
Laser applications 
to materials and 
surface analysis 

By James E. Parks 

R esonance ionizat ion spectroscopy (RIS) is a 
method of analysis in wh ich narrow-band la
sers are used to ionize elements selectively and 

efficiently. It is the basis for several ultrasensitive ele
mental analysis techniques, one of which is cal led 
sputter initiated resonance ionization spectroscopy 
(SIRIS), now being used for materials and surface 
analysis. 

A n ion sputtering process is used to vaporize atoms 
from a solid sample, and the RIS process then ionizes 
atoms of a selected element which are detected and 
counted. SIRIS can analyze materials for impurities 
with concentrations less than one part per bi l l ion. We 
wi l l review here the basic concept of RIS, the SIRIS 
technique and apparatus, and selected results from 
semiconductor, medical , bioassay, and basic science 
applications. 

Resonance ionization spectroscopy (RIS) 1 was in
troduced 11 years ago as a new technique for probing 
the atom and for providing a basis for new ultrasensi
tive analytical techniques. Introduced by G.S. Hurst 
and his associates at Oak Ridge National Laboratory, 
the RIS concept was conceived as a general tech
nique of high selectivity and high efficiency applica
ble to all the elements in the periodic table, 2 although 
hel ium and neon are excluded for practical reasons. 
Applications for RIS are being developed at several 
universities and government laboratories including 
Penn State, 3 - 5 N B S , 6 - 8 Los Alamos, 9 Argonne Nation
al Laboratory , 1 0 , 1 1 and Oak Ridge National Labora
tory. 1 2 - 1 7 The RIS process is patented by the Depart
ment of Ene rgy 1 8 and is l icensed to Atom Sciences for 

commercialization and for development of commer
cial applications of the technology. Sputter initiated 
resonance ionization spectroscopy (SIRIS) combines 
sputtering and the RIS technique to provide an ultra
sensitive technique for the analysis of solids. This 
technique, patented by Atom Sciences, 1 9 uses sput
tering to vaporize a solid sample and RIS to selective
ly ionize the element of interest. 

The RIS technique derives its high selectivity from 
the fact that atoms have discrete states to which an 
atom may become excited by absorbing a photon of 
light of the wavelength that matches the energy dif
ference between the unexcited ground state and an 
excited state of the atom. 

Resonance is a key concept in the RIS technique. If 
an atom is i l luminated with a quantum of light of a 
wave length match ing a resonant t ransi t ion, then 
there w i l l be a high probabil ity that the quantum w i l l 
be absorbed, thereby exciting the atom to the reso
nant state. Since each element has its own character
istic set of energy states, only photons of l ight of spec
if ied wavelengths (colors) may be absorbed. The res
onant excitation of a pre-selected element gives the 
RIS technique its h igh selectivity. As an example, it 
has been shown that only one cesium atom in the 
presence of 1 0 1 9 atoms of other elements could be 
ionized, detected, and counted by R I S . 1 2 

The ionization step, because it is not resonant, is 
generally the most difficult step in the RIS process 
and requires an intense source of light. The commer
cial availability of tunable dye lasers makes the RIS 
process possible. The tunability allows the correct 
wavelengths of l ight to be generated so that only at
oms of the selected element may be excited. 

Since the excitation step is resonant, the light for 
J A M E S E . P A R K S is technical director at Atom Sci
ences Inc. in Oak Ridge, Tenn. 

22 O P T I C S N E W S • O C T O B E R 1986 



this step needs only to be intense enough to excite al l 
of the atoms of the selected element. Otherwise, 
more intense light could nonselectively ionize other 
elements by second-order, nonlinear processes such 
as occur in two, three, four, or more multi-photon pro
cesses. 

Tunable dye lasers also are intense enough to pho¬
toionize the excited atoms. It has been demonstrated 
that an atom i l luminated with light from a tunable 
dye laser can have a 100% probability of being excit
ed and then ionized, thus providing RIS with a highly 
efficient and specific means of ionization. 

RIS, then, is a two step process and is illustrated in 
F ig . 1. The first step involves excitation of the atom 
and the second step involves ionization of the atom. 
Sometimes a second excitation step is desired or even 
required. In such cases the selectivity is even greater. 
With high selectivity and high ionization efficiency, 
RIS has provided the basis for ultrasensitive, elemen
tal analytical techniques. 

Sputter initiated resonance ionization spectroscopy 
(SIRIS) is one such ultrasensitive elemental analysis 
technique under development at Atom S c i e n c e s . 2 1 - 2 5 

For ionization to take place using the RIS process, the 
atoms must be in the gaseous state, and SIRIS uses 
sputtering to accomplish this. For many years, sec
ondary ion mass spectrometry ( S I M S ) 2 6 - 2 8 has been 
the most sensitive, practical method for the analysis 
of solids. In S IMS an energetic ion beam sputters a 
solid sample and in the process creates secondary 
ions. 

