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Abstract

High purity ¯uorides are very important for microelectronic applications. In this article, we have reviewed how to prepare, handle and

analyse such products as WF6 and ClF3, respectively, a tungsten precursor for metal interconnects and an ef®cient cleaning agent. Material

choice and passivation coupled with high performance analytical studies are the key factors to maintain the highest required purity. This

methodology can be extended to other reactive ¯uorochemicals. # 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

One of the major trends of the 21st century is the growing

need for fast and high capacity communication systems.

Microelectronic devices must become more ef®cient and, as

a consequence, smaller in size. The SIA road map shows an

evolution of metal interconnects starting from 0.5 mm in

1992, evolving to less than 0.1 mm in 2006 [1]. These

requirements cause stringent speci®cations for chemicals

used in Fabs. For example, metals in ultra-pure water must

go down from 25 ng/l each to less than 1 ng/l each [2]. In

case of speciality gases, metals must go down from 100 ppb

total to less than 10 ppb total. Additional parameters such as

stability over time (shelf life), reliability (low variability in

the production line) and cost are also becoming of growing

importance.

This evolution is a major challenge for ¯uoride chemicals

which are extremely corrosive, reactive and dif®cult to

handle and analyse.

In this article, we review the recent developments at

Comurhex for WF6 and ClF3 production for microelectronic

applications.

2. Developments in WF6

WF6 is produced by the direct exothermic ¯uorination of

tungsten

W� 3F2 !WF6; DH � ÿ1721 kJ=mol at 298 K

This crude product is purified from metal and gaseous

impurities by several rigorous steps. Tungsten hexafluoride

is then shipped as a liquid under its own vapour pressure in

metal cylinders.

In Microelectronic Fabs, WF6 is needed for metal deposi-

tion by CVD or PECVD

� W for contact and via [3,4].

� WSix or WNx for gate electrode, local interconnect, bit

line [5±7].

� WNx, WSix, WxByNz, or WxSiyNz for barrier layer in the

copper and metallization technology [8±13].

Many reactions can be involved

WF6�g� � 3H2�g� !W�s� � 6HF�g�
WF6 � 3

2
SiH4 !W� 3

2
SiF4 � 3H2

WF6 � 2SiH4 !WSi2 � 6HF� H2

WF6 � 7
2

SiH2Cl2 !WSi2 � 3
2

SiF4 � 7HCl

WF6 � 2NH3 !WN� 6HF� 1
2

N2
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WF6 � SiH4 � NH3 !WSiN� 6HF� 1
2

H2

WF6 � 1
2

B2H6 � NH3 !WBN� 6HF

W thin films for gate applications can also be obtained by

thermal conversion of WNx films [14,15]. Fig. 1 shows the

evolution of highest WF6 purity produced at Comurhex in

the last decade.

In order to certify this purity to the end user at the Fab, it

has become necessary to address the following items:

� mastering the behaviour of materials in contact with WF6

(cylinder, pipes, gaskets and valves);

� predicting the evolution and distribution of impurities in

liquid and gas phases, when the cylinders are emptied at

the end point user;

� developing the capability to sample and analyse this

product at the sub-ppb level.

2.1. Choice and preparation of materials

It is well known that passivation of materials is a critical

step when dealing with ¯uoride gases. To avoid corrosion,

pollution and particle generation, it is necessary to passivate

metallic parts with high purity (low oxygen and low HF)

¯uorine or ¯uorine mixtures (e.g. F2/N2). This treatment, at

®rst use or when exposed to air, removes unwanted residual

organic or moisture and forms a ¯uoride metallic barrier. For

example, in stainless steel, it is necessary to obtain a

continuous well de®ned stoichiometric structure ®lm.

CrF2 has a better corrosion resistance than FeF2 and

may be obtained by thermal treatment following passivation

[14]. Low oxygen content is required because of CrO2F2

evolution. For nickel, it is important to remove the volatile

phosphorus compound that may be formed (such as PF5) in

order to maintain a continuous NiF2 ®lm [16,17]. If ¯uorine

is not available, WF6 self passivation is possible but will be

less ef®cient [18].

When choosing the material for the cylinder, several

metals are possible: nickel, Monel, aluminium and alloys,

stainless steel, carbon steel, depending on requested purity

for the product.

Shelf life studies are necessary to certify that WF6

remains at speci®cation in the cylinder during use. At ®rst

sight, it could be assumed that critical impurities would be

SiF4 or CF4, because they could be formed if the metal used

for the cylinder contains traces of silicon (nickel, stainless

steel, carbon steel cylinders) or carbon (carbon steel cylin-

ders). In fact, we have never observed such an evolution

for CF4 but it is certainly the case for SiF4. SiF4 evolution

will depend on material and passivation. Maximum differ-

ence in behaviour is obtained with non passivated low grade

carbon cylinder and passivated high grade nickel cylinder

(Fig. 2).

