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THE AUGER DECAY MECHANISM IN
PHOTON-STIMULATED DESORPTION OF IONS FROM SURFACES

Christopher Carr Parks

Materials and Molecular Research Division
Lawrence Berkeley Laboratory
and
Department of Chemistry
University of Califori -
Berkeley, California 42720

ABSTRACT

Photon-stimulated desorption (PSD) of positive ions was studied
with synchrotron radiation using an angle-integrating time-of-flight
mass spectrameter. Ion yields as functions of photon energy near core
Tevels were measured from condensed gaszs, alkali fluorides, and other
alkali and alkaline earth halic2s. These results are compared to bulk
phatoabsorption measurements with emphasis on understanding fundamen-
tal desorption mechanisms. The applicability of the Auger decay mech-
anism, in which ion desorption is strictly proportional to surface
absorption, is discussed in detail. The Auger decay mcdel is devel-
oped in detail to describe Na' and F¥ desorption from NaF following
Na{ls) excitation. The major decay pathways of the Na(ls) hole lead-
ing to desorption are described and equations for the energetics of ion

desorption are developed. laon desorption spectra of H+, Li+, and
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F* are compared to bulk photoabsorption near the F(2s) and Li(ls)
edges of LiF. A strong photon beam exposure dependence of ion yields
from alkali fluorides is revealed. which may indicate the predominance
of metal ion desorption from defect sites. The large role of indirect
mechanisms in jon resorption from condensed NZ'OZ multilayers is
demonstrated and discussed. Ion desorption spectra from several
alkali halides and a1§a11ne earth halides are compared to bulk photo-
absorption spectra. Relative ion yields from Ban and a series of

alkali halides are discussed in terms of desorption mechanisms.

(ol e,
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I. INTRODUCTION
In this Introduction, current topics in photon-stimulated
desorption research are presented in Part A, while the organization of

the thesis is described in Part B.

A. Topics in Photon-Stimulated Desorption Research

Since the discovery of electron-stimulated desorption (ESD)

1,2 3

thresholds at core level binding energies of

and the_discovery
photon-stimulated desorption (PSD) of positive ions in 1979, interest
in stimulated desorption as a surface probe has increased enormously.
In PSD, photons impinge on a surface and, by means of an electronic
transition, cause ions to desorb from the surface. In the Auger decay

1,2 the initial step of desorption is

model of Knotek and Feibelman,
jonization of a core level, followed by an Auger decay cascade and
production of a multihole final state. A surface anion species
becomes positively charged and may be expelled from the surface.
While originally proposed to explain anion species desorbing as
positive ions from metal oxides, the Auger decay model has been
extended to encompass desorption from many materials.4 Developments
in the description of the Auger decay model are presented in Chapter
111,

PSD is a local, site-specific probe in the Auger decay model.

Ion yields are directly proportional to photoabsorption of surface

sites participating in the desorption. When the Auger decay mechanism
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predominates, PSD can be used as a probe of absorption of surface
sites: ion yield spectra as functions of photon energy show near edge
and extended x-ray absorption fine structure (EXAFS). An EXAFS
analysis can give nearest-neighbor bond distances. In PSD EXAFS, the
nearest-neighbor distances in particular bonding sites could be
determined.

In a general view of desorption,5 a transition occurs within
the Franck-Condon approximation to a repulsive excited state followed
by desorption in competition with delocalization of the excitation.

6,7 in desorption literature as

This general framework is codified
the Menzel-Gomer-Redhead (MGR) model. The Auger decay model is
included in this general framework as an important special case. Of
course, a true MGR calculation is intractable for any real surface.

In the past, analysis was limited to using generic Franck-Condon
diagrams to predict trends. Only recently have experimental results
been interpreted successfully using cluster calculations of ground and

8 described the double

excited states: Melius, Noell, and Stulen
excitations responsible for Hh desorption from Ni{(111l) following
valence level excitation. Tne Auger decay mechanism fails in ot
desorption from CO/Ni(100) above the O(K) edge, and bond breaking
occurs via multielectron excitations.9
When the general MGR model needs to be invoked, the strict
proportionality of PSD to surface absorption is lost; this strict
proportionality of the Auger decay mecharism generated tne excitement

about PSD as a surface science tecnnique in 1979. Fcor the surface
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scientist wishing to extract information about a variety of surfaces,
failures of the Auger decay me(vanism are unwelcome; for the
theoretically-minded, the need to use the MGR mechanism is seern as a
challenge.

Jaeger et al. demonstr'ated10 that x-ray induced ESD, i1n which
secondary electrons travel through the lattice and gesorb ions from
the surface, is a major mechanism in desorbing H+ from NH3
multilayers. Indirect mechanisms such as X-rav induced ESD destroy
the site-specific nature of PSD, making the technique of minimal value
as a surface probe. Cases in which indirect mechanisms prevail are
unwelcume to both the surface sciertist and the MGR-mechanism
theoretician; only the materials scientist interested in secondary
damage processes has modest interest. New data on indirect mecnanisms
in PSD are described in detaii in Chapter V.

Desorption yields are displayed in Table [. Measures of
desorption yield efficiences are ions per photon or, more

fundamentally, ions per surface ionization. Ion yields are very high
11

fellowing K-shell ionization of van der Waals solids,”" in which

substantial x-ray induced ESD may occur and in which energy is

localized in the molecular subunits fellowing Auger decay. For

11

valence excitation of condensed gas multilayers™™ and for 0(K) shell

excitation of COINi(lOO),9 in which desorption does not occur by the

Auger decay mechanism, ion vields are lower. H yields from nd and

12,13

4f metal oxides are high, and are very sensitive to

va]ency.l'2 Yields from alkali halides are low and have unusual
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beam exposure properties. By contrast, excited Li in the 2P0
state desorbs with high intensity14 from LiF.

These small ion desorption efficiencies are the conseguence of
basic physics. Ion desorption, by any of the standard mechanisms,
occurs in several steps:

1. The photoabsorption event (10'16 s).

2. The fast (10713

s) electronic distribution of energy.

3. The slow (10‘12 s) ejection of the ion having several

electron volts kinetic energy.

The crucial feature is the direct coupling of slow desorption to
vlectronic excitations. Because of energy dissipation into the solid,
most surface ionizations do not result in desorption. Mucn
theoretical effort concerns the nature of the long-lived multinole
states necessary for desorption to occur. In the approach initiated

15,16

by Cini and Sawatzky, when the hole-hole correlation energy

greatly exceeds the valence band width, hole-hole diffusion times can
be long, allowing desorption to take p1ace.17’18
These modest ion yields impose practical limitations and
fundamental gquestions. With photon fluxes available today at
synchrotron radiation sources, PSD EXAFS studies are intensity
livited, and only a few experiments have been accomph‘shed.12 A
vital guestion is whether PSD occurs weakly but homogeneously on a
sample, or whether it occurs from special minority sites. Currently,

in adsorbate systems, answers arc determined on a case-by-case basis,

by careful measurements of ion yield versus adsorbate exposure. In
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Chapter 1V, dependences of Na+ and H+ yields from NaF on photon

beam exposures are described. These results indicate that defect
properties may predominate in jon desorption from alkali halides.
Time or photon-beam dependences of H+ yield from freshly cleaved

19 In these cases, stimulated

Si(111) surfaces also occur.
desorption is a poor probe of majority sites. On the other hand, if
the PSD-active defect sites prove to be interesting in their own
right, PSD would have unique capanilities.

In summary, PSD is a recently-discovered and complex process
which holds promise as a surface probe. In 1979, excitement was
generated by the discovery of ion desorption thresholds at core edges
and the formulation of the Auger-decay model of desorption. Using the
strict proportionality of ion yield and photoabsorption of surface
sites inherent in the Auger decay model, one can obtain detailed
electronic ana structural information about specific surface sites
using near-edge fine structure and EXAFS. Since 1979, desorption
thresholds at core edges of many materials were found, which were
interpreted as evidence for the Auger decay mechanism., However, the
dominance of x-ray induced electron stimulated desorption (XESD), in
which secondary electrons desorb ions, was demonstrated in ammonia
multilayers. Some of the observations of ion desorption threshoids at
core edges could 2'so be explained by XESD. A major role of the more
general Menzel-Gomer-Rednead model was demonstrated in both valence
and core-level excitation of certain systems. Desorption from

minority surface sites predominates from some insulator,
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semicorductor, and adsorbate materials. Therefore, PSD is very
complex, and fundamental questions must be answered before PSD can

become a standard surface probe.

B. Organization of the Thesis

Currently, PSD is most useful as a surface science technique
when the Auger decay model predominates. Therefare, much of this
thesis is devoted to develaping the Auger decay model and determining
its limitations. The thesis is organized as follows:

In the experimental section of Chapter II, properties of the PSD
time-of-flight detector are described and recent absolute flux
measurements of beam line III-1 at the Stanford Synchrotron Radiation
Laboratory are documerited.

In Chapter III, the Auger decay mechanism is described in detail
for desorption from sodium fluoride following Na(ls) excitation. Tnhe
Auger decay mechanism is extended to include desorption of Na® as
well as F+ ions. Expressions for the maximal energies availabie to
the desorbing Na+ and F* ions are derived. Support for the Auger
gacay mechanism is found in the agreement of ion yield and absorption
spactra.

In Chapter IV, ion desorption from LiF near the Li(1ls) and F(2s)
edges is studied and photon beam dependences of ion yields from LiF
and NaF are described. In the Auger decay model, one might expect
desorption thresholds of both Fr and Li+ at the F(2s) and Li(ls)

+
edges. In fact, only F' has a threshold at the F(2s) eage.
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Therefore, £ may desorb in an Auger decay process, while the origin
of Li+ desorption is uncertain, Metal and hydrogen ion yields are
strongly affected by beam exposures which could only act directly on a
minute fraction (10'5) of a monolayer. These results demonstrate

the importance of defect properties in ion desorption from alkali
halides.

In Chapter V, it is shown that a strong indirect mechanism
contributes to N desorption from a N2-02 solid mixture at the
0(K) edge. The roie of x-ray induced electron stimulated desorption
as an indirect desorption mechanism is examined in terms of molecular
electron and photon absorption cross sections. The impiications
concerning the surface sensitivity of PSD and ESD in general are
discussed.

In Chapter VI, results of PSD measurements from several alkali
halides and alkaline earth halides are reported. Ion desorption
spectra from KF, CaFZ, and BaF2 were found to resemble bulk
photoabsorption at various edges, in agreement with the Auger decay

2+

mechanism of desorption. 1on desorption of F+ and Ba“ is snown

2+ yield was obtained in experiment, Ian

to be exothermic, but no Ba
yields from a series of alkali halides exhibit large variatiens in
yield which cannot be explained by photoabsorption cross sections or
by a model of hoie-hclie lifetimes.

Chapter VII provides a historical perspective of significant
developments as well as some thoughts on the future of the PSD

technique.



TABLE 1. Photon-stimulated desorption yields from selected materials

SYSTEM  DESORBED LEVEL  YIELD PER  YIELDD PER REFERENCEC
SPECIES  EXCITED  PHOTONA SURFACE I1ONIZ
N, solid N N(1s) 4x107° 1073 Ref. 11
Co/Ni(l00) " 0(1s) 2x10™7 107* Ref. 9
N, solid ' Valence  2x1078 1076 Ref. 11
CoH, solia  H' Valence  4xio~’ 107° Ref. 11
Mo(100)/0 0" Mo! 2s) 1x1072 1072 Ref. 12
Si(ill)/H H' Si(K) 8x10"10 10-° Ref. 19
NaF (100)  Na® Na(ls)  6x107° 1072 Chap. 111
LiF ti 0 Li(ls)  7x1073 —_— _Ref. 14

a Assuming, for consistency with the lTiterature, unity detection
efficiency. Based on microchannel plate efficiencies to ions, an
upper bound on detector efficiency is 20 percent. The PSD cross
section is the yield per photon divided by the surface coverage
of about 1015 cm2.

b The number (I) of surface ionizations per second was estimated
using I = o{hv) F(photons/sec) o(cm2), where ¢ is the photo-
absorption cozfficient, F is the photon flux, and o is the
surface coverage (1015/cm2). Atomic and molecular pheto-
absorption ©cross sections were used in these rough estimates. In
order in Mb units, these were 2.3(Ref. 20), 0.4(Ref. 21), 15(Ref.
22), 13(Ref. 22), 0.32(Ref. 23), 0.12{Ref. 23), 0.2(Ref. 24,25),
and ——,

c For references in which I (CCP) am a co-author, icn yields were
estimated from the original data and do not always appear in the
reference.
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I1. EXPERIMENTAL
Each chapter is a fully contained unii, with cxperiwental details
pertinent to the given chapter. Here, I shall concentrate on aspects
which are not discussed elsewhere. I shall briefly discuss the data
system and the three experimental chambers in Part A. In Part B, I
shall describe the properties of the time-of-flight mass spectrometer
in detail. In Part C, the photon flux of one of the photon beam lines

used extensively in this thesis shall be documented.

A. General Description of Apparatus

In these measurements, three separate chambers were used for
different experiments, which I will call the Sandia, the China Lake,
and the VG chamber. A1l chimbers contained the usual surface science
equipment, a channeltron for total electron yield measurements, and a
PSD detector. The Sandia chambzsr was equipped with a sample cleaver
and sample transfer system, so that many cleavable crystals could be
used witnhout breaking vacuun. The China Lake chamber had a special
manipulator with a liquid helium cryostat for condensed gas studies.
Thick condensed multilayers were grown on the A]ZO3 substrate at
temperatures between 10-30 K. These temperatures were sufficient to

-10 torr

grow films such as N2 while keeping the chamber in the 10
range. The Vacuum Generators (VG) chamber was equipped with an
electron energy analyzer (V¥G model ADES-400).

The experimental layout is shown in Fig. 1. Synchrotron

radiation emerging in pulses from the storage ring was monochromatized
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and passed through a beam flux monitor {labeled “I0 Signal") pefore
striking the sample, Ions desorbed from the sample, were accelerated
into the PSD detector, and were detected by microchannel plates. The
microchannel plate signal was amplified, discriminated, and fed into
the START of a time to amplitude converter (TAC). A 1.28 Mhz clock
provided the signal for the STOP input. Because the ion species
errived at different times, the TAC output provided a different
amplitude pulse for each ion species. The TAC output was fed into a
multichannel analyzer (MCA), which accumulated and displayed the
time-of-fiight mass spectrum. Because the timing resolution required
{1-3 ns) was not stringent, commercial timing eiectronics were used.
The data were stored in an LSI-11 (or. for the China Lake experiments,
a HP-9825) minicomputer.

