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FLUORINE COMPOUNDS, INORGANIC, NITROGEN

Nitrogen has four binary fluorides: nitrogen trifluoride [7783-54-2], NF3; tetrafluorohydrazine [10036-47-2],
N2F4; difluorodiazine [10578-16-2], N2F2; and fluorine azide [14986-60-8], FN3. There are numerous other
nitrogen fluorine compounds, the most significant of which are the perfluoroammonium salts based on the
NF+

4 cation. Of all the nitrogen fluorine compounds, only NF3 has been of commercial importance. Nitrogen
trifluoride is used as an etchant gas in the electronics industry and as a fluorine source in high power chemical
lasers.

1. Nitrogen Trifluoride

1.1. Physical Properties

Nitrogen trifluoride, NF3, is a colorless gas, liquefying at 101.3 kPa (1 atm) and −129.0◦C , and solidifying
at −206.8◦C (1). High purity NF3 has little odor, but material contaminated with traces of active fluorides
may have a pungent, musty odor. NF3, a pyramidal molecule with C3v point group symmetry, has a structure
similar to ammonia. The N–F bonds are 0.137 nm and the F–N–F bond makes a 102.1◦ angle. Selected physical
properties of NF3 are given in Table 1. An extensive tabulation and correlation of all the physical properties
of NF3 is available (2). The infrared (3), Raman (4), and ultraviolet spectra (5) of NF3 have been investigated.

1.2. Chemical Properties

NF3 can be a potent oxidizer, especially at elevated temperature. At temperatures up to ca 200◦C, its reactivity
is comparable to oxygen. At higher temperatures, the homolysis of the N–F bond into NF2 and F free radicals
becomes significant. The F radical reacts with organic compounds and certain metals, liberating heat and
causing further dissociation of the NF3. At temperatures above 400◦C, the reactivity of NF3 becomes more like
that of fluorine. The thermal dissociation of NF3 has been studied by a number of investigators (11–14) and
was found to peak in the temperature range of 800 to 1200◦C.

Nitrogen trifluoride acts primarily upon the elements as a fluorinating agent, but is not a very active
one at lower temperatures. At elevated temperatures, NF3 pyrolyzes with many of the elements to produce
N2F4 and the corresponding fluoride. The element used in this reaction scavanges the fluorine radical, allowing
the NF2 radicals to combine. The pyrolysis of NF3 over copper turnings produces N2F4 in a 62–71% yield at
375◦C (15). Pyrolysis over carbon at 400–500◦C is more favorable (16, 17). This process was the basis for the
commercial production of N2F4 in the early 1960s for use in rocketry.

Hydrogen and hydrides react with NF3 with the rapid liberation of large amounts of heat. This is the
basis for the use of NF3 in high energy chemical lasers (qv). The flammability range of NF3–H2 mixtures is
9.4–95 mol % NF3 (17), whereas the flammability range of NF3–SiH4 mixtures is even broader at 4.7–99.34
mol % NF3 (18). Nitrogen trifluoride reacts with organic compounds but generally an elevated temperature
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Table 1. Physical Properties of Nitrogen Trifluoride

Property Value Reference

boiling point, ◦C −129.0 1
liquid density at −129◦C, g/mL 1.533 6
heat of vaporization, kJ/mola 11.59 1
triple point, ◦C, 0.263 Pab −206.8 7
heat of fusion, J/mola 398 1
solid transition point, ◦C −216.5 2
heat of transition, kJ/mola 1.513 2
critical temperature, ◦C −39.25 6
critical pressure, kPab 4530 (44.7 atm) 6
critical volume, cm3/mol 123.8 8
heat of formation, kJ/mola −131.5 9
heat capacity at 25◦C, J/(mol·K)a 53.39 9
water solubility, 101.3 kPa,b 25◦C 1.4 × 10−5 mol NF3/mol H2O 10

vapor pressure equation, P in kPac logP = 5.90445 − 501.913
T − 15.37 6

aTo convert kJ to kcal, divide by 4.184.
bTo convert kPa to mm Hg, multiply by 7.5.
cFor P in mm Hg,

logP = 6.77966 − 501.913
T − 15.37

is required to initiate the reaction. Under these conditions, the reaction often proceeds explosively and great
care must be exercised when exposing NF3 to organic compounds. Therefore, NF3 has found little use as a
fluorinating agent for organic compounds. The reactions of NF3 with the elements, and various inorganic and
organic substances, are summarized in Reference 2.

