
Fluorination of polycrystalline diamond ®lms and powders. An

investigation using FTIR spectroscopy, SEM, energy-®ltered TEM,

XPS and ¯uorine-18 radiotracer methods{

Christopher P. Kealey,a Thomas M. KlapoÈtke,b David W. McComb,*a Max I. Robertsonc and

John M. Win®eld*a

aDepartment of Chemistry, University of Glasgow, Glasgow, UK G12 8QQ.
E-mail: J.Win®eld@chem.gla.ac.uk; Tel: 0141-330-5134; Fax: 0141-330-4888

bDepartment of Chemistry, Ludwig-Maximilians University of Munich, D-81377 Munich,
Germany

cLogitech Ltd., Erskine Ferry Rd., Old Kilpatrick, Glasgow, UK G60 5EU

Received 21st August 2000, Accepted 14th December 2000
First published as an Advance Article on the web 5th February 2001

Polycrystalline diamond ®lms and diamond powders, treated with elementary ¯uorine, chlorine tri¯uoride or

anhydrous hydrogen ¯uoride under various conditions, have been examined using spectroscopic and

microscopy techniques. Formation of C±F bonds occurs when F2 or ClF3 are used, the surface groups present

being tentatively identi®ed from XPS and FTIR measurements. Surprisingly, the interaction between HF and

diamond is substantial and its extent has been quanti®ed using ¯uorine-18 labelling. Hydrogen ¯uoride

deposited on diamond is labile with respect to exchange with H18F and undergoes slow hydrolysis on exposure

to moist air. This treatment, therefore, results in an unusual hydrophilic surface. In contrast, there is no

observable [18F] exchange between F-terminated diamond and HF.

Introduction

Following the classic studies of the ¯uorination of graphite
made by N. Watanabe and his school,2 ¯uorination of carbon
elementary forms, including carbon black,3 pitch,4 carbon
®bres,5 diamond,6 fullerenes,7 and carbon nanotubes8 has been
extensively studied. Desirable properties of a ¯uorinated
diamond surface from the standpoint of potential applications
include its hydrophobic nature6a,h and its thermal and chemical
stability in a corrosive environment.6a From investigations of
single crystal diamond (100)9 and (111) surfaces10 using X-ray
photoelectron spectroscopy (XPS) and low energy electron
diffraction (LEED), it has been concluded that ¯uorination of
the surface is limited kinetically and that formation of a C±F
surface monolayer is incomplete. There is no evidence for the
sub-surface penetration of F atoms, which would be required
to form the simplest etch product, di¯uorocarbene, CF2.

Rather different results have been reported from the
¯uorination of diamond powders.6d,e,11 Reactions between
hydrogen- or oxygen-terminated diamond surfaces and F2 or
CF4 plasma have been studied under various conditions.
Analysis of the ¯uorine-treated surface was performed using
diffuse re¯ectance Fourier transform IR spectroscopy
(DRIFTS) and mass spectrometry to identify thermal desorp-
tion products. In the reaction of hydrogen-terminated diamond
surfaces with F2, complete replacement of hydrogen for
¯uorine was observed at a reaction temperature of 263 K. As
the reaction temperature was gradually increased up to 773 K,
at least three new vibrational spectroscopic bands were
identi®ed and assigned to CF, CF2 and CF3 functionalities.
Further evidence to support the formation of highly ¯uorinated
species was obtained by monitoring the sample weight as a
function of reaction temperature. Weights were found to
increase as the reaction temperature was increased, and, at

773 K, corresponded to a coverage of two or three ¯uorine
atoms per carbon. Thermal desorption analysis above 873 K
indicated desorption of HF and CF3. Oxygen-terminated
diamond powder was ¯uorinated less easily, presumably due to
the greater carbon±oxygen bond strength. Although ¯uorina-
tion could be accomplished, traces of surface oxygen were still
observed even after reaction at 773 K.

The work described here was undertaken to determine
whether elementary di¯uorine or strongly oxidizing binary
¯uorides such as chlorine tri¯uoride could be used to etch
polycrystalline diamond ®lms, grown by chemical vapour
deposition. These are used often as heat sinks in device
manufacture. We have investigated the nature of the ¯uori-
nated surfaces so produced and ®nd that they resemble the
surfaces that result from ¯uorination of diamond powders. The
lability of the surface ¯uorine has been investigated using the
short-lived radioisotope ¯uorine-18 [t1/2~110 min, bz(c)
emitter]. As expected, ¯uorinated diamond is inert to [18F]
exchange with H18F but, unexpectedly, there is a detectable
interaction between HF and hydrogen- or oxygen-terminated
diamond surfaces.

Experimental

Samples and reagents

All diamond samples were obtained from Logitech Ltd.
Powders were available in a range of particle sizes but most
work was performed with 1 mm material. Polycrystalline ®lm
samples (1 cm3, grown by CVD) were unsupported. All
samples were hydrogenated before use under ¯ow conditions
in a Monel tube reactor, the conditions being H2 (99.9%), ¯ow
rate 30 cm3 min21 at 1173 K for 1 h. Oxygen-terminated
samples were prepared by subsequent ¯ow of O2/Ar (20 : 80),
¯ow rate 30 cm3 min21 at 673 K for 1 h. In all cases samples
were allowed to cool to ambient temperature under gas ¯ow{For a preliminary account of this work see ref. 1.
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and were transferred to a glove box (H2O¡5 ppm) in the sealed
reactor.