To measure the photon flux, electron yield from the metal grid
was collected onto a positively-biased channeltron. The channeltron
amplified the signal, whicii passed through & high voltage battery box
to a picoammeter. The picoammeter output was converted for digital
storage using a voltage to frequency converter and a scaler.

The mini:omputer collected all data and controlled the mono-
chromator energy. The areas of tne ion mass peaks were integrated,
normalized to the photon flux, and plotted. The data were stored on
floppy disks for easy access later. When the experiment was pro-
ceeding smoothly, it was possible for one relaxed scientist to

preside. However, unforeseen events were known to occur.
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B. The Time-of-Flight Mass Spectrometer

Characteristics of the time-of-flight mass spectrometer used in
the PSD measurements are considered in this section. The time-of-
flight technique is optimal for synchrotron radiation studies if the
mass resolution requirements are modest. The detector geometry,
operating voltages, and estimated overall efficiency are documented.

I treat the ion trajectory problem, and show that kinetic energy and
angle distributions of desorbing ions can be obtained from an angle-
resolving time-of-flight spectrometer, but only with much »ore
effort. An experimental time-of-flight mass spectrum is compared to
the results of a simple trajectory calculation.

The PSD time-of-flight analyzer of Fig. 2 consists of a grid to
accelerate ions from the grounded sample, a drift tube, two micro-
channel plates to detect and amplify the signal, and a collector. A
synchrotron radiation pulse arrives at the sample every 780 ns causing
positive ions to desorb. The ions, having initial kinetic energies of
0-10 eV, are accelerated into the drift tube, and hit the microchannel
plates. The typical distance between the sample and the drift tupe is
i.5 cm and the drift tube length is 5.7 cm. The drift tube voltage is
between -500 and -1800 V and the front face of the first microchannel
plate is between -1900 and -2000 V. With these distances and voltages
times-of-flight of masses 1-20 amu are between 0 ana 1000 ns. The
collection efficiency is very high because the analyzer is angle
integrating. The detection efficiency is limitea by the microchannel

1

plates™ to about 25 percent for 2000 eV ions. The microchannel
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plate efficiency as a function of massz’3

may vary by 30 percent,
Therefore, an nominal upper bound on overall analyzer detector
efficiency is 20-30 percent.

Electrostatic time-of-flight analyzers have useful general
characteristics. For any one dimensional force along x depending on

position only, the time t as a function of position can be written

X

t-t, =n'/? [ & , (1)
SRR qv-qv(x)) 142

whera m is the mass, U0 the initial kinetic energy, gq the charge,
V(x) the potential, and v, the potential at the initial position

X For a given U0 and V(x), the integral is mass independent.

o
Generalizing to three dimensions, two different ions with the same
charge, kinetic energy, and initial descorption angle have the same
trajectories Their times-of-flight are strictly proportional to the
square root of the mass. Trerefore, it is possible to compare kinetic
energies of different ions using a time-of-flight detector even with
an imperfect electric field configuration. In practice, where U0 is
much less than the drift tube voltage, ions have very similar
trajectories.

In the idealized PSD detector, the ion travels through a region
of uniform field of distance d1 and through a drift region of
distance d, before reaching the microchannel plates. The time in

the acceleration region can be written
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1/2
t, = Jedom " [(Uocosze+qv)

qkE

vz _ (Uocosze)]/zl s (2)

where tl is the time (ns), m the ion mass (amu), q the charge
(integer), E the field (volts/cm), U, the initial kinetic energy
(eV), e the initial desorption angle from normal, and V the drift tube

voltage. When Uo << gV,

1/2
. - 1440 m d] . (3)

(q v)1/2
The time resolution 6t1 for a distribution of U0 and e is
st
1 -1 s [(uU cosze)”z] (4)
t 1/2 0
{qa V)

when Uo << qVv.

The time in the drift region is

1/2 .
t, = 720 d, - m {5)
< 1/2
{av+u)
with a resolution of
2
s§(U_ cos“s)
6t2 . o] (6)
t2

2(q v+ Uo cosze)

where again U0 << qV.
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Let us use Egs. 2-6 with typical experimental values to obtain a
time-of-f1ight distribution. For use later in comparing to experi-
ment, let us assume dl = 1.38 cm, d2 = 5,72 ¢cm, and V = 1677

7L1'+ desorbing normal to the surface

volts. The time-of-flight of
with an initial kinetic energy Uo of 2 e¥ is about 390 ns. With a
distribution U = 4-0 eV normal to the surface, we obtain t; =
122.5-128.6 ns and ty, = 265.4-265.7 ns. Most of the broadening

occurs in the acceleration region, yet the ions spend two thirds of
the time in the drift region.

A time-of-flight analyzer could be used to obtain kinetic energy
and angle distributions if the analyzer were equipped with a position-
sensitive detector. To obtain guantitative distributions, it is
desirable that the detector approach the ideal of a uniform electric
field along the flight path so that Egs. 1-6 can be used. 1 con-
sidered the feasibility of such a detector by comparing the results cf
a trajectory calculation, using the JASON and X-RAY programs,4 with
the "ideal" trajectories of Egs. 2-6. The "unterminated” geometry,
shown in Fig. 3 with calculated equipotential curves, consists of a
sample and a detector microchannel plate array. The electric field
configuration is improved in the "terminated" geometry (not shown) by
adding a large back plane to the manipulator and a set of four
appropriately-biased termination rings between the back plane and the
mizrochannel plates. Times-of-flight of 0 ions for the "ideal",
“"unterminated", and "terminated" geometries are shown in Table I. Ion

times-of-f1light for the "unterminated" geometry are shifted to lower
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time from the ideal; displacements R are shifted badly. Even with the
terminations and back plane, jon times-of-flight and displacements
differ from the ideal by about 2 and 5 percent, respectively.
Unfortunately, the calculated angles and kinetic energies are
sensitive to small errors in time-of-flight and displacement R. To
obtain guantitative ion kinetic energies and angle distributions,
better agreement with the ideal configuration is required.

The angle-resolving time-of-flight analyzer has other design
problems. For proper angular resolution, the desorption pattern on
the microchannel plates must be much larger than the photon beam spot
size, which at the Stanford Synchrctron Radiation Laboratory (SSRL)
can be quite large (1x3 mm). This requires large microchannel plates
(75 mm diameter) and long times-of-flight (%ic spread out the
desorption pattern). However, the time-of-flight must be kept less
than approximately 1 us (because of the 780 ns pulse period of SSRL).
H+, being the lightest ion, is the best system for combined mass and
angle resolution.

A combined angle-resolved and mass analyzer would have limited
resolution in angle and kinetic energy. These limitations may not be
a significant problem: theory, to date, does not provide a quantita-
tive relationship between desorption angle and bonding ccnfiguration,
and it is uncertain whether quantitative angular distributions wculd
lead to new knowledge about surfaces. On the other hand, qualitative
or semi-quantitative angular distribuiions have been instructive in

adsorbate systems. 5
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The PSD mass spectrum from a freshly-cleaved LiF(001) crystal is
shown in Fig. 4. (This spectrum is discussed in Chap. IV). The ion
peaks have weak shoulders at higher times, probably resulting from ion
scattering. A strong "prompt" signal (from light emitted from the
crystal) occurs in coincidence with the synchrotron photon pulse. The
peak width (2.7 ns full width at half maximum) of the prompt is a
measure of the experimental timing resolution. Masses one through 21
a...ve 1n the 780 ns time interval between synchrotron radiation
pulses; masses 33+3 and 48+4 arrive as "wrap arounds".

The major peaks of the LiF mass spectum are replotted and
compared to a simulated spectrum in Fig. 5. The times-of-flight are
scaled by the square roots of the masses, which we showed earlier is a
rigorous factor for ions desorbing with the same kinetic energy and

6 7Li+ peaks are so similar that they fol-

angle. The Li+ and
low a single curve, as is expected. The F+ peak is very similar to
{but not exactly the same as) the Li+ peaks. The H+ peak is
shifted from Li" and F* to lower times, indicating the H ions
desorb with a higher initial kinetic energy. The scaled H peak
appears to be broadened as compared to the other peaks as an artifact
of the 2.7 ns timing resolution.

The simulated mass spectrum of [ig. 5 was generatea using Egs. 2
and 5 with an assumed initial ion kinetic energy distribution. Pian's

6 from LiF at 100 C

experimental kinetic energy distribution of ions
is asymmetric with a peak at abcut 2.3 eV, but the detailed peak shape

depends on surface charging. 1 chose a Gaussian with mean of 2 eV and
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a FWHM of 1.6 eV to generate the simulated distribution. The distance
d1 was adjusted to force the peak to be at about 390 ns. The
simulated peak is much too narrow, with agreement particularily poor
at high kinetic energies, where the simulated spectrum drops sharply.
Probably the largest factor in broadening the mass peaks (especially

for a cleaved insulator) is non-idealities in fields.

C. Absolute Flux Measurements of Beam Line III-1 at the Stanford

Synchirotron Radiation Laboratory

Absolute flux measurements on Beam Line III-1 at the Stanford
Synchrotron Radiation Laboratory (SSRL) are documented in this
Section. The operation of Beam Line III-l itself has been described
in detail previous]_y.7’8 These measurements were performed by O.
Charleston of the SSRL staff in March of 1983 and have not been
reported elsewhere. These results are used in Chap. V and Chap. VI
and shall also be used in planned future publications.

The absolute flux of Beam Line III-1 per mA of current in the
storage ring is shown in Fig. 6 for 50 u monochromator entrance and
exit-slits. The relative photon flux between 50 and 750 eV was
obtained by measuring gold photoyield from a gold photodiode and
correcting for gold photoabsorption.9 These relative flux measure-
ments were normalized to the absolute flux between 50 and 230 ev, as
measured using a National Bureau of Standards (NBS) A]-A1203

photodiode (NBS serial number 243, calibrated by NBS Sept. 1981, drift
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< 3 percent per year). It should be stressed that these measurements
are reliable only for a limited peried of time. Flux above the C(1s)
edge decreases substantially with beam exposure (over the course of
several months) as carbon collects on optical elements. The flux
measurements should not be used for before September 1982 or after
October 1983 when the monochromator was re-aligned.

The monochromator on Beam Line IIT-1 has adjustable slits so that
the photon energy resolution can be changed. Relative flux estimates
for the 600 1/mm and 1200 1/mm gratings are shown in }able 11 for
different slit settings. I estimated the relative photon fluxes at hv
= 160 eV in Nov. 1982 for the 600 1/mm grating by measuring restoring
current to a gold mesh with a picoammeter. Some relative flux measure-
ments for the 1200 1/mm grating were compiled by R. Rosenbery bazed on
data of Feb. and Dec., 1982. Wnile all estimates could be refined
considerably, I report them here because the relative fluxes have not
been measured previously, to my knowledge. These relative fluxes may
depend critically on monochromator alignment; thus Table II should not
be used for before September 1982 or after October 1983 when the

monochromator was re-aligned.
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Table I. Results of trajectory calculations for 8 ev 0+ ions as
described in text. e is the initial desorption 2ngle from
the normal, R is the arrival position of the ion at the
microchannel plate array, and t is the time-of-flight.

Ideal acceleration region

o(deg) R{cm) t(ns)
0 0 500
15 0.127 501
75 0.493 520

Unterminated configuration

e(deg) R(cm) t(ns)
0 0.049 468
15 0.168 470
75 0.545 486

Configuration with ground plate and 4 terminations

o(deg) R{cm) t(ns)
0 0.007 492
15 0.134 492

75 0.486 511
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Table II. Relative fluxes at Beam Line III-1 at the Stanford
Synchrotron Radiation Laboratory versus entrance and exit

slit settings (MWinter 1982-1983).

600 1/mm grating, hv = 160 eV

S1it Setting (wm) Relative Flux

200 12

100 4

50 1

40 0.6

30 0.3

20 0.1

10 0.02

1200 1/mm grating, hv = 395 and 525 eV

$1it Setting (um) Relative Flux
50 1
30 0.5
20 0.12

10 0.04
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FIGURE CAPTIONS

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Schematic of the time-of-flight mass spectrometry technique
including the photon source, photon beam monitor (labelea as
“I0 Signal"), sample, detector, and associated electronics.
Drawing of the PSD time-of-flight mass spectrometer and the
time structure of the synchrotron radiation.

Calculated equipotentials for the "unterminated" PSD detector
geometry. Positive ions originate from the front face of the
grounded sample and are accelerated towards a microchannel
plate array biased at -3000 volts, which contains the
detector elements. The boundary around the detector and
sample is grounded to simulate the chamber walls. The
sample, microchannel plate array, and boundary have cylin-
drical symmetry about the z axis.

Time-of-f1ight mass spectrum of jons desorbing from a
LiF(001) surface.

L%, and F*

Scaled times—of-flight of H', ®Li*,
from a LiF(001) surface are compared to a simulated
spectrun. In the simulated spectrum, ions desorbed normal
from the sample with a Gaussian kinetic energy distribution

with mean of 2.0 eV and a full width at half maximum of

1.6 eV.
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Fig. 6 Absolute photon fluxes from Beam Line II1-1 at the Stanford
Synchrotron Radiation Laboratory (SSRL) 1n March 1983. The
plots were digitized from data provided by D. Charleston of
the SSRL staff. The storage ring electron energy was 1.5
GeV. The monochromator entrance and exit slits for the 600
and 1200 1/mm gratings were set at 50 uym. These measurements

apply to the period between September 1982 and October 1983.
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I111. THE AUGER DECAY MECHANISM
IN PHOTON-STIMULATED DESORPTION FROM SODIUM FLIORIDE

ABSTRACT

Photon-stimulated desorption of Na® and F* occurs from a
NaF (100) cleaved surface upon Na(ls) excitation. These measur=ments
represent the first observation of metal cation desorption following
metal cation core excitation. [In agreement with the Auger decay model
of desorption, both sodium and fluorine positive ion yields {versus
photon energy) are similar to total electron yield in the vicinity of
the Na K-edge, except for a pre-edge peak observed predominantly in
Na+ desorption. Intra-atomic Auger decay of the Na(ls) core hole
followed by charge transfer from adjacent halogens is shown to
initiate desorption. The resulting neutral or positively charged
halogens provide the driving force for desorption of sodium ions from
the surface. Expressions are developed for the maximal energy

available to the desorbing Na+ or F+ jons.
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A. Introduction
Photon-stimulated desorption (PSD) from ionic materials has been
shown to occur by ionization of surface-atom core levels followed by

1 Charge transfer of tvo or more

Auger relaxation of the core hole.
electrons from the bonding region accompanies the Auger decay cascade,
and a surface anion species may become positively charged. If the
repulsive multihole final state is sufficiently long ]ived,z’3 the
species may be expelled as a positive ion from the surface. In this
Chapter a description of this mechanism, Auger-stimulated desorption
(ASD), is developed to encompass both metal-cation aind halogen-anion
species desorbing as positive ions. We shall identify the major
channels in the Na(ls) Auger decay cascade resulting in desorption and
derive equations for the maximal energy available to the desorbing

Na® and F* ions.

