusion is carried out in such a
condition as to prevent the formation of Mg2Si. As demon-
strated above, the Mg vapor environment created by the ther-
mal decomposition of MgB2 indeed satisfies the above con-
dition. The resulting Mg vapor pressure �pMg�10−3 bar at
1000 °C �Refs. 15 and 16�� is low enough to suppress the
formation of the silicide phase but is high enough to induce
Mg diffusion into Si. We should note, however, that metallic
Mg cannot be used as an evaporation source for the present
purpose because of its high vapor pressure �pMg�10 bar at
1000 °C�.15,25 We indeed confirmed that Mg2Si was formed
at the surface of the Si substrate, as in the case of the sand-
wich diffusion technique, when we used metallic Mg and Si
as an evaporation source and substrate, respectively �see Fig.
7�. After removing the surface Mg2Si layer, we found that the
original p-type Si wafer changed to n type with high resis-
tivity ��103 � cm�. These results further corroborate our
assumption that the formation of Mg2Si suppresses the solu-
bility of Mg in Si, giving rise only to Mg interstitials.

Thus, we can conclude that as long as the Mg2Si phase is
not present, the thermal diffusion of Mg into Si results in
substitutional Mg acceptors; the concentration of substitu-
tional Mg can be raised up to �1020– �1021 cm3, even
yielding the degenerate p-type semiconductor. If the Mg2Si
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FIG. 6. Temperature dependence of the sheet resistance of the Mg-treated
�001� Si wafer.
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phase coexists, the solubility of Mg in Si becomes low
��1015 cm� only to form interstitial donor levels. That is,
heavily magnesium doped “metallic” silicon is obtained by
carefully controlling the vapor pressure of Mg. The present
results will attract renewed interest in group-II impurities in
Si in view not only of semiconductor-based technologies but
also of a recently investigated metal-insulator transition of
group-IV semiconductors.26
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