Elementary ¯uorine (MG Gas Products), chlorine tri¯uoride
(Fluorochem Ltd.) and anhydrous hydrogen ¯uoride (Air
Products) were handled in Monel metal vacuum lines equipped
with Monel vessels and Bourdon gauges (Heise, Budenberg or
Air Products) for pressure measurements (¡1 Torr). Trace HF
in F2 and ClF3 was removed by multiple exposures of aliquots
to activated NaF in vacuo, its removal being monitored by IR
spectroscopy.

Fluorination of diamond surfaces

A diamond sample (typically 1 cm2 ®lm or 1 g powder),
previously hydrogenated or hydrogenated then oxygenated as
described above, was loaded in the glove box into a Monel
pressure vessel or tube reactor, in both cases equipped with
Monel valves (Whitey). Following transfer to the Monel line
and evacuation, the appropriate gas, F2, ClF3 or anhydrous
HF, was admitted to give ca. 760 Torr and the mixture allowed
to react at ambient temperature or at speci®c temperatures in
the range 523±673 K for 24 h. The material volatile at room
temperature after reaction was examined by FTIR spectro-
scopy using a Monel cell equipped with AgCl windows.
Fluorinated samples were transferred to the glove box for
subsequent examination.

[18F] Measurements

Fluorine-18 was prepared at the John Mallard Scottish PET
Centre, Aberdeen, by the nuclear reaction, 20Ne (d,a) 18F, and
transported to Glasgow as an effectively `no carrier added'
aqueous ¯uoride anion solution (ca. 50 MBq). This material,
diluted to 2±3 cm3, was added to 40% aqueous HF (4 cm3) and
mixed with aqueous CsOH (Aldrich, 3 g in 10 cm3 H2O). The
mixture was heated to dryness and the Cs18F obtained (ca. 3 g)
was allowed to react with anhydrous HF (20 mmol) at 523 K
for 45±60 min in a Monel metal bomb in vacuo. The speci®c
count rate of each batch so prepared was determined by
condensing an aliquot of H18F (usually 1.0 mmol) on to freshly
dried CsF, contained in an FEP counting tube, equipped with a
Monel stop-cock (Whitey), which ®tted snugly into a NaI/Tl
well scintillation counter equipped with a scalar ratemeter. The
identity of [18F] was con®rmed by determination of its
characteristic bz annihilation c-ray spectrum. Counts were
determined over a period of 1±2 h to ensure that reaction to
give CsHF2 was complete. Typical speci®c count rates were in
the range 500±1000 count s21 mmol21 to ensure that radio-
chemical errors were v1%.

Pre-treated diamond powder (1 mm, 1.0 g) was loaded into a
Monel pressure vessel in the glove box, transferred to the
Monel line and H18F (3.5 mmol) added by vacuum distillation.
Reaction was allowed to occur at ambient temperature or
573 K for 45 min; the components were separated and the
diamond sample transferred to a FEP tube and counted for an
appropriate time, normally 100 s, to accumulate 104 counts.
Finally the sample was reweighed. In some experiments
diamond samples, contained in FEP counting tubes equipped
with Monel valves, were allowed to react with H18F, then
without exposure to air were treated with aliquots of non-active
HF in order to determine the extent of exchange. In these
experiments, the speci®c count rate of H18F was determined
after exposure, and in some experiments the diamond samples
were also counted. In all cases the usual corrections for
background and [18F] decay were applied.

Physical examination of diamond samples

Diffuse re¯ectance infrared Fourier transform spectra
(DRIFTS) were collected using a Nicolet Magna 550 spectro-
meter with an MCT detector. Spectra were accumulated from

60 scans in the region 4000±400 cm21. B.E.T. areas of powder
samples (0.1 g) were determined by N2 adsorption using a
Micromeritics Gemini 1275 instrument, samples being pre-
dried under N2 ¯ow at 383 K for 24 h. Barrett, Joyner and
Halenda (BJH)12 areas and pore volumes were also determined.
Scanning electron microscopy (SEM) was used to examine
surface morphology, before and after F2 treatment. Samples
were coated with gold and mounted on an Al stub using
conductive carbon tape before examination in a Philips 515
SEM ®tted with an energy-dispersive X-ray (EDX) spectro-
meter (Oxford Instruments). Energy-®ltered transmission
electron microscopy (EFTEM) was used to map sp2- and
sp3-dominated regions in two diamond ®lm samples, as-grown
and after ClF3 treatment at 623 K for 24 h. The samples were
thinned to v0.1 mm by back ion-milling using a precision ion
polishing system (PIPS). Images were collected using a ®eld
emission gun TEM (Philips CM20) equipped with a Gatan
imaging ®lter. The microscope was operated at an accelerating
voltage of 200 kV using a 100 mm condenser aperture and an
energy slit width (DE) of 5 eV. The EFTEM maps were
obtained using the standard three-window method13 with the
pre-edge windows centred at 250 and 270 eV and the post-edge
windows at 284 and 303 eV for the sp2 and sp3 maps,
respectively. Images were acquired from regions where the
edge of grains, as well as grain boundaries within the ®lm, were
observed.

