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In this paper we report that ultraviolet laser induced desorption from the surface of a thin
nitric oxide film proceeds via two mechanisms which are present simultaneously. One
mechanism is attributed to laser induced thermal desorption while the other is due to a
nonthermal, single photon process. A film of 1-2000 ML (layers) of NO condensed on a
Ag(111) substrate under UHV conditions at 25-50 K was irradiated by 5 ns pulses of 220-270
nm laser light (4.6-5.5 V) with 0.5-5 mJ/cm? (0.1-1 MW/cm?) power density at the surface.
Translational energies of desorbed molecules were measured from time-of-flight (TOF)
spectra taken with a mass spectrometer, while the internal energy distribution of molecules
desorbed in the nonthermal channel was determined by a (1 + 1) resonance enhanced
multiphoton ionization (REMPI) probe. NO monomer in the *I1;, ;,, electronic ground
states was the only significant product. There were two distinct characteristic TOF
components, which we associate with different desorption mechanisms. Each component had a
different velocity and angular distribution, and their relative yields varied with laser pulse
energy and NO layer thickness. Under conditions where both mechanisms gave comparable
desorption yields, we obtained TOF distributions which were bimodal. A “slow” peak with an
average translational energy up to 0.06 eV was Maxwellian with temperatures between 160 and
280 K and a broad angular distribution. Yield in this peak increased strongly with layer
thickness and exponentially with laser pulse energy. A “fast” TOF peak with average energy of
0.22 eV was non-Maxwellian, with an angular distribution peaked toward normal, and yield
increasing linearly with laser pulse energy. REMPI of the fast peak showed a vibrational
population ratio v = 3:v = 2 of 0.85. A Boltzmann plot of the rotational population
distribution of v = 2 molecules, if fit with a single line, gave a temperature of 2500 K. We use
these angular, velocity, rotational, and vibrational distributions to suggest mechanisms for the
nonthermal desorption. We also discuss factors determining the relative extent of thermal and

photochemical effects, which control the morphology of ablated surfaces.

I. INTRODUCTION

Laser—surface interactions are increasingly important
in science and technology. In industry, lasers cut, weld, and
anneal materials—all thermal processes. In microelectron-
ics and medicine, ultraviolet lasers can precisely etch or ab-
late polymer films or biological tissues with little heat dam-
age. This remarkable new technique appears to involve both
thermal and nonthermal photochemical mechanisms.’
What determines the extent of thermal and nonthermal ef-
fects, and what are the photochemical processes induced in
condensed matter by ultraviolet radiation? These questions
may be impossible to answer for complex technological ma-
terials. We have therefore studied a simple model system in
which laser and film characteristics can be well controlled,
and the molecules removed from the film can be examined in
detail. In these experiments we have used UV excitation of a
molecular film condensed on a metal substrate, followed by
translational and internal energy measurements of desorbed
molecules, to study desorption mechanisms and energy flow
pathways during UV photodesorption.
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In surface science, laser surface interactions serve both
as probes of surface structure and dynamics, and in their
own right as important new phenomena. Many laser in-
duced surface and adsorbate-surface phenomena have been
recognized.” Lasers can rapidly heat substrates, or directly
excite vibrations or electronic states in surfaces or adsor-
bates. We first review a few results relevant to our work from
laser thermal desorption, infrared photodesorption, and ul-
traviolet photodissociation on surfaces.

A. Laser heating of substrates

Laser induced thermal desorption (LITD) with nano-
or picosecond pulse lengths can produce heating rates of 102
K/sor higher, yielding high densities of desorbing molecules
above the surface. If LITD is studied for clues to the dynam-
ics of the desorption process, care must be taken to eliminate
collisional perturbations of desorbing molecules. During
early work in this area, non-Maxwellian TOF distributions
were seen in D, desorbed from W by heating the substrate
with 1060 nm IR light, but the distributions had been dis-
torted by collisions.” Wedler et al.* heated a CO covered
Fe(110) surface and measured Maxwellian TOFs which
were lower than the surface temperature for surfaces hotter
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than 600 K. Burgess and various co-workers have studied
desorption of CO from Cu substrates heated with UV lasers.
They measured Maxwellian TOF distributions below the
predicted surface temperature, with no evidence of colli-
sions, although desorbed fluxes were high.> More recently,
they have observed non-Maxwellian TOF distributions with
two components, and obtained laser fluorescence state re-
solved rotational and TOF data, which should provide a de-
tailed picture of the energy distribution in the desorbing mol-
ecules.®

B. Laser excitation of adsorbates and covalently
bonded surfaces

If a molecule on or near a surface is directly excited by
photons with enough energy, it might desorb before all of the
excitation dissipates. Of course thermal desorption may fol-
low, but we are most interested in cases where equilibration
of energy is incomplete at the time of desorption. We will call
this photochemical, or simply nonthermal, desorption. A
major question in laser induced desorption is the relative role
of thermal vs nonthermal mechanisms. Because these mech-
anisms imply different energy disposal and often different
desorption dynamics, they may be distinguished, and in-
sights into the desorption process obtained, by measuring
the translational and internal energy distributions of the de-
sorbed species.

The nonstatistical energy distributions of photochemi-
cally desorbed molecules may reveal their history subse-
quent to excitation. Excited molecules at a surface are few
and short lived, requiring fast, sensitive probes to follow
their dynamics.”® Desorption can be prompt enough to
compete with bulk or surface relaxation processes. This
competition will be reflected in the energy distributions of
the desorbed species, which can then be determined with
sensitive gas phase techniques. If the quantum yield and to-
tal energy of desorbed products is known, conservation of
energy gives the amount left behind in the surface, and we
may be able to determine branching ratios for relaxation and
desorption mechanlsms. Thus the desorbed molecules can
serve as a window into energy flow at a surface.

1. Infrared excitation

Infrared lasers can deposit energy directly into adsor-
bate—surface vibrations or internal vibrational modes of ad-
sorbates. Desorption following resonant infrared excitation
has been studied by several groups.'®'" Chuang and co-
workers have looked for “quantum effect”” desorption—ab-
sorption of IR photons by a surface vibrational mode, fol-
lowed by desorption of the excited species without thermal
equilibration of the absorbed energy in the surrounding ad-
sorbate layer or the substrate lattice. As the laser wavelength
is tuned through an absorption band, resonant desorption is
seen, but not desorption that is selective between coadsorbed
isotopically substituted species. In IR experiments, the ener-
gy of a single photon is usually less than required to break the
surface bond, and several processes—direct substrate heat-
ing, indirect or resonant heating of the substrate through
adsorbate absorption of laser light, and resonant heating of
multilayer adsorbate films—contribute to thermal desorp-

tion that can obscure any multiphoton quantum desorption.
To understand these processes, theoretical calculations of
vibrational energy transfer between adsorbates, electronic
damping of vibrations by the surface, and desorption have
been performed.'"'"?

2. Ultraviolet excitation

Electronic excitation of adsorbates by ultraviolet light
opens new channels for energy transfer. A single UV photon
provides energy comparable to a chemical bond, and an ex-
cited molecule is more likely to dissociate, react photochemi-
cally or desorb before the excitation is damped or therma-
lized. Elucidation of these multiple pathways is just
beginning: there is phenomenology but only a few theoreti-
cal treatments.'>'* Experiments in thin film processing and
surface photochemistry have looked at film morphology
after irradiation or demonstrated photoinduced reactions on
the surfaces of semiconductors,'*'® rough silver,'® inorganic
substrates, thin physisorbed films, and organic poly-
mers.>*>?? Again, measurements of energy distributions
may be useful in distinguishing thermal from photochemical
processes. Only a few researchers have measured energy dis-
posal in photochemical reaction products or in desorbed
molecules. These include measurements of dispersed flu-
orescence from electronically excited molecules produced
by UV dissociation of polymers,”? translational energies of
Ag, Cl, and AgCl emitted from AgCl surfaces,*** transla-
tional energies of desorbed molecules, and photofragments
following excitation of condensed films of H, O and NH,,*
H,S, and CH,Br physisorbed on LiF,*”?® or CH,Br on
Ni(111),%® and CS, from CO, solid.*®

Several of these systems involve direct excitation to re-
pulsive potential surfaces leading to prompt photodissocia-
tion and desorption. Comparisons of adsorbate photodisso-
ciation to that in the gas phase have suggested ways in which
photofragment energies are modified by kinetic or electronic
interaction with different substrates. Following UV photo-
dissociation of CH, Br adsorbed on a LiF surface, Bourdon
et al. observed desorption of CH, radical.”” The CH, TOFs
are similar to those from the gas phase dissociation but ex-
tend to higher energy than allowed by conservation of mo-
mentum for an isolated molecule. Results were explained
with a dissociation mechanism operating on the same intra-
molecular potential as for gas phase CH, Br, but with a high-
er effective mass for Br due to interaction with the surface.
The translational energy of the methyl fragment shows little
accommodation with the surface, the surface mainly
changes the kinematics of the repulsive separation of Br and
methyl.

Marsh ez al. looked at the same reaction on a metal sub-
strate.”® UV photofragmentation of CH;Br on Ni(111)
should involve the same direct repulsive surface as in the
work on LiF described above, but the TOF distributions of
desorbed CH; fragments are different, much lower in ener-
gy. Energy loss may be occurring via electronic interaction
with the metal. Image dipole coupling to a metal surface is
important in electronic and vibrational relaxation of adsor-
bates, but may be too slow to be important here.’* The UV
excited CH, Br has enough energy to access charge transfer

J. Chem. Phys., Vol. 88, No. 12, 15 June 1988

Downloaded 14 Sep 2004 to 143.106.6.126. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



Natzle, Padowitz, and Sibener: Laser photodesorption of NO

states a few eV above the ground state, which then lose ener-
gy to the metal. Charge transfer mechanisms such as the
transient negative ion states proposed by Gadzuk*? have re-
cently been invoked in several experiments. Vibrational exci-
tation observed following low energy collisions of NO with
Ag(111) cannot be explained kinematically, but may-be a
result of charge transfer.*

3. Model systems

To bridge the gap between photodissociation of isolated
adsorbates on well characterized surfaces, and etching of
polymer films or biological tissues, we might study a series of
increasingly complex model systems. Ideally, we would start
with an isolated molecule, then see how its photochemistry is
modified and new energy flow pathways opened by conden-
sation and the presence of the substrate. The interpretation
of surface experiments can be guided by the spectroscopy,
photochemistry, and energy transfer properties of the excit-
ed molecule under progressively stronger interactions with
surrounding species. Relevant information may be obtained
from gas phase, matrix isolation, or neat molecular solid
work. At this stage of our understanding, films of weakly
bound molecular and physisorbed materials should be espe-
cially fruitful model systems.

