
21. Gallium

21.1. Properties

Density:  
Oxidation States: +3 (+1)  

Standard Potential: -0.53 V 

Electrical Conductivity: 7.14·10   S/m 

Thermal Conductivity: 29 W/(m*K)  
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Melting Point: 29.8 K  (302.9°C)

Boiling Point:
Tensile Strength: 15 MPa

2673 K  (2400°C)
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Figure 21.1.: Properties of Gallium

Gallium is a chemical element with symbol Ga and the atomic number 31. In
the periodic table it is in the 3rd main group (boron group) of the 3rd period.
Gallium is a silvery white soft (Mohs Scale 1.5) metal that can be easily lique-
fied. It has an unusually low melting point for metals, which is 29.8 °C. This
makes it the metal with the lowest melting point after mercury and cesium.
The melting point is also significantly lower than that of the neighboring ele-
ments aluminium and indium. Gallium - like water - has a density anomaly, as
its density in the liquid state is about 3.2% higher than in solid form. Since the
boiling point is very high (2400 °C) - compared with aluminium, its neighbor in
the periodic table - gallium has an unusually wide range, in which it is liquid.
Pure liquid gallium cools easily below its melting/freezing point (supercooling)
and crystallizes abruptly, when crystallization nuclei are formed.

Gallium is found primarily in the oxidation state +3. The +1 oxidation state is
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21. Gallium

also found in some compounds. For example, the very stable gallium dichloride
(GaCl2) is not a gallium compound with the oxidation state +2 , but contains
both gallium(I) and gallium(III).

The chemical properties of gallium are similar to those of aluminum. Like
the latter, gallium is passivated by the formation of a dense oxide layer in air
and does not react. Only in pure oxygen at high pressure the metal burns
with a bright flame, forming the oxide (Ga2O3). Similarly, it does not react
with water, as it forms the insoluble gallium hydroxide. If, on the other hand,
gallium is alloyed with aluminum and is liquid at room temperature due to
the lowering of the melting point, it reacts very violently with water. Gallium
also reacts rapidly with halogens to form the corresponding salts like gallium
trichloride (GaCl3).

An interesting feature is that liquid gallium can attack metals by diffusing into
the metal lattice, so it can only be stored in containers made of quartz, glass,
graphite, alumina, tungsten up to 800 °C and tantalum up to 450 °C. For exam-
ple, it diffuses into the grain boundaries of aluminium, aluminium-zinc alloys
and steel, making them very brittle. It diffuses even through the protecting
oxide layer of aluminium. Therefore, gallium is a poison for aluminium.

Gallium hydroxide is amphoteric and soluble in both acids and bases. In acids,
analogous to aluminum, salts with Ga3+ ions are formed, and in alkaline media
gallates are formed

2NaOH + 2Ga + 6H2O −−→ 2Na[Ga(OH)4] + 3H2 ↑

In dilute acids gallium dissolves slowly, in aqua regia and concentrated sodium
hydroxide solution rapidly. Gallium is passivated by nitric acid. Gallium reacts
with ammonia at 1050 °C to form gallium nitride (GaN). Gallium compounds
produce a blue-violet flame color.

The technically most important compounds of gallium are those with the el-
ements of the nitrogen group. Gallium nitride, gallium phosphide, gallium
arsenide and gallium antimonide are typical semiconductors (III-V semicon-
ductors).

As gallium will melt in a person’s hands at normal human body temperature
of 37.0 °C, elemental gallium has a corrosive effect on the skin. But the acute
toxicity of gallium and its compounds is relatively low.
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21.2. Minerals and Mining

Gallium is a rare element on earth. With a content of 19 ppm in the continental
earth’s crust, its abundance is comparable to that of lithium and lead.
There is only one pure, extremely rare gallium mineral known: Gallobeudantit
which is an gallium-aluminium-iron arsenate which was found in the Tsumeb
mine.
But gallium is present in a variety of minerals as a trace element. It does
not occur elementally, but only bound, predominantly in aluminum, zinc or
germanium ores. The most gallium-rich ores include bauxites, sphalerite ores
and germanite.
Because of its geochemical relationship with aluminum, gallium is mainly en-
riched in aluminum minerals. During weathering and the associated bauxite
formation, gallium is enriched two to five times as much as aluminum. The
most important primary ore is therefore the aluminum ore bauxite. An aver-
age gallium content of 50 ppm is assumed for bauxite deposits. Worldwide,
gallium contents in bauxite are in the range of less than 10 to 180 ppm . An
exception is the Maşatdaği deposit in Antalya, Turkey, where a maximum value
of 812 ppm was measured.
Economically relevant gallium contents are also found naturally in zinc ores (in
the zinc mineral sphalerite/zinc blende), from which small amounts of gallium
are extracted. Gallium contents around 50 ppm are known for some North
American zinc ores. Sphalerites (a zinc-iron-sulfide) generally contain between
5 and 300 ppm gallium, grades up to 700 - 1000 ppm gallium are possible.
Coal and coal fly ash can also contain significant amounts of gallium. The
gallium content in coals varies greatly from region to region and is on average
between 2 and 10 ppm worldwide but can be up to more than 200 ppm. When
coal is burned, gallium accumulates in the fly ashes and can reach a six- to
tenfold concentration. A maximum value of up to 1.5 % gallium in coal fly
ashes has been reported.
Currently, there is no deposit where gallium is mined as a main product. The
main geological deposits of gallium are linked to the large bauxite deposits.
Nowadays about 90% of the primary gallium is produced from the aluminium
ore bauxite. Therefore it is mined mainly like bauxite. Furthermore, some
zinc and coal deposits, for example in Mexico and China, contain gallium as a
by-product. About 10% of gallium are produced as a by-product of from zinc
ores.
In earlier times it was also produced from coal fly ash and somewhat from
germanium ores.
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21.3. Production

