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Surface photochemistry induced by ultrafast pulses of vacuum ultraviolet light:
Physisorbed oxygen on graphite
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We report a surface photochemistry study using ultrafast pulses of vacuum ultravioletight for exci-
tation. Tunable vuv radiatioi10—38 eV is produced via high harmonic generation. We have studied the
model system of physisorbed,©n graphite. The only observed desorption product is e yield of which
is measured as a function of the excitation photon energy. The kinetic energies of the desorbed ions are
obtained by time-of-flight measurements with the pulsed source. These measurements enable us to suggest that
the O" desorption proceeds through more than one channel and to identify the electronic transitions that may
be involved in the dissociative ionization of the physisorbed O
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Surface photochemistry is important in a wide range oftochemistry of @ chemisorbed on Pt11) via ultrafast pho-
fields from interstellar Chemisﬂ')% to semiconductor toemission measurements. HHG has also been emﬁb&gd
03,4 ; ; . . S
processing:* Adsorbed molecular oxygen, in particular, has probe the ultrafast photodynamics of,Biissociation in the
served as a prototyplcal_system, the study_ of which has led t@as phase as well as electron dynamics at surfic8s.
a number of advances in our understanding of surface pho- |, this Brief Report, we employ ultrafast vuv pulses to

tochemistry. Most of these studies have concentrated on phﬂﬁduce surface photochemistry. The vuv source, described

ittc))l(ze heg'dsnze::rd3ﬁf;vig?/e}tlngﬁgfggynpgﬁéong?ég%l\J/'CSt;)r elsewheré? is based on HHG in argon or xenon and delivers
’ (after selection with a monochromator 10'° photons s?.

2-15 itati
surfaces*° Ultrafast laser excitation of £on Pd led to the Such a source has two principal attractions to initiate reac-

first observation of dissociation induced by multiple tion dynamics—it is tunable and has a pulse duration on the
excitations'® The role of electron captur@egative-ion reso- y Sl P
order of a picosecond. We report the yield of desorbéd O

nance formatiotf) in the photochemistry of Phas also been | . " e )
explored'® Nanosecond and femtosecond excitations havd®"S resulting from the photodissociation of @raphite ex-
been used to initiate photochemical reactions between coadited at 10-38 eV using harmonics 7 to @87 to H23. For
sorbed @ and CO to form C@,*?*|eading to subsequent @n O coverage of~4 monolayers(ML), we observe the
single-molecule experiments with the scanning tunnelingPnset of O desorption at-17 eV, a plateau at 19.5-29 eV,
microscopée® and a steep increase in cross section above 29 eV. The ion
The photochemistry induced by vacuum ultravidletv) ~ kinetic energy distributions, derived from time-of-flight
photons is of particular interest because vuv photons cafifOF) measurements, permit a discussion of the decay chan-
excite a range of different molecular electronic states, whictels that occur for excitation at different photon energies
may exhibit specific resonant behavié#” The dynamics of ~associated with the opening of additional decay channels at
the electronic states of the freg, @olecule are well known high photon energy.
from gas-phase studié®;®! and comparisons with the ad- ~ The experiments employed an ultrahigh vacu(isV)
sorbed phase lead to insights into the effects of adsorption oghamber (base pressure<10 ° Torr) equipped with a
electronic structure and dynamics. It is also of interest tdiquid-He cryostat and a mass spectrometer. The sample was
compare the vuv photochemistry of physisorbed®that of ~ cooled to 20—-22 K and measured with a rhodium-iron resis-
chemisorbed @, such as @ chemisorbed on Si(1)4(7  tance thermometer. Gas dosivgth O, (99.998% purity or
x7).2" Previous synchrotron-based studfes® of phys- CO (99.997% purity] was performed via a leak valve at a
isorbed Q on graphite have revealed interesting new dynamchamber pressure of>210 8 Torr. For all experiments an
ics that appear to be operative only at higher photon eneexposure of 12 langmuir (1 langmeirl0 ° Torrs) was
gies. Adsorbed ©has also been involved in the first study to used, which we believe corresponded to ancOverage just
use high harmonic generatigHHG) to follow the course of under 4 ML. The leak valve was closed during data acquisi-
a photochemical reactiofi.In that study, vuv photons pro- tion such that experiments were performed in the absence of
duced by HHG were used fwobe the infrared-initiated pho- gas-phase ©but at a pressure slightly above the base pres-
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sure of the chamber due to the influx of argon or xenon from Photon Energy (eV)

the HHG source chamber. To minimize this, a series of ap- 15 20 25 30 35
ertures are used to isolate the source chamber from the UHV | ] | i i
chamber. Furthermore, a pulsed valve, working at 1 kHz, 350 —