X-Ray photoelectron spectroscopy (XPS) was performed on
two diamond ®lm samples which had been ¯uorinated (F2) for
24 h at ambient temperature or 523 K in a PTFE boat to
minimise contamination with NiF2. A hydrogenated ®lm was
used as a reference sample. Spectra were obtained on a UHV
SEM system (VG HB100) equipped with an XPS facility using
a Mg Ka X-ray source. Specimens were ¯ash-coated with gold
to prevent specimen charging and the Au 4f7/2 (83.8 eV) and
4f5/2 (87.5 eV) excitations were used for energy calibration. The
raw data obtained were ®tted (Origin, Microcal Software) to
multiple Voigt functions, in accordance with other XPS studies
of ¯uorinated carbon materials.2c,3c,5b,14

Results

IR spectroscopic studies

Exposure of hydrogen-terminated polycrystalline powders or
®lms to elementary ¯uorine or chlorine tri¯uoride vapours at
ambient temperature resulted in the formation of hydrogen
¯uoride as the only identi®ed volatile product (Table 1). At
673 K, mixtures of ¯uorocarbons, identi®ed by comparison of
well resolved bands in the FTIR spectra with those of model
compounds,15±17 were also formed and, in the case of ClF3,
hydrogen chloride was a product. The facile replacement of
surface hydrogen by ¯uorine has been noted previously.6d,e,11

Table 1 Volatile compounds identi®ed after reactions between dia-
mond and F2 or ClF3

Conditionsa Compounds identi®edb

Diamond powderzF2 HF
Ambient temperature
Diamond powderzF2 HF, CF4, C2F6, CHF3 (?)
673 K
Diamond ®lmzF2 HF
Ambient temperature
Diamond ®lmzF2 HF, CF4, CnF2nz2 (n~2±5), C2F4 (?)
673 K
Diamond powder zClF3 HF
Ambient temperature
Diamond powderzClF3 HF, HCl, CF4, C2F6, C2Cl62nFn (?)
673 K
aSamples were hydrogenated prior to reaction. bBy FTIR; spectra
compared with those of known compounds.
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Repeated exposures of H-terminated diamond powder to F2 or
ClF3 at 673 K led to marked decreases in IR bands attributable
to CnF2nz2 compounds and no volatile products were detected
after the third exposure. This was consistent with passivation of
the powder surface by prolonged ¯uorination.

Surface areas and diffuse re¯ectance IR Fourier transform
spectra (DRIFTS) of ¯uorinated, hydrogenated and oxygen-
ated diamond powders are compared in Table 2. Fluorination
had little effect on BET areas. Pore volume distributions
obtained from BJH analyses12 probably re¯ected the effect of
inter-particle voids and the data were more consistent with
irregular surfaces than with porous materials. There appeared
to be a greater degree of irregularity in the ¯uorinated diamond
surface (Table 2) which was not inconsistent with the evidence
for etching of H-terminated diamond obtained from the FTIR
spectra after reaction (Table 1). DRIFTS indicated that
replacement of C±H by C±F at the surface was extensive
after F2 treatment at 673 K. Treatment of H-terminated
diamond with dioxygen at 673 K also resulted in the apparent
removal of C±H groups (Table 2).

Microscopy ± SEM and EFTEM

Although ¯uorination of H-terminated ®lms and powders led
to the formation of small quantities of ¯uorocarbons,
examination of the materials by scanning electron microscopy
(SEM) before and after F2 treatment indicated that no gross
changes in surface morphology had occurred. SEM images
acquired from three ®lm samples, which had been hydro-
genated at 1173 K or hydrogenated and then ¯uorinated with
F2 at room temperature or 673 K, are shown in Fig. 1. All

samples were from the same parent ®lm sample, so that any
signi®cant change in surface morphology as a result of reaction
would be easily detectable. The polycrystalline nature of the
diamond ®lm is shown in Fig. 1(a); crystallites are orientated in
various directions, which is presumably a result of random
nucleation in the CVD growth process. Examination at higher
magni®cation, Fig. 1(b), suggested that the surface could be
described as a combination of {100}, {110} and {111} planes.
There was no observable change in the gross surface
morphology of the diamond ®lm as a result of room
temperature F2 treatment; the crystallites were still faceted
with de®ned crystal planes evident, Fig. 1(c). Nor was any
change in surface morphology evident after F2 treatment at
673 K, since the rough jagged surface was maintained and
facets were clearly observed, Fig. 1(d). Despite the fact that the
FTIR spectroscopic study showed that ¯uorocarbon etch
products were formed following reaction at 673 K, there was
no evidence in the SEM images for pitting or rounding of peaks
as would be expected from an extensive etching reaction. In
contrast, the reaction of polycrystalline diamond ®lm with
molecular oxygen at 723 K results in a severely pitted surface
and the formation of the etch products CO and CO2.18

Although the morphology of the diamond surface following
¯uorine treatment was apparently unchanged, the SEM
investigations provided some evidence for a change in the
chemical nature of the surface. After treatment the samples
appeared to be susceptible to electron beam damage. It
appeared that a surface layer could be modi®ed or removed
by increasing the electron dose in small regions. The identity of
this surface layer could not be determined; however, it was
possible that the electron beam was responsible for the removal
of ¯uorine atoms and/or ¯uorocarbon species.

SEM examination of diamond powder samples, which were
taken from a single batch and given identical treatments to the
®lms, yielded similar results to those described above. The
images revealed the presence of non-spherical particles that
showed evidence of facets, although the facets were less well
de®ned than on the ®lm samples. The morphology of the
powder was essentially the same before and after the
¯uorination treatments. Hence the SEM results indicate that,
in all cases examined, an extensive etching reaction involving
F2 did not occur.

On occasion, debris was observed on the ¯uorinated ®lm
surfaces and was shown by EDX analysis to contain Ni and
F. This observation suggested that NiF2 had been formed by
¯uorination of the Ni sample boat. Using a PTFE sample boat
and coating the inner surface of the reactor with a PTFE spray
eliminated this problem.

