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Photoinduced Fragmentation of Multilayer CH3Br on Cu/Ru(001)
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The broadband UV (236420 nm) photoinduced chemistry of GBt adsorbed on Cu(2ML)/Ru(001) in the
coverage range of-150 ML was studied by monitoring the desorption produds-TPD mode) in combination

with post irradiation work function change measurements before and during surface h&gtii@D mode).

Ag measurements enabled us to follow multilayer restructure and desorption of parent molecules and
photochemical reaction products in the temperature range-6780 K. Methyl radicals accumulated on the
surface are the precursor for the thermal formation of methane and ethylene at 450 K. Dehydrogenation of
the methyl group is the rate-limiting step of the surface reaction resulting in the formation of these molecules.
Based on work function change measurements, an estimate of the adsorbed methyl dipole magent is
0.48 D. Dissociative electron attachment (DEA) drivensBHdissociation produced GHand CH fragments

within the parent molecules multilayer matrix. At the multilayer coverage rafigeincreases by up to 1.1

eV after 10 min UV irradiation. Model calculations qualitatively describe the post irradiation work function
changes induced by the embedded photofragments (mostlyidas) inside the CkBr dielectric film.
Comparison of thé\gp-TPD spectra on Cu(2ML)/Ru(001) to those on clean Ru(001) indicates that the nature
of the molecule-surface interaction and the structure of the first few layers strongly influence the resulting
photochemistry at layer thickness up to at least 20 ML.

1. Introduction of the ejected photoelectrons. The dependence of the photo-
fragmentation yield on the number of deposited methyl halide
layers was previously established for gH/Pt(111Y by moni-
toring the dependence of the photolysis rates and photoelectron
yields on the multilayer thickness, where mean free path was
é_)btained for low energyX1 eV) photoelectrons.

TOF (time-of-flight) measurements of photoproducts in the
system CHCI/Ni(111) at excitation wavelengths of 193 and
248 nm were conducted. The @El dissociation threshold
energy and the high-energy peak of ejected methyl radicals were
attributed to the direct dissociation channel, which is observed
only at 193 nm. Although direct channel was observed at all

The photoinduced dissociation of methyl halides on well-
defined surfaces has been extensively studliElde motivation
of these studies has been mostly to reveal the nature of the
molecule-surface interactions under the influence of UV ir-
radiation. The cross sections of the various processes were foun
to depend on the excitation wavelengthadsorbate surface
distance and the dielectric properties of a spacer between’them,
and predeposition of adsorbdtes

Adsorbate photodissociation (at the-2 monolayers (ML)
coverage) on metal surfaces is most likely to occur via

dissociative electron attachment (DEA) mechantsBiiX e coverages above—12 ML, the multilayer thickness necessary

X O CLBE 5l quenh e DEA s wrd0 and 200
stabilized anionic state of adsorbed Hthat promptly excitation wavelengths of 248 and 193 nm, respectively. One

dissociates to give methvl radical and halide anion may conclude that low energy photoelectrons generated from
. 9 y " the “purely DEA” 248 nm photons could not reach the top layers
Photoexcited substrate electrons are generated with a broady; ihickness that exceed<l0 ML. which nicely correlates with

energy distribution. A fraction of these primary or secondary he measured penetration depth for low energy photoelectrons.
electrons can attach to adsorbates molecular (affinity) levels that A question arises how dominant is the “cage effect” in

may reside under the vacuum level because of image dipole . . L o )
attraction with the metal substrate. As directly measured by quenchmg the photodl_ss_00|at|on within the molecular multllayers
! for the direct dissociation and the DEA channels. Previous

S\a}n:rzes%?f?c?gr;\;vg ﬁ:;&ﬁg%og asuitekgéic oinri:agt)r/l;lfr? ;%J;SO'Sstudies have indicated that in the case of the direct dissociation

he f . ¢ lecul il he di channel, e.g., in the case of gDmultilayers on TiQ(110)

di Upon the ormatuén 0 m_:) (;cu ar gﬁ t ayers_i,_xt e direct surface, methyl fragments that were detected by TOF were
blSSOClathn route (I a(;(ad). azn'tv h 3(tgP$S/a8EA (9?‘5"”‘“) | originated from molecules laying very close to the adlayer-
PEcomes Increasingly cominamt,wnereas the channel — acuum interface. It was therefore concluded that the cage effect
is quenched, because of limited penetration into the multilayers is significant and may be dominant within the adlay&imilar
- . ~_ effects were observed in the case of photodissociation af CH
netviTs?onﬂgF?l correspondence should be addressed. E-mail: tsaliv@ \yithin rare gas matrixesHowever, this is not necessarily the

t Nuclear Research Center. case in the DEA channel. According to Marsh efaven when

