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Abstract

Research on the ¯uorination reaction of UO2 in CF4/O2 RF plasma is carried out at temperatures of up to 370°C

under total pressure of 0.3 Torr. The reaction rates are investigated as functions of CF4/O2 ratio, plasma power,

substrate temperature, and exposure time to the plasma. It is found that there exists an optimum CF4/O2 ratio of

around four for the e�cient etching, regardless of RF power and substrate temperature. According to the mass

spectrometry it is revealed that the major reaction product is uranium hexa-¯uoride UF6. Some minor species such as

UF4 and UF5 are probably generated parasitically. The highest etching reaction rate at 370°C under 150 W exceeds

1000 monolayers/min, which is equivalent to 0.4 lm/min. Based on the experimental ®ndings, dominant overall reaction

of uranium dioxide in CF4/O2 plasma is determined: UO2 � 3=2CF4 � 3=8O2 � UF6 � 3=2 CO2ÿx; where CO2ÿx rep-

resents the undetermined mix of CO2 and CO. The overall reaction follows a linear kinetics and is thus rate-determined

by the surface reaction between the uranium atom in UO2F2 intermediates on the surface and incoming ¯uorine atoms

or ¯uorine containing radicals. The activation energy of this reaction is derived as 12.1 kJ/mol. Ó 1999 Elsevier Science

B.V. All rights reserved.

1. Introduction

The ¯uorination of uranium dioxide has been ex-

tensively studied in the application-oriented ®elds such

as uranium separation, processing, and conversion [1±4].

Along with the applied research, fundamental studies of

the UO2/F2 reaction have been reported by several au-

thors [5±10].

The reaction of UO2 at low temperatures of below

800 K under atmospheric pressure of F2 was studied

using weight loss measurements by Vandenbussche [6]

and Iwasaki [7]. Under these conditions the ultimate

reaction products are found to be UF6 and O2, while a

variety of intermediate reaction products such as

(UO2)4F and UO2F2 are identi®ed. On the contrary, a

quasi-equilibrium reaction modelling study predicted

that at high temperatures of above 1000 K under low

pressure of F2 (10ÿ7 � 10ÿ4 Torr), uranium hexa- and

penta-¯uoride formations are suppressed in favor of

UF4 and atomic ¯uorine formation [8,9]. A kinetic study

carried out later at high temperatures of above 1000 K

under ultra-high vacuum condition con®rmed that the

reaction product is UF4 and the reaction probability is

about 10ÿ2 [10]. The authors claimed that the reaction

mechanism is a second-order surface reaction coupled

with the double-di�usion process.

The disagreement between these early experimental

results seems to stem from the di�erent ranges of tem-

peratures and pressures. Thus, the extrapolation of the

results in one range to another must be carefully made

even in cases of necessity.

Recently the feasibility of burning spent PWR fuel

in a CANDU reactor was carried out, in which de-

cladding of spent fuel pins and dry-processing of

burned uranium dioxide such as OREOX (Oxidation

and REduction of OXide fuel) process are the main

processes to make re-sinterable fuel powder [11,12]. In

the process, however, most candidate decladding tech-

niques were unable to recover more than 98%±99.5% of

the heavy metal/metal oxide. A part of the remainder

will be present as adherent dust and some may also be
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chemically bonded to the zirconium oxide layer on the

inside of the fuel pin. Therefore, another process for

additional removal of the last portion of the fuel is

required, which also removes alpha contamination

from the clad to a level qualifying the fuel hulls as non-

TRU. For the secondary decontamination process, a

plasma processing technique using ¯uorine containing

gas plasma was proposed and its applicability has been

demonstrated [13].

Following the demonstration, the reaction rates of

uranium dioxide in CF4/O2 plasma and overall reaction

mechanism is investigated in detail in this paper to

provide the basics for the future eventual application of

the technique to irradiated fuel materials.