The energy-®ltered transmission electron microscopy
(EFTEM) investigations provided more detailed information
relating to the effects of ¯uorination of a polycrystalline
diamond ®lm. EFTEM is based on electron energy-loss
spectroscopy (EELS), a technique for analysing inelastic
interactions between the fast imaging electrons in the TEM

Table 2 Surface areas, pore characteristics and DRIFTS of pre-treated diamond powders

Pre-treatment BET area/m2 g21 BJH area/m2 g21 Desorption volumea/cm3 g21 Ave. pore diameterb/nm nmax/cm21 Band assignment

Hydrogenated 13.0c 6.4c 0.025c 15.6c 2937 n(CH)
2860 n(CH)
2837 n(CH)

Oxygenated 14.3c d d d 3453 n(OH)
1774 n(CO)
1645 d(OH)
1128 n(CO)

Fluorinated 10.2c 12.8c 0.065c 20.2c 1358 n(CF)
1260 n(CF)
1090 n(CF)

aCumulative desorption volume of pores between 1.7 and 300 nm diameter. bBJH desorption average pore diameter. cRelative errorv5%. dNot
determined.

Fig. 1 SEM images showing the morphology of polycrystalline
diamond ®lms: (a) hydrogenated (scale bar~50 mm), (b) hydrogenated,
at higher magni®cation (scale bar~10 mm), (c) after treatment with F2

at ambient temperature (scale bar~50 mm), (d) after treatment with F2

at 673 K (scale bar~50 mm).
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and the specimen. The fast electron can lose energy by exciting
electrons from occupied to unoccupied energy levels in the
specimen. The quantity of energy lost is element-speci®c. In this
work the excitation of interest is associated with transitions
from the carbon 1s core level to the symmetry-allowed p-like
conduction band states and is described as a carbon K-edge.
Since the distribution of unoccupied energy levels, i.e. the
density of states (DOS), is sensitive to the local bonding
environment of the excited atom, the shape of the carbon K-
edge provides information on the local chemistry. To illustrate
this effect, the carbon K-edges of diamond and graphite are
displayed in Fig. 2. Both spectra exhibit a strong peak centred
at about 290 eV due to the 1sAs* excitation. However, in the
graphite spectrum an additional peak, absent in that of
diamond, due to the 1sAp* excitation is observed at about
286 eV. In addition to analysing the details of the energy-loss
spectra, with appropriate electron optics it is possible to select
the electrons that have lost energy within a certain energy
window and to form a map showing the spatial variation of the
energy-loss signal in the sample region of interest. Thus, a map
formed with a narrow energy window (DE~5 eV) centred on
the 1sAp* transition will effectively show the relative
distribution of sp2 bonding, shown as w1 in Fig. 2. While the
obvious approach to imaging the distribution of sp3 bonding is
to centre a window at 290 eV (1sAs*), this is potentially
misleading as it is possible that the tail of the 1sAp* peak
might contribute some intensity in this window. To avoid this
effect, a window centred at 303 eV, w2 in Fig. 2, was selected as
this corresponds to a strong feature in the diamond energy-loss
spectrum.

The results obtained from polycrystalline diamond ®lms
before and after treatment with ClF3 at 623 K are shown in
Fig. 3. The images of the untreated sample showed the presence
of three grain boundaries. In the centre of the grains the
bonding is largely sp3 in nature, as expected in a diamond
sample, Fig. 3(a). However, it is clear that there is a signi®cant
contribution from sp2 hybridised carbon in the region of the
grain boundaries, Fig. 3(b), evidenced by the bright contrast in
the sp2 map. In the sp3 map of the ClF3-treated sample,
Fig. 3(c), grain boundaries were again observed. However, in
contrast to the untreated sample, the sp2 map of this region,
Fig. 3(d), showed no evidence of any bright contrast at the
grain boundaries indicating that sp2 hybridised carbon was
absent. The lack of sp2 carbon on the ClF3-treated sample can
be explained as a result of reaction to produce C±F bonds. It
can also be concluded that graphitisation did not occur during
the ¯uorination reaction and that the surface was most likely to
be terminated by ¯uorine.

The EFTEM study provided new information on the nature
of ¯uorination reactions between diamond surfaces and highly
aggressive reagents like F2 and ClF3. The involvement of sp2

hybridised carbon, present at defects or cracks, cannot be
ignored. Hydrogenation would be expected to remove most, if
not all, graphitic carbon. However, if hydrogenation were
incomplete or graphite formation occurred post-hydrogenation
as a result of the clipping of dangling bonds, then the
¯uorination of sp2 hybridised carbon could have occurred. This
carbon is likely to react preferentially to give F-terminated, sp3

hybridised carbon in the early stages of reaction. Grain
boundaries or edges are high-energy sites where initial reaction
is favoured. An etching reaction to produce ¯uorocarbons is
possible and if unlimited, a large pit would be formed. The
SEM study showed that gross pitting did not occur, supporting
the FTIR evidence for a self-limiting reaction. However,
EFTEM showed that surface defects such as cracks were
present and pore volume analysis of ¯uorinated diamond
powders was consistent with an irregular surface.