Other gas impurities can also evolve. Signi®cant increase

in hydrogen is always observed in nickel based cylinders.

More generally, HF evolution is also detected.

During a shelf life study, metals such as Fe, Cr, Mn must

be also monitored (Fig. 3). In the sub ppm range, they can be

dissolved in liquid WF6. However, they are less prone to

cause problems to the end user because they are generally

non-volatile (the end user empties the cylinder from the gas

phase).

The initial point (t � 0) corresponds to WF6 in the mother

container prior to cylinder ®lling. In this experiment, Fe and

Cr levels increase at the beginning of the shelf life study and

Fig. 1. Iron level in highest purified WF6 at Comurhex.
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then stabilise during storage when an equilibrium is reached

with cylinder walls. A second increase is observed after 400

days storage. This has been correlated to the rise of HF

content in the cylinder.

Plastics are also used for pipes and valves. Resistance to

HF corrosion and WF6 swelling must be tested in clean

rooms, for example, by dipping samples in the corrosive

media and analysing the metal evolution in the liquid.

Fig. 4 shows a typical evolution of iron in an acidic media

(HF/HCl) for PTFE, PFA, FEP and PVDF samples over 7

and 14 days. In this experiment, FEP exhibits minimum

pollution. Iron is expressed in mg/cm2 of exposed plastic. BR

is the reagent blank: the acidic media is kept in a same

beaker for the same amount of time but without sample

exposure.

Again performance depends on the surface history and

preparation of these materials.

2.2. Predicting WF6 purity when emptying the cylinder

WF6 is present in two phases in the cylinder: a liquid

phase and a gas phase. As it is used as a gas at CVD Fabs, it is

necessary to fully determine the distribution of impurities

between the phases [19]. Indeed, impurities more volatile

than WF6 (e.g. CO2, SiF4) will decrease when emptying the

cylinder, whereas impurities less volatile (e.g. MoF6, UF6)

will increase.

To empty completely the WF6 cylinder at the Fab or to

neglect an initial purging of the gas phase will imply the

same following drawback: a major variation of WF6 quality

during use. Therefore, prediction of WF6 quality will enable

to optimise the residual heel and the initial gas phase

purging.

To predict the behaviour of volatile impurities, a calcula-

tion is required and involves the measurement of the Henry

Fig. 2. Evolution of SiF4 in WF6 in two cylinders.

Fig. 3. Evolution of metal impurities in cylinder during a shelf life study.
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coef®cient in the WF6 media (i.e. the repartition of the

impurities between the two phases). Henry's law shows that

the partial pressure of an impurity remains proportional to its

concentration in the liquid phase.

Fig. 5 shows the dramatic drop of CO2 concentration

when emptying a cylinder with an initial concentration of

1 ppm.

2.3. Optimising WF6 analysis

In order to prevent bias, liquid phase sampling is neces-

sary for metal impurities, whereas gas phase sampling is

needed for gas impurities. In order to reach the sub ppb level

for metals (e.g. 0.1 ppb for thorium), the tungsten must be

removed.

Tungsten removal can be performed by hydrolysis and

selective liquid/liquid extraction [20]. This technique is

reliable but does not apply to all elements (Mo or U are

generally co-extracted with W) and does not provide very

low detection limits because of the use of chemicals such as

amines. Mo and U must then be determined in the W

hydrolysate.

Another technique for W removal is called the `̀ residue

method'': WF6 is simply evaporated under a slow helium

¯ow and the residual impurities are dissolved in

HF� HNO3 mix and dosed by ICP-MS or GFAAS [21].

Mastering the speed of evaporation

� prevents unwanted loss of residue particles or clusters;

� favours the fixation of select volatile impurities (e.g.

MoF6 or UF6) which react more readily with trace resi-

dual water than WF6 itself. Good recovery rates can then

be obtained for traditional volatile species (MoF6, UF6).

Controlling the evaporation speed can be performed

through on-line FTIR measurement of WF6 peaks at 1386

and 712 cmÿ1, as shown in Fig. 6. Monitoring the WF6

signal also helps to optimise the duration of the evaporation.

W concentration in the `̀ residue'' HF� HNO3 solution is

important because it impairs the analytical detection limits

(e.g. WO3 isobaric interference on Th when using ICP-MS).

The recovery rate of the residue method can be checked

using spikes. However, such spikes may not always be fully

representative of the behaviour of the real impurities in WF6.

For example, to spike molybdenum with a standard solution

Fig. 4. Fe contamination from various fluorinated plastics.

Fig. 5. Calculated CO2 level in WF6 when emptying cylinder.
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will yield, depending on conditions, a salt, oxide or oxy-

¯uoride. These species may not readily form MoF6 upon

addition of WF6 and, therefore, the volatile properties of

molybdenum, as expected for MoF6, may be biased by such

spike.