Primary Production The production of primary gallium is estimated to about
350 t/a (2019). The production from bauxite and zinc concentrate is shown in
figure 21.2.

In the production from bauxite, it is produced according to the Bayer pro-
cess, where aluminium hydroxide is precipitated (see Bayer process, figure
3.3). Various methods are used to extract the gallium from the sodium alumi-
nate solution: fractional precipitation, electrochemical processes and extraction
with complexing agents like solventextraction and ion exchange. One efficient
method is solventextraction. By using hydroquinone type systems, about 80%
of the gallium can be extracted from the Bayer liquor. However, the kinetics
of the extraction process are very slow and extraction usually requires several
hours. Therefore, the method most commonly used in the industry for extract-
ing gallium from Bayer’s leach is ion exchange. Certain ion exchange resins
like Duolite™ES-346 and DHG586 with the functional groups imino-diacetate
show good extraction properties for gallium, but need high energy because of
evaporation steps to increase the gallium concentration in the solution. The
recovery of gallium from the resin is done with sulfuric acid forming gallium
sulfate. After precipitation as Ga(I)hydroxide (GaOH), it is dissolved again in
sodium hydroxide and deposited by electrolysis as gallium metal on stainless
steel blanks.

About 10% of gallium is extracted from sphalerite (ZnS) as a by-product of
zinc extraction. During this process, the sphalerite is first roasted to zinc oxide
(ZnO), which is then leached with sulfuric acid. The gallium is contained in
the impurities precipitated from the extraction solution and is recovered by ion
exchange using ion exchange resins such as Duolite™ES 467.

In both alumina extraction and zinc refining, electrowinning extraction is used
to produce crude gallium with purities of 99.9 to 99.99 % (3N to 4N) .

Various processes are used to remove impurities and produce high purity gal-
lium for the production of semiconductors. Volatile metals such as mercury and
zinc, for example, are distilled off under vacuum. Further purification steps are
achieved by washing with aqueous acids and alkalis or electrolytic refining.
High-purity gallium is then obtained by fractional crystallization, zone melting
or single crystal growth. Other methods of purification include extraction of
gallium chloride from acid solution and fractional distillation of liquid gallium
compounds.

For use as semiconductor all impurities have to less than 5 ppb, some even less
than 1 ppb.
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Figure 21.2.: Gallium Production from Bauxite and Zink Sulfide

Recycling New scrap, which is produced in particular during the production
of gallium arsenide and gallium nitride based semiconductor wafers, has a high
gallium content. From 100 kg Gallium about 60 kg are scrap from producing
gallium arsenide wafers during synthesis, crystal growth, sawing and etching.

The gallium process scrap is processed by hydrometallurgy. After classification,
sampling and preparation of the recycling material, the solids are converted into
an aqueous phase. Arsenate is then separated by calcium arsenate precipitation
at pH12. Nitrate and chloride ions are separated by subsequent hydroxide pre-
cipitation of Ga(OH)3 at pH 6. Gallium is recovered by electrolysis in alkaline
media. Nitrate and chloride ions are separated by subsequent hydroxide pre-
cipitation of gallium hydroxide (Ga(OH)3) at pH 6. Gallium is then recovered
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by electrolysis in alkaline media similar to the primary production, combining
primary and secondary production.
As gallium has only very low concentrations (even lower than in bauxite) in
electronic devices and during pyrometallurgical recycling of electronic scrap it
is distributed to slag and flue dust, there is no End of Life (EOL) recycling up
to now.