2. Experimental

The apparatus for the etching reaction in CF4/O2

mixture gas plasma is designed and manufactured to

meet the experimental purposes (Fig. 1). The plasma

reactor is a diode type and RF power of up to 600 W is

applied between the parallel electrodes. The distance

between them can be adjusted from 4 cm up to 12 cm.

However, it remained stationary (10 cm) during the

current experiments. The heating element in the reaction

chamber can heat samples, mostly thin disk or wafer-like

samples of maximum 10 cm diam, up to 800°C. Total

gas pressure is varied using the main throttle valve and

O2 mole fraction is ®ne-controlled with mass ¯ow con-

trollers.

In the experiments thin disks (0.35 mm in thickness)

of natural uranium dioxide cut out of a pellet are used as

specimens. Total gas pressure is maintained at 0.3 Torr

and RF plasma power of up to only 150 W is applied

because of temperature control di�culties resulting from

internal heating of the chamber.

Prior to the sample loading, specimens are polished

by grit 600 sandpaper, cleaned by ultrasonic cleaner, and

baked at 200°C for 10 min in a ultra-high vacuum to

evaporate the adsorbed moisture on the surface.

Reactants and generation of reaction products are in

situ detected and identi®ed by a PC-controlled quadru-

pole mass spectrometer (model HAL-3F/PIC, Hiden

Anal. Ltd.) sitting in the detection chamber. The probe

comprises a quadrupole mass analyzer, on which is

mounted an electron bombardment source to create ions

from the neutral molecules, and a detector to measure

the ion current.

Etching reaction rate is determined by weight loss

measurement before and after the reaction with an

electro-micro balance (BP210D, Sartorius) whose sen-

sitivity limit is 10ÿ5 g.

3. Results and discussion

First, under RF power of 100 W and 150 W, etching

reactions are examined with various CF4/O2 ratios for

100 min at several substrate temperatures of up to

370°C. The etching rate is estimated using the following

formula

Fig. 1. A schematic of plasma etching reaction apparatus
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1

�q Na=M�2=3

DW
At

Na

M
�monolayers=min�;

where q is UO2 density (10.96 g/cm3), Na is Avogadro's

number, M is UO2 atomic mass (270.03 g/mole), DW is

weight loss due to etching reaction, A is area of the

sample, and t is duration of exposure to plasma.

The experimental results are plotted in Fig. 2(a) and

(b). The ®gures reveal that there exists an optimum CF4/

O2 ratio for the e�cient etching of UO2, regardless of

RF power and substrate temperature, and that it is

around 4 under the substrate temperature of 370°C. It is

also found that the etching reaction rate at the optimum

gas composition increases as substrate temperature and/

or RF plasma power go up.

The highest etching reaction rate at 370°C under 150

W exceeds 1000 monolayers/min, which is equivalent to

0.4 lm/min and comparable to that of the Si wafer in the

semi-conductor industry.

Reactants and reaction products are in situ identi®ed

by the quadrupole mass spectrometer in the detection

chamber. Typical examples of detected species over the

mass spectrum are shown in Fig. 3(a) and (b). The ®rst

®gure shows that a lot of stable or meta-stable com-

pounds containing ¯uorine such as COF2, COF, F2 and

F are produced in CF4/O2 plasma, which is in good

agreement to the previous results [14]. From the ele-

mentary reaction point of view, therefore, the molecular

and/or atomic ¯uorine produced in the plasma or dis-

sociated from the intermediate species are believed to

take part in the ¯uorination reaction of uranium diox-

ide. In fact, CF4/O2 is one of the most popular gas

mixtures used for ¯uorination of silicon in the semi-

conductor industry [15,16]. It is also used for TRU de-

contamination such as plutonium [17]. As a result of its

popularity, a number of studies on the gas phase reac-

tion of the mixture plasma have been carried out [15±17].

