0

AD-A261 275
OFFICE OF NAVAL RESEARCH

DTIC

fl ELECTF
Research Grant #N00014-91-J-1410

R&T Code #4134056- - -01

FEB 9

193t

C

Technical Report No. 61

"State-Selected Studies of Atoms and Molecules Ejected from Ion Bombarded Surfaces"
by
N. Winograd

Published in

Secondary Ion Mass Spectrometry (SIMS VIII), John Wiley and Sons, New York, 1992, page 9

The Pennsylvania State University
Department of Chemistry
152 Davey Laboratory
University Park, PA 16802

Appww.d tom PF.Dc 10eioC14

93-02355

January, 1993

Form Approved

REPORT DOCUMENTATION PAGE
".oc

'eor 1-cw.iret

*:I "%5Cl""InOnl oft•normatiOt,% estimated to average I

hour der fellbo

s.

No.
oM-o188

InCluiding the tiei

for re VIOew Instructilon. seharclng existing data sOurce.s

we data needed, and eOmloeting and rev.. Iq trie collemion Of mnformltiol. So" comments reoarding this burden estimate or anVother &W0e"tof thu
inc'..ttunq
.alnev~r.C;
2IISjeffleson
tton Ogeratiorn and aReioet.
co•i,•'otn of Information. -ctlu, fngsuggestiOns for reducing this curoae to Washington He"aOaUrlef St"vKe. Oirecnorate or n
.8. Suite 12CA Arlington, VA 22202.4302. and to trei Office ob Management arnBudget. Paperwork Oeducton Project (0704401U8). Washngton. DC20503
Da.ntq
" %gr

1. AGENCY USE ONLY (Leave blank)

12.
I

REPORT DATE

January,

1993

3. REPORT TYPE AND DATES COVERED

ITechnical

4. TITLE AND SUBTITLE
"State-Selec 'd Studies of Atoms and Molecules Ejected
from Ion Bombarded Surfaces"

S. FUNDING NUMBERS
Grant #N00014-91-J-1410
R&T Code #4134056---01

6. AUTHOR(S)
N. Winograd

B. PERFORMING ORGANIZATION

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

REPORT NUMBER

University
The Pennsylvania State
Department of Chemistry
152 Davey Laboratory
16802
University Park, PA

10. SPONSORING/MONITORING

9. SPONSORING MONITORING AGENCY NAME(S) AND ADDRESS(ES)

AGENCY REPORT NUMBER

Office of Naval Research
800 N. Quincy Street
Arlington, VA 22217

11. SUPPLEMENTARY NOTES
In Secondary Ion Mass Spectrometry
page 9.
(1992),

(SIMS VIII), John Wiley and Sons,

New York,

12b. DISTRIBUTION CODE

12a. DISTRIBUTION I AVAILABILITY STATEMENT
Unclassified/Unlimited

13. ABSTRACT (Maximum 200 words)
A fundamental understanding of the essential physics which contributes to the
formation of secondary ions requires a global view of the energy transfer
Many different
processes which occur subsequent to the ion bombardment event.
pathways are known which must contribute to this global view including the
desorption of ground state and excited state neutral atoms, desorption of molecules
and clusters in various rotation and vibrational excited states, and desorption
In many experimental configurations
of species induced by electronic transitions.
possible energy-loss pathways.
the SIMS component is a minor fraction of the total

14. SUBJECT TERMS
SIMS, energy and angular neutral distributions,
Auger spectroscopy
17. SECURITY CLASSIFICATION
OF REPORT
Unclassified
NSN 7540-01-280-5500

18. SECURITY CLASSIFICATION

15. NUMBER OF PAGES
LEED and
16. PRICE CODE

19. SECURITY CLASSIFICATION

OF THIS PAGE

OF ABSTRACT

Unclassified

Unclassified

20. LIMITATION OF ABSTRACT

Unlimited
Standard Form 298 (Rev 2-89)
Preucrited b- ANSI %1d 1391'8

2985102 k

Secondary Ion
Mass Spectrometry
SIMS VIII
Proceedings of the Eighth International Conference on

Secondary Ion Mass Spectrometry (SIMS VIII)

International Congress Centre RAI, Amsterdam, The Netherlands
September 15-20th, 1991