To this end we have studied resonant UV photodesorp-
tion from a molecular film of nitric oxide. Condensed NO is
a particularly interesting system: the solid is known to be
completely dimerized, and the dimer bond strength is inter-
mediate between values typical of van der Waals and cova-
lent bonds. The gas phase spectroscopy of NO monomer, the
only significant desorption product, is well understood, al-
lowing product internal energy distributions to be deter-

7977

mined. We will discuss the use of high-resolution time-of-
flight spectra and resonance enhanced multiphoton
ionization spectra to distinguish thermal from nonthermal
mechanisms. We observed bimodal velocity distributions
which give unambiguous evidence for two different desorp-
tion channels. The yield of each component of the bimodal
velocity distribution varied independently as a function of
laser wavelength, pulse energy, and film thickness. We inter-
pret one peak as thermal in origin, and the other as resulting
from a single photon, nonthermal photochemical desorption
process. We will consider in detail the nonthermal channel’s
response to film and laser characteristics, its translational
and internal energy distributions, and discuss possible de-
sorption mechanisms.

Il. EXPERIMENTAL

A film of 1-2000 ML of NO condensed on a Ag(111)
substrate under UHV conditions at 25-50 K was irradiated
at glancing incidence by 5 ns pulses of 220-270 nm laser light
(4.6-5.5 eV) with 0.5-5 mJ/cm? power density at the sur-
face. Translational energies of desorbed molecules were
measured from time-of-flight (TOF) spectra taken with a
mass spectrometer, while the internal energy distribution of
desorbed molecules was determined by (1 + 1) resonance
enhanced multiphoton ionization (REMPI) using the same
laser and a microchannel plate ion detector.

Details of the UHV chamber, molecular beam, mass
spectrometer, and substrate have been described previous-
ly.>*3 Figure 1 is a schematic view of the apparatus. A
bakeable stainless steel UHV chamber contained the single
crystal substrate, liquid helium cold tip and crystal manipu-
lator, sputter ion gun, Auger spectrometer, quadrupole mass
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spectrometer, and microchannel plate. The chamber was
pumped by a 400 / /s ion pump and by the liquid helium
cooled portions of the manipulator. Base pressure was
< 1X107'° Torr as determined by a nude ion gauge.

The substrate was a liquid helium cooled Ag(111) crys-
tal. Defects and details of the substrate surface structure did
not influence results of experiments with multilayer con-
densed NO. A chromel-alumel thermocouple was press fit-
ted to the back of the crystal. The thermocouple was calibra-
ted by comparison to known temperatures for bilayer Ar
desorption and bulk Ar and NO desorption temperatures
deduced from known vapor pressures.*® We estimated the
temperature calibration to be good to + 5 K. When a rare
gas layer was deposited on the Ag substrate and irradiated by
the laser under conditions which would desorb NO, no rare
gas desorbed. This clearly ruled out direct laser heating of
the metal as a cause of fast peak desorption.

The first step in the experimental procedure was to dose
the cold substrate with a molecular beam of NO to condense
a thin film of NO solid. Photoelectron spectra of NO on
Ag(111),*” UV spectra of thin NO films*® and x-ray diffrac-
tion*® experiments indicate complete dimerization of NO in
the solid.

A molecular beam source was attached to the main
chamber. Two molecular beams could be used to dose the
crystal. The center beam, used with NO or rare gases, has a
diameter of about 1.25 mm at the crystal, and an angle of
incidence of 45° from surface normal. The resulting dosed
spot on the crystal was elliptical with a 1.25 mm minor axis
and a 1.75 mm major axis. The rare gas flux with 20 psia
backing pressure was about 0.56 + 0.1 ML/s. The NO flux
with 10 psia backing pressure was about 0.45 + 0.1 ML/s.
The side beam, used for rare gases, has a diameter of about
2.5 mm at the crystal and is incident at 43°. The dosed spot
was an ellipse with 3.4 mm major and 2.5 mm minor axes.
The rare gas flux on the crystal with a 6 psia backing pressure
was 0.023 ML/s. We calibrated the fluxes by the dosing time
required to produce features in thermal desorption spectra
corresponding to monolayer, bilayer and bulk rare gas*® or
monolayer and bulk NO.?” Sticking probabilities at 25 K
were near unity. Dose times in coverage dependence experi-
ments were controlled by a manually or timer actuated elec-
tromechanical beam shutter. The surface was continuously
dosed with NO while taking most REMPI spectra. Kr and
Ar gas were 99.995% pure from Cryogenic Rare Gas Labo-
ratories or Liquid Carbonic. NO was C.P. 99% grade from
Matheson.

A Quanta-Ray DCR-1 Nd *3-YAG laser producing 5
ns pulses at 10 Hz pumped a PDL-1 dye laser containing
Fluorescein 548. Wavelength was incremented by a stepping
motor controller with a custom CAMAC interface. The
typical wavelength increment was 0.025 A (0.4cm~!'). The
dye laser output was doubled in a KDP crystal with servo-
controlled angle tuning. A 50 cm focal length S1 grade
quartz plano-convex lens focused the light in the center of a
120-230 psia H, Raman cell. After recollimation by a sec-
ond identical lens, the fundamental, doubled or various anti-
Stokes orders of the doubled light were selected by adjusting
the angle of a dispersing quartz Pellin-Broca prism. A sec-
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ond Pellin—-Broca prism with a mirror image orientation rel-
ative to the first was 63 cm away, followed by a 90° turning
prism 2.4 m away at the UHV chamber. Finally, an adjusta-
ble entrance lens focused the laser through a Suprasit UHV
window to the crystal 68-73 cm away. The laser beam en-
tered along the axis of rotation of the crystal and detector
and struck the crystal surface at a grazing 2 4+ 1° angle of
incidence, perpendicular to the center dosing beam. The la-
ser polarization was 45° with respect to crystal normal, par-
allel to the dosing beam.

We aligned the laser by directing visible radiation
through two beam defining apertures. The entrance lens was
adjusted so that the visible light was focused on the portion
of the crystal to be dosed with NO. The desired UV beam
was then selected and directed through the two alignment
apertures. Small entrance lens adjustments were usually re-
quired before a scattered light signal from the microchannel
plate indicated that the UV beam was striking the crystal
surface.

As wavelength varied, the dual Pellin-Broca prisms
prevented a change in beam direction due to dispersion, but
the angular shift between the two prisms caused beam walk
at the entrance lens. Since the crystal was not exactly at the
focal point of the lens there was some translation of the spot.
The microchannel plate signal due to light scattered from
the edge of the crystal did show a wavelength dependent
change. The position change was 50-75 um for a 500 cm '
wavelength scan, smaller than the beam spot size. No vari-
ation in desorbed NO yield was detected with the mass
spectrometer during such a scan, nor was there a change in
REMPI intensity if the crystal was translated to compensate
for beam walk.

By tuning the same laser used to excite the condensed
NO film, we obtained REMPI spectra to measure the inter-
nal energies of NO monomer desorbed during the 5-10 ns
laser pulse. All of the desorbed molecules remain within the
laser beam during the laser pulse since the 5 um travel dis-
tance of molecules in 5 ns was small compared to the laser
beam diameter. We could use one laser because the solid
optical absorption was broad, with a 12000 cm™'
FWHM.* The absorption intensity of the solid changes by
less than 10% for a typical 2445-2480 A REMPI spectrum
and need not be deconvoluted from the product spectra.

We used the doubled dye output for experiments near
273.7 nm. A 75 cm quartz or 61 cm CaF, entrance lens
produced a laser beam cross section of about 0.8 mm diam.
Maximum energy in a 5 ns pulse was about 1 mJ. Because of
the grazing incidence angle, this corresponded to about 35
mJ/cm? or 1 MW/cm?® power density at the NO surface.
Pulse energies were determined from the average power of
the 10 Hz laser, measured with a Scientech 38-0101 power
meter. Spot sizes, and the resulting power densities, were
estimated to within a factor of 3.

We used the second anti-Stokes Raman shift of doubled
Fluorescein 548 dye output, around 223.85 nm, to obtain
spectra of the NO 4 2% — X 21 y(1-1) band. Spectra show
that the linewidth was about 1.2 cm™'. A 75 cm nominal
focal length quartz entrance lens produced a focal point 1.7
cm from the condensed NO for a beam cross section of
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700X 400 um. A 150 uJ pulse resulted in a power density
about 0.4 MW/cm? at the surface.

Our best spectra were of the y(0-2) band near 247.2
nm, using light from the first anti-Stokes Raman shift of the
dye. The 75 cm quartz entrance lens focused 4.5 cm from the
sample for a cross section of 1000 300 m. Pulse energy of
110 uJ produced a power density of 0.25 MW/cm? on the
surface. This was typical for fast peak measurements.

We calculated laser absorption based on an analytic so-
lution to Maxwell’s equations. The model system was a three
layer sandwich with both ends semi-infinite. Plane wave so-
lutions were assumed in each region and matched at the
boundaries to give Fresnel coeflicients.These were then
summed to give the electric and magnetic fields in each re-
gion, which yield the Poynting vector and power deposition
in the medium.*®*! The calculation indicated that ~90% of
the incident light was reflected at the surface of the film.

The spectra must be normalized for variation of laser
intensity. The power dependence of gas phase NO REMPI
spectra was used to separate the desorption and ionization
steps. We examined the REMPI signal from NO in the rota-
tionally cooled dosing beam as a function of laser pulse ener-
gy for the Q,, + P,, bandhead of the 4 — X (0-0) band. At
low pulse energies, neither the 4 — X nor the NO* — A4 tran-
sition were saturated and the signal varied as P2, where P
was the laser pulse energy. After saturation of the A X
transition, the NO* — A transition remained unsaturated
and the REMPI signal was approximately linear with laser
pulse energy. The laser power density was sufficient to satu-
rate the NO 4 2=+ — X ?II bound to bound transition, but
not to saturate the weaker NO+ — 4 2=+ bound to free ion-
izing transition.

