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Abstract. The role of oxygen in increasing the carrier concentraction of n-type 
silicon germanium-galiium phosphide alloys was investigated. It was found that 
silicon germanium-gallium phosphide alloy without additional dopant prepared 
by mechanical alloying and cold pressing is p-type if heat treated in argon or 
hydrogen, but is n-type if heat treated In air. The results indicate that carrier 
enhancement probably relates to the dissociation of gallium phosphide followed 
by oxidation of the dissociated gallium and phosphorus. A possible mechanism 
for carrier enhancement in n-type silicon germanium-gallium phosphide alloys Is 
proposed. 

In n-type silicon germanium alloys the thermoelectric 
figure-of-merit would optimize at a carrier concentration 
which is greater than the solubility of the dopant 
(phosphorus) in the alloys. Consequently, the maximum 
value of the figure-of-merit is not achieved using 
conventional doping techniques [I]. It has been reported 
that the thermoelectric properties on n-type silicon 
germanium alloys were improved by the addition of 
a few per cent of gallium phosphide and subjecting 
the material to high temperature heat treatment 121. 
The improvement was accompanied by an increase in 
camer concentration [3]. The current explanation of 
the improvement in the thermoelectric properties is that 
the addition of gallium phosphide increases the dopant 
solubility and enables the alloy to approach closer to its 
optiumum carrier concentration. 

However, this explanation presents a problem. 
Gallium phosphide is a group LI-V compound. The 
original purpose of introducing a small percentage 
of gallium phosphide was to reduce the thermal 
conductivity of the alloys [4]. In its compound state, 
gallium phosphide is a neutral impurity and does not 
contribute charge carriers. Furthermore, if gallium 
phosphide dissociates into gallium and phosphorus 
atoms following high temperature heat treatment, the 
phosphorus acts as a donor and gallium as an acceptor in 
silicon germanium alloys. Cross-doping is expected to 
occur, with the net carrier concentration depending on 
the difference between the number of phosphorus and 
gallium atoms. The experimental data of Cook el a/ [5 ]  
showed that the loss of gallium is always considerably 
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less than of phosphorus. Consequently, in n-type silicon 
germanium alloys, the net carrier concentration would 
decrease, contrary to what is observed. The results of an 
experimental programme of work to provide an insight 
into the carrier enhancement mechanism is reported in 
this communication. 

The specimens employed in this investigation were 
prepared by mechanical alloying and cold pressing. 
Elemental silicon (80%) and germanium (20%) with 
additional phosphorus, gallium, or gallium phosphide 
were ball milled using a Spex 8000 mill. The resulting 
powder was then cold pressed under a uniaxial pressure 
of 500-600 m a ,  followed by isostatic pressing at 
about 300 MF'a. Several undoped specimens, together 
with those doped with phosphorus, gallium, or gallium 
phosphide were prepared and designated SG, SGP, 
SGG and SGGP respectively. Half of the specimens 
containing each dopant type were heat treated at 1473 K 
in air, while the others were heat treated at 1473 K in an 
argon or hydrogen atmosphere. Both before and after 
heat treatment, the Seebeck coefficient and electrical 
resistivity were measured at room temperature using a 
hot probe and four probe apparams respectively [6, 71. 
The conducting type of the specimens was given by the 
polarity of the Seebeck coefficient, while an estimate of 
the change in dopant concentration was obtained from 
the magnitude of the Seebeck coefficient and electrical 
resistivity. 

The undoped specimens SG are intrinsic and heat 
treatment in different atmospheres has produced no 



400 

iri 
\ d 200 

B 0 

0 - 
c 
- ( 

... 

.* .. - " 
D 
0 

0 -200 z 
m -400 

P 

U 4 

- p-type 

SOD 

3% - LiOP 9 
SOGP - 

n-type 
- 

0 10 20 30 40 

Heat trestment period (hrs) 

Figure 1. Seebeck coefficients of specimens SGG, SGP 
and SGGP as  a function of heat treatment period in argon 
atmosphere. 

change in their intrinsic behaviour. However, as- 
pressed specimens SGG are p-type, while specimens 
SGP and SGGP are n-type. In figure 1 is shown the 
changes in the Seebeck coefficient for specimens SGG, 
SGP and SGGP as a function of the period of heat 
treatment in argon. When heat treated (1473 K) in an 
argon atmosphere, sublimation of high vapour pressure 
materials is expected. It can be seen that the absolute 
values of the Seebeck coefficients for both SGG and 
SGP specimens were increased due to sublimation of 
the dopants. However, because the vapour pressure 
of phosphorus is greater than that of gallium, the 
Seebeck coefficients of specimens SGP increased more 
significantly than those of specimens SGG. Based on 
the variations of the Seebeck coefficients of specimens 
SGG and SGP, the changes in the Seebeck coefficients 
of specimens SGGP can be explained by dissociation 
of the gallium phosphorus, followed by a significant 
sublimation of the dissociated phosphorus. Since the loss 
of gallium is considerably less than that of phosphorus, 
more acceptors (gallium) will remain in the alloys and 
results in p-type material. 