Editors
A. Benninghoven • K.T.F. Janssen - J. TUmpner • H.W. Werner

JOHN WILEY & SONS
Chichester • New York • Brisbane • Toronto • Singapore

Aoest

iu.f iduit ter

DTIC QUALITY INSPECTED 3

Distir lt
Aval lei,
Pintj•

/

•y CodeIe

iAvk II ziad/or
1

STATE-SELECTED STUDIES OF ATOMS AND MOLECULES
EJECTED FROM ION BOMBARDED SURFACES
Nicholas Winograd
The Pennsylvania State University, Department of Chemistry, 152
Davey Laboratory,
University Park, PA 16802, USA
L Introduction
A fundamental understanding of the essential physics which contributes
to the formation of secondary ions requires a global view of the energy transfer processes which occur subsequent to the ion bombardment event. Many different pathways are known which must contribute to this global view including the desorption
of ground state and excited state neutral atoms, desorption of molecules and clusters
in various rotation and vibrational excited states, and desorption of species induced
by electronic transitions. In many experimental configurations the SIMS component is a minor fraction of the total possible energy-loss pathways.
During recent years, new experimental and theoretical approaches have
emerged which allow detailed studies of the energy and angular neutral (EARN)
distributions of atomic and molecular species as they leave the surface.[1l These
types of studies are crucial for evaluating the efficacy of proposed theoretical models since it is much more difficult to predict the detailed particle motion than it is to
predict total yields. The models themselves have evolved from the early formalisms
of Thompson and Sigmund which employed the binary collision approximation
(BCA) and energy transport equations. Computer simulations of the classical motion began by using the BCA but rapidly grew in accuracy by incorporating more
sophisticated interaction potentials using microcrystallites containing 2000 atoms
or more. Modern computers can now handle many-body potential functions based
on the embedded atom method for metal targets[2] and potentials which incorporate
directional bonding for covalent solids such as Si.[3] In our laboratory, it is now
possible to accurately measure these distributions for pround state neutral atoms using a highly selective and sensitive multiphoton resonance ionization detector.
Moreover, using complementary technology, we can obtain these distributions for
excited states, secondary ions, and a selected set of desorbed molecular species.
In this paper, three examples will be given which illustrate our efforts to
obtain the global view we deem to be necessary to fully appreciate the ion/solid interaction. These include (i) a first report of the energy and angular distributions of
excited Rh atoms from the Rh[ 100) surface, (ii) an example using NaCal 100) of
how electronic effects can complicate dsorption by collision cascades and (iii) a
brief glimpse into approaches for characterizing the desorption of neutral molecules
from bombarded surfaces. These experiments hopefully indicate that laboratory
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techniques have advanced considerably in their capability over the last decade and
that it is now feasible to obtain detailed information about the desorbed species.
Although these experiments are certainly not routine or trivial, the results are beginning to impact our understanding of this complex phenomenon.