Alkali halides have advantages as systems for studying tne ASD
mechanism. Since the absolute electron-energy thresholds4 for
electron-stimulated desorption (ESD) of ions are high (18 eV for
NaC1), ion desorption by secondary-electron ESD should be much less

5 of sodium

impoitant than the direct ASD mechanism. The ionicity
fluoride and other alkali halides is about 90%, justifying the use of
simple bonding concepts. Both anions and cations desorb as positive
ions from alkali halides, allowing useful comparisons. Clean samples
are prepared easily by cleavage in vacﬁun.

Alkali halides also have complicating features. Calculations

predict surface distortions on the order of 5% of a lattice spacing in
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alkali-halide and other sur'faces.s"11 The stoichiometry of
vacuum-cleaved surfaces may be different from that of the bulk:

Gallon et al. cleaved alkali-halide crystals and monitored the
desorbed species with a mass spectrometer.12 About one atomic plane
of fluorine desorbed from lithium fluoride within 10 seconds after
cleavage; lithium also desorbed. Both sodium and fluorine desorb from
NaF after cleavage. Exposure to radiation can alter the surface.
X-rays produce F centers and other defects in alkali halides. Neutral

t,13’14 enriching

halogens desorb upon low-energy-electron bombardmen
the metal content of the surface. At electron and photon energies
corresponding to substrate core levels, excited neutral-metal atoms
desorb with high intensites, yielding atomic line radiation.ls’16
Since our intent in this work is to develop the Auger decay model for
highly ionic systems, we defer discussion of the complex role of
defects and hydrogen in ion desorption from alkali halides.
Experimental methods are described in Section B. Results are
presented and described, under four subsections - yield spectra, the

pre-edge feature, mechanisms, and energetics — in Section C. In

Section D, the major conclusions are summarized.
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B. Experimental
The experiment was performed at beam line III-3 at the Stanford
Synchrotron Radiation Laboratory (SSRL) using photons of energies

17 transmitted a flux of

between 1075 and 1155 eV. The monochromator
2x109 photons/sec with a resolution of about 0.7 eV full width at
half maximum (FWHM) at 1100 eV. The sodium fluoride crystals, of
cptical quality, were cleaved in situ at a pressure of 4x10"10
torr. To minimize charging, the sides of the crystals were coated
with colloidal graphite. The PSD experiments were conducted with the
light in p polarization at an incident angle of 45°, and employed a
time-of-f1ight mass spectrometer described elsewherel with a
modified drift tube designed to avoid saturation of the microchannel
plates. This drift tube, biased between -500 and -1500 V to
accelerate the ions, was equipped with two masks and electrostatic
deflectors, allowing ions to pass while restricting line of sight
between sample and microchannel plates. Total-electron-yield
measurements used a positively biased channeltron electron multi-
plier. The ion- and electron- yield spectra were normalized to

incident photon flux as measured by electron yield from a graphite-

coated grid.
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C. Results and Discussion

In this section, yield spectra, the pre-edge structure, mechan-

jsms, and energetics are discussed separately.

1. Electron- and Ion- Yield Spectra at the Na K-edge

Ion and electron yields from a cleaved NaF(100) sample are
plotted against photon energy in Figs. 1 and 2. Fig. 1 covers a
photon-energy range of 80 eV, while Fig. 2 displays a 20-eV range near
threshold in more detail. The sums of several scans are shown in the
prethreshold region in Fig. 2. The intensity ratio of Na+:F+:H+
is about 4:2:7. The electron-yield spectra have the same threshold
and gross features as the ion-desorption curves. In Fig. 1 an
absorption spectrum18 of a 200008 NaF film evaporated by K. Ruls
shows qualitative agreement with the other spectra and with another
published absorption spectrum.19 Our monochromator was calibrated
by shifting the electron-yield peaks and valleys to match these iwo
absorption spectra; an error of * 0.5 eV was estimated in matching
these peaks. The valley at 1083 eV is slightly deeper for electron
yield and H+ yield than for Na+ and F+ yield. A sharp structure
{~ 1.3 eV FWHM) occurs as a resolved peak in Na'© about 2.3 eV below
the inflection point of the electron-yield threshold. The intensity
and position of the peak are approximately the same for a freshly
cleaved surface as for a surface exposed to the photon beam for many
hours. The feature is at least 3 times as weak, if present at all, in

F+, and is absent in H+ and electron yield.
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Assuming a photon flux of 2x109 photons/sec {Ref. 17) and 20~
detector efficiency, about 31)(10’8 Na© ions desorb per photon at
the Na+—yield maximum. With the use of Ne or Na photeionization
cross sectionszo'21 (~ 2x10° barns} and arbitrarily considering
ionization of only the surface atomic layer, approximately 10'4
Na+ ions desorb per surface jonization. By comparison, yields of
excited alkali neutrals desorbing from alkali halides are several
orders of magnitude larger than ion y\'elu‘s.l5

In photoabsorption of alkali ions in alkali halides the ionic
environment of the alkali ion produces a barrier in the potential of
the photoexcited electron. In the approach of Dehmer and Aberg,22
the barrier partitions the fina) states into two classes — inner-well
{exciton) states and outer-well states. The exciton states have free-
ion character and are embedded in the continuum of the outer-well

23-25

states. For Li{ls) absorption in LiF, the first prominent

structure, assigned to core excitons, lies several eV below the con-

duction band minimun. However, for Na(ls) absorption in NaF, the

first large peak at 1077.7 eV may lie near the conduction bandlg

edge: in the rigid-band approach the Na(ls) level to conduction band

transition energy is between 1076.4 and 1078.% eV (depending on the

26-30

choice of literature values). The rigid-band approach has been

discussed previously,25 and gives a reasonable estimate of the

23,24 minimunm for Li{ls) absorption

position of the conduction band
in LiF.

In ASD the ion yield is directly proportional to the core-hoie
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creation rate. Electrons from direct photoexcitation, Auger and
exciton decay, and electron scattering contribute to the total-
electron yield. Because of electron-electron scattering and multi-
plication, secondary electrons resulting from Auger decay may pre-
dominate over those resulting from near--threshold photoelectrons. The
charge-transfer process in ASD occurs over a short range and the ions
are believed to originate exclusively from the surface layer; the
photoionized species responsible for total-electron yield can be many
lattice spacings from the surface.31 Both the ion-yield and the
Auger decay component of the total-electron yieid are strictly pro-
portional to the absorption cross section and can be compared
directly, but the ion yield is more surface sensitive than the elec-
tron yield. Assuming that ASD is the primary desorption mechanism,
the lack of significant differences (excluding the pre-edge structure)
between the PSD and electron yield indicates that the surface sites
responsible for PSD are probably similar in electronic structure to

those of the bulk.

2. Pre-edge structure in Na+ desorption

An assignment of the pre-edge structure at 1073.5 # 0.5 eV must
account for both preferential Na+ desorption and the position and
shape of the peak. The following possibilities can be rejected.

{1} The high-absolute-energy £SD threshold4 for Na*
desorption from NaCl eliminates single ionization of a halogen and

X + .
other low-energy processes as channels for exclusive Na desorption
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from NaCl and, by analogy, from NaF.

(2) A step or edge site (i.e. a site with a low surface
Madelung potential) is expectedzg’32 to have a greater
Na+(3s'1) - Na2+(ls'1 35"1) binding energy than a bulk site; ionization
of such a surface site cannot account for a pre-edge structure.

(3) Atomic Hartree-Fock calculations with relativistic
corrections were performed on Na and Na+ using the code of Froese

33 3

as modified by Cowan; 4 good agreement with the

35

Fischer
experimental 1s binding energy” and the 1s - 3p Rydékrg energy was
found (i.e. £ 0.5 eV) for excitation from the neutral-sodium ground
state. The calculated Na+(1522$22p5) 15 to Na+(1512$22p63p) 1P
energy difference is 1978.6 eV; a core-exciton transition ener~v may
be within a few eV of the corresponding free ion transition energy.
{In LiF, the Li 2p exciton is 0.3 eV 1ower25 than the corresponding
experimental transition energy of the free ion.) Therefore, the
pre-edge peak at 1073.5 eV is unlikely to be derived from a Na+

1s -+ 3p Rydberg transition.

2

The dipole-forbidden transition to the Na(lsl2s22p03s) state,

estimated to have a transition energy of 1072.54 eV in an unrestricted
Hartree-Fock ca]culation36 of the NaFg- cluster, is a possible
assignment for the pre-edge structure. A dipole-forbidden Li+

1s + 2s exciton is observed in LiF, al]owed24 by coupling to odd-
parity phonons. For preferential Na© desorption to result, however,

the transition would have to occur exclusiwely on surface sodium ions;

it is unknown whether this would be the case.
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Defects might give rise to absorption below the main edge. A
standard bulk defect is a halogen vacancy. Excitation of a Na(ls)
electron to produce an F center in such a site, however, may have a
low cross section and may not result in preferential Na+
desorption. Sample cleavage may result in a nonstoichiometric surface
in which sodium atoms are present; electron bombardment can reduce Li
in certain lithium sa]ts.37’38 Sodium metal itse1f18 has a
low-energy absorption edge (1071.7 eV) and a broad structure after
threshold unlike any features in the NaF spectrum. However, if the
sodium atoms are isolated on the NaF host lattice, their absorption

35

spectra may more closely resemble the spectrum™ of atomic Na, which

has a sharp dominant Na 1s - 3p Rydberg peak at 1074.9+0.3 eV followed
by weaker structures. For the Na+ pre-edge peak to correspond to

this atomic transition, a shift of about -1.4 eV would be required.
The Hartree-Fock 3p Rydberg rms orbital radius in Na(1512522p63s3p)

is 2.6A, while the NaF lattice nearest-neighbor distance3? is 2.2174;
we speculate that the transition may therefore only appear in the
surface layer and be perturbed in the bulk. A pre-edge Rydberg-type

440

structure has also been observe in D+ desorption from D0

2
ice. For this Na 1s + 3p Rydberg-type assignment to be plausable,
subsequent decay of the core hole must occur such that Na+ is pro-
duced in a repulsive state on the surface; it is not known whether

such a repulsive state will be produced.
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3. Auger Decay Mechanism

ASD (Refs. 41,42) accounts for anions being converted to positive
jons and then desorbing, with thresholds at both anion and cation core
levels. Following halogen-ion photoabsorption in an alkali halide,
the halogen decays by the Auger process, becoming positively charged.
This positively charged species then experiences a repulsive Madelung
potential, and desorbs with a few eV kinetic energy. Following
metal-ion photoabsorption the core hole decays with an interatomic
charge-transfer step, producing a positively charged halogen which
desorbs as before. Although the Auger effect itself is usually
regarded as intra-atomic in nature, this latter interatomic decay
process has often been represented as interatomic Auger decay. The
decay mechanism has been considered previously only in general terms,
and has been limited to understanding anions desorbing as positive
ions. In the discussion below we shall describe a model for the
desorption of both Na+ and F* ions following an interatomic
process of Na(ls) hole decay in which the initial Auger step itself is
intra-atomic.

Experimental evidence for interatomic Auger decay from core
levels is limited. Linewidth broadening originally attributed to
interatomic decay was later assigned43 to phonon broadening.
Interatomic Auger decay energies for several ionic s_ystems44 were
estimated and compared to experimental spectra; several weak features
were assigned to interatomic Auger decay in NaF. A rough comparison

shows the area of the Na(K)Na(L23)F(L23) structure of Ref. 44 to
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be about 1% that of the intra-atomic Na(KL23L23) 1y structure.
Transition rates for Auger decay have been calculated:45 for solid
CH4 and CF4, the intra-atomic rates are a factor of 104 larger
than the interatomic rates; only for systems such as Na/Q or Mg/0 are
the calculated inter and intra-atomic rates comparable. Clearly,
interatomic Auger decay can be considered as a major decay channel
only when the normal intra-atomic decay cannot take place.

In NaF, the Na(ls) hole produced by phctoionization can decay,
with a low probability, via a Na(K)F(L)F(L) or Na(K)Na(L)F(L) process,
or with much higher probability by an ordinary Na(KLL) intra-atomic

decay. If we consider the latter channel, Na3+

is produced within
10'15 sec (the initial state being Na*). Charge transfer from

surrounding fluorine ions must then occur, by the process

NaSt 4 Fm o NaZt e FD, (1)
exothermic by 53 eV, followed by either

NaZt + F0 + Nat 4 FT (2)
or

Na2* + F~ =+ Na* + FO (3)

which are exothermii by 14 eV and 28 eV, respectively, as estimated
using point-charge lattice corrections to free-ion energies. The

energy released in the charge-transfer steps may result largely in
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fluorescence or in expulsion of electrons from the valence band. The
latter process has the net result of an interatomic Auger event; its
probability is determined by the extent of polarization about the
multihole sodium ion. The guasi-interatomic Auger decay
Na(L3)F(L3)F(L3) is endothermic. The experimentally observed44
quasi-interatomic Auger decay Na(L3)F(L3)F'(L3), where F and
F* are different fluorines, is exothermic by ~ 7 eV.

These processes, Eqs. (1)-(3), should proceed on a very fast time
scale, leaving the sodium ion that had lost a ls electron back in its
original charge state, as Na+, with at most a little excitation

-12 sec {a

energy in the outer shell., The net result, after about 10
vibrational period) is either that two of the nearest-neighbor
fluorine atoms will be neutral FO, or that one will be unipositive
F*. In either case the total electrostatic environment of the Na'
ion in guestion can be repulsive, leading to desorption of the Na+
ion (or of course the F* jon could desorb}.

The real issue to be resolved in discussing this mechanism is
therefore not whether the Na' ion can desorb by Na(ls) photoioniza-
tion at the Na K-edge, but the subtler question of whether thne
electrostatic environment can remain repulsive long enough for this

-12 sec or longer. Electronic

0—15

desorption to oc ur, i.e., for 10
polarization of the lattice will occur within about 1 sec, and
will partially screen the repulsive terms in the potential. The
effectiveness of this screening depends on the extent of the polariza-

tion. Diffusion of the two excess positive charges (on two F0 atoms



or one F+) away from one other will be much slower; in a completely
jonic material it could occur only by electron hopping, while faster
charge transfer through bonds is feasible in a more covalent
material. Thus the polarizability and ionicity can both be critical
in establishing the feasibility of positive-ion desorption in ionic

lattices such as alkali halides.

