Journal of ELECTRONIC MATERIALS, Vol. 38, No. 7, 2009
DOI: 10.1007/s11664-008-0630-1

© 2009 TMS

Special Issue Paper

Microstructure and Thermoelectric Properties of n- and p-Type
Doped Mg>Sn Compounds Prepared by the Modified Bridgman

Method

H.Y. CHEN'? and N. SAVVIDES!

1.—CSIRO Materials Science and Engineering, Sydney 2070, Australia. 2.—e-mail: haiyan.chen@
csiro.au

Mgs>Sn compounds were prepared by the modified vertical Bridgman method,
and were doped with Bi and Ag to obtain n- and p-type materials, respectively.
Excess Mg was also added to some of the ingots to compensate for the loss of
Mg during the preparation process. The MgoSn samples were characterized by
x-ray diffraction (XRD) and scanning electron microscopy (SEM), and their
power factors were calculated from the Seebeck coefficient and electrical
conductivity, measured from 80 K to 700 K. The sample prepared with 4%
excess Mg, which contains a small amount of Mg,Sn + Mg eutectic phase, had
the highest power factor of 12 x 1072 W m~! K2 at 115 K, while the sample
doped with 2% Ag, in which a small amount of eutectics also exists, has a
power factor of 4 x 107> W m™' K2 at 420 K.
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INTRODUCTION

The Mg,X (X =Si, Ge, Sn) semiconductor
compounds and their solid solutions have received
extensive attention as potential high-performance
thermoelectric materials since the 1950s, and
numerous investigations have been carried out
regarding the electrical, optical, and thermal prop-
erties of Mg,X.'® The performance of a thermo-
electric material is determined by the figure of merit
ZT = o0/, where o is the Seebeck coefficient, ¢ is
the electrical conductivity, and x is the thermal
conductivity. Vining’ pointed out that ZT.. is
proportional to the parameter A = (T/300)(m*/m.)>?
wky,, where m* is the carrier effective mass, u is the
mobility in em®V s, and «i, is the lattice thermal
conductivity in mW/cm K. In Mg,X compounds
A = 3.7 to 14, which is much larger than that of
SiGe (A = 1.2 to 2.6) or -FeSis (A = 0.05 to 0.8), and
thus MgoX should achieve higher ZT than SiGe.
Zaitsev et al.® have reported ZT,.x = 1.1 for bulk
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MgSip 4Sng g solid solution. Another advantage of
Mg,X is that their cost is low and they are envi-
ronmentally friendly. However, research on MgoX is
not as intense as on CoSbs, PbTe, and SiGe alloys,
due to the preparation and handling difficulties
caused by the high vapor pressure and chemical
reactivity of Mg.

Methods of direct co-melting, mechanical
alloying,'>™'* solid-state reaction, and spark
plasma sintering'®2° have been used to prepare
MgoX (X = Si, Ge, Sn) compounds and their solid
solutions. Among these reported results, the method
of direct co-melting followed by lengthy annealing
used by Zaitsev et al.® showed the highest ZT values
achieved to date. Herein we report the melt growth
of MgoSn crystalline ingots prepared by a modified
Bridgman method. The microstructure and ther-
moelectric properties of pure and Ag-doped (p-type)
or Bi-doped (n-type) MgsSn are investigated and
analyzed.
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15-17

EXPERIMENT

High-purity Mg (4N), Sn (6N), Ag (3N), and Bi (6N)
were mixed with the desired atom ratios as starting
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Table I. Atomic Ratios of Raw Materials

Atomic Ratio

Sample Mg/Sn Dopant
1 2.00:1 Undoped
2 2.04:1 Excess Mg
3 2.02:1 Bi 1%

4 2.02:1 Bi 2%

5 2.02:1 Ag 1%

6 2.02:1 Ag 2%

mixtures, as shown in Table I. Sample 1 was nom-
inally stoichiometric, while excess Mg was added to
the other samples to compensate for the evaporation
of Mg during the melting and annealing processes.
The mixtures were loaded into high-purity graphite
crucibles with screw cover, and the charged cruci-
bles were sealed in quartz ampoules under a gas
mixture of Ar and Hy at 0.8 MPa. The sealed quartz
ampoules were suspended in a vertical tube furnace,
which has a sharp temperature gradient at the
bottom. The furnace was heated until the tempera-
ture of the quartz ampoule reached 1,093 K. After
30 min, the quartz ampoule was moved up and
then down along the furnace at a fixed velocity for
two cycles. The temperature gradient was about
1.8 K/mm at the liquid—solid interface. Thereafter
the quartz ampoule was cooled to 573 K at a rate of
1 K/min, and then the ingot was annealed in situ
at 573 K for 5 h.