*The Hebrew University. electrons cannot reach the topmost layers, DEA may occur in
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the lower layers. This was demonstrated by monitoring the total signal transmitted to a computer and converted to Langmuir
cross section for parent molecules removal {CiNi(111)) per units (1 L= 108 Torr s).
incident photo& Copper was evaporated onto the Ru(001) sample from a
The thermal chemistry of methyl and methylene halides on resistively heated Ta wire wrapped by high purity Cu wire
copper surfaces was previously studt&d The focus of these ~ (99.999%). The Ta filament was covered by a Pyrex shroud
studies has been mainly kinetics and the mechanism of methylwith 5 mm diameter aperture. The Cu source was thoroughly
and methylene dissociation and recombination and the effectdegassed prior to deposition and was controlled by monitoring
of the copper surface structure. Surface reactions of C1 the voltage drop across the Ta wire at constant current. The
fragments were studied in various different systems such aspressure rise during copper evaporation was routinelg k
CHal/Cu(110)° and CHl/Cu(111}t12and CHl./Cu(110¥0.13 1071° Torr. The sample was held during evaporation at 640 K
and CHl,/Cu(100}4 in order to avoid CO adsorption and to produce well annealed
Unlike the case of CH, CHsBr does not thermally dissociate ~ Surface, thus avoiding three-dimensional clustering of copper
on Cu(111) and only minor dissociation products are detected ©n the Ru(001) surface.
at defects on the Cu(10 ML)/Ru(001) surfdédo initiate C1 The copper coverage on the Ru(001) surface was kept
surface reactions, the-Br bond had to be cleaved by means constant at 2 ML throughout this work. At this copper coverage,
of UV irradiation!5-17 Br coverage was shown to play a the reactivity of the surface toward GBf thermal decomposi-
significant role in the photochemical scheme by reducing the tion has diminished relative to the clean ruthenium. The
overall DEA cross sectioH. remaining minor reactivity is related to defects in the copper
layers. The copper coverage was determinedApyTPDY?° at
a heating rate of 9 K/s. The first layer desorption peak (with a
maximum at 1235 K, at the completion of a monolayer) has a

Despite the extensive research of the photochemistry of
methyl halides, very few studies explored the processes inside
the multilayer. The chemistry of photogenerated fragments o . I
within the multilayer and irradiation induced multilayer rear- shape qharactgrlstlc of zero .order Qesorptlon Klnetlcs, often t.aken
rangements prior to and during surface annealing are practicallyas. an indication for two-dimensional (2D) island .formatlon
unknown. The focus of this study is to examine the effect of within the adsorbed layer. U_pon the full occupation of the
broadband UV irradiation (236420 nm) on the photo and second copper layer the maximum desorption peak is at 1150
thermal processes within GBr multilayers deposited on Cu- : ) .

(2ML)/Ru(001) relative to the monolayer. An electrostatic model ' "€ irradiation source was UV enhanced 450 W Xe lamp
we present explains well the experimental data on the basis ofManufactured by Oriel. IR irradiation was eliminated by means
photogenerated charges that are distributed within the molecular®f & water filter. The light was focused at the surface by a series

dielectric matrix, with the photoelectrons penetration depth as Of quartz lenses covering the entire sample homogeneously. An
a parameter. Oriel 7—54 filter transmits the spectral range between 230 and

420 nm. This range avoids direct photodissociation of the
adsorbed CEBr molecules. The photon flux of the lamp during
UV illumination at the central wavelength (350 nm) wa8 x

The experiments described here were performed in an 10'° photons/ciis.
ultrahigh vacuum (UHV) chamber with a base pressure &f 3
1071 Torr obtained by turbomolecular pump (240 L/s). A 3. Results
sputter gun (Ar ions at 600V and sample current of 8&) The thermal chemistry of C4Br on Ru(00138 and over Cu-
was employed to clean the Ru(001) surface and a quadrUp°|e(2ML)/Ru(001)19in the submonolayer and multilayer range was
mass spectrometer (QMS-VG MASSTORR DX) was used to giscussed elsewhere in detail. Briefly, the saturation coverage
obtain Ap-TPD spectra. The QMS was surrounded by Pyrex of the CHBr relative to the number of ruthenium atoms was
shroud with 5 mm diameter aperture to minimize detection of yatermined to be 0.2 0.02 for both surfacdg with the
desorbing species from surfaces other than the sample. A K9|Vi”monolayer coverage (1 ML) consisting of 346 0.3 x 104
probe (Besocke type S) was employed to monitor work function 54 4.0+ 0.3 x 104 molecules/crd respectively. The density
change A¢) as a function of crystal temperature using the same ¢ the crystalline CHBr in the (001) plane is 6.96< 104
computer controlled routine. The heating rate was 2 K/s molecules/crd as obtained from X-ray studi@sThus, it was
throughout this study. concluded that upon completion of the first layer the density
The Ru(001) sample (a square piecex8 mm, 1.5 mm reaches 52 5% and 58+ 5%, respectively, of it's value in
thick) was cut from a single-crystal rod to withil® of the the bulk. We note that our interpretation of a monolayer is
(001) crystallographic orientation and then polished by standard different from other studi@s*” for which the definition of 1ML
procedure. Sample cleaning procedure in UHV was describedis correlated with a definition of a bilayer (2ML) in the present
elsewheré81® LEED from the clean and annealed surface study1819
showed very sharp hexagonal pattern. The sample was attached 3.1. Photochemistry of 1 ML CHsBr on the Cu(2ML)/
to a liquid nitrogen reservoir via copper feedthroughs directly Ru(001) Surface.3.1.1. Ap-TPD. Ap-TPD spectra are shown
welded to the bottom of the dewar. AC resistive heating of two in Figure 1 of 1.1 ML CHBr (m/e = 94) and CH (n/e = 16)
0.5 mm diameter tantalum wires, between which the sample is from Cu(2ML)/Ru(001) following exposure to UV light (full
spot welded, was employed to control the sample temperature.spectral range, 236420 nm) from a Xe lamp of up to 96 min
W5%Re — W26%Re thermocouple wires spot welded to the of jrradiation time. Without irradiation, only minor CH
edge of the ruthenium sample were used for sample temperaturgjesorption is observed, associated with parent molecules dis-
determination and control. sociation at defects on the copper layer that is subsequently
CH3Br (99.5% pure) was further purified by a few freeze  followed by bimolecular reaction with adsorbed hydrogen to
pump-thaw cycles to eliminate any noncondensable residual form methane. Cleavage of the-Br bond is the result of the
gases. Exposure was done by filling the chamber through a leakUV irradiation, producing “hot” CH radicals. These radicals
valve to the desired pressure with the uncorrected ion gaugeare either ejected to the gas phase or accumulated on the surface