For other elements (such as calcium), to spike as repre-

sentative chemical species (such as CaF2) is feasible. How-

ever, one must keep in mind that below the sub-ppm

level, most ¯uorides will be soluble in WF6. Therefore, it

must be made certain that during the experiment the spike

has time to dissolve. During the evaporation process, the

impurity will precipitate in a very disperse form. Such ®ne

powder is expected to be very sensitive to the speed of the

helium ¯ow (due to potential loss by the gas ¯ow). If the

spike does not dissolve, then the ®nal granulometry may not

be representative.

When implementing this residue technique, it is, there-

fore, highly recommended to compare results with the

hydrolysis method (when applicable), or with a direct

determination in the W matrix. In Table 1, we have com-

pared the hydrolysis and the residue techniques. It was

concluded that they were in fair agreement.

All these considerations have permitted to obtain a very

pure WF6 as requested by customers for ULSI applications.

Fig. 6. FTIR absorbance during WF6 evaporation.

Table 1

Comparison of two analytical techniques for WF6 (hydrolysis and residue)a

Impurity Batch 1 Batch 2 Batch 3 Batch 4 Batch 5

Residue Hydrolysis Residue Hydrolysis Residue Hydrolysis Residue Hydrolysis Residue Hydrolysis

Al 2 <50 2 <50 15 <50 4 <50 2 <50

Ca 2 7 2 24 9 7 5 8 3 11

Co 0.4 0 0.3 0 2 0 0 0 <1 <1

Cr 10 9 12 1.2 10 13 2.5 0 1.3 1

Cu 2 2 17 2 3.5 2 3 7 ± <1

Fe 44 50 ± 18 47 37 5 6 7 14

K 4 2 3 5 6 1 1 13 1.1 6

Mg 2 16 2 6 17 17 3 4 0.4 18

Mn 10 5 4 2 20 3 2.5 0 0.4 <1

Mo 3 <10 2 <10 ± <10 <0.1 <10 ± ±

Na 4 10 20 17 9 3 8 7 0.9 1

Ni 17 12 ± 6 10 7 0.5 0 ± 7

Pb 0 0 0 0 ± 4 0.4 0 0.1 <1

Th 0.06 <10 0.05 <10 ± <10 ± <10 ± ±

U 0.1 <10 0.1 <10 0.08 <10 0.02 <10 ± ±

Zn 1 18 0.5 16 10 19 13 9 1.6 11

a All results in ppb/WF6.

A. Jourdan, B. Morel / Journal of Fluorine Chemistry 107 (2001) 255±264 259



However, it must also not be forgotten that lower purity WF6

can be also used for certain applications (e.g. LSI circuits).

3. Developments in ClF3

ClF3 is produced by the direct exothermic ¯uorination of

chlorine

Cl2�g��3F2�g�!2ClF3�g�; DH � ÿ159 kJ=mol at 298 K

Other compounds ClF and ClF5 can be obtained following

the conditions of the process.

Cl2�g� � F2�g� ! 2ClF�g�
Cl2�g� � 5F2�g� ! 2ClF5�g�
ClF3 is a reactive fluorinating agent used in large scale since

several years for nuclear applications. It is used as an in situ

cleaning and passivation agent for gas diffusion barriers in

uranium enrichment plants [22±25].

Since 1993, most Japanese companies have integrated this

molecule for cleaning the LP CVD and PE CVD reactors

used by semiconductor manufacturers [26].

There are many examples of applications (semiconduc-

tors, micro-machines and solar cell technology) [27±39].

Indeed, ClF3 presents the following advantages:

� capacity to etch a wide range of coatings;

� increase of tool productivity because of high etching rate

and no loss of time between deposition and cleaning steps;

� low temperature process without plasma, furthermore

ClF3 will clean all the parts of the machine including

inner and outer lines.

As a consequence, maintenance is reduced and operating

costs are lowered. This gas has been widely demonstrated as

safe to handle. It is even considered safer than wet cleaning.

Furthermore, it does not yield any release of GWP gases

such as CF4, C2F6 and NF3 [40] and, therefore, has less

impact on the environment. Technologies for controlled

abatement have been extensively studied [41].

Despite all these advantages, the use of ClF3 remains

limited for the moment outside of Japan.

3.1. Choice and preparation of materials

As already presented for WF6, the use of a corrosive

¯uoride gas such as ClF3 is possible if some conditions are

well taken care of as described below. The right choice of

materials will guarantee safety and purity consistency of the

product.

Several studies focus on the design of supply and exhaust

gas systems and also on the design of packages [42,43]. In

order to prevent corrosion in ClF3 supply and exhaust pipes,

it is, for example, necessary to avoid not only leaks but also

ClF3 condensation. An application of this approach is

perfectly described in a recent paper [44].

