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To enhance our understanding of the thermal interactions of fluorocarbons with transition-metal surfaces, CF5lI
was adsorbed on clean and iodine-precovered Ag(111) and studied by temperature-programmed desorption
(TPD), X-ray photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS), and Auger
electron spectroscopy (AES). On clean Ag(111) at 105 K, dissociative adsorption dominates at low coverages
and molecular adsorption at high coverages. Dissociation involves C-I bond cleavage; there is no evidence for
C-F cleavage, even during TPD. While multilayer desorption peaks near 118 K, chemisorbed CF;I desorbs
in a sharp peak at 126 K with a high-temperature shoulder near 145 K. The only other detectable desorption
products are CF3(g) and I(g), which desorb at 300 and 830 K, respectively. In the presence of low coverages
of I(a), less CF; and more CF;l desorbs. When the surface I/Ag ratio is 0.33 (v/'3XV/3R30° structure), the
dissociation channel is completely suppressed. The influence of atomic iodine is discussed in terms of combined

electronic and site blocking effects.

1. Introduction

Recently, the chemistry of halocarbons has received consid-
erable attention. Fluorocarbons are important lubricants in
aerospace engineering, are important atmospheric pollutants, and
play an important technological role in the etching of silicon-
based semiconductors.!-?

There have been relatively few surface science studies of CF;l
on metals. Dyer and Thiel® studied CF;I on Ru(100) and found
that CF;, CF,, CF, F, and Ru-I desorbed during TPD. They
concluded that CF;I decomposes on Ru(100) by C~I bond scission
and that C—F bond cleavage occurs during heating. On Ni(100),
Jones and Singh® came to similar conclusions, except C-F scission
was less likely. Myli and Grassian,!® based on TPD and FTIR,
concur and find that CF; desorbs as a radical at 315 K while
atomic iodine desorbs above 900 K. On Pt(111),!! CF;l
decomposition involves at least two channels which lead to the
desorption of CF; and CF, radicals.

In this paper, we report on the adsorption and thermal reactions
of CF31 on Ag(111) using temperature-programmed desorption
(TPD), Auger electron spectroscopy (AES), uitraviolet photo-
electron spectroscopy (UPS), and X-ray photoelectron spectros-
copy (XPS). We find two reaction channels: (1) the molecular
desorption channel is dominated by the desorption of CF;l at 125
and 145 K, and (2) the decomposition channel involves C-1 bond
scission and there is no evidence for C-F bond scission. CF; (a)
desorbs as a radical around room temperature. Atomic iodine
desorbs around 830 K. Wealsostudied the effect of preadsorbed
iodine, finding that the TPD of CF;l is sensitive to the structure
of the iodine adlayer. Preadsorbed iodine also inhibits the
decomposition of CF;I. A model involving site blocking and
electronic effects is presented, which accounts for the effect of

I(a).
2. Experimental Section

All experiments were carried out in an ultrahigh-vacuum
chamber described elsewhere.!22 Briefly, the chamber is equipped
with a quadrupole mass spectrometer (UTI 100C) for temper-
ature-programmed desorption (TPD) and residual gas analysis
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(RGA) and a double pass cylindrical mirror analyzer (PHI 15-
255GAR) for Auger electron spectroscopy (AES), and photo-
electron measurements. A VG Instruments X-ray source for
X-ray photoelectron spectroscopy (XPS) and a homemade
ultraviolet He I and He II source for ultraviolet photoelectron
spectroscopy (UPS) measurements are also available. The
chamber is pumped with an ion pump and auxiliary titanium
sublimation and 170 L/s turbomolecular pumps.

The typical base pressure during experiments was 2.5 X 10-10
Torr. Substrate temperatures were measured using a chromel—
alumel thermocouple welded to a tantalum loop inserted into a
holedrilled in the edge of the crystal. Thesample could be cooled,
by attachment to a liquid nitrogen reservoir, to 105 K and
resistively heated to 1000 K. It was cleaned by cycles of Art ion
sputtering and annealing to 675 K until noimpurities were detected
by AES.

For the TPD measurements, the sample was rotated about 20°
away from the line-of-sight position with respect to the mass
spectrometer. This was done t0 minimize the influence on the
adsorbate of electrons from the mass spectrometer filament. XP
spectra were obtained using Mg Ko radiation at 1253.6 eV and
an analyzer pass energy of 50eV. XPS scan windows were about
10 eV wide, and data collection time was about 15 min. Core
level binding energies were referenced to the Ag(3ds;y) photo-
electron peak centered at 367.9 eV (peak width at half-maximum,
AE), is 1.97 ¢V). Binding energy uncertainties are ~0.3 eV.