2. Experimental Section
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Figure 2. Extent of CHBr dissociation Kg) and the resulting CH
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Temperature (K) the inset: —In([CH3Br](t)/[CH3Br](0)) vs UV illumination time is
displayed.

Figure 1. Ap-TPD spectra of 1.1 ML CEBr (m/e = 94) and CH o S ) ] o
(m/e = 16) on Cu(2 ML)/Ru(001) following 0, 3, 6, 12, 24, and 96 Quantitative analysis indicates that after 96 min of irradiation
min exposure to a UV Xe lamp at its full spectral range. The spectra 65% of the methyl radicals were ejected to the gas phase.
for 0 and 96 min are denoted with dashed and dotted lines, respectively. The photodissociation rate of methyl halides is expected to

In the inset: The gH, (m/e = 27) Ap-TPD after 12 min irradiation 6|10\ first-order kinetics in methyl halides concentration:
(solid line) and prior to irradiation (dashed line). therefore, it can be expressed

and disproportionate around 450 K to gihd GH4.1%11Finally, —In([CH4Br](t)/[CH,BI](0)) = kt 1)
one cannot rule out the possibility of further photochemical

dissociation of the adsorbed @kadicals: Their first absorption  \yith

band in the gas phase is around 216&fand the threshold of

the adsorbed radicals that dissociate through the DEA mecha- k = Z f(1)o (1) 2)
nism is expected at a higher wavelengths, probably within our

excitation range/A > 230 nm). However, we expect this channel

to be minor because our photon flux at these wavelengths isf(4) is the wavelength-dependent photon flux (photond/sjn
very low (<105 photons/cra s). o(4) is the wavelength-dependent cross section for DEA%(cm

As shown in the inset of Figure 1, the)d; signal clearly photon), a.not is the time of illumination. If the diss.ociatio.n.
cross-section dependence on the surface coverage is negligible,

overlaps that of Cll A ratio of 3:1 was found between the . - ?
integrated areas under the ¢HIPD peak and that of £El. —In([CH3Br](1)/[CH3Br](0)) is expected to vary linearly with
the time of irradiation. In the inset of Figure 2, we note that

This ratio is higher than the expected 2:1 ratio based on the. " R . L
detailed mechanism for the methyl radicals disproportionation initially, at short irradiation times, the photodissociation rate
that was suggested by Bent and co-workédd. Such a was ~4 x 104 ML/cm? s. Beyond 10 min deviation from
discrepancy that was also found in other stu’éié% may linearity is observed, suggesting a decrease in the dissociation

. . cross-section with time.
originate from complete methyl group dehydrogenation followed - . N .
by carbon dissolution into the bulk.It is interesting to note The origin of this saturation like behavior may be due to the

) ; . following: (i) The increase in the surface work function due to
that the methane/ethylene ratio decreases in the multilayer . ; .
i . . the disappearance of methyl bromide and to the deposition of
coverage range toward the 2:1 ratio (see below), which may

indicate that the channel of complete methyl dehydrogenation bromine atoms, see the discussion below. This increase may
. . omp y yarog have shifted the affinity level of methyl bromide relative to the
is becoming less favorable in the presence of accumulated

bromine energy spectrum of the photoelectrons to a less favorable
: ) ) position in terms of electron attachment probability. (i) Br (as
Although the integrated desorption peak of the parent gn acceptor) and C4Br (as a donor) have opposite dipoles on
molecule continuously decreases, the ,Gihd consequently  the surfacé®1924The consistent shift to higher temperatures
C2H, peaks increase only for irradiation times below 20 min  of the CHBr Ap-TPD (Figure 1) and\¢p-TPD (see discussion
and then are kept at constant surface coverage following longerpelow) as exposure to UV light increases suggests that attractive
irradiation times. The extent of GBr dissociation Kg) and interactions between the coadsorbates (Br atoms angBCH
the resulting CH coverage are shown for various irradiation molecules) dominate. Consequently, stabilization of the ground
times, see Figure.After 24 min, the density of the photoge-  electronic state may lead to more efficient quenching of the
nerated methyl radicals (extracted from the sum of the (cali- exited state and therefore the dissociation cross-section should
brated) integrated TPD areas of ¢bhd GH,4) has saturated  further decrease.
around CH/Cu(2ML)/Ru(001)= 0.04 ML. In light of a related 3.1.2.A¢-TPD.In Figure 3a, post irradiatioAg-TPD spectra
study, where coadsorbed iodine atoms were found to decreaseare shown of 1.1 ML CkBr/Cu(2ML)/Ru(001) following the
significantly (by a factor of 3) the saturation coverage of methyl indicated exposure times to the UV light. In the absence of
radicals on Cu (1113 we conclude that the saturation density irradiation, the work function is practically constant above 210
of the methyl radicals is influenced by the coverage of K, indicating no significant CkBr dissociation. Upon increasing
coadsorbed Br atoms on the Cu(2ML)/Ru(001) surface. Above the time of exposure, a peak around 450 K builds up. This peak
a maximum coverage of the photochemicaly produced Br atoms, coincides with the detected desorption of £&hd GH,4, as
the methyl radicals are apparently ejected to the gas phaserevealed in Figure 1. In Figure 3b, the derivative of the work
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The work function of the system increases by 0.12 eV upon
removal of the methyl species from Cu(2ML)/Ru(001). Based
H0.04 on the integrated area under the corresponding methgne
TPD peak, the photochemically generated methyl coverage
reached CHCu = 0.04 ML (0.18 of an initial 1 ML methyl