X-Ray photoelectron spectroscopy (XPS)

XPS has been applied widely to the study of carbon±¯uorine
materials such as ¯uoropolymers, graphite ¯uorides, ¯uori-
nated carbon black, pitch and carbon ®bre.2c,3c,5b Owing to the
in¯uence of the ligand electronegativity on the screening of the
nuclear charge, ¯uorination of carbon results in a shift of the
C(1s) binding energy to higher values, the size of the shift
depending principally upon the number of ¯uorine atoms
bound to the carbon atom. The degree of ¯uorination is often a
result of the conditions employed. For example, higher C(1s)
binding energies were observed from ¯uorinated carbon ®bre
when more vigorous conditions were employed.5b The
surrounding environment of the carbon atom in question is
important. It is clear from previous studies that secondary
effects, e.g. substitution on neighbouring atoms, can shift
further the binding energy.2c,3c,5b The F(1s) binding energy also
increases with increased ¯uorination but the effect is much less
marked compared with C(1s). In practice, differentiating
among CF, CF2 and CF3 groups using F(1s) data is dif®cult;
therefore, assignments are usually made on the basis of the
C(1s) data. Nevertheless, F(1s) binding energy data can be
useful since they provide information about the bonding

Fig. 2 Electron energy-loss spectra of (a) diamond and (b) graphite. A
peak due to the 1sAs* transition (ca. 290 eV) is present in both
spectra. The presence of sp2 hybridised carbon atoms in graphite results
in the creation of an antibonding p* energy level, and hence an extra
peak due to the 1sAp* transition (286 eV) is observed in the spectrum
of graphite. The energy windows, w1 and w2, correspond to those used
to form maps of the sp2 and sp3 bonding, respectively.

Fig. 3 Energy-®ltered transmission electron micrographs of diamond
®lms before and after treatment with ClF3 at 673 K. Images (a) and (b)
show the sp3 and sp2 maps, respectively, of the untreated ®lm showing
the presence of sp2 at the grain boundaries. Images (c) and (d) show the
sp3 and sp2 maps, respectively, of the ¯uorinated ®lm showing that sp2

bonding is absent at the boundaries. Scale bar~20 nm.
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present. A value of ca. 684.5 eV is diagnostic for ionic species
(e.g. LiF) whilst a higher value (ca. 689.6 eV) suggests covalent
bonding, for example in (CF)n.2c,19

In previous XPS studies involving diamond, the chemisorp-
tion of hydrogen, oxygen and halogen atoms on well de®ned
single crystal surfaces has been investigated.9,10 Fluorine
chemisorption at ambient temperature was characterised by
the appearance of a shoulder on the high energy side of the bulk
carbon peak in the C(1s) spectrum. This feature, occurring at
286.8 eV (1.8 eV higher than the bulk signal), has been
attributed to a carbon mono¯uoride (CF) species which
forms an adlayer with a coverage of about three-quarters of
a monolayer. There was no evidence for more highly
¯uorinated species like CF2 or CF3 and the shift in binding
energy observed was smaller than expected for the formation of
a covalent C±F bond. This was rationalised as a consequence of
the less than monolayer coverage.9,10

Inspection of the raw spectra obtained in the present work
revealed that the C(1s) binding energy envelopes consisted of
more than one peak. (Fig. 4) As described in the Experimental
section, an iterative ®tting procedure was used to identify the
components that make up the individual spectra. Binding
energies obtained from this ®tting routine are presented in
Table 3. Tentative assignments of the peaks have been made in
accordance with previous measurements, although some are
ambiguous as indicated in Table 3. Consistent with earlier
literature reports, it was observed that ¯uorine treatment
resulted in the formation of peaks in the C(1s) binding energy
envelope which were shifted to higher energy. Fluorine was
present on the surface as evidenced by strong peaks in the F(1s)
region.

In the hydrogenated ®lm, the spectrum was dominated by
the bulk carbon signal at 284.4 eV. The shoulder observed at
higher binding energy, Fig. 4, could be decomposed into two
contributions with maxima at 286.3 and 288.7 eV which can be
attributed to oxygenated species (Table 3). The presence of
oxygen was con®rmed in a survey spectrum, which contained a
peak at 533 eV. Assignments of C(1s) features were made in
accordance with literature values for C±O bonding.20 Follow-
ing ¯uorination at room temperature, a similar situation was
observed and the parent peak was ®tted to three maxima, at
284.7, 288.2 and 291.2 eV. The ®rst feature was assigned to the
bulk carbon signal while the other two were assigned
tentatively to both oxygenated and ¯uorinated species,
Table 3. The survey spectrum revealed the presence of surface
oxygen (534 eV) and two F(1s) peaks at 680.0, a very weak
feature, and 689.7 eV. The latter can be assigned to covalently
bound ¯uorine. The former peak was probably due to
contamination by trace NiF2. The C(1s) binding energy
envelope following ¯uorination at 523 K was signi®cantly

different from the reference and the sample treated with F2 at
room temperature. The relative intensity of the peak at ca.
284 eV due to bulk carbon was signi®cantly reduced, suggest-
ing that a sub-surface ¯uorination reaction had occurred. In
addition to the bulk carbon, the raw spectrum could be ®tted to
three maxima. The peaks at 289.4 and 291.6 eV were assigned
primarily to CF, CF2 and, possibly, to CF3 species (Table 3).
The peak at 286.6 eV could be due to COH or COC species; the
absence of such a feature in the spectrum of the sample treated
with F2 at room temperature suggested that this could be a
misleading assignment. Therefore, this feature was tentatively
assigned to secondary (or b) effects. Overall, the observation of
these three features is indicative of a highly ¯uorinated surface
exhibiting secondary effects due to the presence of other C±F
groupings in the local environment. Here also, the survey
spectrum revealed the presence of oxygen, although the
intensity of the oxygen peak was reduced compared with the
sample treated with F2 at room temperature. A very strong
¯uorine peak was observed at 690.2 eV, con®rming the
presence of surface ¯uorine. The other F(1s) peak, ca.
680 eV, was very weak. Since a sub-surface reaction could
have occurred only with the removal of surface carbon atoms,
these observations and the tentative assignments made are
consistent with the FTIR results described above.