Few isolated rotational lines were resolved because the
Raman shifted laser linewidth was broad, 2.5 em~! (0.15
A), and because a high rotational temperature produced a
dense spectrum. Rotational populations were extracted
from spectra with a nonlinear least squares fitting program.
The intrinsic line strength of completely saturated lines was
(2J " + 1) rather than the Honl-London factors generally
used for unsaturated lines. The data did not warrant more
sophisticated treatments of partial saturation and intermedi-
ate state alignment.*>** The fitting program returned P,,;, a
number proportional to the population of each M state.
Initial fits allowing separate lambda state populations
showed no detectable difference. They were assumed equiva-
lent for final fits. A Boltzmann plot of In P,,; vs E,, the
rotational energy plus electron spin energy of a molecule
with quantum numbers J and (Q, is linear with a slope of

— 1/kT if the populations follow a Boltzmann distribution.

A linear Boltzmann plot with a 297 + 10 K temperature
derived from the (0-0) band spectrum of 5X 10~° Torr of
NO backfilled into the room temperature main chamber
verified the accuracy of the fitting procedure.

Ions were detected with a modified Galileo FTD 2001
microchannel plate (MCP) mounted parallel to and 3.4 cm
away from the Ag crystal. We substituted a flat plate anode
for the impedance matched anode supplied by Galileo and
added a collection grid above the active face of the MCP.
The grid kept the ion collection potential constant when
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plate gain was varied. A collection grid voltage of 1360 V
resulted in a 650 ns flight time between generation and col-
lection of NO* ions. No signal from other ions was ob-
served, but both NO* ions and scattered laser light pro-
duced MCP signal. To maintain linearity, we had to keep
plate gain low enough to insure that individual channels did
not saturate. The optimum gain was determined by compar-
ing the large ion and scattered light signals with a small sig-
nal from a Hg lamp. The onset of saturation appeared as a
decrease in ion or scattered light signal relative to that pre-
dicted from the small signal gain. The plate was operated at
gain a factor of 2 or more below saturation of either scattered
light or ion signal.

After the laser pulse, the time-of-flight of desorbed neu-
tral molecules from the crystal to the ionizer of the mass
spectrometer gave their translational energies. Desorbed
molecules were electron impact ionized, mass selected
(usually for NO monomer) and counted with a doubly dif-
ferentially ion pumped extranuclear quadrupole mass
spectrometer with a venetian blind electron multiplier. The
mass spectrometer could be rotated from crystal normal to
90°, or from 45° to 90° with respect to the laser polarization.
The detector had 1° angular resolution and viewed a 2.5 mm
spot on the crystal at normal. The electron impact ionizer
was 14.45 cm from the crystal, with an active ionizer length
of less than 2 mm, providing a time resolution better than
2%. Typically TOF spectra of 200-10 000 laser shots were
averaged. Backgrounds were on the order of 0.01 counts/
shot/channel, and signal-to-noise ratios (S/N) for TOF
spectra of the fast peak were typically about 100, ranging
from 2 for desorption from monolayer coverage to 200 or
better. S/N for conditions where the slow peak dominates
was often > 1000.

Data acquisition was controlled by an LSI-11/23
Charles River Data Systems minicomputer interfaced to the
experiment via a Kinetic Systems CAMAC controller. A
custom multichannel scaler was used to acquire TOF spec-
tra. Typical dwell time was 4 us/channel. The laser Q-switch
output was the zero time reference. For REMPI spectra we
measured laser intensity, microchannel plate signal and ba-
seline for each laser shot. Signals were acquired with a Le-
Croy 2249SG gated integrator. The integrator was gated to
separate the MCP ion counts from scattered light and back-
ground signals. The 50 ns gates were produced by a KGE
custom delay generator triggered by the laser Q-switch out-
put. For laser energy measurement, a quartz beamsplitter
plate directed a portion of the laser pulse through ND filters
and a ground quartz diffuser into a 22 V reverse biased UV
sensitive EGG UV100BQ photodiode. The diode signal
passed through a custom analog integrator before reaching
the LeCroy gated integrator. Typically 100200 shots were
averaged before the computer incremented the dye laser for
the next point in the spectrum.

illl. RESULTS
A. TOF spectra

We measured time-of-flight (TOF) spectra of photode-
sorbed NO monomer at several angles and as a function of
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laser wavelength, laser pulse energy, NO layer thickness,
distance of a supported NO layer from the underlying silver
substrate, and substrate temperature. The raw TOF data
were fitted, then transformed to differential flux vs time,
velocity and energy, or integrated to give total desorption
yields.

By varying experimental conditions, we could see two
distinct, characteristic TOF patterns which we described as
the slow and fast TOF peaks. The fast peak had a flux-
weighted mean translational energy at normal (E;) = 0.22
eV, and could not be fitted with a single Maxwell-Boltz-
mann velocity distribution, while the slow peak was Max-
wellian with (E;)<0.06 eV. Under most of our experimen-
tal conditions only the fast peak was easily observable, but
for thick NO layers and high laser fluences, the slow peak
would appear.

Figure 2 consists of three flux-weighted TOF spectra
which clearly show the fast peak, slow peak, and both to-
gether. The fast peak is shown in the top part of Fig. 2. Only
the fast peak was present with thin films or low laser power,
where desorption yields were low. Yield was about 2 X 1073
ML /shot. At higher desorption yields, the slow peak ap-
peared. A bimodal TOF spectrum for conditions where both
fast and slow peas were present is shown the in middle part of
Fig. 2. Yield was 6.3 X 10~ ML/shot. The bottom of Fig. 2
shows the slow peak, which dominated for NO films thicker
than 150 layers with 273.7 nm light fluences >3 mJ/cm?® of
NO surface. Under these conditions desorption yield was
one tenth of a layer or more per laser shot.

The fast peak was non-Maxwellian—broader in velocity
than a single Maxwellian with the same peak velocity, and
with an angular distribution sharper than cosine. We were
able to fit the fast peak with a sum of two Maxwell-Boltz-
mann distributions at fixed temperatures, but with variable
amplitudes and angular dependencies. ‘“Temperature” is
used here only as a convenient parameter to describe the
fitting functions, which we will call the “high energy term”
and “low energy term” of the fast peak fit. The fixed tem-
peratures of 1925 K for the high energy term and 525 K for
the low energy term were determined by fitting high S/N
TOF spectra. A typical relative yield of high to low energy
terms in the fast peak, measured along the crystal normal,
was 1.8:1. Again, this sum of Maxwellian terms chosen arbi-
trarily as a fitting function to describe the shape of the fast
peak, and is not meant to imply that we have identifed compo-
nents within the peak. The data analysis and fitting proce-
dures are described in the Appendix.

The fast peak did not change shape for photon energies
from 4.6 to 5.6 €V, laser pulse energies ranging over a factor
of 3, or varying NO layer thicknesses above 20 layers. Our
sensitivity to changes in shape can be estimated from count-
ing statistics. If the translational energy of desorbed mole-
cules was proportional to photon energy, we would expect a
maximum change of 50 meV in translation as the photon
energy changed from 4.6 to 5.6 eV. That would be approxi-
mately equal to a 10 channel shift in TOF peak position,
which corresponds to a 2o uncertainty in counts, and should
be evident. We therefore consider it probable, but not cer-
tain, that there was no change in the velocity distribution
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FIG. 2. Flux-weighted TOF spectra of NO monomer desorbed from a 250
ML film. The detector was at crystal normal. The laser pulse was 5nsata 10
Hz repetition rate. There were 255 channels of 4 us width. (a) Fast peak.
The laser wavelength was 247.4 nm with a fluence of 1.6 mJ/cm?/pulseona
0.3 mm® NO area. Total yield was about 1.2 10" molecules/shot or
2X 1073 ML/shot. The fit is a sum of two Maxwellians at 1925 and 525K in
aratioof 1.8:1. (b) Bimodal TOF spectrum. Wavelength was 273.7 nm with
3.5 mJ/cm?® on an NO spot approximately 1 mm?. There are about 1200
counts in the peak channel for a total yield of 1.0 10'" molecules/laser
shot. The fit is a sum of three Maxwellian velocity distributions, the fast
peak is 1925 and 525 K in 1.8:1 ratio, the slow peak is a single Maxwellian at
186 K. (c) Slow peak fit by a single Maxwellian distribution at 280 K. Laser
was at 273.7 nm and 5 mJ/cm? on a 1 mm? spot. The total yield is about
1.4 X 10'? molecules/shot.

with changes in excitation wavelength. This will be impor-

tant when we discuss possible desorption mechanisms.
Atlow NO coverages, or when we changed the substrate

temperature, the fast peak did change shape. We could ade-
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Natzle, Padowitz, and Sibener: Laser photodesorption of NO 7981

quately describe the shapes by a change in the relative ratio
of the two terms in the fitting function, without changing the
“temperatures” of the terms.

Time-of-flight spectra as a function of desorption angle
showed that yield from the slow peak, and each term used to
fit the fast peak, had a different angular dependence, with the
higher energy terms peaked more sharply toward crystal
normal. Figure 3(a) shows flux-weighted TOF spectra at 0°,
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FIG. 3. Angle dependence of desorption flux. (a) TOFs at several angles
from surface normal. The film thickness was »200 ML, the laser wave-
length was 273.7 nm with a fluence of 1 mJ/cm?. The slow peak was roughly
cosine. The low and high energy terms in the fast peak fit were cos® 8 and
cos* 6.

35°, 65°, and 80° from crystal normal. The slow peak ac-
counted for a quarter of total yield in these measurements; it
was obscured at normal, but became more visible at large
angles. Figure 3(b) shows the yield vs angle for each distri-
bution used to fit the TOF spectra. The high and low energy
terms of the fast peak could be fit with cos* 8 and cos? 6,
respectively. The total fast peak yield had a cos® @ angular
dependence. The slow peak was broader in angle than the
fast peak, and was roughly cosine within large uncertainty.
At 25°, the shape of the TOF spectrum does not change for a
factor of 3 change in laser energy.

The average translational energy (E; ) of the fast peak
calculated from the angular and TOF distributions in Egs.
(A5) and (A6) was 0.22 eV.

B. REMPI spectra

Rotational, vibrational, and electronic internal energy
distributions of NO monomer desorbed during the 5-10 ns
laser pulse were determined from (1 + 1)-REMPI spectra.