a

Constant CH4 b

I TPD Signal

0.6

P

— ApTPD 0.03 &

202l Ml | dHepya g bromide). Simple calculation based on the Helmholtz equa-
So04le 0002 it 5 tion: Ag = 4mweNuo, whereN is the surface methyl densityg
0elt ‘°‘°2§ is the isolated methyl dipole momerd,is the unit charge,

provides an estimate of the isolated adsorbed methyl dipole
Lo.01 moment ofuo = 0.48 D (1 D= 3.34 x 1030 C m). The
justification to use this simplified model stems from the low
coverage and insignificant dipotalipole interaction between
. . . . : —— : the methyl adsorbates.
100 Zo%em 300 400 500 600 100 150 200 250 As in the Ap-TPD case, a saturation value is reached also in
perature(K) Temperature (K) S .. ..
) o the work function increase around 450 K after 12 min irradiation
Figure 3. Post irradiationAg-TPD (a) d@g)/dT (b) spectra of 1.1 time . This observation suggests that at longer exposures to the

ML CH3Br/Cu(2ML)/Ru(001) after exposure times of 0, 3, 6, 12, 24, . e .
48, and 96 min (ag, respectively) to the Xe UV full lamp. In the UV light additional methyl radicals that are generated by the

d(Ap)/dT (eV/K)
(snun-qre) [euSig 9| ssejy

300 350 400 450 500 550 600
Temperature(K)

inset: A comparison of thé\p-TPD (solid line) and the d{¢)/dT CHsBr photodissociation, are ejected to the gas phase during
(dotted line) spectra around 450 K, indicating the very good overlap the irradiation. However, further dissociation of €8 follow-
between the two. ing exposure to the UV light beyond 12 min (resulting in

function with respect to temperatureAdf)/dT is presented. It gdditiona[ Br deposition on the surface) is evident from the
is evident that, as bromine atoms accumulate on the surface, d1¢r€ase inAg at the completion of thé\g-TPD run around
shift to higher temperatures is observed in the derivative spectra.800 K. This resultis consistent also with the monotonic decrease
This reflects the stabilization of the methyl bromide molecules N the Ap-TPD signal of CHBr, as shown in Figure 1 at longer
due to the presence of the bromine atoms, as a result of attractiorfXPOSUre times.
between opposite dipoles (brominet-0.8 eV/0.33 MI24 and 3.2. Photochemistry of Multilayers of CHzBr on the Cu-
CHsBr = —1.4 eV/0.22 ML19). (2ML)/Ru(001) Surface.3.2.1. Ap-TPD. Ap-TPD spectra of

A comparison of theAp-TPD and the df¢)/dT spectra ~ CHa (We = 16) and GH, (me = 27) after 10 min UV
around 450 K is shown in the inset of Figure 3a, indicating a irradiation of a Cu(2ML)/Ru(001) surface pre-deposited with
very good overlap between the two. This is not surprising, 1—50 ML of CHsBr are shown in Figure 4, parts a and b,
considering that the desorption is rate limited by the methyl respectively. The irradiation source is the same as in section
dehydrogenation Cifa) — CH(a) + H(a)1° The reactions of 3.1; therefore, the direct dissociation channel of;BiHcan be
methylene insertion and methyl hydrogenation were found to ignored while the surface temperature during irradiation was
be considerably faster than the methyl dissociation on Cu@10). kept at 82 K
Both the removal of Chithat is indirectly measured by work Around 1 ML coverage, ethylene and methane desorption
function change and CHand GH, desorption are rate limited ~ signals practically overlap, having a single peak around 450 K,
by the same step. Furthermore, the overlap between the twoas discussed in section 3.1. As the coverage increases in the
measurements suggest that, if methylene fragments simulta-3—22 ML range, the spectra change monotonically in the
neously decompose in that temperature range as well, it mustfollowing manner:
take place without affecting considerably the measured work 1. A new desorption peak gradually emerges at 410 K on
function change. account of the 450 K desorption peak. Between 10 and 22 ML,
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Figure 4. Ap-TPD spectra of ChH(m/e = 16) (a) and GH4 (m/e = 27) (b) after 10 min UV irradiation time of a Cu(2 ML)/Ru(001) surface at
82K, predeposited with-150 ML of CHs;Br. The beam produced by the broadband irradiation source (Xe lamp) was filtered so that42@30
nm “window” was transmitted. In the inset: A typicAlp-TPD spectrum of KW (m/e = 2)
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the peak around 450 K diminishes, whereas the peak at 410 K
initially grows and then it saturates. The increased population LN WL . S S SR

in the 410 K peak on account of the 450 K peak is more 50 100 15,1), 200 250300 1250 400450300
pronounced for ethylene. 2. New peaks build up simultaneously emperature (K)

around 307 and 330 K for C+and around 230 and 280 K for  Figure 6. A¢-TPD spectra after 10 min UV irradiation time of a Cu-
CoHa. (2 ML)/Ru(001) surface predeposited with-50 ML of CH3Br. For