Fluorine-18 radiotracer experiments

Surface CF, CF2 and CF3 groups that are present in well-
¯uorinated materials should result in a hydrophobic surface in
which ¯uorine is kinetically inert to substitution. This was
shown to be correct from ¯uorine-18 exchange experiments
involving H18F; however, the interaction between H18F and H-
or O-terminated diamond powders was unexpectedly large and,
for this reason, was studied in some detail. The results (Table 4)
are expressed in terms of uptake of H18F as determined from
the solids after exposure. They were calculated from the [18F]
count rate of the solid and the speci®c [18F] count rate of the
H18F used [expressed in count min21 (mg atom F)21]. The
latter was determined for each sample of H18F used during the
course of each experiment. Uptakes of ¯uorine by H-
terminated samples were in the range 0.58±0.90 and 0.36±
0.58 (mg atom F) g21 respectively following reaction at room
temperature and 573 K. There was some data scatter, which is
common in this type of study. Taking this into account,
¯uorine uptakes were greater following reactions at room
temperature. The behaviour of O-terminated samples was
similar, with comparable or slightly greater ¯uorine uptake
values, Table 4, indicating that a signi®cant reaction had
occurred on the O-terminated surface. The ¯uorine uptakes
were consistently greater following reactions with H18F at
room temperature.

Fig. 4 Carbon (1s) binding energy envelopes in the XPS of (a)
un¯uorinated diamond ®lm, (b) ¯uorinated (F2) at 298 K and (c)
¯uorinated (F2) at 523 K.

Table 3 Fluorine (1s) and carbon (1s) binding energy data determined
from ®ts to XPS data of diamond ®lms. Errors are estimated as
v¡0.2 eV

Sample
F(1s) binding
energy/eV

C(1s) binding
energy/eV

C(1s)
assignments

Hydrogenated Ð 284.4 Bulk C
286.3 COH or COC
288.7 CO

Fluorinated (F2)
at ambient temperature

680.0 284.7 Bulk C
689.7 288.2 CO and CF

291.2 CF2

Fluorinated (F2) at 523 K 680.0 284.7 Bulk C
690.2 286.6 CFa

b-effectsb

289.4 CO and CF
b-effectsb

291.6 CF2 and CF3

aCF adjacent to non-¯uorinated C. bC adjacent to ¯uorinated C.
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The results of H18F uptake experiments on ¯uorinated
diamond powder samples that had been pre-treated under a
variety of conditions are contained in Table 5. The most
obvious feature of these results, compared with those obtained
for hydrogen- or oxygen-terminated surfaces, was the marked
reduction in ¯uorine uptake. An approximate ten-fold decrease
from many samples was observed as a consequence of surface
¯uorination. Under comparable conditions, the behaviour of
samples ¯uorinated using ClF3 was generally similar to those
¯uorinated with F2. Both reagents were expected to lead to
extensive formation of C±F bonds and very small uptakes were
expected. The results obtained from samples that were
originally H-terminated (Table 5) indicate that this was the
case.

The data in Table 5 demonstrate indirectly the effect that O-
termination of diamond has in the subsequent ¯uorination
process. Carbon±oxygen surface groups are more resistant to
¯uorination than C±H and are likely to survive a subsequent
¯uorination process, at least when it is performed at room
temperature.21 Reactions between H18F and O-terminated
diamond that had been ¯uorinated at room temperature,
resulted in greater [18F] uptakes than those observed from O-
terminated diamond that had then been ¯uorinated at 623 K
(Table 5). The ¯uorine uptakes that resulted from exposure of
F-terminated samples to H18F at ambient temperature were
always greater than those that resulted from 523 K, although
the differences were smaller than those found using H- or O-
terminated samples. It was concluded, therefore, that the
reactions were similar in all cases but that [18F] ¯uorine uptakes
on highly ¯uorinated surfaces that were derived from O-
terminated samples were the result, at least in part, of reaction
between H18F and surface oxygen, which had not been
removed completely by F2.

The behaviour of anhydrous HF vapour towards H- or O-
terminated diamond was not typical of a ¯uorination reaction,
since uptake of [18F] at 523 K was less than at ambient
temperature (Table 4). In order to explain this feature and to
elucidate the nature of the HF reaction with H-, O- or F-

terminated surfaces, [18F] exchange experiments were carried out.
The results of exposure of H- or O-terminated diamond powders,
previously labelled with [18F] by room temperature treatment with
H18F, to aliquots of unlabelled HF, also at room temperature, are
given in Table 6. Room temperature ¯uorine exchange or H19F/
H18F displacement occurred between an [18F]-labelled diamond
surface and unlabelled HF vapour. In every case, less than 20% of
the original [18F] activity remained on the diamond surface
following successive exposures to three aliquots of unlabelled HF,
indicating that a pool of labile ¯uorine was present on the
diamond surface. In three out of the four samples examined, the
greatest relative effect occurred following treatment with the
second aliquot of HF, suggesting that the extent of the interaction
may have been determined other than by purely statistical factors,
for example by the sample geometry. [18F] Exchange in the reverse
direction was investigated by determining the dilution in the [18F]
activity of H18F after its exposure to H- or O-terminated diamond
powder samples that had been pre-treated with unlabelled HF
(Table 7). In all cases the fraction of [18F] activity exchanged, f,
determined from H18F speci®c count rate measurements before
and after exposure, was ¢85%. Values of f determined using [18F]
count rates from vapour and solid after exposure were in good
agreement with those determined purely from vapour phase
measurements (Table 7). This indicated that the process involved
[18F] exchange and/or H18F/H19F displacement at the surface and
that additional uptakes of H18F during an exchange reaction were
very small.