As expected, Fig. 3(b) reveals that several uranium

¯uorides are produced in the reaction, and apparently,

UF5 seems to be the most abundant species among the

reaction products. However, according to the thermo-

dynamic instability of UF5 and characteristic fragmen-

tation pattern of UF6 (0.004 UF�6 , 1.00 UF�5 , 0.262

UF�4 , 0.283 UF�3 , 0.332 UF�2 [18]), it is concluded that

the major reaction product is uranium hexa-¯uoride,

UF6, and the minor species such as UF4 and UF5 are

probably generated parasitically.

Based on the ®nding that there exists an optimum gas

composition in this ¯uorination reaction and that the
Fig. 2. Etching reaction rate vs. O2 mole fraction (a) 100 W RF

plasma; (b) 150 W RF plasma

Fig. 3. (a) Reactants discharged in CF4/O2 plasma and (b) re-

action products of UO2 in CF4/O2 plasma
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major reaction product is UF6, the dominant overall

reaction of uranium dioxide in CF4/O2 plasma is deter-

mined:

UO2 � 3=2CF4 � 3=8O2 � UF6 � 3=2CO2ÿx;

where CO2ÿx represents the undetermined mix of CO2

and CO.

In the ¯uorination of UO2 to UF6 with ¯uorine, the

formation of UO2F2 on the surface as a primary inter-

mediate has already been reported [5,19]. For the id-

enti®caton of this species, the surface elements of reacted

and unreacted specimens are analyzed by XPS (X-ray

photoelectron spectroscopy) in Fig. 4.

The ¯uorine peak re-plotted in detail in Fig. 5(a)

shows that the intact UO2 specimen has no ¯uorine on

the surface while the reacted surface is covered with the

compounds of uranium, oxygen, and ¯uorine. This

con®rms that ¯uorine compounds, possibly UO2F2,

form on the surface during the reaction. The peaks of

constituent elements over a binding energy spectrum

referenced to binding energy of O1s in UO2 are exam-

ined. In fact, binding energies of both U4f7=2 and U4f5=2 in

the reacted specimen closely fall in with those of the two

U peaks in UO2F2, which are shifted up by 2.9 eV from

those of intact UO2 [20].

Carbon peaks are also re-plotted in detail in

Fig. 5(b). During the experiment, oxygen gas is injected

in the feed gas to pick up and remove the carbon atoms

by forming volatile species such CO or CO2, since car-

bon residuals decomposed from carbon tetra-¯uoride

may deposit on the surface and suppress surface reac-

tion. Thus, it is supposed that at oxygen gas composi-

tions of lower than the optimum, the amount of oxygen

(molecule or atom) is not enough to pick up the carbon

residuals. Hence, the surface carbon concentration is

greater than that of the optimally reacted surface. This

claim is supported by XPS analysis in the ®gure showing

that the concentration is much lower than that of the

non-optimum composition (10% O2).

At higher oxygen gas compositions, on the other

hand, high reactivity of excessive oxygen with surface

uranium atom may form hyper-stoichiometric uranium

oxides instead of forming CO or CO2 and interfere with

the formation of volatile uranium ¯uorides. This pos-

tulation is demonstrated by XRD (X-ray di�ractometry)

analysis in Fig. 6. In the ®gure, stronger peaks of ura-

nium compounds such as U4O9, U3O7, and U3O8 are

more clearly seen in the uranium dioxide reacted in

40%O2/60%CF4 plasma than those reacted in 20%O2/

80%CF4 plasma.

Fig. 7 shows the weight loss of the UO2 disk with

reaction time at several temperatures from 210°C±

370°C. Incubation period is not observed in the results

unlike in earlier works, and the reaction kinetics follows

a linear rate law.

In general, in the ¯uorination reaction of uranium

dioxide, the following consecutive process is considered

as a simpli®ed model

UO2 ! UO2F2 ! UF6:

While the ®rst step of the process must involve the dif-

fusion of the ¯uorine atom on the surface and/or into

the matrix, the second step is a simple surface reaction.