4, Ion-Desorption Energetics

In the 1imit of complete ionicity, we can readily derive the
energies available to both the metal and halogen atoms desorbing as
positive ions. Following the approach of Mott and Litt]eton“'47
for an ionic lattice in which one anion site is made neutral or
positively charged, we combine electrostatic attraction and repulsion,
Born repulsion, and polarization relaxation to determine the net
repulsion energy. This total repulsion energy can be transferred
either to the lattice or to a desorbing ion or both. It thus
represents the maximal energy available to a descrbing ion. Unfor-
tunately, a comparison of the repulsion energy to experimental kinetic
energies4 is obviated by the presence of surface charging. The
approach taken below may thus be especially valuable in predicting
ionic species that cannot desorb by a given process.

Consider Na+ desorbing from a sodium chloride lattice site, in
which z electrons have been removed from a neighboring halogen ion.
We choose NaCl, although the energetics of NaF are very similar. The

net energy E* available for desorption of Na+ is the difference
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between the repulsive energy U+ resulting from an effective charge z
on the neighboring halogen and the cohesion energy W of the Na©
ion to the lattice. All guantities are defined as positive in sign.

Th= repulsion energy U+ is

gt~ 2 ¢ (4}

w 2re e is the electron charge, r is the distance between the Na©
and the halogen under consideration, and keff is the’effective
dielectric constant. For a maximal estimate of repulsive energy, we
set keff equal to 1. For a nearest neighbor, with39 r = 2.820A,

w find U" to be about 5.1 z, measured in eV, for NaCl. The
cohesive energy W to remove a Na* ion from the surface is

+ +

+ + +
W =a EM - EBR -0.5e¢ - ES’ (5)

wnere a is the surface correction to the bulk Madelung energy E;.

48

For Na+ in a perfect (100) surface lattice site’~ a = 0.96 and

E; = 8.92 eV. The second term EER is the Born repulsion
energy, about 1 eV for NaCl. The polarization potentia]46 ¢+ in a
rigidly held lattice is about 1.5 eV for Nall; if the removal is on a
time scale such that the lattice can relax, the polarization term is
ebout 3.5 eV. For desorption, the time scale is intermediate but
closer to the relaxed ltattice case. If we ignore the surface cor-

rection Eg to the Born repulsion and polarization terms, then
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W' is about 4.3 eV. The net energy Y =" - W for
desorption of a Na'© ion is

+ + +

E=u-aEM+E;R+o.5e¢*+E;. (6)

Production of a positive halogen ion corresponding to z = 2 is
clearly sufficient to expel a Na' ion from the surface. We see that
u* and W' are comparable if we maximize the contribution of u*
by setting the dielectric constant equal to 1 for single ionization of
a halogen ion. If this latter process could lead to metal-cation
desorption, Na+ would have a low energy threshold at the halogen np

4at

binding energy. However, the ESD absolute threshold energy
18 eV for Na" desorption from NaCl is too high, eliminating this
passibility for NaCl.

The energy E~ available to a desorbing pasitive halogen ion is
B =afy *Epp-0.5ed -tg . (7)

For aikali halides, the bulk Madelung energy Eg and surface
correction a have the same values as those of the cation. The Born
repulsion term EER for the positive halogen ion has a smaller

value than that of the cation. The polarization term ¢~ has two
contributions: (1) When the halogen atom X is ionized to X+, the
lattice relaxes, stabilizing the halogen in the lattice, ana (2) as

the halogen is removed, polarization stabilizes the vacancy,
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facilitating removal of the halogen. If the first term is more
important, ¢~ will be positive in sign. Eg is the surface Born
repulsion and polarization correction term.

Surface Madelung energies (o EM) of many step sites are between
50% and 70% of the bulk values and energies of other sites are even
lower.48 The Madelung-energy term provides the driving force to
desorb tt= halogen ion, making desorption of halogens from majority
(high surface Madelung energy) sites favored energetically. For metal
cations, which are repelled from a neighboring ionized halogen, yet
bound to the lattice by the Madelung interaction, desorption from

minority (step, edge, and other) sites is favored.
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D. Conclusions

ASD accounts for Na® and F* desorption from NaF. Following
photoabsorption of the Na K-shell, the sodium ion decays via the KLL
Auger process. Relaxation of the Na3+ species to the original
charge state Na® occurs primarily by charge transfer from surround-
ing fluorines. The net result after about 10712 sec is that either
two of the nearest-neighbor fluorine atoms will be FO, or that one
will be F'. The electrostatic environment of the F' ion and the
neighboring Na* ions can be repulsive, leading to desorption. The
leading term for energies available to the desorbing ions are the
surface Madelung energy (a EM) and the electrostatic repulsion U,
respectively. In particular, desorption of the halogen is preferred
energetically from majority surface sites, while metal cation
desorption is preferred energetically from minority sites. In order
for desorption to occur the electrostatic environment must remain
repulsive for a characteristic time: This time will be controlled by
the diffusion rate of the two holes (on two F0 or one F+) away
from each other. In fact, the efficiency of the desorption process,
about 10'4 Na* ions desorbing per surface ionization, is smalil.
The ASD model predicts the observed ESD absolute thresnolds [the
C1(3s) edge at 18 eV for Na' desorptionq from NaCl, and the F(2s)

49 from LiF], the observation of

edge at 32 eV for Fr aesorption
halogen and metal species desorbing as positive ions, and the general
agreement of the ion-desorption spectra to the total electron yield in

NaF. In chapter IV some limitations of this model are demonstrated.
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FIGURE CAPTIONS

Fig. 1

Fig. 2

Comparison of Na+, F+. H+, and electron yield to tne
absorption spectrum of XK. Rule (Ref. 18). Curves are drawn
through the data as a visual aid.

Comparison of total electron yield to Na+, F+ and H
desorption. Sums of several scans are shown in the pre-
threshold region of the ion-desorption spectra. Curves are

drawn through the data as a visual aid.
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IV. BEAM EXPOSURE DEPENDENCE AND MECHANISMS
OF PHOTON-STIMULATED DESORPTION
FROM ALKALT FLUORIDES”

ABSTRACT

Photon-stimulated desorption experiments were perfaormed on the
(001) face of LiF for photon energies near the F(2s) and Li(ls) edges
(from 37 to 72 eV). There are structures in the £t yiela above tne
F(2s) edge which are absent in the L1'+ spectrum, differences in
detail in the L1'+ and Fr yields near the Li(ls) edge, and con-
siderable broadening of the desorption yields as compared to the bulk
photoabsorption spectrum. The first observation of a strong x-ray,
and visible, beam exposure dependence of ion yields from LiF and Naf
is also presenced. These results are discussed in terms of electronic

and defect properties of alkali halides.
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A. Introduction

Photon-stimulated desorption (PSD) of ions from alkali halides

occurs following ionization of core 1eve1s.1_3

4,5

In the Auger decay
mechanism of desorption, ionization of surface-atom core levels

is followed by an Auger decay process involving the loss of two or
more electrons from the valence band. The resulting multihole final
state may be repulsive, and surface alkali or halogen species may
desorb as positive ions. Because both alkali and halogen ion
desorption result from the repulsive states produced by the Auger
decay, their yields should be almost identical functions of photon
energy and should strongly resemble the photoabsorption spectrum. In
fact, the Na+ and F+ yields from NaF are very similar to photo-

3

absorption near the Na(ls) edge.” Ion and excited neutral desorption

near the Li(1ls) level of LiF have been studied previously, but without

mass reso]ution.1

In this Chapter, ion yields and photoabsorption
are compared in detail at the F(2s) and Li(ls) edges of LiF. Our
intent is to test the applicability of tne Auger decay model in tne
best-studied of the alkali fluorides.

We shall also describe a strong dependence of alkali and
kydrogen ion yields from alkali fluorides on x-ray beam exposure. The
q yield from freshly—cleaved LiF and NaF crystails grows with total
Xx-ray beam exposure. The Na* yield from NafF increases with intense
polychromatic 1ight but falls back to normal in the presenca of
visible light or monochromatic x-rays. lon yielas from NaF behave a

if a single surface photoabsorption event could create PSD-active H
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sites or destroy PSD-active Na® sites over an area of ~ 104

Tattice sites. We propose mechanisms to account for this behavior.
For instance, we propose that a photon activates a hydrogen species in
the buik, which migrates to the surface and is desorbed as WY by a
subsequent photon.

Experimental methods are described in Section B. In Section C,
the ion desorption spectra and photoabsorption are compared at the
F(2s) and Li(ls) edges. In Section D, the beam exposure measurements
from the LiF and NaF crystals are described and discussed.

Conclusions are summarized in Section E.
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B. Experimental

The experiments were performed on Beam Line III-1 at the Stanferd
Synchrotron Radiaticn Laboratory, using a “grasshopper" monochromator
with a 600 1ine/mm grating. Charging was minimized by coating the
sides of the samples with graphite before insertion in the vacuum
chamber. Optical-quality NaF and LiF single crystals were cleaved in

10 torr. The

situ along the (001) plane at a pressure of 5x10”
linearly-polarized synchrotron radiation was incident at 45% from

the normal along the crystalline [101] direction, so that the sample
normal bisected the angle defined by the photon propagation and
polarization directions. The positive ion and "prompt" photon yields
were collected normal to the samples, using a time-of-flight anaiyzer
with a drift tube biased between -1000 and -1500 volts. The prompt
yield is a 2.6 ns full width at half maximum (FWHM) peak occuring in
coincidence with the synchrotron 1ight pulse. The analyzer detects

6 for

only positive ions and photons, and has egligible efficiency
photons below 7 eV. A 1500 & aluminum window was inserted in the peam
for all spectra betwzen 37 and 72 eV to reduce second ana higher order
light. The ion- and prompt- yield spectra were normalized to the
incident photon flux as measured by the electron yield from a
graphite-coated grid. Absolute flux measurements performed sub-

7,8 with a National Bureau of Standards photociode were

sequently
used to estimate yields as counts per photon and to estimate x-ray
exposures. The zero order beam used in the beam exposure measurements

consisted of both visible and x-ray light. As an approximate measure
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of relative x-ray flux, the total electron yield from gold from the
zero order beam was 1600 times that from 160 eV radiation; this value
was used in estimating exposures. A 0.5 mw He/Ne laser (Spectra
Physics Model 155} was used to determine the effects of visible light
on ion yields. The laser is monochromatic at 632.8 nm (1.96 eV), but
has contaminant discharge light (estimated to be less than 10 uW) in
the blue and green.9 No attempt was made to prevent light from
entering the chamber through viewports. After the experiment, the
crystals were removed and examined carefully; no obvious coloration
was seen. (The electron-beam damaged LiF crystal had been re-cleaved,
and could not be checked afterwards). The sodium fluoride cleaves

were excellent; the lithium fluorids cleaves had some lateral fracture

lines.
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C. Li(ls) and F(2s) Ion Yield Spectra from LiF

In this Section we shall compare Li+, F+, and H ion yields
to bulk photoabsorption of LiF near the Li{ls) and F(2s) edges, and
discuss our results in terms of the Auger decay mechanism. We snall
also describe the effects of electron-beam exposures on the H+ yiela
spectra.

The Auger decay model leads to several predictions. The follow-
ing decay pathways can result in desorption: after Li{ls} photoioniza-
tion, the Li(1ls) core hole may decay by an interatomit Auger process

to produce a positive fluorine ion.
LiZh e Fm > LT e F e (m

The resulting electrostatic environments of both the F+ ion and

3

neighboring Li* ions are repulsive;~ the F* ion itself or a

neighboring Li* ion can therefore desorb exothermically. The
dominant species of hydrogen present in alkali nah’desw’ll are
interstitial hydrogen atoms (HO), H™ in halogen vacancies, and
interstitial HZ‘ A decay process similar to £q. 1 can leaa to H*
desorption of hydrogen from H™ or H0 sites. For the H site,

for instance, the Li-bonded H™ becomes positively charged and can be

expelled fram the lattice as H+:

LiZ* 40 = it e e (2)



~64-

Following F(2s) excitation, an ordinary Auger decay

FO(2slapb) » F* 4 e (3)
may lead to F* and Li* desorption. Neighboring H™ and Ho
species are spectators, and should not desorb as H+. Therefore, we
expect similar structures in L1'+ and F* desorption at the F(2s)
and Li{ls) edges, and we expect those to resemble bulk photoabsorp-
tion. W should have a thresnold at the Li(ls) edge if Li-bonded
hydrogen sites are present. We expect no H+ yield threshola at the
F(2s) edge if hydrogen is present only as HO, H™, and H2.

In Fig. 1, we compare Li+, F+, H+, and prompt yields from a

LiF cleaved (001) surface to the photoabsorption spectrum of a thin
evaporated film on an aluminum substrate, reported by Olson and
Lynch.12 The photon energy resolution in the ion and prompt yield
spectra was between 0.64 and 1.1 eV FWHM in the photon energy range
petween 55 and 72 eV, while the resolution of the photoabsorption
spectrum was 0.05 eV, Our LiF crystal was exposed to intense poly-
chromatic (zero order) light during alignment. Our monochromator was
calibrated by matciiing tihe prompt peak with those of previous

12-17 18-20

photoabsorption and reflection peaks at 61.9 eV.