. . : g comparison, thé\g-TPD of 4 ML CH;Br that have not been exposed
In t_he 'Uset of Figure 4, a typicalp-TPD SpeCtrum_Of bl . to UV light is shown by dotted line. In the inset: A summary of the
(m/e = 2) is presented as well. Based on former studies which jycrease in the work function resulted from photodissocoation of

showed that hydrogen recombinative desorption from Cu(110) gradually thicker CHBr layers, following 10 min irradiation.
is expected around 340 Rthe absence of hydrogen desorption
at this temperature range indicates that the hydrogen-methylof its producs from the Cu(2ML)/Ru(001) surface is monitored
radical recombination to form methane is faster than hydrogen at T > 250 K. The increase ing due to methane and ethylene
recombination and desorption, partially because of the hlgh production gradually shifts from 450 K down to 280 K upon
density of adsorbed methyl radicals. increasing CHBr layer thickness up te-25 ML. Above this
The dependence of the extent of €8 dissociation on the coverage, no further change in tiep profiles is observed,
number of deposited layers, calculated by integrating the areaconsistent with the\p-TPD results of Figure 4.
under the Cidand GH, peaks in theAp-TPD spectra, is shown Information on surface processes that occur at coverages and
in Figure 5. Based on the expected surface reaction path\ways, temperatures below the onset for molecular desorption can be
the CH, + 2*C;H, signal is presented as well. The extent of obtained fromAg-TPD spectra. In Figure 7a,b, we present the
dissociation steeply increases up to 10 ML, and at a reducedAp-TPD (Figure 7a) and the Ag)/dT spectra (Figure 7b) of
rate, it grows up to 22 ML coverage. Above 22 ML, no CHsBr in the 80-150 K range. The temperature ranges for the
significant change in thé&p-TPD spectrum is observed. desorption of the different layers of GBr are indicated.
3.2.2.A¢-TPD. Because the overlap between the excitation Comparison of the desorption onset of condensedBEMith
spectrum (Xe lamp source) and the §Bdabsorption spectrum  the dA@)/dT spectra illustrates that a significant change in the
was reduced to a minimmum (using a proper optical filter) the work function is recorded during sample heating before any
main photodissociaction channel left is a DEA surface mediated desorption takes place. This process is observed only after the
processes, upon which Bions are produced within the GH system has been irradiated. Mg change for the nonirradiated
Br matrix2625These ions generate electric field around them system could be detected prior to the multilayer desorption
and are attracted to their image charge inside the bulk metaltemperature (dashed line in Figure 7b). The peaks obtained at
underneath. To caracterize the dissociation products embeddedemperatures preceding desorption may arise from diffusion of
inside the multilayer structure after irradiation and to probe the DEA products to the surface and multilayer restructure.
multilayer restructure during the diffusion of the Bions, a However, these processes need further investigation before we
set of Agp-TPD spectra were recorded under similar condition fully understand them.
as for the Ap-TPD. These are shown in Figure 6. For Differential spectra d{¢@)/dT at temperatures where the
comparison, the\e-TPD of 4 ML CHgBr that have not been  dissociation products react and desorb as new product molecules
exposed to UV light is shown by dotted line. are shown in Figure 7c. We note the shift of the desorption
The increase in the work function that resulted from photo- peaks to lower temperatures, similar to the corresponding
dissocoation of gradually thicker layers of eBt following 10 TPD spectra shown in Figure 4. The overlap betweehg)(
min irradiation at 82 K is shown in the inset of Figure 6. An dT andAp-TPD of methane is demonstrated for a layer of-22
increase of the work function of up to 1.1 eV was measured 25 ML in Figure 7c. The overlap between the two for the
(note thatA¢ of the 50 ML CHBr was —0.8 eV prior to monolayer coverage range was attributed to the methyl dis-
irradiation because\g upon adsorption at 82 K gradually sociation (CH — CH, + H) being the rate-determining step,
increases after the completion of the second Myen addition, followed by a rapid process of recombinative desorption of
the signature of methyl radical dissociation and the desorption methane due to reaction of adsorbed hydrogen atoms with
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Figure 7. Ap-TPD (a) and the d{¢)/dT spectra (b) of CkBr in the 80-150 K range. The temperature range for the desorption of the different
CHsBr layers is indicated. (c) &g)/dT spectra at higher temperature range of 2580 K, where methyl dehydrogenates, see t&xtTPD of
methane for irradiated 22 ML and the (xf)/dT) of 4 ML CH3Br that have not been exposed to UV light are also shown for comparison.