I.L Experiental
We have employed multiphoton resonance ionization (MPRI) spectroscopy as a stt-selective probe to monitor the trajectory of ground and excited-state
species. Briefly, the measurements ar performed in an ultm--high vacuum chamber
(2x 10-10 Toar base pressure) equipped with IEED and Auger spectroscopy.441 The
experiment proceeds as follows. A 200-nsec pulse of 5 keV Ar'+is focused, at normal incidence, onto a 2-mm spot on the sample. A given time after the ion impact, a
ribbon-shaped laser pulse (1 m for 6 nsec) is used to ionize a small volume of the
desorbed particles, thus defining the time of flight (TOF) of the probed species. The
MPRI technique is employed to selectively ionize the ejected particles. Once the
particles ar ionized, they are accelerated toward a position-sensitive microchannel
plate detector and an displayed on a phosphor screen located in the back of it. Th
image is, in-rnm, monitored by a charge-coupled-device camera which is interfaced to a micro-VAX station IUfor data storage and processing. For a typical spectrum, 30 to 60 images, each corresponding to a different TOF, are collected and
sorted into an intensity map of kinetic energies and takeoff angles.
For the NaCI experiments, an optical quality NaCI{ 100) crystal was
cleaved in air and subsequently cleaned by heating to 660 K in ultra-high vacuum
for several hours. This procedure produces well oniered, single crystal surfaces as
examined by LEED.
IUL Results and Discussion
A. Rh(4FwA) and Rh(4F7ta) EARN distributions from Rh( 100).
The energy- and angle-resolved distributions of Rh atoms sputtered in
the ground state and the next higher-lying excited state are presented in Fig. 1. The
results correspond to ejection along two crystallographic directions, as defined in
the inset to Fig. 1. For the ground state disuibution, the most intense peak is seen
along the ip- 0 azimuth (<100> direction) at a polar angle of about 500. The observed angular anisotrrpies arm the same as has been reported previously for the
ground stae.[5] The EARN distributions of excited atoms (2T712) exhibit several
features that are qualitatively different from the ground state (%nW) distributions.
First, the most intense peak appears at normal ejection (94r). Second, at low energies, only a shoulder exists along the tp - 450 azimuth (<110> direction). Third, the.
off-normal peak position occurs closer to the surface normal for the excited state
than for the ground state. Fourth, the fall-off with energy is much slower for the
excited stme.(61
Over the years, the excitation probability has been defined in various
ways and has been related to the expression exp(-A/av.L).[7] Assuming that the
population of the excited state by cascading from higher lying states are insignificant in our measurements, the excitation probability is the ratio of the excited state
population to the total population. This latter quantity, however, is generally inac-
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cessible experimentally since the total yield of atoms and molecules in all electronic
states cannot be measured. Since in our case the 4F7/2 excited species are only -5%
of the ground state atoms, we approximate the excitation probability by the ratio of
the excited state population to the ground state population. This, in turn, is proportional to the ratio of the excited state to the gpound state distributions, (dN*/dv)/(dN/
dv), which is presented in Fig. 2 as a function of I/vi for a few representative angles
of ejection.
There are several remarkable features that are clear from inspection of
Fig. 2. First, at high velocities the ratio exhibits the expected exp(-A/avi) dependence. Unexpectedly, however, the value of A/a varies from 0.58 x 106 to 1.52 x 106
cm1s. Second, at low velocities there is a sharp leveling off of the intensity ratios.
The height of this plateau depends strongly on the polar and azimuthal angles of
ejection. A somewhat similar behavior has been observed and attributed to the effect of surface binding energy.[8] However, in the present investigation, the deviation at low velocities occurs much more abruptly, suggesting the existence of an
additional excitation mechanism.
We are currently attempting to unravel the significance of this observation. Briefly, we have attempted to model the excitation event using collisional excitation which can be incorporated into the classical dynamics computer simulations. The results show that the leveling off arises firom dith separate factors.
These are (i) the presence of the e-/v±.decay rate, (ii) the presence c: a set of excitations that occur with 5-20 A of the surface. Within the framework of the model.
these atoms are far removed from interaction of the substrate, and thus their lifetimes are much longer. And (iii), the presence of microscopic collision sequences
within the cascade. For example, two atoms ejected at different angles can have
different trajectory histories and different final excitation probabilities, yet emerge

with the same final value of v.L Moreover, at high energies and off-normal angles
(0>30*), an exciting atom can get reexcited via a collision with a neighboring atom.
This leads to the observed angular variations of a/A.
The implications of these results may well apply to the ejection of ions
from keV particle bombarded clean metals. Collisional effects would lead to a nonexp(-A/avi.) velocity dependence of the ionization probability at low velocity, thus
explaining experimental data which indicate the dependence should be Vn where
n-0-2. The collisions of particles over the surface may also explain why calculated
ion fractions for clean metals are often many orders of magnitude smaller than those
measured experimentally.
B. Electronic and Nuclear Effects in Ion-Induced Desorption from NaClI 100).
Electronic excitations may occur via collisions or via the presence of

electrons. For alkali halides, the first step is the conversion of energy deposited into
the electronic system of the crystal by formation of self-trapped exciton (STE). The
nonradiative decay of the STE into a halogen vacancy (F center) and an interstitial
halogen atom (H center) leads to desorption. Williams et al. have distinguished between two types of F-H pair formation, a diffusive thermally activated process and a
dynamic one.[9] The thermal mechanism proceeds via diffusion of a halogen atom
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out of the relaxed STE in its lowest t-luminescence state. This process ends by the
thermal evaporation of the diffusing neutral halogen atom. In the dynamic process,
the energy of the F-H pair formation is derived from the energy stored in the higher
excitonic state of the STE. If such an event occurs in close proximity to the surface,
it can lead to the emission of a non-thermal halogen atom. If, instead, the dynamic
process occurs deeper in the bulk, it produces an H center which can reach the surface by thermal diffusion, and contribute to the thermal emission. The desorption of
the halogen atoms by these two processes leads to the formation of a surface layer
enriched in alkali ions. These ions can subsequently be neutralized by secondary
electrons or by recombining with the F centers.[10] Since neutral alkali atoms are
loosely bound to the surface, they simply evaporate.
It has been reported that Na atoms ejected from ion-bombarded NaCl
single crystals have only a thermal distibution.[11,12] These results are in contradiction with the earlier measurements on polycrystalline samples where significant
collisional contribution was observed.[13] To help resolve this discrepancy, the
TOF distributions of Na atoms emitted from an ion-bombarded NaCI{ 100) surface
at several target temperatures have been measured. For these investigations, a 5 keV
Art ion beam at normal incidence is employed, and only particles ejected along the
<1i1> crystallographic direction are collected. Two components are visible in the
spectra. The distributions at small TOF can be described by a Thompson formula
with a surface binding energy of about 1.5 eV which indicates that particles contrib-