Al REMPI spectra were taken with laser pulse energies
several times higher than the A4 ~ X saturation point. The
(0-2) and (1-3) band spectra were from NO desorbed dur-
ing excitation of a continuously dosed thin film. A normali-
zation factor of 1/E *' was determined from the REMPI
signal as a function of laser pulse energy for the (1-3) band-
head, and for the Q,, (21.5), and R,, (20.5) rotational lines
of the (0~2) band and for the (1-3) bandhead. The normali-
zation was near quadratic because both the NO desorption
step and the NO* « 4 step were linear in laser intensity
while the 4 X step is saturated. Pulse energies across a
spectrum typically varied by less than about + 50%.

REMPI spectra display features from vibrational and
rotational states of the *I1,,, and *Il;,, ground electronic
states of NO. Each of the two spin states have two nearly
degenerate lambda states which label the orientation of the
electronic orbital angular momentum with respect to the
N-O bond. Part of the (0-2) band spectrum, normalized to
laser pulse energy, is shown in Fig. 4 with the fit. A Boltz-
mann plot of P,,; obtained from the REMPI spectra is pre-
sented in Fig. 5. The best line through the data gives a tem-
perature of 2500 K, corresponding to an average rotational
energy of desorbed NO of 0.24 eV per molecule.

Vibrational populations could be estimated when lines
from more than one band were present in the spectrum. The
(1-3) bandhead near 244.8 nm overlaps a portion of the
(0-2) band spectrum as shown in Fig. 6. The relative vibra-
tional population v” = 3:0” = 2is0.85:1 assuming the NO *
«— A state transition strength is independent of A4 state vibra-
tional quantum number and the X(v” = 3) state has the
same rotational state distribution as the v” = 2 state. The
first assumption is reasonable because the NO A state is a
Rydberg state: Franck—Condon factors for the NO* —4
state transition should be approximately 1, independent of
vibrational quantum number. A few weak spectral lines near
247.95 and 248.06 nm assigned to the (1-4) band were also
detectable. An additional assumption of saturation of the
(1-4) band 4 — X transition yields a 0.75:1 upper limit for
the v” = 4:v” = 2 population ratio. The 4—X transition
should be saturated because the Franck—Condon factor of
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7982 Natzle, Padowitz, and Sibener: Laser photodesorption of NO

FIG. 4. REMPI NO A4(0)~X(2) rota-
tional spectrum. The film thickness was

>200 ML, the laser wavelength was 244—

270 nm with a fluence of 1.25 mJ/cm? on a
FIT 0.3 mm? NO spot. The fit was generated by
nonlinear least squares on the set of rota-
tional populations convoluted with calcu-
lated line positions.
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0.135 compares favorably with the 0.237 and 0.069 of the
(0-2) and (1-3) bands** which were shown to be saturated.
Noisy spectra of the (1-1) band near 224.25 nm contained
lines from the (0-0) band. The same assumptions as above
yield 1.3:1 for the v” = 1:0" = O population ratio. Franck—
Condon factors are 0.107 and 0.162 for the (1-1) and (0-0)
bands. The REMPI spectra presented here can not relate the
v” =1 and 0 populations to the v” = 2,3 populations be-
cause spectra were not taken in a wavelength range where
bands originating from v” = 1 or O overlap bands originating
from v” = 2,3.

To estimate the average vibrational energy, we assume
v” = 0-3 are equally populated. Higher states may be popu-
lated, but the upper limit for the population of v” = 4 is less
than for v” = 3. The average vibrational energy is then <0.4
eV.
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FIG. 5. Boltzmann plot of rotational distribution from the spectrum of Fig.
4. The best fit line is 2500 K. Also shown is a calibration run by filling the
chamber with room temperature NO at 5 10~ Torr.

248

The spin temperature cannot be well established, but
may be cooler than rotations for v” = 2. An estimate of 400—
1100K correspondstoa (2 = 3/2:Q) = 1/2 ratio 0f0.9:1 and
an average spin energy of desorbed NO of 0.006 eV.

We believe that the population sampled by REMPI is
representative of molecules in the fast peak TOF distribu-
tion, although only those molecules desorbed during the 5 ns
laser pulse can be observed. No slow peak was present when
we took REMPI spectra. The power dependence of the
REMPI (0,2) signal is approximately quadratic, consistent
with the linear power dependence of the desorption that pro-
duces the fast TOF peak [Fig. 7(a)], combined with the
saturated NO 4 — X transition and the linear NO+ « NO 4
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FIG. 6. Spectra showing vibrational excitation. The indicated peaks in the
data are due to the 4(1)—X(3) transition. The v” = 2:v" = 3 ratio is
1:0.85.

J. Chem. Phys., Vol. 88, No. 12, 15 June 1988

Downloaded 14 Sep 2004 to 143.106.6.126. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



Natzle, Padowitz, and Sibener: Laser photodesorption of NO

ionization step. The translational energy of selected rota-
tional and vibrational states was not determined.

C. Yields and other results
1. Substrate heating

The Ag substrate did not heat significantly under typi-
cal conditions for NO fast peak desorption. Argon or xenon
films of 2-10 ML at 25 K irradiated with 224-247 nm light
between 0.2 and 3 mJ/cm? showed no desorption. Rare gas
desorption is not seen from 2-5 ML Xe under thin 4-8 ML
NO layers (Ag/Xe/NO), so there was little indirect heating
of the substrate by transfer from the NO. Our calculations of
light absorption indicate that rare gas over- and underlayers
did not significantly affect the absorbance in the NO.

2. Desorbed species

The fast TOF peak consisted of NO X (*I1,,,and *I1;,,)
monomer. As our photon energy was usually below the
threshold for the gas phase 4(0)—X(0) transition, we
would not expect to see electronically excited desorption
products from a single photon process. Desorption in the 4
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FIG. 7. Yield vs laser pulse energy. The NO film was 250 ML thick. (a)
Fast peak. The laser wavelength was around 247 nm. (b) Slow peak. Laser
wavelength was 273.7 nm.

7983

state would produce a nonresonant ion signal that would
increase the base line of the REMPI spectra. The baseline of
all REMPI spectra corresponds to no detectable ion signal.
This gives an upper bound for desorption of NO monomer in
the A4 state less than 0.05% of total desorbed NO.

With the mass spectrometer we looked for species other
than NO monomer in the fast peak. Excitation of the NO
film with about 1.2 mJ/cm? of light near 247.2 nm caused no
detectable desorption of NO, or N, O, which are possible
products of photochemical reaction within the condensed
NO. Upper bounds to desorption yields for NO, and N,O
were 1% and 3% of NO desorption yield, assuming ioniza-
tion efficiencies similar to NO. Tuning the mass spectrom-
eter to the (NQO), dimer at mass 60 revealed a signal less
than 1% that of NO, but ionization cross sections and frag-
mentation probabilities for the dimer are not known. The
dimer TOF peak did not coincide with the monomer fast
peak. The dimer velocity was lower, and the maximum of the
dimer TOF spectrum at a longer time than that of the mon-
omer. We conclude that the NO fast peak does not arise from
ionizer fragmentation of dimer, NO,, or N, O.

3. Laser power and wavelength dependence

The laser power dependence of desorption yield is very
important in determining how many photons are required
for desorption. Yield vs pulse energy is shown in Fig. 7. The
fast peak was linear in laser pulse energy from 0.1-1.2
mJ/cm?. The slow peak had a higher than linear dependence
on laser pulse energy, which from 2.5-5.5 mJ/cm? could be
fit by a single exponential. Figure 8 shows that the absolute
yield in the fast peak at 3 wavelengths followed the NO solid
optical absorbance spectrum.

4. Film thickness

Sow peak yield increased by a factor of 14 with an in-
crease of layer thickness from 170 to 450 ML and the tem-
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FIG. 8. Dimer and solid NO absorption spectra compared to the absolute
yield of the fast TOF peak. Spectra are extrapolated from data in Refs. 38
and 58. The solid absorption was fit to a Gaussian and the sharper dimer
spectrum to a Lorentzian curve. Normalization is arbitrary. The line “A” is
the photon energy required to reach the gas phase A state threshold plus the
binding energy of NO in the solid.
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perature of the Maxwellian distribution increased by 30%.

The desorption yield in the fast peak as a function of NO
layer thickness is shown in Fig. 9. Figure 9(a) the yield for
low coverages from 1-5 ML, and Fig. 9(b) over a wider
coverage range. Desorption yield increased by a factor of 2.5
as the NO thickness increased from 1 to 50 ML coverage,
then saturated for NO coverages in excess of several hundred
layers. The (0-2) band REMPI signal as a function of NO
layer thickness is also shown in Fig. 9(b).

At low NO coverages, the shape of the fast peak
changed, shifting to lower velocities. We can describe the
peak shape by the ratio of the two terms in the fitting func-
tion. The relative magnitude of the high energy to low energy
term decreased from its thick layer value of ~2:1. Below
about 10 L the low energy term begins to dominate, the ratio
is 1:2 near 5 L and at =~ 1 ML doses only the low energy term
appears, although the S/N is very poor and the coverage is
not well known.
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FIG. 9. Desorption yield vs NO layer thickness. Fast peak conditions: the
laser wavelength was 247.4 nm with a fluence of 1.6 mJ/cm? on a 0.3 mm?
NOspot. (a) Yield at low coverage. Absolute yields in molecules/laser shot
from integrated mass spectrometer TOF data. (b) Higher coverages show-
ing saturation. Both REMPI data from the (0-2) bandhead and mass spec-
tra data are shown, arbitraily scaled.
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5. Rare gas over- and underlayers

Small amounts of rare gas deposited on top of the NO
layer sharply reduced NO desorption. Figure 10(a) shows
the NO yield attenuation vs argon overlayer thickness on 85
ML of NOon 10ML of Ar (Ag/Ar/NO/Ar). The laser was
tuned to 247 nm and produced a fluence of 1.3 mJ/cm?® of
NO surface. One layer of Ar attenuated 60% of NO desorp-
tion and a 2.4 ML Ar overlayer blocked 90% of the NO
desorption. NO signal slowly recovered with irradiation
time as the overlayer was depleted. After the laser was on for
75 s at 10 Hz, the NO signal increased to 60% of its value
with no rare gas overlayer. A 1 ML krypton layer on 3 ML of
NO on 3 ML of Kr, irradiated with 1.5 mJ/cm? of 246 nm
light, showed initial attenuation of 80%. After 750 laser
shots only half of the rare gas overlayer was left, and NO
yield was back to 50% of its uncovered value.