adjacent methy}® The presence of photo generated Br atoms  In Figure 8a, theAg-TPD spectra of CgBr(9ML)/Ru(001)

as coadsorbates on the surface during this reaction suggestat 82 K before and after irradiation are compared. Following
that despite a shift in the desorption temperature by 40 K, it 10 min irradiation, an increase of 1.5 eV in the work function
did not change the overall kinetic scheme of the methyl is observed. However, upon annealing the surface to tempera-
dehydrogenation as a rate-limiting step. This is consistent with tures still below the parent molecule desorption onset at 110
studies by Bent et af® where iodine poisoning was reported K, the surface work function is practically recovered to the
as a minor perturbation to the overall scheme of the methyl value in the absence of irradiation. It is evident that photo-
radical dissociation on Cu(111). dissociated fragments and multilayer restructure prior to de-
sorption are responsible for a significant work function decrease
of ~1 eV. In Figure 8b (dAg/dT) spectra are compared for
Ru(001) and Cu(2ML)/Ru(001). It is clear thatp prior to
multilayer desorption is more pronounced on Ru(001) than
n the Cu(2ML)/Ru(001) surface. Furthermore, the work func-
on change flips its sign from positive on the nonirradiated

When multilayers undergo DEA, the density of photoproducts
on the surface is expected to be significantly higher, as a resul
of accumulated DEA products from at least 20 ML. Neverthe-
less, the overall behavior at the 25850 K temperature range
seems very much the same as the monolayer coverage cas%ol.

This except for the typical second-order kinetics shift to lower Ru(001) to negative change upon exposure to the UV light,

temperaturgs as coverage increases. as shown for 9 ML CHBr in Figure 8b. This can be attributed
3.3. Multilayer CH 3Br on Ru(001) vs Cu(2ML)/Ru(001). to the presence of Brunion within the multilayer and the

The thermal chemistry and structure of multilayer methyl graduate process of charge-transfer back to the substrate upon
bromide on Ru(00%j and Cu(2ML)/Ru(00Tf were previously  annealing.

reported. A question arises as to what is the influence of the  Three processes are expected to occur in the matrix:

under laying metallic substrate on the photochemistry within (i) Multilayers restructure. (ii) Attraction of the Brions by

the multilayer: How the dissociation cross section inside the {qiy image charge in the bulk metal that results in their
matrix may be sensitive to it and to what extent the matrix pigration toward the surface. (jii) Dissociation of caged negative
restructure can be affected by the substrate. Destabilization ofj, complexes, (CEBr),~, n = 1 that are created as a solvation-
the third layer and then a more stable fourth and thicker layers jixe process that stabilizes the ionic spedi&thane (mass 30)

on the clean Ru(001) were discussed in terms of bulklike and ethylene (mass 27, the choice of this mass was to avoid
molecular crystalline structure formatidflt turns out that on the large background at mass 28) TPD peaks are observed near
the copper covered surface destabilization of the third layer is 95 K. These molecules are absent from the TPD spectra in the
not observed. Based on work function change measurementsase of the nonirradiated system. The peak near 95 K, shown
taken during adsorption, we concluded that, unlike the clean in Figure 8c, practically coincides with the minimum of the
Ru(001) surface, on the Cu(2ML)/Ru(001) surface, sBH dAq/dT spectrum, shown in Figure 8b. The methane peak (not
molecules do not form the molecular crystalline-like structure shown) was also observed. These ethylene and ethane peaks
based on antiparallel arrangement. This may be related to theprobably originate from methyl recombination and methylene
high density of defects on the Cu(2ML)/Ru(001) surface. Such insertion of some of the CHand CH dissociation products
defects will often lead to molecular adsorption in a wide that are free to diffuse, react, and desorb upon annealing the
distribution of tilt angles with respect to the surface normal, multilayer. The correlation between the dissociated fragment
thus avoiding the necessary packing that results in the moleculardiffusion/reaction/desorption and a significant restructure in the
crystal structure. multilayer reflects a “phase transition-like” behavior that allows
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Figure 8. (a) A@-TPD spectra of CEBr(9 ML)/Ru(001) at 82 K before and after irradiation. (b)A@/dT) spectra of CHBr(9 ML)/Ru(001)
before and after irradiation and GB¥(9 ML)/Cu(2 ML)/Ru(001) following irradiation. (cAp-TPD spectra of @, (m/e = 27, dashed dotted
line), GHs (m/e = 30, dashed line), and GBr (m/e = 94, solid line) after 10 min UV irradiation of a Ru(001) surface, predeposited by 9 ML of
CHgBr.

a vast reorganization in the multilayer. However, the fact that The extent of dissociation measured by the integrated signal of
the dA@/dT spectrum of the nonirradiated multilayer is peaked CH,; and GH,4 should reflect the production yield of Br atoms,
(having an opposite sign) in the same temperature range beforebased on negligible thermal dissociation. (ii) The work function
the desorption onset of the parent molecules (see Figure 8b)change at 82 K that is due to photofragments contribution
indicates that this behavior is a unique property of thesCH (mostly Br- ions) that are captured within the GBf matrix
Br—Ru(001) system. This behavior should be associated with following UV irradiation.

the different packing of the first 4 layers (see refs 18 and 19 Because bromide ions are expected to significantly affect the
for elaborate discussions). Photochemically produced fragmentswork function, we shall treat the ionic influence using a modified

seem to enhance this phenomenon. electrostatic model that was originally developed by Tsekouras
Another interesting difference between the two substrates thatet al2® for ions on hydrocarbon films.