Sublimation and oxidation are expected to accom- 
pany the heat treatment of specimens in air. It can be 
seen from figure 2 that specimens SGG became intrin- 
sic after heat treatment in air, while specimens SGP 
remained n-type. Gallium has a much lower vapour 
pressure than phosphorus. The intrinsic behaviour of 
specimens SGG can only be explained by the fact that 
gallium ions in silicon germanium have become electri- 
cally inactive, probably due to reaction with oxygen. On 
the other hand, little change in the Seebeck coefficients 
was observed in specimens SGP. This indicates a sup- 
pression of phosphorus sublimation, possibly also due 
to a reaction with oxygen. Consequently, the changes in 
the Seebeck coefficients of specimens SGGP after heat 
treatment in air can be explained in terms of the dissoci- 
ation of gallium phosphide, followed by recombination 
of dissociated gallium and phosphorus with oxygen. 

A possible bonding arrangement of the silicon 
germanium-gallium phosphide matrix is shown in 
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Figure 2. Seebeck coefficients of specimens SGG, SGP 
and SGGP as  a function of heat treatment period in zir. 
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Figure 3. Bonding arrangement in SiGeGaP alloys: 
(a) before heat treatment, (b) after heat treatment in argon, 
(c) after heat treatment in air. 

figure 3. When gallium and phosphorus are tightly 
bonded into gallium phosphide, which is distributed in 
the silicon germanium matrix, one empty valence bond 
of the gallium atom is filled by the fifth electron of 
phosphorus. Neither gallium nor phosphorus contributes 
charge carriers to the valence or conduction bands. 
Tightly bonded gallium phosphide is a neutral impurity 
and alloys doped with gallium phosphide will be intrinsic 
as shown in figure 3(a). 

During high temperature heat treatment the gallium 
phosphide dissociates, and the dissociated gallium and 
phosphorus provide acceptors and donors. If there are 
an equal number of dissociated gallium and phosphorus 
atoms, the dopant behaviour remains intrinsic due to 
compensation of the donors and acceptors. However, 
because the vapour pressure. of gallium is always 
considerably less than that of phosphorus, more gallium 
(acceptors) would remain in the alloys after heat 
treatment in an argon atmosphere. In this situation, 
the electrical conductivity of the alloy is controlled by 
acceptors and the alloy is p-type as shown in figure 3@). 

If heat treatment is carried out in air, the alloys are 
exposed to oxygen. Since an oxygen atom possesses 
6 valence electrons, one oxygen atom is likely to react 
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with tWo gallium atoms to satisfy the empty valence 
bonds. This results in a reduction in the number of 
electrically active acceptors. However, the dissociated 
phosphorus will remain as donors and therefore the 
alloy is n-type. Furthermore, if a bond is formed 
between oxygen and phosphorus, the sublimation of 
phosphorus will be considerably less significant because 
the phosphorus-oxygen bond ( P a )  is much stronger 
than the phosphorus-silicon (P-Si) or phosphorus- 
germanium (P-Ge) bonds. This is illustrated in figure 
3 w .  

Gallium phosphide has a cubic zinc sulphide 
crystal structure, which is compatible with the silicon 
germanium matrix. The solubility of gallium phosphide 
in silicon germanium alloys has been reported to 
be as high as 8% [4], which is much larger than 
that of phosphorus. The results of the experiments 
reported above suggest that the dissociated gallium 
and phosphorus may react with oxygen forming 
galliumoxygen-phosphorus (Ga-O-P) clusters after 
high temperature heat treatment in air as shown in 
figure 3(c). The resulting Ga-O-P clusters form a 
structure which is also compatible with the silicon 
germanium matrix. However, the phosphorus donors in 
the Ga-O-P clusters differ from the phosphorus donors 
introduced by conventional doping. Consequently, 
the number of Ga-0-P clusters in the alloys is 
unlikely to be limited by the solubility of ‘normal’ 
phosphorus dopants. Therefore, in the case of silicon 
germanium-gallium phosphide alloys with additional 
phsophorus doping, the carrier concenhation consists 
of two contributions: Ga-0-P donors and donors 
associated with the conventional phosphorus dopant. 
Consequently, the carrier concentration can be increased 
in n-type silicon germanium-gallium phosphide alloys 
to beyond the ‘normal’ solubility limits of phosphorus. 

It is apparent that oxygen has played an important 
role in increasing the carrier concentration of n-type 
silicon germanium-gallium phosphide alloys. Carrier 
enhancement cannot be achieved in the alloys which 
are prepared completely free of oxygen. On the other 
hand, if the alloys are exposed to too much oxygen, 
dioxides of silicon or germanium will form around grain 
boundaries and the carrier mobility will be inevitably 
reduced. Evidently, the amount of oxygen in the alloys 
is important. Future work is planned in w,hich silicon 
germanium-gallium phosphide material with controlled 
amounts of oxygen will be prepared. 
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