Photoabsorption near the Li(ls) threshold in LiF is well

characterized. The shoulder at 60.8 eV and the prominent peak at

d?} to the Li+(ls + 2s) and Li+(1s + 2p) core

21

£1.9 eV are assigne

excitons, respectively. The Li(ls) photoionization threshold
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occurs at 63.840.4 eV. The "prompt" photon yield spectrum from our
cleaved crystal in Fig. 1 agrees closely with the bulk photoabsorption
spectrum, although it lacks the dipole-forbidden, phonon-assisted
Li+(ls + 2s) exciton shoulder. We confirmed the lack of the
shoulder at higher photon energy resolution (0.2 eV at hv = 60 eV).
The non-specular “"prompt" signal had been interpreted previously as
resonance fluorescence from the exciton and continuum states.20
Because the prompt spectrum is bulk-derived, it serves as a useful
internal calibration for the surface-derived ion yield spectra.
Contrary to our expectation that the ion yield and photo-
absorption spectra should be similar, the ion yield spectra of Fig. 1
are considerabiy broader than the prompt or photoabsorption spectra.
The three ion yield spectra are quite similar, differing mainly in the
relative intensities of some of the features. For instance, the
"peak" at 69.5 eV is much larger in the H+ spectrum than in the
other spectra. ATl ion spectra exhibit a double-peaked structure
between 60.9 and 62.8 eV. That structure changes slowly with time or
beam exposure. These spectra (and those of Fig. 2) were taken several
cays after cleavage but differ only in minor details from spectra
taken 6 hours after cleavage. The F+ spectrum has additional
structures at 57.8 and 59.4 eV. If most of the ions desorbed from
perfect (001) sites, we might expect the ion and photoabsorption
spectra to be much more similar. The differences among the spectra
(especially considering the broadening) are evidence that the

desorption comes from complex minority sites or that the surface is
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very rough.
In Fig. 2 ion yields are compared with prompt yield between the

21 at 38.2 # 0.8 eV and

F(2s) and Li{1ls) photoionization thresholds
63.8 * 0.4 eV, respectively. A broad structure above the F(2s)
photoionization threshold between 40 and 45 eV occurs in the prompt
and in the F+ yields, but is absent in Li+ or H' desorption.

The Li+ ion yield increases by a factor of twenty at about 60 eV,
while the H+ and F+ yields increase by only a factor of 4. Our

Fr spectrum, and the absolute electron-stimulated desorption (ESD)
thresho1d?? for F* at about 34 eV, are consistent with an Auger
decay mechanism of Fr desorption following F(2s) or Li(ls) photo-
absorption. The Auger decay mechamism is inconsistent with the lack
of a L1'+ threshold corresponding to the Fr threshold near the

F(2s) edge. The large jump in yield near the Li(ls) edge is further
evidence that Li+ desorption is weakly coupled to channels below the
Li(ls) edge, but strongly coupled to photoabsorption of the Li(ls)
core hole. Therefore, Fr probably desorbs by the Auger decay
mechanism, while Li* does not.

The threshold in H* yield at the Li(ls) edge is consistent with
desorption from Li-bonded sites. The nature of these sites changes
with beam exposure: the H+ structure near 61.9 eV is somewhat
different in Fig. 2 (for a crystal which had less beam exposure) than
the structure in Fig. 1. As discussed previously, the lack of a
threshold at the F(2s) edge is consistent witn the Auger decay model:

neutral or negatively-charged hydrogen is not expected to desorb as
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W following the F(2s2p2p) Auger decay. The o yield is large
below both the Li(ls) and F(2s) edges. Desorption below these edges

could occur after single ionization of a Li-bonded hydrogen atom,

F F
_ A
F—Li——H +hv > F —Li + H + e , (4)
| |-
F F

where the ionized hydrogen atom desorbs by repulsion from the Li+
ion. Incidently, the H ions desorb with a higher kinetic energy
than do Li” and F* jons at hv = 62.8 eV: the OLi™, Li",
and F¥ times-of-flight scale as the sguare roots of the masses as
expected, but the H* jons arrive sooner than expected, as shown in
Fig. 5 of Chapter II.

We studied the effects of electron-beam damage on the ion
yields. Electron beam impact of alkali halides causes preferential

desorption of halogen neutrals.23’24

A surface plasmon loss peak
observed on a vacuum-cleaved LiF (100) surface using characteristic
loss spectroscopy indicates that a thin surface layer of neutral
lithium accumulates with electron beam damage.25 In Fig. 3, ion and
prompt yield spectra are shown from a cleaved crystal exposed to a

large (1000 eV, 6uA, 38 min) electron beam exposure. Notice the

sharper edge structure in the Li+ spectrum as well as the
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dramatically changed H spectrum. The prompt signal is unchanged as
expected for a bulk process. The change in the H spectrun must
indicate formation of a new hydrogen surface species. Not surpris-
ingly, all of the spectra differ from both Li metal26 and lithium
27,28

hydride photoabsorption and fluorescence spectra.
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D. Beam-exposure dependence of ion yields from NaF and LiF

Time-dependent effects were observed in PSD ion yields from both
NaF and LiF. To explore these effects we have carried out systematic
studies of the dependence of ion yields on beam exposure. Several
crystals were cleaved in situ and were subjected to sequential irradi-
ation by soft x-rays, zero-order l1ight, and visible light. The re-
sults are presented below, in the spirit of reporting a survey of
interesting phenomena. In general we cannot give unique explanations
of these phenomena, but our observations set limits on the range of
possible explanations, and plausible candidate mechanisms are
hypothesized.

In Fig. 4 we plot ion yields from NaF in the first hour after
cleavage. Monochromatic radiation (160 eV) was first allowed to
strike the crystal at 7 minutes. The 160 eY photon energy was
seiected as the photon energy of maximum flux from the monochromator.
This energy exceeds all but the K-shell binding energies of Na® and
F* in NaF. The mass spectrum at 7 minutes showed weak (a few
percent) peaks at masses corresponding to NaF* and NazF+ as well
as the H+, F+, and H+ jon yields plotted in Fig. 4. The beam
was shuttered at 38.5 minutes, and unshuttered again at 51.2 minu.es.

11

The 160 eV radiation flux7’8 was approximately 10°" photons/(sec cmz).

The mean penetration depth is approximately 1000 A, as estimated from
atomic cross section data.?"‘;"30
Two important conclusions emerge from Fig. 4. First, variations

- + R - R
in Na and F+ yields with beam exposure are easily observable.
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These variations of ~ 10 percent are too large, relative to the
cumulative surface depletion through desorption (< 10'5 mono-
layers/min: an absolute upper bound based on assuming unity desorption
of neutrals or ions per surface photoionization), to be attributable
to gross changes in surface composition. Other explanations must be
sought.

Second, the H" yield is clearly radiation-induced. It is also
very large after sufficient exposure. Thus hydrogen-containing
species must be both created by monochromatic (160 eV) radiation and
readily desorbed by it, in two separate events, A plausible (but by
no means unique} mechanism would involve a hydrogen species in the
irradiated region of the bulk (ca. the first 1000 A) being activated
by irradiation, migrating to the surface and becoming trapped, and
subsequently being ionized and desorbed by a second photon. For
example, a U center (H™ in a halogen vacancy: a major form of

hydrogen in alkali halides) could be converted to neutral hydrogen10

u - K + F, (5)

leaving an F center behind. This conversion could occur directly by
photoionization aor indirectly through loss of a lagsely-bound electron
on H™ to a nearby radiation-induced positive site. If the neutral

e migrated to the surface on a timescale of minutes and became
trapped in a surface site, facile desorption as H" would be

expected, following photon absorptio. via an Auger decay mechanism.
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The timescale of minutes for migration of the slower He species to
the surface is inferred from the increase of H* yield following the
dark period. This mechanism is consistent with the decreasing slope
of the H' yield curve, which may imply saturation of active sites on
the surface.

We tested the effects of large beam exposures by applying pulses
of zero order (intense polychromatic) light and measuring the sub-
sequent ion yields versus time under irradiation with 160 eV light.

In Fig. 5 results are shown of the following exposure sequence: 160
eV light, darkness interrupted by a zero order pulse and a brief yield
measurement at 160 eV, a long period of darkness, and further yield
measurements at 160 eV. The zero order exposure was composed of soft
x-rays (about 1016 photons/cm2 as estimated using gold photoyield)
and significant intensities of visible and ultraviolet light.

The initial decrease in H' yield followed by a slow rise to
above the initial yield (seen in part in Fig. 5) is characteristic
behavior following long zero order exposures. When shorter (20 sec)
zero order exposures were applied, the initial decrease in o yield
did not occur, and the yield grew slowly from the initial value.
According to the model described above, the initial decrease in yield
would result from depietion of the surface active species (perhaps by
desorption). The slow increase in H yield would then occur as new
PSD-active species diffused from the bulk to the surface.

The data in Fig. 5 establish several important facts concerning

+ . <
the Na yield. First, the zero order exposure causes an enhancement
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of the Na© yield. Second, the decay of the enhanced Na+ yield is
induced by the 160 eV 1light. The strength of this effect is surpris-
ing because five minutes of exposure to 160 eV 1light results in about
1011 surface photoionizations per cmz. Therefore, it would appear
that each surface photoionization would have to eliminate PSD-active
species over an area of ~ 104 lattice sites to account for the
observed decay. This latter observation eliminates a wide class of
mechanisms from consideration in explaining the Na* yield
enhancement.

Possible mechanisms for the enhanced Na' yield are restricted
further by the observation that visible 1ight also affects the T
yield, We applied the following exposure sequence: 160 eV light,
darkness, a zero order exposure, darkness, and a long period of 160 eV
light during which the crystal was exposed three times to a 1.96 eV
(red) laser. Fig. 6 shows the results: first, the decay curve of the
Na* yield became more gradual as the total expcsure of the crystal
accumulated. Second, illumination with the laser quenched the
enhanced Na+ yield. The 1laser had only a slight effect on the Na+
yield if no zero order light was applied previously.

The laser light interacts with the crystal by photoabsorption of
a defect site. If the defect level lies close to the conduction band,
photoconductivity can result. The laser photon energy is in a weakly
absorbing region of the x-ray irradiated crystal photoabsorption
spectrum, far from the F band {3.63 eV} and other color center

31,32

bands. If we use the published absorbance (0.114) of a heavily
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x-ray irradiated (1.4 mm thick) NaF crysta]31 and our laser flux of
1.5x1015 photons per second, we estimate that an average of 108
photons are absorbed per atomic layer per second. Although this
estimate is crude, it demonstrates that each 1.96 eV surface photo-
absorption would have to eliminate PSD-active sites over an area of
- 106 lattice sites to cause a substantial drop in yield.

A very speculative model consistent with some of the observations
is the following: the band gap component of t*: zero order exposure
produces mobile neutral sodium atoms which diffuse along the surface.
The 160 eV photon creates a positively-charc:d trap (such as Na2+)
which stops a neutral sodium atom passing by, ionizes the atom, and
ejects the sodium species as a positive iun (which is detected). The
essential feature of this mechanism is that the Na2+ trap would
effectively collect neutrals over a larje area: a sodium atom with
thermal kinetic energy travels severa thousand Angstroms in 1 ns.
This mechanism, while entirely speculative and dependent on the

lifetime of the Na2+

species, would explain both the enhancement of
the Na+ yield and the low flux necessary to quench the enhanced
yield. However, it is uncertain now the laser affects the Na' yield
in this mechanism.

Another speculative apprcach is to assume that the enhanced Na*
yield is associated with the space charge generated by the zero order
Tight. The 160 eV and 1.9¢ eV radiation deplete this space charge by
photoconductivity. Photozbsorption of many (10-100) layers would

contribute to depletion >f the space charge. The advantage of this
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approach is that it provides a framework for understanding the effects
of the laser. The crucial difficulty here is that we have no
mechanism for understanding why the Na+ yield might be enhanced from
the space-charged crystal.

In summary, the PSD ion yields from NaF were strongly affected by
irradiation. Controlled experiments enabled us to characterize the
effects and to narrow down the range of possible explanations, but we
were unable to develop a unique and complete model! for the various
observed phenomena.

Time-dependent ion yields were also observed from LiF. We
exposed a LiF crystal to zero order light shortly after cleavage and
monitored ion yields under irradiation with monochromatic light (62.8
eV). The 62.8 eV energy was seiected as being the photon energy
giving the highest ion yields from LiF. Yields of species desorbing
from the crystal 15 and 69 minutes after cleavage are shown in Fig.

7. We assign several masses (13, 14, 21, 33, and 47 amu) to desorbing
c¢luster; rather than contaminant species because the ion yields
decreased sharply with time, because we believe that our freshly-
cleaved surface was clean, and because clusters have been observed to
desorb previously from other alkali halides.2 We can group these

ion species accordiag to time dependence. The ion yields of pure

7Li+, and 7Li;) decrease between 15

lithium clusters (7Li;, 6Li-
and 6C minutes by a factor of 100 or greater. In the second
group, 6L1+, 7Li+, Li2F+, and F*. ion yields decrease by

factors ranging from seven to 1.4. In the third group, H+, *
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ion yields increase with time. 1In Fig. 8 we p. the
7

_+d+
L14F , an HZ'

time dependence of the H+, Li+, and F+ ions. The time der wnce of
the H+ and alkali ion yields is qualitatively similar in L F and NaF.
Firally, we note that the effects of electron beam exposures on
ion yields from alkali halides in ESD have been characterized
previously. Pian et al. reported that alkali metal ien yields from
NaCl increase with electron beam exposure.2 We confirmed this
increase in the Na' yield from NaF in PSD following a large {1 A,

70 eV, 3 minute) electron beam exposure, and we observed a large

decrease in H+ yield.
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E. Conclusions

We compared the ion yield spectra near the F(2s) and L ;)
thresholds with photoabsorption from LiF. Thresholds in £ yield
were found at both the F(2s) and Li(1ls) edges, as is expected in the
Auger decay model. However, in contradiction with the expectations of
the Auger decay model, the Lit yield had no threshold at the F(2s)
edge. A threshold in H yield from L3iF occured at the Li(ls) edge,
which is expected if Li-bonded hydrogen atoms or negative inns are
present. We suggested that single ionization of Li-bonded hydrogen
atoms is responsible for the H yield at 37 eV below the F(2s) and
Li(1ls} edges. All the ion yield spectra are considerably broadened in
comparison to bulk photoabsorption at the Li(ls) edge, which is
evidence that ion desorption comes from complex minority sites or that
the surface is very rough.

Low-intensity x-ray and visible light exposures affect ion yields
from cleaved LiF and NaF surfaces. The 0 yield from freshly-
cleaved LiF and NaF crystals grows as a function of total x-ray beam
exposure., This growth in yield may result from conversion of hydrogen
in the bulk (such as a U center) to a mobile form which migrates to
the surface and is desorbed by a subsequent photon. Alkali metal ion
yields (Li+, Li;, Li;, and Na+) from LiF and NaF increase upon
exposure to polychromatic light. The enhanced yields drop back to
normal in the presence of monochromatic x-rays or visible light (1.96
eV). While the mechanism for the enhanced alkali metal ion yields is

unknown, a major conclusion of our study is that defect properties are
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crucial in metal ion desorption from these alkali halides.
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FIGURES
Fig. 1.

Fig. 2.