Although NF3 is an amine, it exhibits virtually no basic properties and is not protonated by the HSO3F–
SbF5–SO3 superacid medium at 20◦C (19). Commercial scrubbing systems for unwanted NF3 are available (20)
and work on the principle of pyrolysis of the NF3 over reactive substrates at high temperatures.

NF3 reacts with F2 and certain Lewis acids under heat or uv light to form the corresponding NF+
4 salts.

For example, when NF3, SbF5, and F2 are mixed in a 1:1:1.5 ratio in a Monel vessel and heated to 200◦C
for 50 hours, a 41% yield of NF4SbF6 [16871-76-4] is obtained (21). NF+

4 salts had been thought to be too
unstable to be synthesized (22). Preparation methods have been described which use other sources of energy
to initiate the reaction. NF4AsF6 [16871-75-3] (23) and NF4BF4 [15640-93-4] (24) were prepared using a low
temperature glow discharge. NF4PF6 [58702-88-8] and NF4GeF5 [58702-86-6] were prepared by uv photolysis
(25). This series of compounds has been further extended by metathesis between NF4SbF6 and other salts in
HF solution. For example, (NF4)2TiF6 [61128-92-5] was prepared by the metathesis of Cs2TiF6 and NF4SbF6
in HF (26).

The salts rapidly hydrolyze to form NF3 and O2, and react with glass at temperatures above 85◦C to form
NF3 and SiF4 (21). The NF+

4 salts are stable in dry atmospheres to 200◦C, but rapidly decompose above 300◦C
to yield NF3, F2, and the corresponding Lewis acid. Therefore, these salts are solid sources of NF3 and F2, free
of atmospheric contaminants and HF.

1.3. Manufacture and Economics

Nitrogen trifluoride can be formed from a wide variety of chemical reactions. Only two processes have been
technically and economically feasible for large-scale production: the electrolysis of molten ammonium acid
fluoride; and the direct fluorination of the ammonia in the presence of molten ammonium fluoride. In the
electrolytic process, NF3 is produced at the anode and H2 is produced at the cathode. In a divided cell of 4 kA
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Table 2. Specifications of NF3
a

Impurity Commercial, ppmv VLSI, ppmv Megaclass, ppmv

total fluorides as
HF

3,900 1 1

CO2 130 16 4
CO 330 25 0.5
CF4 1,200 560 25
N2 19,000 130 10
O2 + Ar 22,000 100 6
SF6 50 25 1
N2O 500 16 2
H2O 1 1 1

aCommercial grades offered by Air Products and Chemicals, Inc.

having nickel anodes, extensive dilution of the gas streams with N2 was used to prevent explosive reactions
between NF3 and H2 (17).

In the direct process, NF3 is produced by the reaction of NH3 and F2 in the presence of molten ammonium
acid fluoride (27). The process uses a specially designed reactor (28). Because H2 is not generated in this
process, the hazards associated with the reactions between NF3 and H2 are eliminated.

As a result of the development of electronic applications for NF3, higher purities of NF3 have been required,
and considerable work has been done to improve the existing manufacturing and purification processes (29).
N2F2 is removed by pyrolysis over heated metal (30) or metal fluoride (31). This purification step is carried
out at temperatures between 200–300◦C which is below the temperature at which NF3 is converted to N2F4.
Moisture, N2O, and CO2 are removed by adsorption on zeolites (29, 32). The removal of CF4 from NF3, a
particularly difficult separation owing to the similar physical and chemical properties of these two compounds,
has been described (33, 34).

Production of NF3 is less than 100 t/yr in the United States. Air Products and Chemicals, Inc. is the only
commercial producer in the United States. The 1992 price ranged from $400–$800/kg depending on the grade.