CF;1 (PCR Research Chemicals Inc., 99.0% pure) was purified
by several freeze-pump-thaw cycles and its purity verified by
mass spectroscopy. CFsI was dosed at 105 K through a directed
microcapillary array placed about 0.50 cm from the sample. The
background CF;l partial pressure (AP) rise was 1 X 10-1° Torr
with the sample turned away from the doser. The exposures,
although very reproducible, are not known in Langmuirs because
thereis a molecular flux enhancement of approximately 100 (with
respect to background CF;l partial pressure rise) when the surface
is positioned in front of the doser. Dosing times are used as a
reliable, but relative, measure of exposure.

Absolute coverages of iodine on the Ag(111) surface were
determined using calibrated AES spectra. Calibration wasdone
as follows: At room temperature, the Ag(111) was exposed to
1000 langmuirs of CH;l; there is dissociative adsorption and
ethane desorption leaving an atomic I/Ag ratio of 0.33 and an
ordered v/3%XVv/3R30° LEED pattern.!?» Using the measured
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Figure 1. Temperature-programmed desorption spectra for a 1 ML
coverage of CF;I on Ag(111) at 105 K.

1(521 eV) to Ag(3512 eV) peak-to-peak ratio for this coverage,
and assuming a linear correlation, we calculated other I(a)
coverages.

3. Results and Discussion

3.1. TPD. Figure 1 shows TPD spectra after a saturation
(>50 s) CF;l exposure on Ag(111) at 105 K. Several ion
intensities are shown: CF* (m/e = 31), CF;* (m/e = 50), CF;*
(mfe = 69), I* (m/e = 127), and CF;I* (m/e = 196). Below
500 K, the I'* signal tracks the parent molecule desorption peaks
at 126 and 145 K;; it is attributed to CF;I fragmentation in the
mass spectrometer. Inthesame way, CF,* fragments(n=1,2,3)
track the parent below 200 K. However, the peaks at 310 K must
come from another source since no I-containing fragments are
found and since the relative intensities of the CF,* fragments
(CF,* > CF* > CF;*) differ from those below 200 K (CF;* >
CF,* > CF*). There is no evidence for C~F bond scission or
C--C bond formation in TPD or XPS (see section 3.2), so we
ascribe the 310 K peaks to CF; radical desorption resulting from
F3C-Ag bond breaking. Consistent with CF; desorption from
Ru(100)% and Pt(111),! the strongest ion signal is CF,*. Signals
corresponding to F; (m/e = 38), C;F (m/e = 118), or CF, (m/e
= 78) halocarbons were searched for but not found.

Figures 2 and 3 show the TPD of CF,* and I*, respectively,
as a function of exposure time. We use the CF,* mass
spectrometer signal to monitor desorption of both the parent CF;1
below 200 K and CF; radicals near 300K. For verylow exposures,
CF,; radicals desorb in a peak centered around 345 K. As the
dose increases, this peak broadens and shifts to lower temperatures.
Since there is no evidence in TPD or XPS for C-F bond cleavage
(see below), the shift is attributed to first-order desorption with
repulsive lateral interactions rather than second-order desorp-
tion.1314 The CF;desorption saturates for exposures greater than
50s. Theactivation energy, E,, for CF; desorption was calculated
using peak width analysis.!* Due to lateral repulsions, it is
strongly dependent on CF3(a) coverage. In the low coverage
limit, E, is around 16 kcal/mol, whereas in the high coverage
limit, it falls to around 5.5 kcal/mol.

Turning to parent desorption, a peak centered around 145 K
begins to develop in the CF,* TPD spectra for exposures longer
than 15 s. Above 25 s, this is accompanied by a sharp peak
centered at 126 K. Both are saturated for exposures longer than
50 s. These two peaks are attributed to the desorption of CF;l
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Figure 2. CF;* TPD spectra for CF3l/Ag(111). Exposure times are
indicated.
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Figure 3. I* TPD spectra for CF3;1/Ag(111). Exposure times are
indicated.