is revealed by photochemistry is the differeéap-TPD spectra A certain concentration of bromide ions are placed on top of

obtained at temperatures above thesBHdesorptionT > 210 a condensed CiBr layer deposited on a metal surface. This

K. As demonstrated in Figure 8a, tidgp-TPD profiles of the layer is expected to act as an insulating linear dielectric medium.

irradiated and nonirradiated multilayers are identical above 150 lons placed on top of it should create a voltage because of their
K in the case of clean Ru(001). This indicates that the charge and the capacitance of the film. This voltage creates a
photogenerated fragments do not modify the distribution of change in the work functiop of the metat-film assembly by
species that are formed and stabilized on the surface uponan amount of

annealing at temperatures above 210 K. This is not the case for

the Cu(2ML)/Ru(001) surface shown in Figures 4 and 6. It may Ag = —eQL
be correlated with the lower reactivity of both adsorbed;BH Ace,
and CH; radical on this copper character-like surface.

= —€eVjim

whereQ is the charge deposited, is the areal is the film

4. Discussion thicknessg is the dielectric constant of the filmag is the vacuum
) ] ) ) permittivity, ande is the unit charge. I¢ is constant throughout
4.1 Multilayer Film Irradiated at 82 K. In the following, the film, diffusion of ions should lead to a change in the lateral

we present a simplified electrostatic model that attempts to distripution of the ions inside the filmp(x,y,2). As a thermally

address the experimental observations of work function increasegctivated process, diffusion is accelerated by annealing of the
of 1.1 eV upon UV irradiation of multilayer methyl bromide.  molecular matrix. At 82 K, we assume that the ions are frozen
For our system of CkBr on Cu(2ML)/Ru(001) at 82 K, three 3t the coordinates where DEA took place. The time dependent

assumptions can be made based on earlier stédies: distribution of vertical distances of ions from the surface inside
(i) No significant direct photodissociation channel takes place. the film can be followed by monitoring the change in the
(if) The maximum penetration depth of photoelectrons-20 work function. Generally, thet andy dependence should be

ML. (iii) For simplicity, we take an average value of the DEA  rather small for a macroscopically homogeneous film, which
cross section to represent the fact that we neglect its layeris sensitive only to the density average oxeandy, to give
thickness dependence. p(2). Integration by parts of the Poisson equation over the free
Quantitatively, there are two different aspects of coverage charges in the presence of constant dielectric medium yields a
that were identified in our Cu(2ML)/Ru(001) experiment: (i) simple expression for the change in the work function that
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layer thickness in ML. The dashed line is the calculated curve, see

text.

results from the voltage across the fift:
_ e gL
Ag(L) = —e(V(L) = V(0)) = — e, Jo 2@dz (3)

Therefore, we can use this picture of a frozen distribution of
ions inside a dielectric medium as a valid description of our
system after irradiation at 82 K. It is necessary to defi(®
more precisely as follows:

p(2) = ZF(/D Ne()e kg, (4)

F(A) is the time integrated flux density of photons weighted by
the wavelengths profile of the irradiation sour®&(1) is the
wavelength dependent probability of ejecting a low energy
photoelectrony F(1)Ng(4) is therefore the time integrated flux
density of photoelectrons that are ejected from the surface. Th
dependence of slow photoelectrons penetrationzois of
exponential form where d&/is the penetration depth, assumed
to be independent of their energy below 1 &Vh order to

J. Phys. Chem. B, Vol. 107, No. 41, 200B1389

number of monolayers results in a penetration depth of 4 ML.
The coverage dependence of the photo fragmentation was
previously established for the GEI/Pt(111) system by measur-
ing the photolysis rates and low energyl( eV) photoelectron
yields as a function of thin layer thickness, and a penetration
depth of 1.8 ML was reportetiwhich is similar to ourg” We

may consider the quality of the fit in Figure 9 as supporting
evidence for the claim that ions and electrons have long-range
polarization effects on the neutral dielectric films they are
embedded within and therefore justify the employment of the
ion-dielectric formalism in order to describe embedded charges

inside a multilayer.

The cage effect has often been considered to be the main
reason for relatively small measured cross sections for photo-
dissociation of molecules embedded in a matrikhe cage
created by the surrounding atoms or molecules introduces a
barrier for dissociation that originates from the need of the
photofragments to escape the cage walls. However, if a low
energy photoelectron is ejected from the surface to be attached
to a parent molecule within the multilayer, an externally assisted
anionic bound state, (G3Br),~, n = 1, may be formed.Such
a “solvation” process should stabilize the anion via polarization
of the surrounding medium. A recent study has reported a DEA
cross section of-1 x 10716 cn? for low energy electrons near
and below 1 eV, for ChCI molecules embedded inside a Kr
solid matrix. This value is seven times higher than that o§CH
Cl when depositedn topof a Kr solid surfacé.The difference
between the surface and bulk photoinduced processes was
attributed to unique product stabilization in the bulk that
overcomes the decrease in the cross section due to the cage
effect. Similar cross sections were reported forsBiHnolecules
condensed on top of a Xe film as well as with a maximum
DEA cross section for electrons at kinetic energy of 0.1 eV.
These values are more than two orders of magnitudes higher
than the equivalent DEA cross section in the gas pRase.