1.4. Specifications and Analysis

Nitrogen trifluoride is shipped as a high pressure gas at 10 MPa (1450 psig) and is available in tube trailers and
cylinders. Table 2 shows NF3 specifications for a commercial grade typically used in chemical laser applications,
and two higher grades of NF3 used by the electronics industry. Analysis of NF3 for impurities can be performed
on the gas chromatograph (35). Active fluorides are determined by scrubbing with a basic solution and wet-
chemical analysis for fluoride content (35).

1.5. Handling and Toxicity

Nitrogen trifluoride gas is noncorrosive to the common metals at temperatures below 70◦C and can be used
with steel, stainless steel, and nickel. The corrosion rate of NF3 on these materials significantly increases
with moisture or HF. Nitrogen trifluoride is compatible with the fluorinated polymers such as Teflon, Kel-F,
and Viton at ambient conditions. Extensive data on the corrosion rates of gaseous and liquid NF3 to a variety
of metals and nonmetals are compiled in Reference 2. In systems handling high pressure NF3, precautions
should be taken to avoid any sudden heating of the NF3 which can occur during adiabatic compression of the
gas during the introduction of NF3 rapidly from a high pressure point to a low pressure dead-end space (20).

Nitrogen trifluoride is a toxic substance and is most hazardous by inhalation. NF3 induces the production
of methemoglobin which reduces the level of oxygen transfer to the body tissues. At the cessation of NF3
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exposure methemoglobin reverts back to hemoglobin. The OSHA permissible exposure limits is set as a TLV–
TWA of 29 mg/kg or 10 ppm (36). Because NF3 has very little odor, it cannot be detected by its odor at
concentrations within the TLV. Therefore, adequate personnel protection or monitoring must be provided
when handling NF3. Commercially available monitors detect NF3 by either pyrolysis to HF or NO2 followed
by electrochemical quantification, or by infrared absorption (20). All of the monitors can detect at least 1
ppm or 10 times below the TLV. The pyrolysis–electrolytic monitors are generally less expensive, but other
halogen-containing compounds can interfere with the NF3 detection.

The inhalation toxicity of NF3 on animals has been studied extensively (37–40). These studies provide
the basis of emergency exposure limits (EEL) that have been proposed for NF3. The NAS–NRC Committee
on Toxicology recommends that the EEL for NF3 be 10 min at 2250 ppm, 30 min at 750 ppm, and 60 min at
375 ppm. Gaseous NF3 is considered to be innocuous to the skin and a minor irritant to the eyes and mucous
membranes. NF3 does give a weakly positive metabolically activated Ames test but only at concentrations
greater than 2% or 10 times the 10 minute EEL.

Environmental impact studies on NF3 have been performed. Although undiluted NF3 inhibits seed growth,
no effect on plant growth was observed when exposed to 6, 000 ppm·min of NF3 and only minor effects were
observed at the 60, 000 ppm·min exposure level (41). Exposure of microbial populations to 25% NF3 in air for
seven hours showed normal growth. NF3 is not an ozone-depleting gas (20).

1.6. Uses

The principal use of NF3 is as a fluorine source in the electronics industry. The use of NF3 as a dry chemical
etchant has been reviewed (20, 42–44). The advantages of using NF3 as an etchant over traditional carbon-
based etchants include high etch rates, high selectivities for nitride-over-oxide etching and single-crystal
silicon over thermally grown oxide, and the production of only volatile reaction products resulting in an etch
with no polymer or fluoride residues. In situ plasma or thermal cleaning of chemical vapor deposition (CVD)
reactors is also a use of NF3. Residual coatings are deposited on the internal surfaces of CVD reactors during
deposition processes. A plasma of NF3 can remove these deposits as volatile fluorides in minutes at the process
temperature eliminating the need to remove the internal CVD reactor components to be cleaned by acid tank
immersion.

Another use of NF3 is as a fluorine source for the hydrogen and deuterium fluoride (HF/DF) high energy
chemical lasers(qv). The HF/DF lasers are the most promising of the chemical lasers under development
because a substantial fraction (ca 25%) of the energy of the reaction between H2/D2 and F2 can be released as
laser radiation (45, 46). The use of NF3 is preferred to F2 because of its comparative ease of handling at ambient
temperatures. Storage and handling of NF3 do not require the precautions necessary for the large-scale use of
fluorine.
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