bound to Ag, i.e., chemisorbed. The desorption state at 140 K
is not the result of recombination of CF3(a) and I(a). Below, we
support this assignment with F(1s) XPS data. The E, for the
CF;l species desorbing from the 126 K TPD peak was calculated
to be around 15.2 kcal/mol by using the same method described
above. For exposures of 120 s or more, there is a peak at 118
K, attributed to the desorption of CF;I multilayers. OnPt(111),
Liu et al.!* found multilayer desorption peaking at 100 K. Since
our sample temperature was no lower than 105 K, we were unable
to observe the full width of the multilayer desorption.
Turning to Figure 3, between 750 and 900 K, 1(a) desorbs in
a broad peak which shifts to lower temperatures with increasing
CF;l exposure time. Asdiscussed elsewhere,!5 these spectra are
attributed to atomic I desorption with strong lateral repulsions.
The highest coverage yields an atomic I to atomic Ag ratio of
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Figure 4. F(1s) and I(3ds/z) XPS (left and right panels, respectively) as function of CF3] exposure time at 105 K.

—

1500+

1000

500+
F=27N1

FF(1s) peak area (arb. units)

0or @

0 200 400 500
I(3dg/7) peak area (arb. units)

Figure 5. F(1s) XPS peak area as a function of XPS I(3ds/2) peak area.
Peak areas are obtained from spectra in Figure 4.

0.12:1 (atomic I/Ag = 0.12), calculated as described in section
2,126.16.17 ysing the measured AES I/Ag peak-to-peak ratio.
3.2. Photoelectron Spectroscopy Measurements. 3.2.1. Cov-
erage Dependence. The F(1s) (left panel) and 1(3d5/2) (right
panel) XP spectra as functions of CF;1 exposure time on Ag-
(111) at 105 K are shown in Figure 4. To avoid multilayers
altogether, exposure times were limited to 30s. The F(1s) versus
the 1(3ds;2) XPS peak areas, which have been corrected for
differences in ionization cross section using sensitivity factors,!82
are shown in Figure 5. The slope of this plot 2.7 & 0.5, lies near
the stoichiometric value of 3 for CF;I and indicates minimal loss
of iodine or fluorine to the gas phase upon CFl adsorption.
We now concentrate on the interpretation of the F(ls) and
I(3ds/;) XPspectra, each characterized by twopeaks. TheI(3ds/)
peaks are centered at 618.9 and 620.5 eV. The lower binding
energy (BE) is assigned to I(a) to bound to Ag,!* supporting an

adsorption model involving some C—I scission upon adsorption at
105 K. The 620.5-eV peak continues to grow with increasing
exposure time up to exposures for which molecular CF;1 desorption
is observed in TPD (see Figure 2). Correlating with coverage-
dependent TPD spectra in Figures 2 and 3, we attribute this peak
to the accumulation of CF;I(a). Turning to F(1s), consistent
with the above assignments, we assign the peak at 686.0 and
687.6 eV BE to CFi(a) and CF;l(a), respectively. Further
evidence for this assignment is discussed in section 3.2.2.

Significantly, XPS shows evidence for CF;I(a), CFs(a), and
I(a) for all exposures, including the smallest (10s). Thissuggests
that at least two types of Ag(111) sites are involved. By
comparison, there is no evidence for dissociation of CH;3I on Ag-
(111) at 105 K.}5 It is interesting to note that the I(3ds;,) and
F(1s) photoemission peaks characteristic of I(a) and CFs(a)
species are saturated for exposures longer than 30s. We conclude
that the dissociation channel is active during dosing and is
saturated for exposures longer than 30 s.

3.2.2. Temperature Dependence: UPS. He II difference UP
spectra for 0.5 ML of CF;I on Ag(111) are shown in Figure 6.
In each case, the clean Ag(111) spectrum has been subtracted
to construct the difference curve. For the spectra shown, the
sample was annealed to various temperatures and cooled for
analysis. Gas-phase CF;I UPS studies by Yates etal.?® facilitated
the molecular orbital assignments of CF;I(a) and CF;(a). The
eight gas-phase binding energies are shown in Figure 6. Atomic
iodine was not observed by UPS, perhaps because no more than
6% of monolayer I coverage was involved. Allorbitalassignments
are referenced to the Fermi level.