Fig. 4.
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A camparison of Li+. F+, H" and prompt (PR.) yields

to bulk photoabsorption (Ref. 12). The Li(ls) photoioniza-
tion threshold at 63.8 eV, the Li+(ls ~ 2s) exciton at
60.8 eV (short arrow), and the L1+(ls ~+ 2p) exciton at
61.9 eV (long arrow) are indicated in the absorption
spectrum. Curves are drawn through the cata a visual
aid.

A compa. .on of Li*, F* and H* yields to prompt PK.)
yield. The F{2s) and Li(ls) binding energies a: 38.2 and
63.8 eV, respectively are indicated in the prompt
spectrum. Curves are drawn through the data as a visual
aid.

Li+, H and prompt (PR.) yield spectra of the electron
beam damaged surface. The crystal was exposed to a

1000 eV, 6 uA electron beam for 38 minutes. Curves are
drawn through the data as a visual aid.

Na+, F+, and H+ yields at 160 eV versus time after
cleavage. The following exposure sequence was performed:
dark (0-7 min), 160 eV (7-38.5 min), dark (38.5-51.2 min),
160 ev (51.2-59.2 min). For clarity one out of each five

data points is enlarged.



Fig. 5.

Fig. 6.

Fig, 7.
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Na+, F+, and H yields at 160 eV versus time after
cleavage. The following exposure sequence was performed:
160 eV (410-420.8 min), dark (420.8-422.6 min), zero order
(422.6-424.3 min), dark (424.3-426.0 min), 160 eV
(426.0-426.9 min), dark (426.9-473.4 min), 160 eV
(473.4-485 min). For clarity, one out of each four data
points is enlarged.

Na+, F+, and H+ yields at 160 eV versus time after
cleavage. The following exposure segquence was performed:
160 eV (550-559.8 min), dark (559.8-561.8), zero order
(561.8-563.9 min), dark (563.9-565.9 min), 160 eV
(565.9-595 min). During the latter period, three laser
exposures occured: (575.4-576.2 min), (581.7-582.7 min),
(587.6-588.6 min)., For ciarity one out of each three data
points is enlarged,

Time-of-f1ight mass spectra from a freshly cleaved LiF
crystal 15 minutes (upper panel} and 69 minutes (lower
panel) after cleavage. The exposure sequence was: dark and
zero order (0-10 min), 62.8 eV (10-69 min). The prompt
yield is labeled “PR.* As discussed in the text, probable
mass assignments are: 13 (6Li-7Li+), 14 (7Li;),

15 ("LiH" or ), 21 (7Li), 33 ("LifY), and

47 amu (Li F7).



Fig. 8.
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Li+, F+, and H+ yields at 62.8 eV versus time after
cleavage. The following exposure sequence was performed:
dark and zero order (0-10 min), 62.8 eV (10-114 min), dark
(114-144 min), 62.8 eV (144-200 min). Lines connect data

points as a visual eid.
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V. INDIRECT MECHANISMS IN PHOTON-STIMULATED DESORPTION

FROM CONDENSED MULTILAYERS

ABSTRACT

Photon-stimulated desorption of N+ and O+ ions from a
condensed mixture of N2 and 02 was studied between the N(1ls) and
O(1s) edges. In a simple model ions desorb by ph.ioabsorption
followed by Auger decay and Coulomb explosion of the molecule that was
photoionized. While reducing ion yields by delocalizing energy and
trapping outgoing ions, the host lattice was presumed previously to be
a spectator rather than a substantial contributer to desorption. 1In
this stuay we find substantial N desorption foilowing 0{1ls) ioniza-
tion, indicating that the photoionized molecule interacts strongly
with the lattice and that an indirect mechanism of desorption is
important. We consider the possibility of secondary electrons
traveling through the lattice and desorbing ions. Using molecular
cross sections, we find that this mechanism may be important and that
the role of secondary electrons in ion desorption should be considered
whenever ESD cross sections are in the range of 10_20 to 10_18

cmz or higher.
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A. Introduction

Photon-stimulated desorption of ions from surfaces occurs
following following core level photoabsorption. In the Auger decay
mechanism of desorption, ionization of a surface-atom core level is
followed by Auger relaxation of the core hole and localized charge
transfer of two or more electrons from the bonding configura-
1:1'on.1’2 The multihole final state can be repulsive, resulting in
desorption of ions from the surface. Therefore, the ion yield varies
in direct proportion to the photoabsorption cross section of the
surface sites involved. In this mechanism, Auger-stimulated
desorption {ASD), PSD has extreme surface sensitivity. ASD occurs as
a desorption channel from many materials: alkali halides, metal
oxides, condensed gases, and semiconductors.

A second ion desorption channel, in which the potential of PSD as
a site-specific probe is lost, can predominate over ASD. At the N(K)
and Ni(L) edges, Jaeger et a1.3’4 found a close correspondence of
H® PSD and total electron yield as functions of multilayer thickness
from a NH; film on Ni(100). As the NH; film was grown, the PSD
and electron yield edge jumps decreased together at the Ni(L) edges,
while the edge jumps rose together at the N(K} edges. [f ASD were the
only desorption mechanism, an edge jump should occur at the Ni(L) edge
only with monolayer coverage, and the edge jump at the N(K) edge
should remain constant with coverage. These results establish the
major role of secondary electrons in desorbing ions, in a process

called x-ray induced electron stimulated desorption (XESD). Jaeger



-94-

et al. estimated the contribution of XESD to be 60 percent, with the
contribution of ASD being only 40 percent. Because a substantial
fraction of excitations originate in the bulk, ion desorption is not
proportional to surface photoabsorption. When XESD predominates, PSD
has neglibible value as a surface probe.

To understand the roles of XESD and ASD more clearly, we studied
N+ and 0+ desorption from a thick N2—02 film grown at 10-20 K.

We found thresholds in N+ and 0" desorption at both the N(K) and

0(K) edges. The 0" threshold at the N(K) edge and the N thres-

hold at the O(K) edge unambiguously establish the importance of an
indirect mechanism in desorption from this film. These results could
be interpreted using an indirect, but still localized mechanism:
photoabsorption and an Auger decay cascade, followed by charge
transfer from a neighboring molecule, resulting in ion desorption of
the neighbor. In view of Jaeger's results with ammonia films, how-
ever, it is more likely that XESD is the major indirect mechanism.

We shall show that indirect channels predominate in N+ but not
0+ desorption. We consider whether XESD occurs largely by electron
ionization of core levels or by ionization o’ valence levels. De-
sorption efficiencies, as measured by ijons desorbed per ionization,
are much higher following core hole jonization. On the other hand,
secondary electrons at lower energy are more numerous and electron
jonization cross sections of valence levels are higher. We shall find
that valence excitation is more important in XESD.

A major unresolved question is whether XESD occurs mostly by low
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energy electrons (10-50 eV) or by higher energy electrons (50-200

eV). If low energy electrons are most important, materials having
high ESD absolute thresholds and low ESD cross sections at low
energies will desorb mostly by direct mechanisms such as ASD. If
intermediate or higher energy electrons are important, a major role of
XESD from materials having high ESD cross sections must be contem-

plated. An experiment is suggested which may resolve this problem.



B. Experimental

The experiments were performed at the Stanford Synchrotron
Radiation Laboratory on beam line I1I-1 at a resolution of 1.7 eV at
400 eV. Condensed films (hundreds of angstroms thick) were grown on a
liquid~helium cooled alumina substrate in a chamber having a base
pressure of 10'10 torr.s’6 After completion of the initial fiim
growth, the surface was refreshed by slow condensation of vapor from a

9 torr.

doser tube, while keeping the chamber pressure below 10~
Ions were detected using a time-of-flight mass spectrometer employing
a spiraltron to amplify the signal. The total electron yield (TEY)
was measured using the same analyzer by biasing the spiraltron
positively and measuring spiraltron collector current. All spectra
were normalized to photon flux using electron yield from a gold mesh
placed in the incident photon beam. Absolute measurements of ions per
photon were performed using photon flux measurements taken sub-

sequently with a National Bureau of Standards photodiode.7'8
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C. Results
N+, 0+, and total electron yields (TEY) from a thick con-
densed N,-0, multilayer (NZ:O2 ~ 1.35:1) are plotted versus
photon energy near the N(K) and O(K) edges in Fig. 1. N+, 0+, and
electron yields increase sharply at both the N(K) and O(K) edges.
N+ desorption predominates over 0+ desorption between 395 and
590 eV, as measured by the edge jump, or difference in count rate
above and below the N(K) and O(K) edges.

PSD has been performed on the pure N2 and 02 sol"ids.s’9
N" fon and electron yields near the N(K) edge from the thick N2
multilayer were compared previously to gas-phase electron loss
spectra10 (ELS). The ion and electron yields are similar to, but
broadened from, the gas phase ELS and photoabsorption spectra. The
sharp peak at 400.96 eV in the gas phase, and in Fig. 1, is

10 to a transition to the normally empty 2r molecular

assigned
orbital. Peaks between 405 and 415 eV, completely broadened in Fig.
1, are assigned to Rydberg transitions. PSD occurs below the ioni-
zation threshold near 410 eV as expected in ASD or XESD. The ion
yield spectra from condensed 02 are also related to gas phase
spectra, with a sharp 2 peak below threshold. Therefore, photo-
absorption of these solids can be represented as predominantly
molecular in nature, with effects of condensation as perturbatians.
The mixture is composed of weakly-interacting molecular subunits;

the spectra in Fig. 1 were fitted as a weighted sums of pure N2 and

02 ion or electron yields spectra. These fits are probably accurate
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to 20 percent, which justifies the use of such a simple additive model
of desorption. The edge jumps, or differential increases of yields,
above and below the N(K) and 0(K) edges were obtained. In Table I,
these differential increases are expressed as counts per photon, ions

per photon, and ions per surface ionization.
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L. Discussion

We adopt the viewpoint that Nt desorbing at the O(K) edge
results from an indirect mechanism, while Nt desorbing at the N{K)
edge results from a combination of direct and direct mechanisms. From
our data, we cannot distinguish between localized charge transfer or
XESD as indirect channels. We shall emphasize XESD, because the
predominance of XESD is established in NH3 multilayers.

At 540 eV, N desorbing by indirect channels predominated by a
factor of 2.5 over total 0+ desorption, while at 420 eV, o
desorption by indirect channels was only 5-10 percent of total N

. N . < . . +
desorption. If we consider ijons per surface ionization, 0 de-

sorption by indirect channels at the N(K) edge was about 10 percent of
0+ yield above the 0(K) edge; the N+ yield was comparable at both
edges. The results cannot be explained entirely by assuming that N+
merely has a greater propensity to desorb. These resuits indicate
canclusively that indirect channeis are a 10 percent effect for O+
desorption, while beirg a much larger effect in N+ desorption.

The contribution of XESD can be written as4

A+ ~ [A] (B] aB(hv] /aA(a)D(hv,a) de M

where At is the ion yield of fragments of species A. We consider
the differential increase of yield, or edge jump, at some edge of
species B, which has an atomic or molecular photoabsorption cross

section aB(hv). The ESD cross section of A at an electron kinetic
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energy ¢ is aA(:). The electrun kinetic energy distribution in the
solid as a function of ¢ is D{hv,e) for a particular photon energy

hv. To include the contribution of all kinetic energies to XESD, the
integral of the product of the latter two factors is taken. The yield
is proportional to the surface concentration [A] of species A and and
proportional to the concentration of B within the escape depth of the
electrons.

In assessing the role of XESD in general, it is important to
determine the electron kinetic energy range at which most of the XESD
occurs. The onsets of ion desorption6 in PSD from N2 and other
molecular solids at 20-30 eV are high. While not available from Nz
and 02 50lids, ion yields as functions of electron energy from

11-14 rise slowly from high electron energy thres-

adsorbate systems
holds. The common picture from photoemission of the kinetic energy
distribution, with a very large inelastic tail at low energies and
rather small intensities at Auger and photoelectron energies, is
misleading. These raw photoemission spectra must be corrected for
analyzer transmission and losses in the grids; if this is done, the
estimated contribution of higher kinetic energy electrons is ennanced.

Therefore, the XESD yield depends critically on the proportion of
electrons having kinetic energies in the higher energy range where ESD
cross sections are large. Because of the high ESD thresholds,
condensed gases are unfavorable cases for XESD.

While ESD cross sections and electron energy distribitions are

not available, we can determine some escential aspects of XESD by
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using moiecular valence and K-shell photon and electron absorption
cross sections. With this approach, we are limited to estimating the
numbers of ionizations on the surface. We can relate ionizations to
numbers of desorbing in a rough way using PSD resuits: the effi-

8 of valence and K-shell ionization in PSD is about 10'6 and

ciency
1073 ions per surface jonization, respectively.

Ysing the photon flux (7.2x107 photons/s) and the 02

15-17 0—18

molecular K-shell photoabsorption cross section (0.5x1
cmz), we estimate 3.6x104 photoionizations per second occur per
molecular layer at 540 eV. One O(KLL) Auger electron is produced per
O(K) shell ionization, at an energy above the N{ls) binding energy.

Using the N(1s) electron impact ionization cross sectionl8:19

-20 cmz) and assuming that Auger electrons from 10 layers

(<5x10
contribute to electron ionizatior of the surface layer, we obtain
about 20 surface N{1ls) ionizations per second. If 10'3 ions desorb
per surface ijonization (as in PSD), a yield of only 0.02 ions per
second is obtained from secondary K-shell ionization. The actual N+
yield at 540 eV in Table I is 60 counts per second.

In Fig. 2, ionization cross sections by electron bombardment20

16 cm2 as the

are shown for N, and 0, gases. Using 2.6x10”
electron cross section at 100 eV, one obtains a mean free path of 4
layers. ({This value is greater that of the universal electron escape
depth21 of about 4 A). The maximum number of secondary electrons

per photon is hv/e, where hv and ¢ are photon and electron energies,

respeciively. Using 10 electrons per photon, a cross section of
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2x10'16 cm2 for 50 eV secondaries, and 3.6x104 photoionizations
per second per layer, we obtain 7x104 valence ionizations for each
layer that contributes secondaries. If we grossly overestimate the
flux of secondary electrons at the surface by assuming a total con-
tribution of 20 layers, about 106 valence ionizations occur per
second on the surface layer. To obtain the observed N countrate in
Table I of 60 counts per second, a desorption efficiency of 10'4
jons per ionization is required. In PSD, the efficiency at 32 eV is
much Tower, at 10'6 counts per surface jonization.