21.4. Uses

The main application of gallium is the production of III-V compound semi-
conductors such as gallium arsenide (GaAs) and gallium nitride (GaN) and,
in much smaller quantities, gallium antimonide (GaSb) and gallium phosphide
(GaP) for high-frequency components . Gallium is also used for the production
of copper indium gallium selenide (CIGS) based solar cells, for magnets and for
gallium chemicals such as gallium chloride (GaCl3) and gallium oxide (Ga2O,
Ga2O3).
Gallium or gallium compounds are used for 50% for high frequency components
and 40% for LEDs (Light Emission Diodes). Other applications are less than
10%

Gallium Arsenide Gallium arsenide (GaAs) is the semiconductor material
for the production of which the majority of gallium is used. Gallium arsenide
single crystals (crystal growing) are produced from a melt of the two elements
gallium and arsenic of highest purity by pulling crystals from the melt by
different methods (e.g the Czochralski process). The diameter of the produced
wafers are about 150 mm.
The largest application of GaAs compound semiconductors are high-frequency
components such as integrated circuits (IC) and discrete transistors (field-effect
transistors; FETs) in microelectronics. ICs are usually based on silicon tech-
nology, but GaAs is increasingly used for special performance requirements.
Depending on the end use, different qualities of substrates are required. Mi-
crowave devices and integrated circuits require some of the purest qualities.
GaAs compound semiconductors are particularly suitable for high-frequency
power applications in mobile phones, wireless local area networks (WLAN)
and GPS, as well as radar and high-end military applications. The mobile
phone market is the main driver for GaAs-based high-frequency components.
GaAs is also used for optoelectronic applications such as laser diodes, infrared
emitting diodes (IREDs, e.g. for "touch screens") and light-emitting diodes
(LEDs, e.g. for backlighting LCDs).
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Gallium Nitride Gallium nitride (GaN) single crystals are mainly produced
by hydride vapor phase epitaxy (HVPE). In this process, gaseous hydrogen
chloride first reacts with liquid gallium at a temperature of about 880 °C to
form gallium chloride. In a reaction zone, the gallium chloride is brought
into the vicinity of a GaN crystal nucleus at temperatures between 1000 and
1100 °C. Here, the gallium chloride reacts with the GaN nucleus and the gallium
chloride reacts with the incoming ammonia to release hydrogen chloride and
form crystalline gallium nitride. Under optimal conditions, the HVPE process
can now produce crystals up to 50 mm in diameter and with thicknesses of
several millimeters. In the laboratory, gallium nitride is prepared by reacting
gallium with ammonia at 1100 °C:

2Ga + 2NH3 −−→ 2GaN + 3H2 ↑

Gallium nitride (GaN) is increasingly used as a compound semiconductor in
microelectronics and optoelectronics. In contrast to gallium arsenide, gallium
nitride is mainly used in optoelectronics for blue, green and white light-emitting
diodes (LEDs) as well as ultraviolet and blue laser diodes (LDs), e.g. for blue
ray devices. In the context of the enormous growth of the LED market, the
use of GaN in LEDs in particular has increased rapidly in recent years. An
important market for GaN are white LEDs. White LEDs are mainly used for
lighting and as LC display backlighting for mobile electronic devices and televi-
sions/monitors. The electrical properties and resistance to heat and radiation
also give the material strategic importance for military and space applications.

Gallium Antimonide As a compound semiconductor, gallium antimonide (GaSb)
is also a basic material for the manufacture of electronic and optoelectronic
components. For example, it is used for infrared detectors, rocket control sys-
tems and thermo-photovoltaic systems.

Other Applications Gallium is also used for the production of magnets. To
improve magnetic properties, corrosion resistance, thermal stability and the
manufacturing process, up to 0.5 wt.% gallium can be added in the production
of neodymium-iron-boron magnets (NdFeB magnets), and a content of between
zero and 0.2 % gallium can be assumed in the average.

Furthermore, gallium is used for the production of low-melting alloys and as
a material for high-temperature thermometers or as a non-toxic, non-volatile
mercury substitute (galinstane, a eutectic alloy of gallium, indium and tin) for
thermometer fillings.
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Material of lower purity is used to produce copper indium gallium diselenide
(CIGS) for thin-film solar cells in photovoltaic.

Gallium salts like nitrate, chloride or oxide are used as catalysts or in medical
applications.

21.5. History

The existence of an element called "eka-aluminum" was already predicted by
D.I. Mendeleev around 1871 by its supposed position in the periodic table.
Mendeleev further predicted that eka-aluminium would be discovered by means
of the spectroscope, and that metallic eka-aluminium would dissolve slowly in
both acids and alkalis and would not react with air. He also predicted that, that
eka-aluminium salts would form basic salts, that eka-aluminium sulfate should
form alums, and that the anhydrous chloride should have a greater volatility
than zinc chloride: all of these predictions turned out to be true. Gallium
was discovered using spectroscopy by French chemist Paul Emile Lecoq de
Boisbaudran in 1875 from its characteristic spectrum (two violet lines) in a
sample of sphalerite (zinc sulfide). He named the element "gallia", from Latin
Gallia meaning Gaul, after his native land of France.

Later that year, Lecoq obtained the free metal by electrolysis of the hydroxide
in potassium hydroxide solution.

The development of gallium arsenide as a semiconductor in the 1960s resulted
in the most important applications of gallium.
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