Curve a in Figure 6 is for a clean Ag(111) surface. Upon
adsorption of 0.5 ML of CF;l at 105 K (curve b), very distinct
new features appear. The lowest BE peak at 4.6 eV corresponds
to the removal of an electron from the 4e molecular orbital, which
is dominated by I 5p lone pair electrons. The 6.6-¢eV BE (4a,)
corresponds to ionization from the C-I bonding orbital. The
peaks at 9.3 (la,, 3e) and 10.4 eV (2e) BE correspond to the
ionization of molecular orbitals associated with the fluorine 2p
lone pair electrons. Near 12 eV, there is intensity (very weak)
which corresponds toionization of the 3a; molecular orbital, which
has significant F(2p) and I(5s) character. The band centered at
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Figure 6. He 11 difference UPS spectra after a 0.5 ML dose of CFs;I on
Ag(111)asa function of annealing temperature. The gas-phase molecular
orbitals are as follows: (1) d¢; (2) 4a;; (3) laa, 3e; (4) 2e; (5) 3ay; (6)
2a;; (7) le; (8) 1a;.

14.0 eV (2a,) is associated with ionization of the C-F bonding
molecular orbital. The shoulder at 15.0 eV BE results from
ionization from the le molecular orbital, which also contains
F(2p) and I(5s) character. The highest binding energy band
located at 17.3 eV is associated with the C-F bonding molecular
orbital, 1a;.

Upon annealing to 130 K, which desorbs much of the CF;l,
spectral changes occur. Curve cof Figure 6 indicates the retention
of the C-F bonds at 130 K; the peaks at 9.3 (1a,, 3e), 10.4 (2¢),
14.1 (2a;), and 17.3 (1a,) eV are all present, but with lower
intensity.

Annealing to 200 K leaves two new binding energy peaks at
7.39 and 8.61 eV, which we assign to the fluorine 2p lone pair
electrons associated with adsorbed CF;. We speculate that the
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TABLE I: Binding Energies (V) for CF3I/Ag(111)

binding/energy (eV)
species F(1s) I(3dsp2) C(1s)
CF;l(a) 687.9 620.5 291.4
I(a) 618.7
CFs(a) 686.0 289.2

binding energy shift could be due to change in the work function
after desorption of CF;1. We did not measure the work function
asa function of temperature. The peak separation is 0.2 €V more
than their CF;l counterparts at 9.3 (1a,, 3e) and 10.4 (2e) eV,
respectively.

Finally, curve ¢ is the UP spectrum after annealing the sample
at 400 K. No fluorine signal at 7.4 and 8.6 eV is apparent, and
according to TPD and XPS results, the only remaining species
is atomic iodine.

3.2.3. Temperature Dependence: XPS for Low Coverage. To
gain further insight into the CF;I decomposition mechanism, we
measured F(1s) and I(3ds;2) XP spectra as functions of annealing
temperature for a 15-s CF;I exposure at 105 K (Figure 7). The
XPS sensitivity factor of C(1s) (0.20) is very low compared to
F(1s) (1.0) and I(3ds/,) (5.0); therefore, the C(1s) XPS signal
is too weak to be observed at the low coverages. Table I
summarizes binding energy assignments for different species. As
noted earlier, TPD data in Figure 2 show this exposure, which
we estimate to have about 1 CF;l per surface Ag atom, leads to
CF;l(a), CFs(a), and I(a) at 105 K. The I (3ds/;) XPS peaks
are centered at 618.9 and 620.5 eV (overall half-width of 4.09
¢V). After heating to 130 K, the I(3ds/2) peak narrows (AE 2
= 1.96 eV) and is assignable as a single feature at 618.9 ¢V (i.e.,
I(2) dominates). The increase in the I(3ds/;) 618.7-eV photo-
emission peak is attributed to the formation for I(a) due to the
decomposition of CF;I(a). Since the BE and AE), both remain
constant upon further heating to 500 K, we conclude that, for this
low coverage, the dissociation of CF;l is complete below 130 K.

The F(1s) XP spectra (Figure 7) are consistent with this
interpretation. After heating to 130 K, the peak assigned to
molecularly adsorbed CF;l at 687.6 eV disappears and the one
at 686.0 eV, which corresponds to CF3(a), intensifies; this is due
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Figure 7. F(ls) and I(3ds;2) XPS as a function of annealing temperature. Initial coverage of CF3l is 0.1 ML.
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Figure 8. Total F(1s) and I(3ds;;) XPS peak areas as a function of
temperature. Peak areas are obtained from spectra in Figure 7.

n
100

to the accumulation of CF3(a) as a result of the decomposition
reaction of CF;I(a). Thereis no further BE shift with additional
heating, but the total peak area decreases after flashing the
substrate aboveroom temperature. Sincefora 15s CF;l exposure
the only fluorine-containing a product in TPD is CF;, we assign
the 686.0-eV peak to CF;(a).