For the cylinder body, mechanical and chemical resistant

materials must be chosen. Stainless steel and nickel have

proven good materials at ambient temperature. For the seat

of the valve, metal to metal contact must be used.

Indeed for each new material or new conditions, it is

necessary to run speci®c tests with ClF3. In Fig. 7, we have

selected three examples. Stainless steel, PTFE high and low

grade samples have been exposed to liquid ClF3 for 40 h at

room temperature.

SEM pictures and EDX spectra were collected before and

after the test.

The EDX spectrum show no evolution for stainless steel,

whereas for PTFE an increase of the ¯uorine to carbon ratio

is noticed for the composition of the ®lm.

No major evolution is detected for the micro-structure of

stainless steel, except perhaps a reduction of surface micro-

porosity. For PTFE, the effect is more important for the low

grade material where signi®cant swelling or degradation is

observed. It shows that careful attention must be taken when

choosing a polymer for ClF3 use. Such polymeric tape is

used to screw the valve on the cylinder body.

Our great experience in ClF3 manufacturing and our

testing program of materials in gaseous and liquid ClF3

permit a right selection of materials.

These materials must be absolutely passivated before use.

This process is done with gaseous ClF3, following precise

experimental conditions. It must be performed on initially

cleaned surfaces, free of residual grease, oil or organics. For

stainless steel, an alternative treatment is possible by strong

ozone passivation [45].

3.2. Optimising ClF3 analysis

Since ClF3 is just used as a cleaning agent, 99.9% purity is

only required. Gas impurities are easily detected in the 5±

10 ppm range by FTIR (HF, CO2) or GC (ClF, Cl2, N2, O2,

ClO2F, ClO3F). GC can even be performed without back-

purging and using conventional catharometers (whereas in

the case of WF6, back-purging is required and tritium

detectors or helium discharge detectors must be used in

order to detect sub ppm level of impurities). The largest

dif®culty here for ClF3 is really to obtain standard calibra-

tion mixtures for such gases as ClF, ClO2F, etc.

On the contrary, analysing metals in liquid ClF3 presents a

real challenge. The hydrolysis of the liquid is not practical

due to the extreme reactivity of ClF3 with water. The

hydrolysis of gaseous ClF3 has been tested [46]. However,

because all speci®ed impurities do not form volatile ¯uor-

ides (Fe, Cr, K, Na, Ca, Cu, etc.), this technique may not be

representative of cylinder content (mostly liquid ClF3).

Besides, large F� Cl concentration (which might result

from ClF3 hydrolysis in water) will yield high isobaric

interference for ICP-MS even when using cold plasma

conditions. Fig. 8 shows the effect of 4 g/l of F� Cl on

the reagent blank for masses from 50 to 58 (RF power:

600 W, ¯ow rate: 1.2 ml/min, total integration time per
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Fig. 7. Testing several materials in liquid ClF3 (X 2000) SEM pictures of exposed surface with EDX spectra.
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mass: 10 s). The large increase is due to 35ClO (mass 51),
35ClOH (mass 52), 37ClO (mass 53), 35ClF (mass 54), 37ClF

(mass 56). They impair the determination of 51V, 52Cr, 53Cr,
54Fe and 56Fe.

When developing ClF3 for microelectronic application,

we have chosen the residue technique. 500 g to 1 kg liquid

ClF3 is sampled in a nickel or aluminium 1 litre pot (see

Fig. 9). ClF3 is then evaporated under a 5 l/h helium ¯ow and

the residue is dissolved in 100 ml H2O and 100 ml 2%

volume HNO3 after opening in a clean room. The pot is

systematically spiked with Re and Rh prior to sampling with

ClF3 and a recovery rate is calculated when dosing the

residue. Recovery rates vary from 85 to 105%.

As a result, low detection limits have been obtained even

for dif®cult elements when using ICP-MS (see Table 2). The

use of a semi-quantitative panoramic program was success-

ful for determining all metals. No bias, due to potential

residual F or Cl was found even for Cr, Mn, Co, Ga, V, As

and Se [47].

4. Conclusions

Comurhex has shown with WF6 and ClF3 a reliable

capacity to offer new ¯uorinated products for microelec-

tronic applications. This was made possible because of a

long experience in UF6 and F2 fabrication. Material studies

and analytical developments were also necessary.

Fig. 8. ICP-MS mass scanning of two solutions.

Fig. 9. Evaporation test installation for ClF3.

Table 2

Detection limit for Fe, Ca, K in ClF3

Impurity Detection limit (3s basis) ppb/ClF3

Fe 0.01

Ca 0.2

K 0.02
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With a F2 production of more than 2000 t per year in its

Pierrelatte Plant, Comurhex can satisfy current and future

market needs for new ¯uorinated molecules.
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