Table 4 Uptake of H18F by hydrogen- or oxygen-terminated diamond
powdersa

Sample Temp./K
No. of
expts.

Uptake rangeb/
(mg atom F) g21

Mean uptake/
(mg atom F) g21

H-terminated Ambient 5 0.58±0.90 0.73
H-terminated 573 5 0.36±0.58 0.48
O-terminated Ambient 3 0.84±1.12 0.96
O-terminated 573 3 0.44±0.65 0.53
aExposure time~0.75 h. bRelative errors in the four series of experi-
ments were, respectively, ¡1.4, 0.8, 0.5 and 0.5%.

Table 5 Uptake of H18F by ¯uorine-terminated diamond powders

Pre-treatment Fluorination conditions Temperature of H18F treatment/K Uptake of [18F]/(mg atom F) g21

H2 ¯ow F2 at ambient temperature Ambient 0.118¡0.001
H2 ¯ow F2 at 673 K Ambient 0.090¡0.001
H2 ¯ow ClF3 at ambient temperature Ambient 0.068¡0.001
H2 ¯ow ClF3 at 673 K Ambient 0.038¡0.001
H2 ¯ow F2 at ambient temperature 523 0.091¡0.001
H2 ¯ow F2 at 673 K 523 0.082¡0.001
H2 ¯ow ClF3 at ambient temperature 523 0.052¡0.001
H2 ¯ow ClF3 at 673 K 523 0.021¡0.001
H2 then O2 ¯ow F2 at ambient temperature Ambient 0.361¡0.001
H2 then O2 ¯ow F2 at ambient temperature Ambient 0.531¡0.001
H2 then O2 ¯ow F2 at 623 K Ambient 0.139¡0.001
H2 then O2 ¯ow F2 at 623 K Ambient 0.183¡0.001
H2 then O2 ¯ow F2 at ambient temperature 523 0.259¡0.001
H2 then O2 ¯ow F2 at ambient temperature 523 0.408¡0.002
H2 then O2 ¯ow F2 at 623 K 523 0.107¡0.005
H2 then O2 ¯ow F2 at 623 K 523 0.086¡0.001

Table 6 Room temperature reactions between HF and [18F]-labelled
H- or O-terminated diamond powdersa

Sample
HF aliquot
no.

Uptake of [18F]
(mg atom F) g21

Fraction of original
uptake remaining(%)

H-terminated 0.600¡0.003
1 0.265¡0.001 44.1
2 0.147¡0.001 24.6
3 0.115¡0.001 19.2

H-terminated 0.739¡0.001
1 0.505¡0.002 68.3
2 0.152¡0.001 20.7
3 0.104¡0.001 14.1

O-terminated 1.116¡0.003
1 0.814¡0.002 72.9
2 0.317¡0.001 28.4
3 0.169¡0.001 15.2

O-terminated 0.939¡0.002
1 0.635¡0.001 67.7
2 0.214¡0.001 22.8
3 0.126¡0.001 13.5

aDiamond powders (1.0 g) labelled by treatment with H18F
(1.0 mmol) at ambient temperature. HF added in three (1.0 mmol)
aliquots. Exposure time 0.5 h in each case.
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In contrast there was no observable exchange between H18F
and F-terminated diamond under comparable conditions
(Table 8). The count rates of H18F before and after reaction
were identical within experimental error.

To summarise, the interaction between anhydrous HF and
hydrogenated or oxygenated diamond powder was more
extensive at ambient temperature than at 523 K. It resulted
in a surface where essentially all adsorbed ¯uorine was labile
with respect to further interaction with HF. Both observations
were inconsistent with the formation of C±F bonds. The
reaction of diamond powder with F2 or ClF3 resulted in surface
¯uorine that was not exchangeable with HF, consistent with C±
F bond formation.

DRIFTS of HF-treated diamond

DRIFTS of H-terminated diamond powder, following treat-
ment with HF at room temperature, were performed
immediately, several days and several weeks after the treat-
ment. The sample remained exposed to moist air during this
period. Prior to HF exposure, the spectrum contained three
bands, nmax 2937, 2860 and 2837 cm21, attributable to CH2 and
CH3 groups, Table 2. Immediately following the reaction with
HF, the C±H bands were absent but there was no evidence for
C±F bond formation. Except for a weak band in the O±H
stretching region, nmax at 3547 cm21, the spectrum was
featureless. A spectrum recorded several days after the reaction
between hydrogen-terminated diamond and HF contained a
strong band at 3843 cm21 and a weaker band at 1656 cm21.
These were assigned to the stretching and bending modes
respectively of water. Weak bands at 2937 and 2837 cm21 were
assigned to CH stretching vibrations. The other spectral
features were bands at 1897 cm21, due possibly to a CLO
stretch, and at 1016 cm21.

Discussion

The results described above enable the behaviour of F2 and
ClF3 towards polycrystalline diamond ®lms and powders to be

rationalised. The existence of faces, edges and boundaries
between crystallites results in a range of different sites at which
chemical attack can occur. For steric reasons and in order to
minimise electronic repulsion, edges and boundaries are sites at
which the formation of CF2, and possibly CF3, surface groups
is most likely, with formation of surface CF being restricted to
faces. Removal of di¯uorocarbene, CF2, from the surface and
the subsequent formation of gaseous per¯uorocarbons is
certainly possible at 673 K, the ¯uorination temperature
being used to observe the formation of ¯uorocarbon products.
The XPS data obtained from a ®lm that had been ¯uorinated at
523 K are consistent with similar behaviour occurring at this
temperature also. It appears likely that etching occurs only at
the more reactive edge and boundary sites and this enables F2

to react with the sub-surface. The ¯uorinated layer so formed is
apparently greater than a monolayer.