The I(3ds;;) and F(1s) XPS peak areas as a function of
annealing temperature (unadjusted for sensitivity) are shown in
Figure 8. At this low coverage, within experimental error, the
total peak arca under the I(3ds/2) XPS curves remains constant
between 105 and 500 K. This is evidence that there is no loss
ofiodineupto 500 K. The F(1s) total peak area remains constant

within experimental error from 105 to 130 K. We conclude that, .

at very low coverages, the CF;] that initially adsorbs molecularly
undergoes induced decomposition, not desorption, upon heating
to 130 K. Movement of CF;I to active sites may be the important

Castro et al.

process. The F(1s) intensitydropsat 260K, a trend that continues
to 450 K, where it is negligible. Consistent with the TPD data,
this is further evidence for CF; desorption.* Consistent with TPD,
we conclude that 0.1 ML of CF;I completely dissociates to form
CF;(a) and I(a).

3.2.4. Temperature Dependence: XPS for High Coverage. In
Figure 9, we show the F(1s), I(3ds/2), and C(1s) XP spectra after
a 50-s CFsl dose (0.5 ML) and annealing to indicated temper-
atures. The C(1s) XPS is characterized by two peaks centered
at289.2and 291.4eV. After flashingto 140K, the peak at 291.4
eV nearly disappears, but the peak at 289.2 eV remains. There
is no further BE shift upon heating to 250 K and the signal
disappears after flashing to 450 K. We assign the C(1s) peak
at 291.4 eV to CF;I(a), since it is the only TPD product below
200K. Sincetheonly carbon-containing products in TPD between
200 and 500 K are CF; radicals, we assign the C(1s) XPS peak
at 289.2 eV to adsorbed CF;j species, i.e., a single C-containing
species. Consistent with this interpretation, between 200 and
260 K, the F(1s) and I(3ds/2) spectra show only single peaks
centered at 686.0 eV (AE,;;; = 1.98 eV) and 618.9 eV (AE,;, =
2.01 eV), respectively.

The F(1s) XP spectra in Figure 9 can be used to argue against
the possibility that the 145 K CF;I TPD peak is not due to
recombination of adsorbeed CF; and 1. Significant F(1s) XPS
signal attributed to parent CF;I remains after annealing to 140
K and readily accounts for the CF;I TPD peak at 145 K.
Therefore, we conclude there are at least two types of adsorbed
states for molecular CF;l.

Figure 10 shows XPS areas, uncorrected for sensitivity, as a
function of annealing temperature. All the peak areas decrease
sharply upon flashing to 145 K, consistent with CF,I desorption
below 140 K. The fractional decrease of the I(3ds/2) signal is
small compared to those for C and F, a trend which continues,
particularly evident in the F case, up to 350 K. This is consistent
with significant CF; desorption and retention of 1(a).

Significantly, the F(1s) and C(1s) peak areas, characteristic
of CF3(a), and the I(3ds/2) signal, characteristic of I(a), do not
increase after the sample is flashed to 140 K. In addition, the
corresponding XPS peak areas for adsorbed CFsI to decrease
with substrate temperatures above 140 K. This indicates that,
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Figure 9. F(1s), I(3ds/2), and C(Is) XPS as a function of annealing temperature. Initial coverage of CFsl is 0.5 ML.
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Figure 10. Total F(1s) and I(3ds;2) XPS peak areas as a function of
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Figure 11. I/Ag ratio as a function of total integrated CF3I exposure
time. Each point is taken after a cumulative 20-s dose of CFsl.

at higher coverages, (1) F;C-I scission is complete at 105 K and
(2) the remaining (undecomposed) molecular CF;I desorbs below
250 K, in agreement with TPD results shown in Figure 2.