We can check this work in another way: as noted previously, the
XESD source is on the order of 3.6x104 ionizations per second per
layer; again if we arbitrarily assume a contribution of 20 layers, we
obtain a maximum electron flux of 7x105 electrons per second through
the surface. Fur the 60 counts per second N signal in Table I to
result from XESD, we need an ESD cross section of about 10'19
cmz. ESD cross ser:tions22 for adsorbate systems are typically
between 10"20 and 10~23 cm2. For some adsorbate systems, higher
ion desorption cross sections are kno:)wn.zz’23

Therefore, the estimated contribution of high energy O(KLL) Auger
electrons in ionizing the N(1ls) level is tno low by a facter of 3000
to match the observed N* yield at 540 eV. This factor is large
encugh so that we have confidence in eliminating secondary K-shell
ionization as a major channel in desorption. The valence shell

estimates are more uncertain. The analysis does not explain why

indirect channels are more important in Nt desorption. In the
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analysis above, we overestimated the numbers of secondaries and the
numbers of layers contributing as sources of electrons. Even so, the
ESD cross sections necessary fo: substantial XESD are on the high end

of observed values for adsorbate systems.
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E. Conclusions

We demonstrated that indirect mechanisms predominate in N
desorption from a condensed N?_—O2 mixture, This is proved because
about 2.5 N* ions desorb per 0+ ion following O(1ls) photoioniza-
tion and because Nt yields per surface ionization are comparable at
both the N(1s} and 0(1s) edges. Jaeger et. al. showed that XESD is
the dominant indirect mechanism in H desorption from thick NH3
multilayers. Using gas-phase photon and electron absorption cross
sections, we showed that N(ls) ionization by O(KLL) Auger electrons is
a minor channel in XE5D. We showed that ESD cross sections must be
o-19

high (>1 cmz), but not unreasonably high, for valence shell

XESD to be important. Furthermore, electron impact ionization cross

20 so that the discussion for

sections are similar for many gases,
the Nz—oz mixtures can be extended to many other condensed gases.

The most important, but unresolved, gquestion is the extent to
which XESD contributes to desorption from other materials. The claim
is made3’4 that XESD should be less impertant from ionic materials.
However, ESD absolute thresholds at 10-40 eV are similar from most
materials and ion yields increase monotonically in many materials
until at least 100 eV electron kinetic energy. To determine when XESD
is important one must know ESD absolute cross sections and electron
energy distributions as functions of electron kinetic energy. Unfor-
tunately, they are seldom reported in absolute units. ESD cross
sections can vary widely: between 10'18 and 10723 cm?. XESD is

probably important when the cross sections are high at 10‘20 to
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10718 2. Drinkwine and Lichtman!® classified relative ESD
cross sections into three shapes of curves as functions of electron
kinetic energy. While the implications are concerning the XESD
mechanism are unclear, the differences among these three shapes may be
significant: the first shape resembles the characteristic electron
absorption cross sections of Fig. 2 {or alternately, the inverse of
the universal electron escape depth curve21), while the other two
shapes are distinct.

Therefore, little is known about the contribution of XESD from
materials in general. A large role of XESD has been established so
far only in condensed multilayers. XESD is negligible in saturation
coverages of CO on Ni{100) — no structure in 0+ desorption is seen
at the Ni(2p) thresho]d.24 XESD was shown to be of minor importance

in CO/W(100) in one of the earliest PSD experiments.25

In many
systems ion yield spectra differ from total electron yield, indicating
that localized desorption mechanisms play a substantial role. In
systems in which ion and electron yields are identical, no conclusions
about the extent of XESD can be made. Determining materials in which

XESD is unimportant is probably the most urgent problem in the ion

desorption field.
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Appendix
The role of XESD should be resolved by determining the factors in

Eq. 1, in particular UA(c) and D{hv,e). A recent review article on
secondary electron emission is of interest.26 Use of an angle-
resolved analyzer in estimating D{hv,e) is unreliable for a variety of
reasons. A simple, but well chosen, experiment could be helpful in
understanding the role of XESD: the best technique for estimating
D(hv,e} is to bias the sample pasitively and measure the restoring
current to the sample. One measures the current of all electrons
emitted from the sample with greater than a cuttoff energy and within
a wide range of angles. Using a series of batteries or a stable power
supply, the sample bias can be scanned. One differentiates the
resulting spectrum to obtain the distribution of electrons leaving the
surface. While some electrons arriving at the surface are reflected,
this distribution may be a gcod estimate of D{hv,e). This simple
experiment should be performed on a well—characterized sample, with
known photon flux and known photoabsorption cross sections. Several
ESD analyzers exist in which electron energy can be scanned, and
presumably in which absolute ESD cross sections couild be obtained.
These experimental ESD cross sections are the upper bounc on the term
OA(c) in Eq. 1 (an upper bound, because the experimental ESD cross
sections have indirect channels of desorption folded in). With such a
careful measurement, the temms aA(e) and D{hv,e) of Eq. 1 can be
estimated, and the role of indirect mechanisms in stimulated de-

sorption would be determined unambiguously.
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TABLE I Differential increases of yields at the N{1ls) and O(ls) edges

for a Ny-0, mixture (N2:02 ~ 1.35:1).

ION EDGE  hv(eV) IONS PER  IONS PER IONS PER SURFACE
SeC? PHOTOND TONIZATION®

N ON(1s) 420 348 2.5x1078 1.1x1073

0" N(1s) 420 26 1.9x10~7 8.1x107°

N o(ls) 540 61 8.5x10~7 1.6x1073

ot o(ls) 540 24 3.3x10~/ 6.6x107%

2  Assuming, for consistency with the literature, unity detection

efficiency. Based on microchannel plate efficiencies to ions, an
upper bound on detector efficiency is on the order of 20 percent.

Based on a measured flux using a calibrated NBS photodiode at beam
line I11-1 of 107 photons/mA s at 420 eV ana 30 um slits (Ref.
7,8).

Using photoabsorption cross sections of 2.3x10-18cm2 (Ref. 27)
and 0.5 x10-18 cm? (Ref. 15,16) for Np at 420 eV and 0p at

540 eV, respectively. Ref. 17 gives 2.1x10-18 cm@ as the
cross section of Oz at 540 eV. Throughout the manuscript, a
coverage per atomic layer of 1015 molecules per cml is used in
calculations.



FIGURES
Fig.1

Fig. 2
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N+, 0+, and total electron yield (TEY) from a condensed
mixture of nitrogen and oxygen between the N{1s} and 0(1ls)
photoabsorption thresholds.

N2 and 02 gas phase ionization cross sections by electron
bombardment as reported in Ref. 20. The error bars indicate

the range of different measurements.
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VI. PHOTON-STIMULATEC DESORPTION
FROM SOME ALKALI AND ALKALINE EARTH HALIDES

ARSTRACT

Results of photon-stimulated desorption measurements from several
alkali halides and alkaline earth halides are reported. Jon de-
sorption yields of KF at the K(2p) and K(is) edges, CaF2 at the
Ca(2p) edge, and Ban at the Ba(4d) edge are found to be roughly
similar to photoabsorption spectra. The energetics of ion desorption
from alkaline earth halides is found to be exothermic for halogen and

2+ is not

alkaline earth positive ions, although experimentally Ba
observed. Ion yields from a series of alkaii halides exhibit large
variations in yields which cannot be explained by photoabsorption

cross sections or by a model of two hole lifetimes.
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A. Introduction

In this Chapter results are presented of photon-stimulated
desorption (PSD) measurements from a series of alkali halides and
alkaline earth halides. Three topics concerning the Auger decay model
of desorptionl’2 are discussed. First, the Auger decay model pre-
dicts a rough correspondence of ion yield and bulk photoabsorption
spectra. We compared PSD and photoabsorption spectra from KF, CaFZ,
and BaF2 at various photoabsorption thresholds and confirmed this
ag

rough correspondence. Second, we show that desorption of Ba s

exothermic in the Auger decay mechanism, yet we detected no Ba2+ in
our mass spectra. Finally, the ion yields from a series of cleaved
alkali halide crystals were compared. Two factors influencing ion
desorption efficiency — the photoabsorption cross sections and the
hole-hole lifetimes as estimated in the model of Cini3 and
Sawatzky,4 -- are insufficient to understand the large variations in

the ion yields.



-117-

B. Experimental
The experiments on Can, Ban, and the K(L2 3) edge of KF

were performed on Beam Line I1I-1 at the Stanford Synchrotron Radia-
tion Laboratory, using a “grasshopper" monochromator equipped with 600
and 1200 line/mm gratings. The experiment on the K(1s) edge of KF was
performed at Beam Line III-3, using a double crystal monochromator
with Ge{111) monochromator crystals. Charging was minimized by coat-
ing the sides of the samples with graphite before insertion in the
vacuum chamber. While in the K(1s) experiment no precautions were
taken, in the K(L2,3) edge experiment the hydroscopic KF sample was
mounted onto the sample plate in a nitrogen-filled glove bag to
minimize contact with moisture. Optical quality single crystals were
cleaved in situ along the (001) plane of KF and the (111) plane of
CaF2 and BaF2 at a pressure of 10'9 torr. The positive ion

vields were collected using a time-of-flight analyzer. The ion- and
prompt- yield spectra were normalized to the incident photon flux as

measured by the electron yield from a graphite-coated grid.
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C. Results and Discussion

In this section, ion yield spectra versus photon energy, ion
yields and energetics of ion desorption from Ban, and ion yields

from some alkali halides are discussed separately.

1. Ion Yield Spectra Versus Photon Energy of KF, Can, and BaF2

A major test of the Auger decay mechanism is to compare jon yield
spectra to photoabsorption spectra near photoabsorption threshoids. A
close correspondence of ion yields to photoabsorption was expected and
obtained in PSD from NaF near the Na(ls) edge.5 In PSD- near the
Li(1ls) and F({2s) edges in LiF, the Li* yield had no threshold near
the F(2s) edge, contrary to expectation.6 Therefore it is of
interest to compare ion yields to photoabsorption from other systems.
Our purpose in this section is to demonstrate a rough correspondence
of PSD to bulk photoabsorption from KF and Can at the K+(2p) and
CaZ+(2p) edges, from KF at the K+(ls) edge, and from BaF2 at the
8aZ*(4d) threshold.

The photoabsorption and PSD spectra near the metal L2,3 edges
of CaF2 and KF are presented first. The photoabsorption spectrum7’8
of Can in the lower panel of Fig. 1 exhibits features common to

¥ compounds. The spin-orbit split peaks B and O,

many K+ and Ca
occuring about 3.5 eV below the respactive photoionization thres-
ho]ds,7 were assigned to the Ca2+(2p + 3d) excitons, and peaks A
and C were assigned to splitting of the 3d states in the crystal

field. The PSD spectrum is compared to the broadened photoabsorption
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spectrum in the upper panel of fFig. 1. The photoabsorption spectrum
was broadened with a Gaussian function to match the 2.0 eV mono-
chromator resolution of the PSD spectrum. The PSD and photoabsorption
spectra agree roughly: in particular both ion yields and photoabsorp-
tion increase below the photoionization threshold. In more detail,
the PSD spectra are sharper than the broadened photoabsorption
spectra, more than can be explained by uncertainty in monochromator
resolution. We suggest that the the crystal-field peaks A and B,
which are sensitive to chemical environment, are partially suppressed

8 near the

in the PSD spectrum. The photoabsorption spectrum
K(L2’3) edge of KF, shown in the lower panel of Fig. 2, also
exhibits the 3d exciton peaks B and D below the photoionization
threshold and the much larger crystal field peaks A and C. The PSD
spectrum of impurity H is in qualitative agreement with the
broadened photoabsorption spectrum and the total electron yield.

A comparison of the ion yield, electron yield, and photoabsorp-
t1’ong spectra from KF at the K(1ls) edge is shown in Fig. 3. The
photoabsorption spectrum of KF has not been interpreted previously.
In KC1, the conduction band minimum [3610.7 eV (Refs. 10,11)] lies
near12 the first peak in photoabsorption [3426.9 XU {Ref. 9) or

k13'14 which assigned the first

3610.4 eV], contrary to early wor
peak to a core exciton. In comparing the series of potassium halides,
the K(1s) edges agree closely,9 but the structures above threshold
vary considerably. The spacing between the first two peaks is

particularily wide (8.4 eV) in KF. The PSD spectra in Fig. 3 from KF
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are in qualitative agreement with the photoabsorption and the total
electron yield spectra. The apparent smaller magnitude of the first
peak in the F+ spectrum in Fig. 2 was not reproducible.

Next we consider PSD and photoabsorption of Ban at the Ba(4d)
threshold. The ionicity of BaF2 is probably very high because of
the close agreement of the theoretical cohesion energy of the Born
model and the experimental cohesion energy.15 Therefore, it is of
interest to compare photoabsorption spectra of Ban to that of

Ba2+ vapor. This comparison has been made pr‘eviouslyiﬁ'18

2+

and is
reproduced in Fig. 4. The Ba“® spectrum,, even when broadened to
simulate possible effects of condensation, agrees poorly with the
BaF2 spectrum, although features A, B, and D might be related to
some of the gas phase features. Feature D is shifted in tne other

17 as a further indication of the failures of the

barium halides,
atomic approach in these complex salts. The electron yield of
Hechtls’19 and H+ PSD spectra are compared in Fig. 5. Some of the
differences between the two spectra are artifacts. For instance, the
small peaks near 90 and 106 eV cannot be seen in the PSD spectra
because of poorer monochromator resolution, and the relative heights
of peaks B and D are different in part because of differences in
normalization. Some electron yield spectra that I took are in better
agreement with the PSD, but ara not shown here because the spectrum of

Hecht is generally of better quality. Therefore, as in the other

systems, the PSD is in qualitative agreement with photoabsorption.
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2. Ion Yields and Energetics of Desorption from BaFZ

The first PSD ion yield mass spectra from a compound of fluorite
structure are reported. The major desorbing species from cleaved

were F+ and impurity H+ and DH*. No Ba2+ yield was
2+

BaFZ

detected. It is shown that desorption of Ba® and F+ is favorable

energetically in the Auger decay model, and that other factors must be

2* yield.

examined to understand the lack of Ba
Two ion yield spectra from BaFZ, acquired 15 and 90 minutes

after sample cleavage, are displayed in Fig. 6. While the spectra
were taken with different photon energies, we believe that the growth
of H' and oH" yields with time was real. A possible source of the
o™ yield was adsorbed water. Both spectra Tack ion species other
than H', OH and F*. Using Eqs. 1-6 of Chap. II and the F'

2+

time-of-fl1ight we estimate that Ba® should appear at about 500 ns

and that the width of the peak should be comparable {within a factor

of two) with that of F*. Thus the Ba2+

yield was less than a few
percent that of F+.