Looking at the rare gas desorbed by exciting the under-
lying NO layer, we found that about 6 X 10~* of a Kr mono-
layer per laser shot was removed. This was one tenth of the
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FIG. 10. Rare gas overlayers and underlayers. (a) Attenuation of NO de-
sorption yield in the fast TOF peak by an argon overlayer. The irradiated
film consisted of the Ar overlayer on 85 ML of NO on a 10 ML argon under-
layer. The laser wavelength was 247 nm with 1.3 mJ/cm?. (b) Yield vs
distance to substrate. A variable Kr spacer thickness under 6 ML of NO.
The NO layer thickness curve from Fig. 9 is also shown.
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Natzle, Padowitz, and Sibener: Laser photodesorption of NO 7985

amount of NO that would be desorbed under similar condi-
tions without an overlayer. A TOF of Ar desorbed from a 10
ML cap on 40 ML or more of NO, under conditions where
only the fast NO peak would be seen, was fitted similarly to
the NO fast peak TOF. The ratio of high to low energy terms
was 0.85 4+ 0.2, a somewhat colder distribution than the 1.8
ratio for the NO fast peak. Under conditions where 75% of
total NO yield was in a 220 K slow peak, Kr overlayer de-
sorption was fitted reasonably well with a single Maxwellian
at 424 K.

We measured desorption yield as a function of the dis-
tance from the NO film to the metal substrate by placing a
constant NO layer of 6 ML on top of a rare gas spacer of
variable thickness, shown in Fig. 10(b). Yield from NO on
Kr spacers thicker than 10 ML is less than for pure NO
layers of similar thickness. Yield may be independent of dis-
tance from the NO surface to the metal substrate.

6. Substrate temperature

Figure 11(a) shows that yield in the slow peak increased
strongly with substrate temperature: a factor of 400 gain in
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FIG. 11. Substrate temperature effects. (a) Temperature dependence of
slow peak yield. The film thickness was 170 ML, the laser energy was 1
mJ/cm? at 273.7 nm. (b) TOF fast peak angular dependence vs surface
temperature. The film thickness was »200 ML, the laser wavelength was
273.7 nm with a fluence of 1 mJ/cm?. The low energy term remained cos?
while the high energy term of the fast peak fit changed from cos* 8 to cos’ 6.

yield with a change in substrate temperature from 28 to 67
K. Increasing the substrate temperature had a smaller effect
on the fast peak. Desorption from a 50 K substrate increased
the fast peak yield at normal by a factor of 1.5 + 0.2 relative
to the 28 K substrate, and raised the high to low energy term
ratio of the best fit to 3.8 + 0.6 from 1.8. The angular depen-
dence of the two terms in the fast peak fit is shown at two
substrate temperatures in Fig. 11(b). When the substrate
temperature was raised from 28 to 50 K, the low energy term
still had a cos® @ distribution, but the high energy compo-
nent sharpened to cos’ from cos* 6. Annealing the NO layer
or growing the layer at 50 K then reducing the temperature
to 28 K increases the high to low energy term ratio to 2.7
from 1.8 at normal, but the total angle integrated yield does
not increase relative to the unannealed film.

7. Ablation and annealing

Fast peak yields were <0.005 ML per laser shot, too
low to affect coverage during a run, but the much higher
yields under conditions where the slow peak dominates can
remove significant amounts of NO. Figure 12 shows yield vs
coverage as thick layers ablate during irradiation after differ-
ent initial dosing times with laser blocked. Since thicknesses
could change rapidly over the course of a measurement, they
were estimated at the midpoint of the interval using the dos-
ing rate and measured desorption rate. Desorption yields are
very high in the first few laser shots, followed by exponential
decay of yield with decreasing coverage. The yields after
burning down to equal coverages appear to vary with initial
dose, but it is not clear if this shows annealing of the film, or
is due to uncertainties in the effective laser spot size leading
to errors in the calculated coverages.

D. Perturbations after desorption

Our TOF and REMPI spectra reflect the distribution of
energy from the final interaction with the surface because
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FIG. 12. Ablation. Yield vs coverage after initial doses with laser blocked.
Doses of 6, 12, and 15 min correspond to initial coverages of 160, 325, and
400 ML before irradiation. There are 20 laser shots per point. Laser wave-
length was 273.7 nm with a fluence of 4.5 mJ/cm? of NO surface ina 1 mm?
spot. About 90% of the yield was in the slow peak.
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7986 Natzle, Padowitz, and Sibener: Laser photodesorption of NO

the molecules were not perturbed in the gas phase following
desorption. Collisions and nonresonant MPI plasma forma-
tion were not sufficient to affect the distributions. Due to
surface disorder, some molecules may strike the surface
again following desorption, but most will exhibit the nascent
energy distribution from the initial desorption event.

1. Plasma formation

Plasma formation from nonresonant MPI was not sig-
nificant in this experiment. Fluences were much lower than
required for plasma formation in other cases where desorbed
molecules had translational energies comparable to those we
observed.***’ Threshold fluences for plasma formation with
248 nm light incident on Al,O; are about 0.5 J/cm?® Our
fluences were =~3-5 mJ/cm?. Also, there was no change of
NO translational energy with fluence as there was in one
study involving plasma formation.*’

2. Collisions

Collisions influenced the slow peak TOF distributions
when the desorption yield was high. Assuming a cos 8 angu-
lar distribution, a desorption yield of at least 1.8 X 10'® mole-
cules/cm?/shot from an =~ 500 ML NO layer in 800 x 1250
pm or about 1 ML/shot was required for collisions to induce
a slight broadening of the Maxwellian distribution as shown
in Fig. 13(a). The development of supersonic flow in the
slow peak is shown in Figs. 13(b) and 13(c). Note that the
fast peak remains distinct.

Fast peak TOF spectra and REMPI rotational and vi-
brational distributions should not be affected by collisions in
the gas phase. Experimental results in other systems with
similar desorption yields suggest that collisions may slightly
distort angular distributions, but not enough to account for
the sharply peaked distributions we observed, nor for
changes caused by annealing the NO layer.>’

The collision probability is proportional to No, where N
is the coverage desorbed and o the collision cross section,
with a weaker dependence on the temperature and pulse du-
ration.? For a Maxwellian distribution at 1925 K, desorbing
3% 10'2 molecules/cm?® from a 0.4 mm? spot (0.005 layers)
in 5 ns, a 40 A? cross section gives a maximum collision
probability along normal of 5%. In fact, Fig. 13 shows the
onset of collisional perturbation of the slow peak TOF distri-
bution only near desorption of 1 ML/shot, which was 200
times greater than the typical yield in the fast peak. We do
not see any change in shape of the fast peak as yield varies
with laser energy.

Collisions have an even smaller influence on REMPI
spectra. Because one laser was used to both desorb and de-
tect molecules, only molecules desorbed in the first 5 ns are
detected. During this time there is a less than 29% probability
of a gas kinetic collision for desorption of 0.005 layers of NO.
Rotational state changing collisions in NO have a cross sec-
tion 1.5-2.5 times the collision cross section.**** This value
is too small to collisionally perturb REMPI spectra. Vibra-
tional relaxation is even less likely with a cross section sever-
al thousand times lower than the collision cross section.*
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FIG. 13. Collisions in the slow peak. (a) Onset of collisional regime. Slow
peak fit to a Maxwellian distribution at 300 K. The film thickness was > 400
layers, the laser wavelength was 273.7 nm with a fluence of 4.5 mJ/cm? of
NO surface in a 1 mm? spot. The total yield is about 1.7 < 10'* molecules/
shot, or 1.35 X 10® molecules/shot into 7.6 X 10~ 3 sr at normal. (b) Super-
sonic expansion. Note the fast peak is distinct from the supersonic peak. The
fit consists of a Maxwellian at 135 K and a shifted Maxwellian at 150 K with
a 62 000 cm/s stream velocity. The yield ratio of the two curvesis 1:1.2. The
supersonic peak has a speed ratio S = 2.2 and a Mach number M = 2.5. (¢)

The fit consists of an unshifted Maxwellian at 100 K and one at 170K with a
71 000 cm/s stream velocity. The yield ratiois 1:1.1. §=2.3, M = 2.7.

IV. DISCUSSION

The independent behavior of the two TOF peaks in this
experiment implies at least two fundamentally different de-
sorption mechanisms. We attribute the slow peak to laser
induced thermal desorption (LITD) and the fast peak to
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one or more nonthermal single photon desorption mecha-
nisms.

The two mechanisms are most clearly distinguished by
the dependence of yield on laser fluence and the energy dis-
tributions of desorbed molecules. For a single photon pro-
cess, yield will be linear in fluence. Yield vs fluence for the
fast peak, Fig. 7(a), is linear. For thermal desorption over a
wide range of conditions, the laser induced temperature
jump will be roughly linear in fluence. If the desorption rate
follows an Arrhenius law, the result is an approximately ex-
ponential dependence of yield on fluence as in Fig. 7(b).
Translational and internal energies for a thermal process will
exhibit Boltzmann distributions. A nonthermal photo-
chemical mechanism, however, may result in nonequilibri-
um energy distributions in desorbed molecules. We observed
a Maxwell-Boltzmann velocity distribution for the slow
peak and non-Boltzmann TOF and internal energy distribu-
tions in the fast peak. The measured desorption yields as a
function of NO layer thickness and initial substrate tempera-
ture also assist in assigning mechanisms to the two peaks.

A. Slow peak

The slow TOF peak showed a Maxwellian velocity dis-
tribution, Figs. 2(c) and 13(a). We observed distributions
with temperatures from 160 to 280 K. The angular distribu-
tion was broad, approximately cosine, as seen in Fig. 3(b).
Yield increased strongly with NO layer thickness. Fig,
11(a) shows the sharp increase in yield as substrate tempera-
ture was increased. The yield vs laser fluence dependence of
Fig. 7(b) can be fit with an exponential. These results are
consistent with a laser induced thermal desorption (LITD)
mechanism for the slow peak.