The grown ingots were sliced using a diamond
saw into several pieces with the desired dimensions.
The crystalline structure of the samples was inves-
tigated using a Philips X’Pert PRO x-ray diffrac-
tometer and Cu Ko radiation. The microstructure
was characterized using a JEOL JSM-5400 scan-
ning electron microscope (SEM) fitted with an
energy-dispersive x-ray (EDX) spectrometer. The
electrical conductivity ¢ was measured by the four-
point probe technique. The Seebeck coefficient o« was
measured in the temperature range of 80 K to
700 K using chromel-constantan thermocouples
and copper voltage probes; the temperature differ-
ence at each measuring point was about 10 K to
15 K. During measurements the sample’s tempera-
ture was raised at a rate of 1 K/min, and then
furnace-cooled. The measurements were reproduc-
ible for both rising and falling temperatures.

RESULTS

The ingots were polycrystalline and easily
cleaved. Excess Mg was observed in the top part of
the ingots and a thin layer of Sn was evident at the
very bottom of some ingots. Samples investigated in
this work were cut from the middle parts of each
ingot, avoiding where possible any sections that
had free Mg or Sn or large voids. Nevertheless,
most samples contained a number of very fine

microcracks which are expected to lead to increased
resistivity.

A comparison between the 0 and 20 x-ray dif-
fraction spectra of the cleaved pellet and that of the
crushed powder of sample 1 is shown in Fig. 1a. It is
seen that the cleaved pellet of sample 1 has only
(111), (222), and (511) diffraction peaks indicating
some preferential orientation during growth while
the powder sample shows all the expected diffrac-
tion peaks of cubic Mg,Sn. Small amounts of free Sn
were also detected in the crushed powders. It is
known that some Mg is lost during melting due to
its high vapor pressure. A very thin layer consisting
of MgO + Si phases was found on the inner wall of
the quartz ampoule indicating that Mg vapor per-
meates the graphite wall to react with the quartz.
Figure 1b shows the x-ray patterns of the doped
MgoSn ingots. It is seen that all the samples are
single-phase MgySn except for the small amount of
free Mg in samples 2 and 6.
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Fig. 1. X-ray spectra of (a) cleaved pellet and crushed powder of

undoped Mg,Sn, and (b) crushed powder of sample 2 and the doped
Mg>Sn ingots.
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Fig. 2. SEM/EDX of Mg,Sn ingots: (a) sample 1, (b) sample 2, (c) sample 4, (d) EDX of the bright phase of sample 4, (e) sample 5, and (f)

sample 6.

Figure 2 shows SEM micrographs of the prepared
samples; EDX was used to semiquantitatively ana-
lyze the chemical composition. Grain boundaries
can be observed in Fig. 2a, confirming that sample 1
is polycrystalline. The bright particle in Fig. 2a is
Sn precipitate. MgoSn + Mg eutectic structures
were observed in sample 2, as shown in Fig. 2b. The
dark area in this structure was confirmed by EDX to
be free Mg while the bright area and the whole of
the matrix was single-phase Mg,Sn. Samples 3 and 4
(Fig. 2¢) have very similar microstructures, and
from EDX analysis (Fig. 2d) the dispersed brighter
phase is Mg3Biy, which is reported to be a p-type
thermoelectric compound.?! Since no apparent dif-
fraction peaks were detected by XRD, the amount of
Mg;3Bis should be very small. There exist also small
amounts of free Mg and Mg,Sn + Mg eutectic phase
in samples 5 and 6, as shown in Fig. 2e and f.