3.3. Iodine-Covered Ag(111). Interestingchangesoccur when
1(2a)is preadsorbed. Figure 11 shows how I(a) accumulates with
repeated 20-s dosesof CF;land flashes to 700 K. The experiments
were performed as follows: After each 20-s dose, the surface was
heated to 700 K to remove the adsorbate fragments, CFs;1(a) and
CFjy(a), leaving I(a). From AES, the first dose of CF;l gives an
I/Agratioof 0.12. This spectrum corresponds to approximately
a 17-s dose of CF;I as shown in Figure 2. This iodine-covered
surface was subsequently exposed to another 20-s dose of CF;l
and flashed to 700 K, and the AES I/Ag ratio was again
determined. The second dose yields an I/Ag ratio of 0.16, and
so on. The next three sequential doses each increase the I/Ag
ratio by approximately 0.05, reaching a saturation coverage that
yields an atomic iodine to atomic silver ratio of 0.33. The I/Ag
ratio saturated at 0.33.
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Figure 12. Adsorption and decomposition channels of repeated exposures
of CF31. For the bottom curve, a clean Ag(111) surface was dosed with
0.2 langmuir and after TPD, as indicated in the figure, an I/ Ag ratio of
0.12remained. Toobtain the second curve from the bottom, the previously
remaining iodine (I/Ag ration of 0.12) was cxposed to 0.2 langmuir of
CF;I again and after TPD to 500 K, the I/Ag ratio increased to 0.16.
This procedure of sequentially dosing on top of the previously remaining
iodine was repeated until an iodine-saturated Ag surface was achieved.
The I/Ag ratio indicated is the coverage after the respective TPD.

The CF,* TPD spectra for various precoverages of I(a) are
shown in Figure 12. The peak between 300 and 400 K monitors
CF; radical desorption, whereas the lower temperature peaks
monitor parent desorption. Clearly, as the iodine precoverage
increases, (1) the high-temperature shoulder of the parent
desorption TPD peak is suppressed, (2) the 125 K peak intensitics,
and (3) the amount of CF; desorption decreases.

We now discuss the effect of surface iodine on the parent
desorption channel (Figure 12). First, we concentrate on the
CF;I TPD spectra for low I/Ag ratios. In TPD after the first
dose (bottom curve), CF;l desorbs in a weak and broad peak
centered at 140 K. In TPD after the second dose, there are two
prominent peaks—at 125 and 136 K. In subsequent doses, the
136 K peak first increases and then decreases, while the 125 K
peak remains nearly constant and then increases as the 136 K
peak decreases. We conclude that when I/Ag < 0.29, there is
an enhancement of CF;I desorption at 136 K.

With regard to the CF; desorption peak around 310 K, it shifts
to lower temperatures with increasing iodine precoverage,
characteristic of first-order desorption kinetics with strong lateral
repulsions. A simple second-order kinetic model is readily
discarded because there is no overlap of the high-temperature
side of the TPD spectra. Fromthedatain Figure 12, the decrease
in the TPD area of the adsorbed CF; (310 K peak) as a function
of I(a) precoverage is plotted in Figure 13 (solid squares). This
is good evidence for the suppression of C-I bond scission as a
function of I(a) precoverage.

By modeling the CF,* TPD peak area as a function of iodine
coverage, weestimate the absolute Ag atom ensemble requirement
for CF;1 decomposition. In Figure 13, the solid squares are
experimental data, whereas the open diamonds and circles are
model fits using a simple site blocking model proposed by Campbell
et al. The fraction of CF;l dissociating can be described byl3¢

F(CF 1) « [r(1 —20)"}/[1 + r(1 - z6)"] ¢}

where r is the ratio rate of dissociation/rate of desorption for
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Figure 13. Decrease of CFy* TPD peak area as a function of iodine
precoverage. Solid squares are experimental data, whereas open circles
and diamonds are site blocking model fits.

CF;L. It is clear from the XPS data in Figure 4 that the
dissociation rate is much higher than the rate for molecular
adsorption (7 3> 1). The best fit to the data for r gave a value
of 27. The number of Ag atoms sterically hindered by each atom
of I(a) is represented by the variable z. Since the I(a) sits in
threefold sites, z = 3. 6 is the coverage of I(a), and » is the
absolute ensemble size which is defined as the number of additional
Agatoms required for decomposition as for molecular adsorption.
From Figure 13, we estimate the absolute ensemble size of Ag
atoms required for CF;I decomposition on Ag(111) to be in the
range 6-9, and the fit is generally better for » = 9. In passing,
we note that Campbell et al. calculated similar values for the
dehydrogenation of benzene on Pt(111).13¢

When CF;l is dosed into an I(a)-saturated Ag(111) surface
(I/Ag ratio of 0.33), several desorption channels are completely
suppressed. As the exposure time increases from 20 to 100 s
(Figure 14), the TPD of CFsl simply indicates growth and
saturation of a weakly held (125 K) parent molecule. The 100-s
dose indicates the growth of the muitilayer CF;I around 115 K.
The 136 K TPD peak is absent. Thus, even though a structural
model indicates Ag sites are accessible, the decomposition channel
(310 K) and the desorption state at 136 K are compietely
suppressed.