Formation of this layer is possible only if transport of F2 or
F into the lattice is permitted or if a thin layer of amorphous
carbon, similar to that formed in the uncontrolled ¯uorination
of graphite,2c is formed in the early stages of the high
temperature ¯uorination. However, the EFTEM from a
¯uorinated ®lm provided no evidence for the presence of sp2

C, which would have been expected were amorphous carbon
present. In previous studies of the surface ¯uorination of single
crystal diamond,9,10 the possibility of transport of F into the
lattice has been discounted because of the energetically
unfavourable lattice distortion that would be required. More
forcing conditions were employed in the present work,
however, and these, with the very imperfect nature of the
diamond used, lead us to suggest that reaction with the sub-
surface is a possibility.

Irrespective of the precise nature of the process, it is clear
that the reaction with F2 is limited kinetically. Fluorocarbons
were not detected when previously ¯uorinated diamond was
exposed to F2 at 673 K and SEM examination indicated that
massive etching did not occur. The observed behaviour is
similar to that found for graphite ¯uoride, which does not react
further with F2 at 873 K,2a and to ¯uorinated silicon, in which
the surface ¯uorinated layer inhibits further attack at Si.22

The interactions between HF and H-, O- and F-terminated
diamond powders, demonstrated by the [18F] measurements,
are unexpected. The retention of signi®cant quantities of H18F
when material volatile at room temperature is removed,
suggests that it is not simply physically adsorbed. Uptake of
H18F by H- and O-terminated samples, Table 4, is greater than
that by F-terminated samples, although the latter (Table 5) are
readily detected. In all cases, the extent of the interaction is less
after exposure to H18F at high temperature. Fluorination of an
O-terminated surface with F2 at room temperature has been
shown by DRIFTS to produce a surface which contains more
oxygen than ¯uorine.6d,e,11 The reverse is the case after
¯uorination at 673 K, although the O (1s) XPS results obtained
here indicate that surface oxygen is still present. The greater

Table 7 [18F] Exchange between HF-pre-treated, H- or O-terminated diamond powders and H18Fa

Sampleb Temperature/K

Fraction of [18F] exchanged, f

Determined from H18F counts
before and after exchange

Determined from H18F and solid
counts after exchangec

H-terminated Ambient temperature 0.94
H-terminated Ambient temperature 0.85 0.89
H-terminated 573 1.03
H-terminated 573 0.90 1.08
O-terminated Ambient temperature 0.88 0.92
O-terminated Ambient temperature 0.96
O-terminated 573 0.93 1.04
O-terminated 573 1.08
aExchange time 1 h; ca. 3.5 mmol. H18F used in each case. bSamples (1.0 g) pre-treated with HF; uptakes of HF were determined from control
experiments using H18F under identical conditions. cRadiochemical balance~100% in all cases.

Table 8 [18F] Speci®c count rates of H18F before and after exposure to
¯uorinated diamond powders at ambient temperaturea

Sampleb

[18F] Speci®c count
rate/count s21 mmol21

Before
exposure

After
exposure

F2 ¯uorination at ambient temperature 642 636
F2 ¯uorination at ambient temperature 1025 1009
F2 ¯uorination at 673 K 642 640
F2 ¯uorination at 673 K 1025 1015
aExposure time 1 h. bH-terminated.
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uptake of [18F] observed at ambient temperature suggests
strongly that a speci®c interaction between HF and C±O
surface atoms is present. By analogy, a speci®c interaction
between HF and C±H surface atoms is suggested. Hydrogen
¯uoride bound to an H-terminated surface is labile with respect
to [18F] exchange with HF and it reacts with water on exposure
to moist air. This is a rare example of a `hydrophilic' diamond
surface at variance with the normal expectation of a ¯uorinated
surface. In contrast, but as expected, there is no [18F] exchange
observable between H18F and F-terminated diamond.

Hydrogen bonding between HF and functionalities such as
CLO, COC and COH groups, all of which are known to be
present on the surface of O-terminated diamond,21 is well
documented23 and could account for the observations made.
The increased uptakes of HF that result from room
temperature interaction are accounted for by the increased
clustering of HF molecules to form oligomeric species, which is
a characteristic of the vapour phase of HF.24 Hydrogen
bonding interactions between HF and H-terminated diamond
are more problematic, although evidence for weak interactions
of the type XHHR, where X is a very electronegative element
and R is an electropositive element or moiety, is beginning to
emerge.25 Such weak hydrogen bonds have been shown to be
feasible, for example when X~F and R~Li26 and when X~F
and RH is a d-block hydride.26,27

Although there are recent examples of compounds that
exhibit relatively short CFHY (Y~O, N or C) contacts in the
solid state,28 the current view is that a C±F group is unlikely to
function as an H-bond acceptor.29 The extent of H18F
interaction follows the order O-terminated¢H-termina-
ted&F-terminated diamond and it is considered that this can
be accounted for by hydrogen bond interactions that involve
O- or H-terminated surfaces and HF. The small uptakes
observed by F-terminated surfaces may be the result of
un¯uorinated C±O and, possibly, C±H sites.
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