uting to this part of the spectrum originate from the collision cascade.[13] Moreover, this component appears not to depend on the target temperature. In contrast,
the feature appearing at t>5 Its is very sensitive to the temperature of the sample.
For temperatures higher than 100*C. this part of the spectrum can be described by
the Maxwell-Boltzmann distribution.
By integrating the areas under the curves of these measurements, the dependence of the thermal and collisional components on the target temperature can
be determined. As is shown in Fig. 3, the yield is already saturated at 80 0 C. This
contradicts the previous experiments with Ar ions and electrons, in which the plateau was not reached even at 200*C.[ 1,14] The beam-induced changes in surface
stoichiometry are potntially responsible for this discrepancy. In the previous measurements, the surface was bombarded by a continuous beam with an average fluence
of 101S-1017 ions/cm 2 . In electron bombardment experiments, it is shown that a
high incident dose leads to a surface layer enriched in Na.[ 141 In this case, the emission of Na atoms is controlled more by the evaporation rate of the alkali atoms than
by the rate of defect creation. In our measurements, the total dose is less than 1013
ions/cm 2 (2x10 6 ions/cm 2 in a 150 ns pulse). Under these conditions, the balance
between the rate of evaporation and the rate of defect formation can be reached at
much lower temperatures.
The collisional contribution obtained in our measurements is still considerably smaller than reported on compressed-powder targets. One phenomenon

that would explain this discrepancy is the channeling of the incident beam. This
hypothesis can be verified by investigating the dependence of the TOF distribution
on the azimuthal direction of the incident beam. As shown in Fig. 4, we have exam-
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ined a geometry where the polar angle of incidence is fixed at 450 with respect to the
surface normal, and the azimuthal angle of incidence, ipi, is varied.The target is held
at room temperature, and only Na atoms ejected perpendicular to the surface are
recorded. The resulting spectra for pi=00 (<101>), ii-450 (<1 11), and qip=22 0 are
then recorded. In a cubic lattice, these directions correspond to different degrees of
"openness", ranging from very open for q•=0° to nearly random for (i=22,* Compared to the spectra taken at normal ion incidence, the present geometry enhances
the collisional component relative to the thermal contribution. Furthermore, the ratio of the collisional yield to the thermal yield depends on the azimuthal angle of
incidence and is maximum at cpi=22 0.
C. Characterization of Molecular Clusters.
The ejection mechanisms of clusters in an ion bombardment process has
been of longstanding interest.[15] For the NaCl system, the neutral mass spectrum
indicates a significant emission of Na2 dimers. To determine its mechanism of
emission, multiphoton resonant ionization spectroscopy can be employed to measure the TOF distribution of Na2. Although we tuned the laser wavelength to a
known Na2 transition, and the frequency scan of the ionizing radiation showed a
very broad, multicomponent absorption band, no signal at the mass of Na2 was observed. Instead, a very strong signal is present at the mass of atomic Na indicating
that all the Na2 dimers are photo-fragmented during the ionization process.
The TOF distribution of Na produced by photo-fragmentation of Na2 is
shown in Fig. 5. In the same figure, the TOF spectrum of neutral Na atoms is presented. For these measurements, the target is held at 130 0 C. Surprisingly, the two
distributions look strikingly similar. It has been suggested that halogen molecules
ejected by electron or ion bombardment are created by the recombination of halogen
atoms at the crystal surface.[16] However, this model cannot explain our data. If
Na2 dimers are created at the surface, they must have the same energy spectrum as
Na atoms. Since the mass of Na2 is twice the mass of atomic Na, the TOF distribution of Na2 must, in this case, be shifted towards longer times. Since the monomer
and the dimer TOF spectra are similar, the Na2 must be formed above the original
surface plane, but still within the interaction range of the solid in order for the excess
kinetic energy to be removedl[15]
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