4, Conclusion

From all the evidence presented here, low-temperature CF;l
decomposition on Ag(111) occurs exclusively by C-I bond scission
to form adsorbed CF3(a) and I(a). There is no evidence for C-F
bond scission in either TPD or XPS. This is in contrast to recent
studies on more active metals, Ru(100)® and Pt(111),!! where
C-1 and multiple C-F bond scission is evidenced in TPD. These
differences in C~F activation correlate with the differences of
these metals in C-H activation; i.c., Ag is inactive compared to
Ru and Pt.

The structure of CF;I on Ag(111) was not determined in this
study. However, our XPS measurements indicate only one type
of fluorine and one type of iodine. The simplest model, and one
intuitively satisfying, involves adsorption with the I toward the
surface and the three F atoms symmetrically placed away from
the surface, as in CH,1.1

In the gas phase, CF;l has very interesting properties. It has
a large electron affinity and rate constant for dissociative electron
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Figure 14. CFil desorption spectra for a saturated (I/Ag ratio of 0.33)
iodine precovered Ag(111) surface as a function of CF;I exposure time.

attachment.!920 The major portion of the excess energy liberated
by electron capture appears as translational energy of the
fragments.20-2 Molecular beam measurements of CF;1 colliding
with K atoms indicate the formation of K-I and CF; radicals,?!
but no F-K or C-K bonds. Activation of the C-I bond by
potassium was attributed to a long-range harpooning mechanism
where electrons are transferred from the electropositive K atoms
into the electronegative CF;I molecule.2l:23 In a surface analog,
Zhou et al.2¢ reported the activation of the C~Br bond upon
exposure to methyl bromide to a Ag(111) surface precovered by
potassium at 105 K and interpreted their results in terms of surface
harpooning. This previous work with methyl and fluorocarbon
halides was one motivation for the present study. However, unlike
CH;Br/K/Ag(111), where CH; fragments are ejected during
dosing, we found CF; is retained. Comparing Ag and K, both
have a similar highest occupied band—a half-filled s band—but
the ionization potentials are markedly different, 7.576 and 4.349
eV for Ag and K, respectively.?> This makes an electron-transfer
process (harpooning) much more likely for potassium than for
silver. Thus, our results are consistent with thermal activation
of the FsC-I bond.

Itis interesting that CFs(a), unlike CHj,!5 does not recombine;
rather, it desorbs as a radical. This interesting result deserves
further study; here we only outline possible reasons for the
difference. Replacing H with the more electron-withdrawing F
will weaken the C—C bond so there is a stronger thermodynamic
driving force to form C,Hs. On the other hand, it is striking that
the CF; desorption peak temperature (breaking a C-Ag bond)
is only about 40-60 K higher that the C,H;s desorption peak
(simultaneously breaking a C~-Ag bond and making a strong
C-C bond). The thermodynamic driving force for making C,F
is certainly higher than for the desorption of CF;. We conclude
thatsignificant kinetic barriers must exist in this channel. Perhaps
lateral repulsions among adsorbed CFj(,) species inhibit C;Fg
formation. Sterically, F is larger than H and, electronically, F
carries more net pegative charge than H. The shift toward lower
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CF; desorption peak temperatures with increasing coverage is
consistent with this interpretation. A similar interpretation has
been given for the desorption of I on Ru(100)® and Ag(111).1!

Partial decomposition of CF;I at 105 K indicates that CF3I
decomposition is self-inhibited, a phenomenon well-documented
inthe literature.26-28 As the coverage of surface species increases,
there is a reduction in the number of sites available for CFslI
decomposition. In general, molecular adsorption appears after
the saturation of the decomposition channel, but in the present
case, molecularly adsorbed CF;I appears well before saturation
of the decomposition channel (see F(1s) and I(3ds,;) intensities
as a function of CF;I exposure). In addition, the XPS fora 10-s
CF;l exposure suggests that there are plenty of surface sites
available for C-I bond scission; CF3I decomposes quantitatively
upon flashing the substrate to 130 K. The fact that all of the
CF;l does not decompose at very low coverages is quite interesting.
We conclude that island formation occurs and that a simple site
blocking model does not fully account for the decomposition
mechanism of CFsI on Ag(111) at 105 K.