We restrict our use of the term “thermal desorption” to
cases in which at least local thermal equilibration of the ini-
tial excitation precedes desorption. If temperature gradients
are macroscopic and rates of heating slow compared to times
for energy relaxation into all modes of neighboring mole-
cules then the thermal diffusion equation:

v2r=L ST g , (1)
k &tk

where c is heat capacity, p density, X thermal conductivity,
and g is the source density, is sufficient to describe the energy
flow. Since there is complete conversion of the initial excita-
tion into heat prior to desorption, the energy of the desorbed
molecules is dependent only on the temperature profile at
the surface at the time of desorption, and their yield on the
time evolution of the surface temperature, independent of
the heat source. For LITD, calculations of yield and tem-
perature of desorbing molecules should depend only on the
laser pulse intensity characteristics, film composition and
dimensions, and thermal boundary conditions.

In spite of these restrictions, LITD can still exhibit non-
equilibrium desorption characteristics. Even in convention-
al thermal desorption, microscopic reversibility requires de-
sorbing molecules to have a Maxwellian velocity distri-
bution at the surface temperature and a cosine angular distri-
bution only if the sticking probability is independent of ener-
gy and incident angle. Conversely, although Maxwellian

TOFs have been measured in a number of LITD experi-
ments,*>*! they do not unambiguously indicate the surface
temperature. Brand and George have shown that a Gaussian
surface temperature profile can still result in a single tem-
perature Maxwellian velocity distribution for desorbing
molecules.>

Nevertheless, since we expect the sticking probability to
be unity at-thermal energies for low temperature NO multi-
layers, and the laser spot size was large enough so that sur-
face temperature should have been relatively uniform, the
observed Maxwellian TOF velocity distribution and near co-
sine angular distribution do suggest thermal desorption.

The solution of the heat flow problem in laser absorp-
tion is discussed by Ready and others.>*** The time depen-
dent temperature profile in our film might be modeled in one
dimension, since the laser spot diameter was much greater
than the film thickness, but it must take into account the
detailed laser pulse characteristics and the light absorption
depth profile. The energy of desorbing molecules should be
included in the total energy balance. If there are phase tran-
sitions, there will be moving boundaries between solid, lig-
uid, and vacuum. Calculation of the surface temperature is
highly model dependent and sensitive to poorly known laser
parameters, and will not be attempted. We will make quali-
tative arguments to show that our results are consistent with
continuum heat flow and estimate desorption yield based on
simple Arrhenius kinetics.

We estimate NO thermal properties from those of solid
N, at 25 K**: thermal diffusivity x = 5 1073 cm?/s, ther-
mal conductivity K=3X10"> W/cmK, and density
p = 1.2 g/cm® We assume film thicknesses of 3 A per layer.
For solid NO at low temperatures we have the heat capacity
C, =043 4+ 0.016T J/mol K and enthapy of sublimation
AH, = 3822 + 5.15T — 0.037% kcal/mol.*® The thermal
diffusion length is then on the order of 1000 A for a 5 ns laser
pulse.

The incident laser directly heated the adsorbed NO lay-
er, but there was little heating of the underlying metal, as
shown by the lack of desorption from rare gas films. Heat
then flows from the NO film to the cold silver substrate. The
deposited energy is efficiently transferred away by the silver,
which is at least 10* times more thermally conductive than
the condensed NO (single crystals may have thermal con-
ductivities more than an order of magnitude higher than the
pure polycrystalline metals). We can consider the metal to
be fixed at 25 K. It is then reasonable to expect that the peak
surface temperature increases with NO layer thickness, laser
power or substrate temperature. We also expect an Arrhen-
ius rate law to describe the desorption. If we suppose the
surface temperature increases linearly with layer thickness,
laser power or substrate temperature, yield should be rough-
ly exponential in these factors. We saw that the yield vs laser
fluence dependence of Fig. 7(b) can be fit with an exponen-
tial. Figure 11(a) shows a greater than exponential rise in
yield as substrate temperature was increased, and yield also
increased strongly with thickness.

Under typical experimental conditions—Ilaser power
I=1MW/cm? calculated reflectivity at glancing incidence
90%, substrate temperature T, = 25 K, film thickness 750
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A—the measured TOF of the desorbing molecules gave a
temperature of 220 + 60 K. Using this as the surface tem-
perature, we estimate the yield expected from simple Arr-
henius kinetics:

— d6/dt = vOe  “HKT. (2)

Surface density 8 = 10'° cm ™2, a typical preexponential of
v = 10*s~!, enthalpy of sublimation AH = 4 kcal/mol. We
assume no adsorption barrier. At 250 K, a 0.5 mm? spot
gives 2.5 10" molecules per 5 ns laser shot. Measured
yields were 10'2-10"* molecules/shot. Under these condi-
tions we calculate 50 ergs/shot laser energy absorbed, and
about 2 erg/shot in desorbed molecules.

At high yields, the layer thickness and possibly the
structure of the film changed during the laser pulse. The
decrease in yield as thick layers burn down over many laser
shots is shown in Fig. 12. It is possible that the film anneals
with heating. We know the initial NO dose, but we are uncer-
tain of the area from which molecules are desorbed, so cover-
ages following irradiation may be in error.

That the slow peak is due to thermal desorption is sug-
gested by its Maxwellian TOF and broad angular distribu-
tion. That it is due to bulk heating of the NO layer is support-
ed by the exponential dependence of yield on laser power,
and the strong increase in yield with layer thickness and
initial substrate temperature.

B. Fast peak

To undersand the origin of the fast peak, we look at
product energy distributions to propose mechanisms, and
desorption yields to learn something about the dynamics of
energy flow between the excited moelcule and its surround-
ings. First we review the results. Then we comment on NO
dimer spectroscopy and some possible desorption mecha-
nisms, and consider excitation and modes and energy trans-
fer pathways opened by condensation. Finally we attempt a
general energy balance for photodesorption from the suface
of a condensed film supported on a metal substrate.

Review of fast peak results: The fast TOF peak was pres-
ent in all of our experiments, at laser wavelengths from 224
t0 273 nm. It was most easily studied when the slow peak was
small: with thin films ( < 100 ML) or low laser energies ( < 3
mJ/cm?). NO monomer in the II electronic ground states
was the dominant product. Some (NO), dimer was seen,
but there was no detectable N, O or NO, . The total yield was
linear in laser pulse energy from 0.1 to 1.25 mJ/cm? The
TOF distribution of the fast peak was non-Maxwellian and
non-cosine, with (E; ) = 0.22 eV. The shape of the TOF
spectrum was not altered by changes in photon energy from
4.6-5.6 eV, or by varying laser power over an order of magni-
tude. For films less than 10 ML thick the peak shifted to
lower energy. Increasing the substrate temperature or an-
nealing the film moved the peak to higher energy, as mea-
sured at crystal normal, and the angular distribution shar-
pened. Total yield increased with NO layer thickness:
desorption was seen from about 1 ML and yield increased
rapidly to 50 ML and more slowly thereafter. A “cap” of 3-5
ML of argon on top of an NO film attenuated NO desorption
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by > 90%. Yields of NO on top of rare gas spacers of 10 ML
or more show no dependence on distance from the substrate.
The vibrational population ratio of v = 3 to v = 2 was 0.85,
and higher vibrations were seen. Rotational spectra of v = 2
molecules give T ~2500 K.

1. Possible mechanisms

Several observations help to suggest desorption mecha-
nisms for the fast peak. From the linear power dependence,
desorption was shown to be a single photon process. Ground
state NO monomer was the product. When we varied excita-
tion wavelength, desorption yield followed the solid absorp-
tion spectrum. The translational energy distribution was in-
variant with excitation wavelength and film conditions. The
internal energies were not in equilibrium: there was more
energy in vibration than rotation or translation. We will con-
sider a few processes consistent with these results.

a. NO dimer. Our films consisted of NO dimers. Photo-
electron spectra of NO on Ag(111)¥, UV spectra of thin
NO films,* and x-ray diffraction® experiments all indicate
complete dimerization of NO in the solid. Figure 8 shows
extrapolations of the UV absorption spectra of gas phase NO
dimer and condensed NO solid. The dimer spectrum shows a
peak near 200 nm, and a FWHM between 20 and 40 nm.>”-*®
The breadth and lack of vibrational structure suggest that
the excited dimer rapidly dissociates. The spectrum of con-
densed NQ is broader and perhaps slightly red shifted with a
peak at 210 nm and a FWHM of about 60 nm.*® For most
molecules that are gaseous at room temperature, the intra-
molecular potentials are not greatly affected by condensa-
tion,* so as a first approximation, we will consider the de-
sorption as dissociation of an NO dimer. We sketch pseudo
diatomic diagrams of a few dimer dissociation mechanisms
in Fig. 14.

b. Direct dissociation. Direct dissociation of NO dimer
by excitation to a repulsive surface correlating to electroni-
cally excited monomer, Fig. 14(a), is the first mechanism to
consider. This process was seen in the gas phase by Carras-
quillo.®® Dispersed fluorescence from 4 and B state NO
monomer following 206-214 nm excitation of NO dimers in
amolecular beam shows that a portion of the NO dimer band
results from excitation to repulsive regions of dimer elec-
tronic states correlating at large internuclear distance to one
X state monomer and one 4 or B state monomer. In our
experiments, such a process can be ruled out. Desorption of
electronically excited states by a single photon was not possi-
ble. Excitation and desorption energetics prohibit direct re-
pulsive desorption of the 4 or B states of NO from the solid
for the 224-274 nm range of excitation wavelengths. Only
wavelengths shorter than 219 nm can exceed the 123 kcal/
mol energy needed to excite the NO monomer A state plus
the 4 kcal/mol binding energy of ground state NO monomer
in NO solid. Our REMPI base line was zero signal, verifying
insignificant desorption of electronically excited states.
Also, the a *II state is not accessible by a vertical transition
below 6 eV, eliminating any possibility of its participation.