One may conclude that there is an interplay between
stabilization effects and escape probability from a cage of the
dissociated fragments that dictates the net probability for the
DEA process of an embedded ¢Bt molecule. Voids in the
amorphous solid that reduce the perfect cage structure may also
reduce the cage effect in favor of enhancing DEA. Because our

emeasurements are based on macroscopically averaging work
function changes measured at 82 K, it is impossible for us to
distinguish between the separate contributions ofiBns (DEA
products) and stabilized (GBr),~ cluster ions.

estimate the number of ions produced at a certain infinitesimally ~ 4.2. Fragmentation within the Multilayer. A notable

small dz distance along the dielectric layer, we introdlgeas
the number of ions (mostly B) that are produced per
photoelectron. We neglect the dependenckspbn z, which is

difference is observed between the photochemical formation
rates of CH and GH4 at 1 ML coverage of CgBr on Cu-
(2ML)/Ru(001) to the rates observed at a coverage of 22 ML

an approximation that becomes more accurate as the ions aren the same substrate. At the high coverage, the photoproducts

removed away from the surfac@lm interface, where image
charges do not play a significant role.

may further react only after the annealing/desorption of the
multilayer. A significant difference in the peak desorption

In Figure 9, we demonstrate the correspondence between theemperatures of these two products is observed. The desorption

calculated expression

rp(@) _ Jow@dz
A@(O)max f(;max 20(2) dz

to the experimental values of the work function change at 82

after 10 min irradiation as they vary with the layer thickness.

peak shifts from 450 K at 1 ML to 410 K at 22 ML, following
exposure to the UV irradiation. This shift is attributed to the
higher density of photogenerated gtddicals that were formed
within the ~25 ML thick film and are accumulated on the
surface upon annealing. Higher density of adsorbed methyl
radicals leads to a faster and, therefore, lower temperature
K reaction. We believe that the second-order kinetics appearance
of these products, suggest a disproportionation reaction to take

A@(©) is extracted from the data presented in Figure 6, Place between two adjacent methyl groups:

normalized to®max = 50 ML, where no changes ing were
further observed. Converting the fitted parameteto the

2CHy(@)— CH,(g) + CH,(a)
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The dominance of this second order reaction can be understoodevealed by the lower temperatures (230 K) ethylene production

only at higher coverages. At the lower ones, methyl dehydro-

and desorption.

genation is the rate-limiting step, as discussed before. Second- DEA driven CHBr dissociation produced GHand CH

order kinetics explains in a trivial way the increasing yield and
the shift of products appearance to lower temperatures.

Very low temperature for ethylene formation near 230 K, is
observed as a result of the multilayer photochemistry. T C
peak centered at 230 K is attributed to Qiddicals recombina-
tion: 2CHy(a) — C,H4(a) to form ethylene that desorbs
immediately upon formation. Similar results were obtained on
single-crystal Cu(100% The CH radicals may originate from
further photodissociation or DEA of methyl radicals at 82 K
inside the multilayer structure. Electron attachment to thg CH
radical is known to stabilize it while removing its planarity.
The existence of the methide (GH ion was demonstrated and
shown to have electron affinity of 0.88.03 eV28

After the GH,4 desorption peaked at 230 K, anotheiHy

fragments inside the multilayers. The maximum equivalent
coverage of the trapped methyl radicals increases up to 0.06
ML at 22 ML initial parent molecules layer thickness.

At the multilayer coverage rangdy increases up to 1.1 eV
after 10 min irradiation. We present an electrostatic model that
qualitatively explains the post irradiation work function increase
induced by the embedded photofragments (mostly Bns)
inside the CHBr dielectric film. Using the formalism of the
above model to fit the experimental data we obtain a penetration
depth for low energy photoelectrons of 4 ML onto the molecular
layer, in agreemeft with prevously reported data for GaI/
Pt(111)’

Comparing theAg-TPD spectra obtained for GBr on Cu-
(2ML)/Ru(001) to that on clean Ru(001) surfaces indicate that

production channel is observed, its maximum rate is around 280the nature of the molecule-surface interaction and structure of

K, followed by a CH desorption at 310 K. The 280 K8,
peak, that was detected also on Cu(1¥03,thought to proceed
via methylene insertion mechanism &b + CHs(a) — CoHy-
(a) + H(@)1° The subsequent 310 K peak is due to £LH

hydrogenation by the hydrogen atoms that are supplied from

the above methylene insertidflt is important to note that no
H, is produced concurrent with GHdesorption, probably
because Cklcoverage is significantly higher than the H atoms
coverage.

Around 450K desorption peaks due to £bnd GHa, are
observed to shift to lower temperatures with increasing multi-
layer coverage, as discussed above. Th#lfCH, ratio
increases by a factor of 2 as the B initial coverage increased
from 1 to 22 ML. The integrated £, desorption signal at low
temperatures (230 K) is higher than that of £H may be that
both rate constants of GHhydrogenation (Ck(a) + H(a) —
CHa4(g)) and methylene insertion (Gt) + CHs(a) — CaHa(a)

+ H(a)) are affected in a different way from the increase of the

Br coverage and the rate of methylene insertion is amplified 9%

on account of methyl hydrogenation.

5. Conclusions

The broadband UV (238420 nm) photoinduced chemistry
of CH3Br adsorbed on Cu(2ML)/Ru(001) in the-50 ML

the first few layers significantly influences the photochemistry
up to at least 20 ML.
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