Another possible explanation lies in the kinetics of CF;l
decomposition. It is plausible that C-I scission occurs slowly at
105 K. To test this possibility, we made XPS measurements (not
shown) just after the adsorption of CFI and up to 30 min later.
Comparison of both measurements revealed the same amount of
molecularly adsorbed CF;l.

A more satisfying model assumes at least two kinds of sites are
involved in the adsorption and decomposition of CF;I on Ag-
(111), and one of them is active for C~I bond scission at 105 K,
whereas the other requires additional thermal activation. Such
a model assumes that CFl is not mobile at the adsorption
temperature and there is no interconversion between CF;1 on the
two proposed Ag sites. This is consistent with the above
observations and also accounts for abservations in the presence
of I(a) precoverage.

Saturation I(a) on Ag(111) corresponds to an 1/Ag ratio of
0.33 (4.80 X 10"jodine atoms /cm?)!$and a v/3X\/3R30° LEED
structure, 162933 The jodine atoms occupy 3-fold hollow sites
that do not have a silver atom underneath, and the distance
between the adsorbed iodine atoms is 4.98 A.'6 Further jodine
uptake, without the formation of a second layer, is limited by
strong repulsions among the adsorbed adatoms.!53132

Below saturation, the structure is more complicated. On the
basis of LEED intensity analysis, Maglieta et al.?° have proposed
a model in which the iodine atoms occupy 3-fold hollow sites with
and without a silver atom underneath. Farrell et al.30 and Kang
et al.3 bave proposed a similar model with a random distribution
of iodine atoms over both sites. The populations of these sites
depends on coverage and, presumably, on the details of prepa-
ration.

The effect of these coverage-dependent iodine structures on
the surface chemistry of CF;l, as revealed by our TPD studies,
is fascinating. On the clean surface, CF;lI desorbs in a peak
centered at 125 K and a high-temperature shoulder around 140
K; the shoulder increases for I/Ag ratios below 0.33 ML, while
the 125 K desorption peak area remains constant. But theshoulder
is excluded as soon as the saturation I(a) coverage is reached.
Citrin has reported that the v/3XV/3R30° iodine structure on
Ag(111) appears abruptly and exclusively for a saturation iodine
coverage.’132 We speculate that the high-temperature shoulder
involves CF;I molecules interacting with the 3—fold sites that do
have a silver atom underneath.

The nature of the adsorbate-substrate interactions that lead
to the CF;l desorption peak at 125 K is difficult to assess. The
maximum peak area is independent of iodine precoverages below
0.33. However, since it is the only desorption peak observed
when the surface is precovered with an I/Ag ratio of 0.33, we
suggest that atomic I in 3-fold sites that do not have a silver atom
underneath are involved. We suggest that the sharpening of the
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125 K TPD peak when I/Ag = 0.33 is a result of a high degree
of order and surface unformity.

The electronic effect of submonolayer and a monolayer coverage
of iodine on Ag(111) cannot be ignored. Compared to a clean
surface, the work function of Ag(111) is 0.35 eV higher for
saturation I(a) and the accompanying charge redistribution may
also contribute to the suppression of the decomposition probability.

5. Summary

Our results can be summarized as follows:

(1) Two channels are involved in the interaction of CF;I with
Ag(111). The molecular desorption channel is dominated by a
sharp CF;l peak at 125 K and a high-temperature shoulder that
peaks at about 140 K. The decomposition channel is limited to
C-I bond scission, below 130 K, to form CFs(a) and I(a). No
evidence for C-F bond scission or C—C bond formation was found
in TPD or XPS measurements. CF;(a) desorbs as a radical near
room temperature.

(2) The F(1s), 1(3ds2), and C(1s) XPS binding energies for
CF; adsorbed on Ag(111) are 687.6, 620.5, and 291.4 eV,
respectively. The F(1s) and C(1s) binding energies for CF3(a)
are 686.0and 289.2 eV, respectively. The I(3ds/,) binding energy
for I(a) is 618.9 eV.

(3) An iodine adlayer inhibits the decomposition of CF;l, a
result attributed to combined electronic and site blocking effects.
The absolute ensemble size needed for decomposition of CF;l
was calculated to be in the range 6-9 atoms.

(4) The molecular desorption channel is sensitive tothe structure
of the iodine adlayer. Submonolayer 1(a) increases the amount
of CF;I desorption in the high-temperature shoulder above 125
K, but with a saturated v/3X+/3R30° iodine structure, desorption
is exclusively in the 125 peak.
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