Nevertheless, Fig. 7 demonstrates that the overall reac-

tion follows a linear kinetics, that is, surface-reaction
Fig. 4. XPS spectrum of UO2 specimen before and after reac-

tion. (Binding energy of O1s in UO2 is used as a reference.)

Fig. 5. (a) Fluorine peak in detail; (b) carbon peak in detail in

Fig. 4
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rate-limiting. This means that the second part of the

process governs the reaction between the uranium atom

in UO2F2 intermediates on the surface and incoming

¯uorine atoms or ¯uorine containing radicals in the

CF4/O2 plasma. This may be primarily because the

temperature range in the current study is not high en-

ough for the ¯uorine atom to di�use vigorously, there-

fore, ®rst step does not contribute much in the overall

reaction.

Based on the linear kinetics, activation energy of the

reaction is derived as 12.1 kJ/mol in Fig. 8 and this is

comparable to 10.4 kJ/mol for Si and 15.8 kJ/mol for

SiO2 [17,21]. Compared to earlier ¯uorination works of

UO2 [7,10], it is quite low because they were carried out

at very high temperatures of above 1000 K or at mid-

temperatures of around 300°C±540°C under atmo-

spheric pressure in which ¯uorine atom di�usion and

UO2F2 formation reaction are deeply involved. It must

be taken into consideration that this ¯uorination reac-

tion of UO2 in CF4/O2 plasma is a kind of catalytic re-

action.

4. Conclusions

From the current investigation it is found that there

exists an optimum CF4/O2 ratio for the e�cient etching

of UO2 in CF4/O2 plasma, regardless of RF power and

substrate temperature. The ratio is around 4 under the

substrate temperature of 370°C. This optimum gas

composition is explained by the following experimental

®ndings: at oxygen gas compositions of lower than the

optimum, the amount of oxygen is not enough to pick

up the carbon residuals, hence, the residuals decom-

posed from carbon tetra-¯uoride may deposit on the

surface and suppress surface reaction, on the other

hand, at higher oxygen gas compositions, high reactivity

of excessive oxygen with surface uranium atoms may

form hyper-stoichiometric uranium oxides instead of

carbon mono- or dioxide and interfere with the forma-

tion of volatile uranium ¯uorides.

The highest etching reaction rate at 370°C under 150

W exceeds 1000 monolayers/min, which is equivalent to

0.4 lm/min and comparable to that of the Si wafer in the

semi-conductor industry.

According to the mass spectrometry, it is revealed

that the major reaction product is uranium hexa-¯uoride

UF6. Some minor species such as UF4 and UF5 are

probably generated parasitically. Therefore, based on

the experimental results the dominant overall reaction of

uranium dioxide in CF4/O2 plasma is determined

UO2 � 3=2CF4 � 3=8O2 � UF6 � 3=2CO2ÿx;

where CO2ÿx represents the undetermined mix of CO2

and CO.

Fig. 7. Weight loss vs. exposure time in 80%CF4/20%O2 plasma

Fig. 8. Etching reaction rate vs. substrate temperature in

80%CF4/20%O2 plasma

Fig. 6. XRD patterns of UO2 specimen before and after reac-

tion
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XPS analysis con®rms that UO2F2 compound forms

on the surface during the reaction as a primary inter-

mediate and additional experiments show that reaction

kinetics follows a linear rate law.

Therefore, it is concluded that the overall reaction of

this ¯uorination of uranium dioxide in CF4/O2 plasma is

rate-determined by the surface reaction between the

uranium atoms in UO2F2 intermediates on the surface

and incoming ¯uorine atoms or ¯uorine containing

radicals. The activation energy of this reaction is derived

as 12.1 kJ/mol, which is comparable to 10.4 kJ/mol for

Si and 15.8 kJ/mol for SiO2.
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