Figure 3 shows the temperature dependence of
the Seebeck coefficient o from 80 K to 700 K of all
samples. At the lower temperatures the undoped
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Fig. 3. Temperature dependence of Seebeck coefficients of Mg,Sn
ingots.

sample 1 shows a transition from p- to n-type con-
duction, and is similar to observations by Zaitsev
and Nikitin.?? Higher temperatures lead to thermal
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excitation of intrinsic charge carriers, and thus the
Seebeck coefficient is characterized by weak tem-
perature dependence. Sample 2 is also undoped
except that it was prepared with excess Mg and
shows n-type behavior in the whole temperature
range of measurement with a similar o—T curve as
that of pure Mg,Sn reported by Winkler.?* The peak
in the value of o for both sample 1 and sample 2 at
the lower temperatures is characteristic of lightly
doped semiconductors where the rising thermal
conductivity causes a phonon drag contribution to
the Seebeck coefficient. The data for sample 1, con-
taining excess Sn, and sample 2, containing excess
Mg, are contrary to that given by Lichter,?* who
stated that MgsSn crystals appear to dissolve the
excess constituents, producing n-type crystals with
excess Sn and p-type crystals with excess Mg. The
doped ingot samples 3 and 4 (Bi doped) show n-type
behavior in the whole temperature range of mea-
surement, while the Ag-doped samples 5 and 6 are
p-type. With the exception of sample 4, the absolute
value of « first increases with increasing tempera-
tures, reaches a broad peak at about 450 K, and
then decreases at higher temperatures. Sample 4
appears to have a peak in o at temperature
T >600 K.

The electrical conductivity ¢ of the undoped
sample 1 is plotted as a function of the reciprocal
temperature in Fig. 4a. Our data is in very good
agreement with that of single-crystal MgySn
reported by Lichter®* and Martin.?® Figure 4b
shows ¢ versus T for all the samples. The doped
samples 3—6 show much higher ¢ values than the
undoped sample 1, and their dependence on tem-
perature is generally similar. Sample 2 with excess
Mg shows similar behavior to the doped samples.
The apparently high conductivity is due to the
dispersed eutectic phase (MgySn + Mg) which
forms from the free magnesium. In the doped
samples the decrease of ¢ with rising temperature
signifies the increasing role of phonon—electron and
electron—electron scattering. It is noted, however,
that the samples studied were not perfect speci-
mens but rather contained both microcracks and
voids, which decrease the measured conductivity.
In addition, secondary phases such as free Mg or
Sn and the eutectic structures would have a sig-
nificant influence on the electrical conductivity.
Thus, it is necessary to extend this study to include
defect-free polycrystalline or single-crystal ingots
of the MgsSn compound.

The thermoelectric power factor, P = ¢, calcu-
lated from the measured values of x and o, is shown in
Fig. 5. At temperatures suitable for practical appli-
cations (e.g., power generation) the doped sam-
ples 3—6 have useful power factors, with sample 6
reaching a peak value of about 4 x 107> W m~! K2
at 420 K. Despite its high « value at low tempera-
tures, the undoped sample 1 has the lowest power
factor. Sample 2, prepared with excess Mg, has a
peak value of 12 x 10> Wm ™! K2 at 115 K due to
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Fig. 4. Temperature dependence of electrical conductivity ¢ of
Mg.Sn ingots: (a) sample 1, (b) samples 1-6.
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Fig. 5. Temperature dependence of power factor of MgoSn ingots.

the high Seebeck coefficient at low temperature
caused by phonon drag, and high electrical conduc-
tivity due to the contribution of the eutectic phase.
Using thermal conductivity values from the litera-
ture,”® the highest figure of merit is obtained for
sample 6, with ZT,., ~ 0.45 at 550 K.
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CONCLUSION

Ingots of the semiconducting compound Mg,Sn
were prepared from the melt by a modified Bridg-
man method. Bi-doped (n-type) and Ag-doped
(p-type) materials were compared with undoped
nominally stoichiometric material and with material
with excess Mg. X-ray diffraction and EDX typically
show ingots consisting of a uniform Mg,Sn phase
with minor quantities of the Mg,Sn + Mg eutectic
phase and small precipitates of Mg or Sn. Although
the ingots contained many fine microcracks, mea-
surements of the electrical conductivity and Seebeck
coefficient in the temperature range 80 K to 700 K
provide useful information on the thermoelectric
properties of these materials. In particular, both the
n-type and p-type ingots have broad Seebeck coeffi-
cient peaks with absolute values of 120 uV K1 to
160 uV K ! at T=300 K to 600 K. Despite the
presence of microcracks, these samples had useful
power factors with the best value of about 4 x 1073
W m~! K2 at around 400 K to 500 K.
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