Although there are also dimer electronic states that cor-
relate to two X state monomers,® direct photon absorption
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r ON-NO

SR VT

FIG. 14. Possible dimer photodissociation mechanisms. Pseudodiatomic
diagrams of the N-N dimer bond with energies not to scale. (a) Direct
dissociation to electronically excited products. (b) Direct dissociation to
ground state product. (c¢) Radiative or Forster transition to ground state.
(d) Upper state relaxation followed by internal conversion.

to a repulsive state, Fig. 14(b), seems unlikely. The transla-
tional energy of desorbed NO is far less than the photon
energy, and does not vary with excitation wavelength. The
cis structure of the NO dimer should cause rotational excita-
tion during impulsive separation, and monomer rotations
would be easily excited in collisions, but impulsive separa-
tion alone cannot account for the observed vibrational popu-
lations.5?

c. Dissociation on the ground state surface. Internal con-
version will result in dissociation on the ground state poten-
tial surface. NO monomer self-quenching studies of the 4
state suggest efficient internal conversion in NO dimer.*
Quenching of NO(4) is thought to occur through a charge
transfer intermediate, and the excited dimer may be such a
state. This would be consistent with the vibrational distribu-
tion seen in desorbed NO. Since redistribution of energy
from the weaker modes into the NO stretch is unlikely, the
NO vibration is probably excited during an electronic transi-
tion. Franck—Condon factors for transition from the ground
vibrational state of the A4 state to the X state are within ex-
perimental error of the observed v = 2:w =3 and v=0w=1
population ratios.** We cannot excite A4 state monomer, but
the transition from NO * to NO(X) will have Franck-Con-

don factors similar to 4 - X.

Radiative transition or Forster transfer to a dissociative
repulsive region of a lower electronic state, Fig. 14(c), is
more likely in the solid than in gas phase dimer dissociation.
The weak intermolecular potentials support low frequency
local modes and phonons. This “bath” may broaden transi-
tions, increase curve crossing and radiative decay rates, and
allow near-resonant energy transfer.

The TOF spectra do not appear to change shape when
photon energy is varied from 4.5 to 5.5 eV. This could indi-
cate fast vibrational relaxation in the upper state. Changes in
quantum yield and energy distributions with excitation
wavelength would be eliminated if relaxation in the vibra-
tional manifold of the excited electronic state is complete
before conversion to the dissociative state. In liquids, flu-
orescence and phosphorescence following electronic excita-
tion are typically independent of excitation wavelength be-
cause rapid vibrational relaxation to neighboring molecules
ensures that emission is always from the vibrational ground
state of electronically excited molecules.

A mechanism for the fast TOF peak consistent with the
experimental results, though not necessarily unique, is
shown in Fig. 14(d). The dimer is excited to the upper elec-
tronic state followed by rapid vibrational relaxation to the
bottom of the upper state well. The upper state then internal-
ly converts to a promptly dissociative state of the dimer,
correlating to ground state monomers with nonstatistical in-
ternal excitation.

d. “Hot spot.” So far we have considered desorption as
dissociation of NO dimers, but any mechanism producing
vibrationally excited monomer at the surface of the con-
densed phase may also lead to desorption. An electronically
excited molecule relaxes to high vibrational levels of the
ground electronic state. Near-resonant transfer spreads the
vibrational excitation to neighboring molecules, creating a
small vibrationally excited region. Near the surface, desorp-
tion of weakly bound molecules will occur in competition
with vibrational relaxation. The NO vibrations at 1900
cm ™! would not quickly relax into the lattice, so we might
expect desorbing molecules to retain vibrational excitation.
We see that the internal energy distribution of desorbed NO
is E; =04 eVS>E, , =025 eV>E, . =0.22 eV. The
photon energy was around 5 eV, and the total energy of each
desorbing NO monomer is about 0.8 ¢V, s0 up to six mole-
cules could be involved in the hot spot. RRKM theory ap-
plied to a related case by Lin et al.'* shows that the transla-
tional energy spread in desorbing molecules might be
broader than a Maxwellian distribution.

Although the initial electronic excitation has relaxed,
this mechanism is still far from thermal equilibrium. De-
sorption is a single photon process, and the energy distribu-
tion of the desorbing molecules cannot be described by a
single temperature for all modes.

e. Lattice relaxation. Electronic excitation of NO in the
condensed state is accompanied by a change in the effective
volume of the excited species. This can induce strain in the
surrounding lattice. In the case of NO dimer, the electroni-
cally excited state may assume a different equilibrium geom-
etry than in the gas phase. This may modify the dissociation
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dynamics, and hence energy disposal in the products. Final-
ly, forces resulting from the dynamic response of the lattice
during excited state relaxation may participate in the de-
sorption process.

2. Surface and condensed phase energy transfer

Measurements of desorption yield as a function of vary-
ing film thickness and distance to the substrate can be used to
probe energy flow within the NO film and to the underlying
metal.

For coverages less than 5 ML, we saw a change in the
shape of the fast TOF peak, skewing the distribution to lower
energies. This might indicate some quenching mechanism
close to the metal. However, island formation or other struc-
tural changes are also likely to affect the desorption process
at low coverage.

For typical film thicknesses we did not observe direct
energy transfer to the substrate. We studied the dependence
of yield on distance from the NO surface to the metal sub-
strate by using rare gas spacers between the NO and Ag. This
is shown in Fig. 10(b). Lack of a significant distance depen-
dence, at least for NO layers thicker than 10 ML, shows that
perturbation of yield by the substrate is negligible.

Attenuation of NO signal by rare gas overlayers, Fig.
10(a), implies that fast peak desorption did not come from
the bulk NO, but only from the top few layers of the film.
The NO yield was reduced by >90% by 3-5 overlayers of
Ar or Kr. (Calculations show that the rare gases should not
affect light absorption in the NO.) Some of the rare gas over-
layer atoms desorbed during excitation of the underlying
NO, probably by a simple kinematic effect of collisions from
underlying NO. Ar and NO are not too different in mass,
and the TOFs had similar energies. This might also account
for the desorption of small amounts of NO dimer.

Since fast peak NO molecules desorb only from the sur-
face of the film, the yield might be expected to saturate for
film thicknesses greater than a few layers. But Figs. 9(b) and
9(c) show an increase in desorption with NO thickness to at
least 50 ML and possibly several hundred layers before be-
ginning to saturate. If the efficiency of the desorption pro-
cess was reduced near the underlying metal, we might still
expect desorption yield to increase with film thickness, but
we have seen that at these coverages desorption was not in-
fluenced by distance to the substrate.

The laser penetration depth for 1°-2° glancing incidence
is on the order of 100 A, comparable to the film thickness.
Total energy absorbed should increase with film thickness,
then saturate for films thicker than the penetration depth.
But most of this energy is absorbed in the bulk, and the rare
gas overlayer experiments show that NO desorption occurs
only from the top few layers of the film, so we have to find a
mechanism which increases vield from the surface as film
thickness increases. The efficiency of desorption might be
greater in thick films, or energy flow from bulk to surface
might increase the desorption yield.

The increase in yield with layer thickness might reflect
changes in surface morphology. Higher doses could produce
rougher surfaces with greater surface area, and therefore
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greater desorption. In this case thermal annealing would be
expected to reduce yield, but angle integrated REMPI mea-
surements show approximately constant yield at annealing
temperatures and mass spectrometer measurements at nor-
mal show an increase in signal with substrate temperature.
Likewise, collision induced changes in the angular distribu-
tion cannot contribute significantly to the mass spectrom-
eter signal as a function of layer thickness because angle inte-
grated REMPI measurements show a similar layer thickness
dependence.

A temperature dependence of the fast peak desorption
efficiency could increase yield with layer thickness since
thicker layers might be expected to produce higher surface
temperatures from laser heating. This effect would saturate
when the film thickness was much greater than the thermal
diffusion length during the laser pulse, and the surface tem-
perature reached a maximum. However, a higher than linear
laser power dependence would be expected, contrary to ob-
servation.

A strong possibility is exciton migration or other non-
thermal energy transfer from bulk to surface, followed by
desorption. This would increase yield from thick films, even
though molecules desorbed only from the top few layers. A
photon is absorbed within the film; then the excitation
moves by resonant or phonon assisted near resonant elec-
tronic or vibrational energy transfer, or perhaps radiation,
and decays at the surface, causing desorption. It is known
that excitons can diffuse to interfaces where they are trapped
and subsequently decay, but this has not been considered as
part of a desorption mechanism.** We believe that the in-
crease in yield with film thickness, combined with evidence
that desorption is only from the top few layers and that yield
is independent of distance to the substrate, implies intermo-
lecular energy transfer in electronically excited NO films.

3. Energy balance

In gas phase photodissociation, energy conservation re-
quires that all of the photon energy must appear in the prod-
ucts. On a substrate or in a condensed phase, the molecule is
no longer an isolated system, and can exchange energy with
the surroundings, so the energy in the desorbed products
need not equal the excitation energy. But if we know the
energy absorbed and can measure the total product energy
then the remainder must be deposited in the film or lost to
the substrate.

The linear dependence of fast peak yield on laser pulse
energy indicates a single photon desorption mechanism.
Ideally, we would be able to account for all of the energy
deposited by an incident photon:

Ehv - Erad = Eﬁ]m + Esub

+ ¢[Eel + Evib + Erot + Etrans ] ’ (3)

where ¢ is the desorption yield, defined as the number of
molecules desorbed for each photon absorbed in the surface
layer, E,, is the photon energy, and E,,, is any energy rera-
diated, E;,, remains in the thin film of NO, and E_,, is trans-
ferred to the substrate. The remaining energy is partitioned
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among the modes of the desorbing molecules. E,, is the aver-
age electronic energy, E,;, the vibrational energy, E,, the
rotational energy, and E, ., the translational energy of the
desorbed molecules.

We can only roughly estimate the desorption quantum
yield. The absolute yield of desorbed molecules is given in
Fig. 8 for 223, 247, and 274 nm excitation. If 10% of the
incident light is absorbed the yield would be 2 X 10~2 mole-
cules/photon. The desorption probability will vary with the
depth at which the photon is adsorbed, but this relationship
remains unresolved. We expect that photons absorbed in the
first NO layer are very efficient in desorbing NO monomer.

There is about 0.8 eV in each NO desorbed in the fast
peak, so a maximum of six molecules could desorb from a
single photon. For a desorption mechanism based on dimer
dissociation, we must account for 2-3 eV of photon energy.
If the excited molecules do not radiate, this energy must have
been lost into the surroundings. This is Eg,,,, which will con-
tribute to bulk heating and the thermal desorption. The in-
ternal energy distribution of desorbed NO is E,, = 5.0
eV>E, =04 eV>E, =025 eV>E, =022 eV.
Equipartitioning of the photon energy among the 12 modes
of a surface bound dimer would give 0.4 eV of energy in each
mode. Coupling between “floppy” vibrations of the dimer
and lattice phonons would be strong, but the NO stretch at
1900 cm ™' would not quickly relax into the lattice, and
shows up in the desorbed products.