300 4 .4 ML O/ graphite
250 = Ts = 20 K

was used to decrease the total gas load. The amounts of Ar or
Xe detected in the mass spectrometer during vuv irradiation
were always negligible in comparison with the ion$ ©r

O*. A vuv monochromator selected the desired harmonic
generated by the HHG proce¥sThe monochromator reso-
lution was sufficient to ensure that only the selected har-
monic is incident upon the sample while all others were sup-
pressed. A removable scintillator was placed in a differential
pumping chamber between the monochromator and UHV T T T I I I T T
chambers to measure the vuv photon flux before it reached 8 10 12 14 16 18 20 22
the highly oriented pyrolytic graphite sample. The vuv beam Harmonic Order

direction was adjusted to maintain a constant photon flux on

the surface sample. This was determined for all harmonics by FIG. 1. Measurement of the Gion yield as a function of the
measuring the yield of photoelectrons acquired with the maskhoton energy generated by the high harm_onlc vacuum uItr_avnoIet
spectrometefHiden). The mass spectrometer was modified SOUrce for a coverage of4 ML of O,/graphite at 20 K. The ion

to allow TOF measurements in addition to quadrupole mas@cceleration voltage to the time-of-flight detector was 100 V.
spectrometry(QMS). The channeltron signal was detected

before discrimination with a multichannel analyzer triggered(32.55 e\j. From the calibrated total flight distance, we were
by the laser. To accelerate ions created at the surface by th@le to determine the initial kinetic energy of the” Qon,
pulsed vuv irradiation, a dc voltage was applied between thg, | as it left the surface, from the following equatith:
sample and the entrance grid of the mass spectrometer. De-

tection of desorbed neutrals was not attempted, given the

signal levels involved. 5

Calibration of the mass spectrometer used in TOF mode is E _mb* Ry )
key to the identification of the ionic species desorbed. Thus, K™ 2t2 '
we collected TOF spectra for ions desorbed from both phy-
sisorbed Q/graphite and physisorbed CO/graphite. In both
cases we observed the desorption of only one positivel_¥_|
charged ionic fragment. Variation of the extraction voltage
(25, 50, or 100 VY allowed us to identify unambiguously the
masses of the ionic fragments and to measure the drift leng
(D=0.2731-0.0009 m). The only ionic fragment observed
to desorb from~4 ML films of O, on graphite held at 20 K 5
(for all photon energieswas O°. Only C" ions were de-
tected from~4 ML CO/graphite at 20 K for excitation at "I
32.55 eV.

The tunability of the HHG source allowed us to measure
the O'-ion yield from physisorbed ©(~4 ML) as a func-
tion of photon energy. Each experimental point represents
the signal accumulated in 15 min, as shown in Fig. 1. The
main features apparent in Fig. 1 diea slow rise in the O
signal out of the background noise with an estimated appear-
ance threshold of 171 eV, (ii) a plateau region where the
yield is relatively constant to at least 26 eV, ajid) a further
steep increase in the yield above 29 eV. The yield 6f O
measured for physisorbed, differs markedly from the yield
of O" from chemisorbed @ For the latter case, Dujardin \
et al.?” recorded a monotonically increasing” Qlesorption 0 E ' ' L
signal with a threshold at 33 eV. 2 4 6 8

The time structure of our vuv pulses allowed us to mea- O+ Kinetic Energy (ev)
sure readily kinetic energy distributions and the concomitant
additional dynamical information. Furthermore, since the FiG. 2. Comparison of the kinetic energy distributions of pho-
photon energy is also tunable, we were able to make thesgdesorbed O ions from~4 ML of O, /graphite at 20 K excited at
measurements as a function of excitation energy. We madai5 (h»=23.25eV). Also plotted is the gas-phase dissociative
such measurements with both H183.25 eV} and H21 photoionization data aiv=21.23 eV from Ref. 28.

O* Signal (Arb. Units)

ere,mis the mass of the iorD) is the drift length t is the
measured flight time, aneV is the kinetic energy acquired
thP’ the ion of charge in the acceleration region. In Figs. 2
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5 layer is substantially governed by the same molecular dy-
I - 40.79 eV namical pathways as those observed in the gas phase. Previ-
':'\"h// (gas phase) ous studies utilizing synchrotron radiation could not conclu-
4 —;l | sively determine whethgg direct or substrate-mediated
Ry H21, 32.55 eV excitation was ogcurrm@?' In the photon energy region
\ /(physisorbed) from 17 to 22 eV, ie., 0-5eV gbove threshold, the excitation
of the physisorbed ©must be directas opposed to substrate
mediated, since photoelectrons produced in this region do
n not have sufficient energy to initiate dissociative ionization
%15 and thus desorb Oions. In the gas phase, high kinetic en-
\ ergy O" channels begin to participate appreciably at photon
v energies >26 eV. Therefore, the production of ‘Oat
32.55-eV excitation may in principle arise either from direct
or substrate-mediated processes. Significant changes in the
| el || ] ion yields compared with the gas phase are apparent; in par-