The energetics of ion desorption in PSD from alkali halides was
developed in Chap. III using the Born model of cohesion of ionic
solids and the polarization model of Mott and Littleton. It was shown
that production of a positive halogen ion X+ in an Auger decay
cascade was crucial in the desorption of positive ions. The net

: + . . : +
environments of the X ion and the surrounding metal ions M were

shown to be repulsive, as is required for desorption to occur. The
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same analysis is applied to BaFZ. Use of the Born model for BaF2
is justified by the close agreement (0.5 percent) of the cohesive
energy as estimated by the Born model and as measured using the Born-
Haber cyc’le.15
The equations in Chap. III for the maximal energy available to a
desorbing ion must be generalized slightly to include compounds of
formula M"+X;. Following Chap. III, we consider the M™ ion
desorbing from an ionic lattice, in which z electrons have been
removed from a neighboring halogen ion. The repulsion energy Un+ of
the ¥ ion is

n+ nz e2 (1)

v rkerf ’

e

where e is the electron charge, r is the distance between the Mn+
ion and the halogen under consideration, and keff is the effective
dielectric constant. The net energy E"+ for desorption of a Mt
ion is

+ n+

’“E;1]+“EBR+YO-5E¢"+, (2)

where Ea+, Eg;, and ¢"+ are the bulk Madelung energy, Born

repulsion energy, and polarization potential, respectively, of the
Mt ion. a, B, and y are the corresponding surface correction terms
{with values between one and zero).

Let us evaluate the desorption energetics of BaFZ. While the
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partitioning of the Madelung energy into its positive and negative ion
components is nontrivial in general, E§+ was determined to be

17.59 eV for BaF2 (using symmetry and the fact that the fluorite
structure is a superposition of the CsCl and NaCl lattices).20

was determined previously20 to be 3.88 eV. The polarization
20

2+
Egr

for the rigidly-held lattice® is 2.02 eV; the polarization cor-

rection in Eq. 2 is somewhat larger because the lattice can relax

2+ 21

partially. The nearest neighbor F-—Ba“ distance®” is 2.68 A,

so that UZ* = 10.74 z ev. To obtain rough estimates of E2+, we

set keff =a=8=v-=1. E2+ is slightly endothermic for z=1,

indicating that Ba2+ cannot desorb from majority sites following

single jonization of halogen. For production of a positive halogen

2+

ion {z=2) we obtain E° ~ 9.8 eV, clearly sufficient to expel a

Ba2+ ion from the surface.
The energy E~ available to a desorbing positive halogen ion is
E=GEM+BEBR—10.58¢. (3)

The Madelung energy Eg is 9.45 eV for BaF, (Ref. 20). The Born
repulsion term EER and the polarization term of the F ion,
while nontrivial to estimate, are no more than two or three electron
volts in magnitude. Therefore, it is also energetically possible for
F* to desorb.

In sumary, the major desorbing species from a cleaved BaF

2
surface are F' and impurity H* and OH'. Ba2+ did not desorb,
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yet the energetics of desorption for both Ba2+ and £ are

favorable.

3. lon Yields from some Alkali Halides

Preliminary data on wide variations of ion yields from a series
of alkali halides are presented here. Some of the factors influencing
desorption probabilities —— photoabsorption cross sections and two
hole lifetimes of excited halogen ions — are insufficient to explain
the experimental trends. The role of other factors — the probability
that decay of the core hole will produce a localized two hole state,
and the dependence of ion yields on "extraneous" factors such as
surface roughness, impurities, and defeci concentrations — must be
considered.

Ion yields from a series of alkali halides are displayed in Table
I. Yields were obtained in a single experiment to minimize systematic
error. These results are tentative because reproducibility of yields
with sample cleavage was tested only once for NaCl and NaF. We
observe the following trends: yields from the fluorides exceed (by a
factor of 8 to 40) yields from ihe chlorides. Yields from sodium
halides also exceed {by a fac*tor ot 3 to 12) yields from potassium
halides. Alkali ion yields ai+: greater than halogen yields. The *
yields (which grow with beam exposure in these systems) from the

fluorides are greater than those from the chlorides.
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We can predict trends in ion yields within the Auger decay
model. The ion yields from the alkali halides depend on 1) the
photoabsorption cross sections of the alkali metal np and ns and
halogen ns levels, 2) the probability that the core hole decays to
pmmmeapoﬁtWehﬂownXt 3) the lifetime of the two hole X'

-12 s) that the desorbing

state, and 4) a characteristic time (~ 10
jon takes to escape from the lattice. We can estimate the effects of
factors 1), 3) and 4), but factor 2) is beyond the scope of this study.
Photoabsorption cross sections do not account for the yield
variations. Fgr example, we compare NaF (isoelectronic with Ne) and
KC? (isoelectronic with Ar). The calculated Ne subshell ns and np
photoionization cross sections22 are greater than those of Ar by
only a factor of two at hv = 151 eV. The ratioc (about 100) between
jon yields from NaF and ion yields from KC1 is much too large to be
explained by differences in photoabsorption cross sections af the
respective ions.23
The relative lifetimes of the halogen ijons X+ can be estimated
using a model of Cini3 and Sawatzk_y.4 When the two hole Coulomb
repulsion U is greater than the valence band width 24, the holes
become bound, resulting in an enhanced lifetime and enhanced ion
yield.24’25 The "two hole" Coulomb repulsion is the difference in
energy of the x* ion and neutral X0 in the crystal. In a

26

Born-Haber cycle, U is roughly the sum of the Madelung energy“® of

the X~ ion and the halogen ionization potential. Using U and the

26

experimental valence band widths,“” we obtain the ratio U:2a equal
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to 5.78, 7.25, 5.34, and 7.77 for NaF, KF, NaCl, and KC1, respec-
tively. If we expected any trends at all on the basis of these rather
similar ratios, we would predict the X" lifetimes and ion yields of
the potassium halides to be greater. Contrary to this expectation,
yields from NaF are greater than yields from KF; yields from NaCl
exceed yields from KCI1.

The final consideration is the characteristic time of de-
sorption. If the ions desorb with comparable kinetic energies, the
heavier ions take longer to desorb. If the characteristic time of
desorption is comparable to the two hole lifetime, the lighter masses
are favored to desorb. Consistent with this idea, yields of the
heavier C]+ and k* ions are less than yields of the F* and Na+
ions. This concept explains only some of the results in Table I, but
not, for instance, the higher yield of Na® from NaF versus NaCl.

In summary. ion yields from the alkali halides vary widely. In
general the fluorides have higher alkali, halogen, and hydrogen ion
yields than the chlorides. Sodium halides have higher yields than
potassium halides. These trends cannot be understood in terms of
photoabsorption cross section or in terms of the hole-hole lifetime

model of Cini and Sawatsky and other factors must be considered.
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D. Summary

Results of PSD measurements from several alkali halides and
alkaline earth halides were presented. Three topics concerning the
Auger decay mechanism were discussed. First, a rough correspondence
of bulk photoabsorption and PSD yields from various core thresholds of
KF, Can and BaF2 was demonstrated. This correspondence is in
agreement with the expectations of the Auger decay mechanism. Second,
the energetics of ion desorption from BaF2 was found to be favorable
for both Ba2+ and F+ ions, while experimentally no desorption of
Ba2+ was found. Finally, relative ion yields from a series of
alkali halides were presented. While many factors influence ion
yields, it was found that the results could not be explained in terms

of photoabsorption cross sections or in terms of a model of hole-hole

Tifetimes.
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TABLE 1 Approximate relative PSD yields from some

alkali halides at hv = 160 eV.

Lif NaF NaCl KF KC1
CATION
Li,Na,K 7-9 25-50 2.5-4.5 10-15 0.3
ANION
F,Cl 2-3 12-30 0.6-1.0 1.5-2.0 0.2

H 10-17 22-110 0.8 50-60 1.0
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FIGURE CAPTIONS

Fig. 1.

Fig. 2.

Fig. 3.

Lower panel: the photoabsorption measurements (Ref. 7,8) at
the Ca(L2'3) edge of CaFZ. performed at a resolution of
0.3-0.6 eV, .An arrow marks the estimated (Ref. 7) L3 to
conduction band transition energy. Upper panel: F+ PSD
(1arge dots) compared to the broadened photoabsorption
spectrum (solid line). The photoabsorption spectrum was
broadened by a 1.86 eV Gaussian function to match the PSD

monochromator resolution of 2 eV.

Lower panel: the photoabsorption measurements (Ref. 8) at the
K(LZ,S) edge of KF, performed at a resolution of 0.2-0.6

eV. An arrow marks the position of the estimated (Ref. 8)

L3 to conduction band transition energy. Middle panel:

total electron yield. Upper panel: H PSD (1arge dots)
compared to the broadened photoabsorption spectrum (solid
line}. The photoabsorption spectrum was broadened by a 1.86
eV Gaussian function to match the PSD monochromator

resolution of 2 eV.

Lower panel: the photoabsorption measurements (Ref. 9) at the
K(K) edge of KF. Other panels: H+, F+, k* and electron
yields from KF, performed with a photon energy resolution of

about 1.7 eV,
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Fig. 4. Photoabsorption spectra of Ba and Ba2+ vapor (Ref. 16),

spectra of Ba2+ vapor broadened by a 2 and a 3 eV Gaussian

function, and the electron yield (Ref. 19) from Ban.

Fig. 5. Lower panel: total electron yield (Ref. 19) from BaF2
Upper panel: H+ PSD spectrum from Ban, conducted with a

monochromator resolution of 0.8 eV at 120 eV.

Fig. 6. Upper panel: time-of-flight mass spectrum from a BaF2
crystal 15 minutes after cleavage taken with zero order
light. Lower panel: time of flight mass spectrum 90 minutes

after cleavage at hv = 100 eV,
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VII. CONCLUDING REMARKS

The final chapter of a doctoral thesis is perhaps the most
valuable as an evaluation of a field of study. I have had the good
fortune of performing many of the early experiments since photon-
stimulated desorption (PSD) of positive ions was discovered in 1979.
With this perspective I briefly assess what [ call three periods of
research in electron stimulated desorption (ESD) and PSD. The first
(1942-1979) was a period of discovery of the basic phenomena and
mechanisms. The second (1979-1983: my tenure as a graduate student)
was a period of transition in which some concepts c¢rystallized but
some crucial difficulties were identified. In the future period some
fundamental questions must be answered before the true potential of

ESD and PSD can be evaluated.

A. The Past (1942-1979)

Results from this period are outlined in a series of review
paper"s.l'6 ESD was first studied systematically by Isikawa7 in
1342. By 1975 the following experimental facts were known: ESD was
proportional to electron current, the ESD thresholds for ions occurred
between 15 and 40 eV, ESD yields were not proportional to coverage,
only a small fraction (10‘3 to 10"6) of surface jonizations
resuited in ion desorption, ion kinetic energies were between 0 and

10 eV, an isotope dependence of yields occured, and desorption
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exhibited angular distributions which were related to bonding direc-
tions. The Menzel-Gomer-Redhead (MGR) modela’9 was formulated
(1964) to understand these results. This completely general mech-

10 has two steps: a transition within the Franck-Condon approx-

anism
imation to a repulsive excited state and desorption in competition
with delocalization of the excitation. Unfortunately, the generality
of this mechanism obscured the essential nature of the repulsive
states for many years. The next major development came in 1978 when
Knotek and Feibelman discovered that ion yield thresholds correlated

11,12 __ in spite of the substantially

with core level thresholds
lower cross sections of core levels. This led to the formulation of
the Au er decay mechanism, the sudden realization that PSD must occur,
and th2 dramatic confinnation13 of PSD at the Stanford Synchrotron

Radiat on Laboratory in 1979 by Knotek, Jones, and Rehn.

B. The Recent Past (1979-1983)

As the potential of PSD as a site-specific probe became apparent,
many research groups jumped into the fray. Franchy and Menzel estab-
lished in an early study (1979) that PSD occured by an intrinsic photo-
effect!?® from a particular system [CO/W(100)]. ODesorption thresholds
ccrrestonding to core levels were gquickly confirmed from a wide

15

variet, of materials™” - adsorbate systems, van der Waals solids,

semiconductors, and insulators.
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Inevitably a more complex picture emerged. Theoretically it

became apparent that multihole repulsive states — in valencels’17

and cor'em'20 leve] absorption —- dominated ion desorption, and that
the simple Auger decay mechanism needed to be generalized. A model

for understanding the long multihole lifetimes necessary for de-

21

sorption to occur was adopted from earlier work of Cini and

Sawatzki.22 A delayed onset of ot desorption from CO/Ni{100) at
the 0(1ls) edge (Jaeger, Treichler, and Stohr 1982) demonstrated a

failure of the Auger decay mechanism and the need to consider multi-

23

electron excitations. With this study came the recognition that

the ultimate goal of PSD -~ to become an easily interpretable prope of

surfaces — was elusive. The role of low intensity beam exposures in

changing ion yields in certain materials {(alkali fluorideszq’25 and

possibly cleaved si]iconzs) demonstrated that PSD might become a

unique probe of certain defect properties. The demonstration {Jaeger,
Stohr, and Kendelewicz 1983) that an indirect mechanism of desaorption

(x-ray induced ESD) predominated in ion desorption from condensed

27,28

multilayers shattered the assumption that ESD and PSD were

inherently site-specific probes. Bonding-site specificity cf PSD was

29

demonstrated in other systems, however, such as 0+ from Naxwo3

(Benbow, Thuler, and Hurych 1982}, Angular distributions of ions from
adsorbate systems proved to be important30 (Madey et. al.) for
adsorbate systems. Important experiments on stimulated desorption of

3 _ Tolk et. al. 1983; from adscrbate

33,34

neutrals (from alkali halides

32

systems~“— Menzel 1982) and negative ions were also
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performed.

C. The Future

The major challenge of the future is to determine the con-
tribution of each of the three mechanisms — X-ray induced ESD (XESD),
the Auger decay mechanism, and the MGR mechanism. The usefulness of
PSD and ESD in cases where XESD predominates is very limited, yet the
extent that XESD contributes is largely unknown. So far a major role
of XESD has been established only for condensed multilayers. When the
Auger decay mechanism predominates, PSD is a unique and powerful probe
of site-specific p.iotoabsorption cross sections. Interpretations of
cases in which the general MGR mechanism applies will require diffi-
cult calculations and progress will be limited to simple systems for
many years to come. However, fundamental new insights into coupling
of fast electronic decay processes to nuclear motion should emerge
from these studies of the MGR mechanism. WNew electron-ion coincidence
experiments are being planned which may yield direct information on

jon desorption mechanisms.
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