Experimental uncertainty in the laser spot size, incident
angle, and number of photons absorbed in the surface of the
NO layer is large enough to prevent a quantitative determin-
ation of overall energy balance. A complete picture of energy
balance in the film will also require resolution of the photon
energy deposition profile, the role of energy migration with-
in the film, more precise quantum yield measurements, and
REMPI spectra of higher vibrational states.

We have only a glimpse into the photochemistry of con-
densed NO. The incident UV photon excites an electronic
state of an NO dimer in the solid. Then a number of things
are likely to happen: exciton migration and vibrational relax-
ation on the excited surface, followed by internal conversion,
or perhaps radiative decay, to a vibrationally hot ground
state. There may be partial vibrational relaxation on the
ground state surface, and low frequency dimer modes couple
to phonons. At some point, fragments of dimers near the
surface desorb as vibrationally excited electronic ground
state monomers. Forces resulting from the dynamic re-
sponse of the lattice during excited state relaxation may par-
ticipate in the desorption process. Rotations can be excited
as fragments separate, by anisotropic interaction with the
surface during desorption, or, for some trajectories, by colli-
sions with the surface. For molecules that cannot reach the
surface, the energy of the photon is finally thermalized into
bulk heating and thermal desorption.

V. CONCLUSIONS

Condensed nitric oxide absorbs ultraviolet light around
250 nm. We find that UV laser radiation desorbs NO mole-
cules from the surface of a thin film in vacuum and, at higher

power, ablates the film. Desorbed NO molecules were stud-
ied by mass spectrometer time-of-flight and (1 4 1) reso-
nance enhanced multiphoton ionization spectroscopy. The
broad absorption spectrum of the solid allowed us to both
desorb and resonantly, i.e., selectively, detect species using
only one tunable laser (a procedure which may be useful in
trace chemical analysis at interfaces). We obtained velocity,
rotational and vibrational distributions which help elucidate
the desorption process. Bimodal TOF distributions provide
compelling evidence for two distinct desorption mecha-
nisms. The two mechanisms are distinguished primarily by
the energy distributions of desorbing molecules and by the
dependence of desorption yield on laser fluence, but also
show different responses to film thickness and substrate tem-
perature. By varying the film thickness and laser pulse ener-
gy, we could choose experimental regimes in which either
mechanism dominates or both are present simultaneously,
allowing direct comparison of the two mechanisms. We refer
to the two TOF peaks and their associated mechanisms as
the fast and slow peaks.

The slow TOF peak dominates when desorption yield
per laser pulse is high—for thick films and high laser fluence.
The peak can be fit with a Maxwellian velocity distribution
at about 200 K, with a near cosine angular distribution.
Yield increases exponentially with laser power. At the high-
est yields, gas phase collisions perturb the slow peak velocity
distribution. The slow peak is due to thermal desorption
from bulk heating of the film. This heating should depend
only on the macroscopic thermal and optical properties of
the film, and on the laser spot profile, and not on the initial
molecular excitation.

When desorption fluxes are low, only the fast TOF peak
is seen. The fast peak is broader than a Maxwellian distribu-
tion, with a mean translational energy of 0.22 eV. Desorp-
tion flux is peaked toward surface normal. Yield increases
linearly with laser fluence, while the fast peak TOF distribu-
tion does not seem to vary with laser fluence or wavelength.
REMPI spectra show a v = 3:v = 2 vibrational population
ratio of 0.85, and a rotational distribution for v = 2 mole-
cules that can be roughly fit with a temperature of 2500 K.
The fast peak is due to single photon, nonthermal photo-
chemical desorption. The energy distributions of fast peak
molecules are not thermal, nor like those expected from pho-
toframentation by direct excitation to a repulsive potential
energy surface. Instead, we believe the mechanism is com-
plex, with some form of relaxation from the initially excited
electronic manifold to vibrationally excited ground state
monomer. Desorption may be a result of dissociation of the
dimer or vibrational relaxation of the monomer. Compari-
son of photodesorption from films to photodissociation in
the gas phase should be particularly illuminating. Unfortu-
nately, experiments on photofragmentation of NO dimers
and clusters at photon energies below the monomer A state
threshold are as yet unavailable.

Along with the intramolecular redistribution, there is
energy transfer between molecules prior to desorption. Here,
desorbed species serve as a probe of energy flow in the con-
densed phase, as desorption competes with bulk or surface
relaxation processes which occur on similar time scales. For

J. Chem. Phys., Vol. 88, No. 12, 15 June 1988

Downloaded 14 Sep 2004 to 143.106.6.126. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



7992 Natzle, Padowitz, and Sibener: Laser photodesorption of NO

example, we saw that desorption occurred only from the top
few layers, but yield increased with film thickness up to sev-
eral hundred layers, and was independent of distance to the
substrate. These results suggest exciton migration or other
nonthermal energy transfer from the interior to the surface
of the film.

Comparable molecular detail on the effects of laser radi-
ation on complex technological materials, such as polymer
photoresists, can be difficult to obtain. We believe that the
relatively simple system examined in this paper models im-
portant practical aspects of UV photoablation. We have seen
that the relative extent of thermal and photochemical effects
depends on the amount of laser energy absorbed and on the
thermal properties of the system, which in turn reflect the
interplay of laser wavelength and power with the optical and
thermodynamic characteristics of the film and substrate. All
of these factors may have to be taken into account to control
the morphology of ablated surfaces of polymers or biological
tissues.
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APPENDIX: TOF ANALYSIS

It is convenient to describe the amplitude of TOF spec-
tra in terms of molecular flux and characterize their shape by
reference to the Maxwell-Boltzmann distribution function.
This section describes how the raw data—mass spectrom-
eter counts as a function of time—are fitted to a Maxwellian
distribution or related functions, and are converted to abso-
lute molecular flux.

Molecules striking a surface which is in equilibrium
with vapor have a Maxwell-Boltzmann velocity distribution
and a cosine angular flux distribution. By microscopic rever-
sibility, the total distribution of molecules leaving the sur-
face, which includes both those desorbed and scattered,
must be identical to the incident distribution (with normal
velocity terms reversed). The rate per unit surface area at
which molecules strike the surface isS’:

d 2N p J«z-n- J-ﬂ/z )
anN_p 0'sin 6 do
dAdi  4r Sy ), cososin

© 2 3/2 2
Xf 417( n ) exp(—ﬂ)&dc,
o 2akT 2kT

where m is the mass of the molecule, k is Boltzmann’s con-
stant, T 'is the temperature in Kelvin, p is the molecular den-
sity, and c is the molecular velocity.

The normalized flux TOF distribution is

14d ‘F(6,4,t) 1

=-—cos fsin 8
N dOdgdt 2
( mx?
p p—

m\?x* )
NLAES (A2
(kT) 7P\ " o) AP

We assume that the desorption pulse length is small
compared to the flight time to the detector and the entire
active surface is contained in the viewing area of the detector
at normal incidence. For a number density detector, such as
a mass spectrometer, with an aperture of solid angle df) at
distance x from the surface:

C=fS(t)dt =NJ cos 6 dﬂf phx
o 27 ) x

m\2 x* ( mx? )
X|——) — — dt,
(kT) P\ e
(A3)

where C is the total number of counts, S(¢) is the count rate
as a function of time, 7 is the detection efficiency in counts/
molecule/s and Ax-L is the travel time within the detection

region (mass spectrometer ionizer) Ax cm long.

For a 1.0° diameter detector aperture (7.6 X 10~ 57 sr)
at crystal normal, Eq. (A3) becomes
m \172 s
C NnAx(SkT) 7.6X107>. (A4)
The mass spectrometer can be calibrated by thermal de-
sorption of an NO layer of known thickness. If the sticking
coefficient is unity for molecules incident on a film in equilib-
rium at the desorption temperature, then the flux distribu-
tion of desorbing molecules will be given by Eq. (A3) and
the number of counts by Eq. (A4). The only unknown is the
ionization efficiency 7Ax. Desorption of one layer froma 2.0
mm? spot, or 1.7 X 10" molecules at 52 K produces 12 000
counts in 7.6 X 107 sr at the normal angle. The fraction of
desorbed molecules passing through the detector at normal
for a cos 6 angular distribution is 7.6 X 107>, The detection
efficiency for NO is 9.2 X 1075, Equation (A4) yields 0.18
counts cm/s molecule for 7Ax and 1.2 counts/s molecule for
77 for an ionizer length of 1.5 mm.
We fit the laser desorption TOF data (cnts
bkgd)s~ ' shot ™' to a sum of three shifted Maxwellian ve-
locity distributions with different angular dependencies:

3 n; x3
S(6,¢,5) = Y C; cos -et—4
i=1

m[ (x/1) *v.-]z] (A5)

2T,

1

X exp{ —

In most cases the stream velocities v, were fixed at zero

and T, and T, were held constant. The C; were determined
at crystal normal, and then fixed when the cos™ 6 terms

were fit to TOFs off normal. The parameters should be relat-
ed to the number of molecules by
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NORMAL VELOCITY

PARALLEL VELOCITY

FIG. 15. Flux contours vs velocity. Desorption conditions as in Fig. 3. The
fast peak accounted for 75% of total yield with a 1.8:1 ratio of high and low
energy terms and the slow peak contained 25% of total yield. Sections along
each angle correspond to Fig. 3(a). The fit is from Eq. (AS5): the fast peak
low energy and high energy terms were fit with 525 K cos® 8 and 1925 K
cos* @ distributions, while the slow peak was 180 K cos 4.

41
C, =7.6x10-5 2+ T NAx.
2 8kT,

H

The data and fits were then transformed to flux weight-
ed time, velocity, and energy distributions. Figure 15 shows
a contour plot of desorption flux in velocity space with fit.

The average translational energy of the fast peak calcu-
lated from the flux weighted angular and TOF distributions
is

1 2 J'J‘”mx3
E;) =— mX_ S (6,,0)dQ dt,
(Er) N2902t3(¢)

i=1

(A6)

where index i labels the high and low energy terms of the fast
peak fit.
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