L

] 2 4 6 8 ticular, the lowestEy features are at least partially sup-

T pressed and, in consequence, the highefeatures are rela-
O+ Kinetic Energy (eV) tively enhanced. In contrast, the dissociation dynamics of
FIG. 3. Comparison of the kinetic energy distributions of pho- Physisorbed @ differs significantly from the dynamics of
todesorbed O ions from~4 ML of O, /graphite at 20 K excited at chemisorbed ©. This fact is related either to a change in the

H15 (hv=32.55eV). Also plotted is the gas-phase dissociative€XCitation probability or, perhaps more importantly, to a
photoionization data div=40.79 eV from Ref. 28. change in the excited-state relaxation dynamics in the phys-

isorbed versus the chemisorbed state.
Lafosseet al.*° have identified 12 mechanisms for disso-

and 3, the TOF data have been transformed into kinetic enc_iative photoionization f)f free Oin the range 20-28 eV. A
ergy distributions KED) for the two photon energies. Corre- two-step process describes the dynamics. First, th_e mol_ecular
sponding gas-phase d&taat similar photon energies are 1N and a photoelectron are created. Seponq, theliSsoci-
overlaid for comparison. These KED’s allow us to hone in on@{€S and the energy of the molecular ion in excess of the

the mechanisms of surface photodynamics in a way that idissociation energy is partitioned equally between the O
not possible from the yield measurements alone. atom and the O ion. Drawing on the work of Lafosset al.

For excitation at 23.25 eV, Fig. 2, the kinetic energy dis-and Luet al.>* we surmise that for excitation at 23.25 eV,
tribution consists of one peak atl eV. Excitation at 32,55 e primary photoinduced ion desorption mechanism is exci-
eV, Fig. 3, leads not only to the 1-eV peak but also to sigfation to the G (B %) state followed by fragmentation
nificant broadening on the high-energy side of the distribudnto the first dissociation limit, O(*S)+O(*P). This pro-
tion. There is also significant signal neB=0eV in the cess leads to Oions with a kinetic energy centered &l
latter case. Within our signal-to-noise ratio, the KED'’s are€V, consistent with the data in Fig. 3 for excitation at 23.25
remarkably similar to the KED's reported by, e.g., GardnereV and corresponding also to the 1-eV peak observed for
and Samsdfi and Luet al.3* for dissociative photoionization €xcitation at 32.55 eV. At 32.55-eV excitation, two additional
of gas-phase © The similarity between the gas- and channels become available, both proceeding y4daJ's )
adsorbed-phase distributions pertains to the breadth of th@nd both leading to high kinetic energy"Gons (=2 eV).
KED’s; however, the magnitudes of the features within theOne channel couples to the first dissociation limit, whereas
distributions differ significantly. In particular, the peak nearthe other couples to the second dissociation limit,(€5)
Ex=0 in the gas phase is greatly reduced in the surface- O(*D). All other channels lead to the production of low or
experiments. This observation is consistent with the idea tharear-zero kinetic energy Oand therefore make a less sig-
ions created with less than a certain criti€&l will be re-  nificant contribution to the KED’s we measure. The accessi-
captured by the polarization potential at the surface. Signifibility of the additional channels, particularly the high-energy
cantly, in gas-phase photodissociation of, @t least 90% of ones, correlates with the increased photodesorption cross
the fragmentation events lead to" Quith near zero kinetic section. We can exclude the desorption of @llowed by
energy’®®! Since these ions are incapable of escaping frongas-phase dissociation of the molecular ion, for if this were
an adsorbed layer we should not expect they@eld versus  to occur, theEx=0 peak would be the most prominent fea-
photon energy to be the same for the adsorbed phase corwe in the KED.

O+ Signal (arb. Units)
-~

Y et

pared with the gas phaseen if dissociative photoionization O, /graphite has a rich phase diagram of structures in the
is governed by essentially the same dynamics at the molecu- monolayer and multilayer regime that display different ad-
lar level in both cases. sorbate orientations. In the multilayer phase studied heye, O

From the similarity of the kinetic energy distributions is oriented roughly along the surface noriffaExtension of
measured in the gas and adsorbed phases, we conclude thiase experiments to other coverages, molecular phases, and
the dissociative photoionization dynamics in the physisorbedo different systems would certainly be of interest. Detection
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