One problem that S IMS has had to contend with is 
that most of the sputtered particles from the sample 
are neutral atoms that are not detected. In addition, 
the ionization that takes place is not selective and a 
mass spectrometer is required for the elemental iden
tification. Also, the ionization probability of each ele
ment is highly dependent on the element and the ma
trix from which it is being sputtered. The RIS process 
is ideally suited to avoiding these problems. 

In the SIRIS process, a sample to be analyzed is 
placed in a target chamber under vacuum. A n ener
getic, pu lsed ion beam is directed to the sample, 
where it sputters a small portion of the sample, caus
ing a small vapor cloud of atoms to form and drift 
away from the sample. The atoms of the vapor cloud 
are generally representative of the material being an
alyzed and are probed with a synchronously pulsed 
beam of laser light, properly tuned to the precise 
wavelength(s) to excite and ionize atoms of the select
ed element v ia the RIS process. 

Once the selected element has been ionized, the 
ions are extracted and detected using a charged parti-

FIGURE 1. RIS is a two-step process, excitation fol
lowed by ionization. Sometimes a second excitation 
step is included. 

FIGURE 2. The SIRIS apparatus at Atom Sciences 
consists of a pulsed ion source, tunable laser system, 
ultrahigh vacuum system, extraction electrodes, 
double focusing magnetic mass spectrometer, and 
detector. 

cle detector. Laser l ine widths are usually broad com
pared to isotope shifts in atomic spectra; therefore, 
RIS does not usually provide isotopic information. 
However, a mass spectrometer can be incorporated 
when isotope identification is of interest. The mass 
spectrometer may be a magnetic sector, time-of-flight, 
or rf quadrupole type. 

A schematic diagram of such an apparatus being 
used at Atom Sciences is shown in F ig . 2. Secondary 
ions generated in the sputtering process constitute a 
background noise in SIRIS and are eliminated with 
the use of time and energy discrimination. 

Since the smallest number of atoms that may be de
tected in a cloud of atoms is one, then the theoretical 
l imit ing factor in sensitivity of the SIRIS technique is 
the number of sputtered atoms. Typ ica l ly , for a 5 
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FIGURE 3. Copper concentrations found in NBS 
standard reference materials of steel were measured 
with SIRIS and found to correlate well as shown in 
this comparison plot. 

FIGURE 4. The SIRIS apparatus was tuned to silicon 
and a mass spectrum over a large range was mea
sured in a steel sample. The spectrum is free of in
terferences and shows only the isotopes of silicon. 
Data for two different runs are presented. 

µamp argon ion beam in a pulse of 1 µsec duration, 
the number of sputtered atoms is 1.5 x 10 8 atoms (5 
atoms sputtered/incident argon ion). Lasers typically 
have pulse repetition rates of 30 Hertz and detection 
efficiencies for SIRIS instruments are as high as 15%. 

The sensitivity of the SIRIS technique is better 
than one part per b i l l ion (ppb). Our group has demon
strated and reported a sensitivity of 2 ppb, and Pe l¬
lin's group at A rgonne 2 9 has recently reported a sensi
tivity of 0.5 ppb. 

Our laboratory also has shown good correlations 
between its SIRIS measurements and certified Stan
dard Reference Materials (SRMs) obtained from the 
National Bureau of Standards. A number of elements, 
including aluminum, vanadium, boron, copper, mo
lybdenum, and si l icon, have been measured in steel 
S R M s and al l have correlated very we l l w i th the 
SIRIS measurements. 

Some measurements for copper are shown in F ig . 
3. Similar measurements of si l icon in steel produced 
similar results. In addition to the steel samples, si l i 
con was measured in n iobium and tungsten samples, 
and the results were found to correlate very wel l with 
the steel results. Although steel, n iobium, and tung
sten are different matrices, the SIRIS signal showed 
little or no matrix dependence. 

Mass spectra of RIS produced ions are easily inter
preted because of the selectivity of the RIS process. 
Since only atoms of a given element are ionized, a 
mass spectrum generated by RIS contains only the 
isotopes of the element being measured, with no iso¬
bar ic in te r fe rences . I den t i f i ca t i on of masses is 
straightforward and simple. Figure 4 shows a mass 
spectrum of an analysis of a steel S R M in which the 
apparatus has been tuned to ionize sil icon. On ly the 
isotopes of si l icon, masses 28, 29, and 30, appear in 
the SIRIS spectrum. 

The SIRIS technique is contributing to materials 
analysis in the semiconductor industry, and as the 
SIRIS technology develops further, it w i l l probably 
become a major technique in that industry. Atom Sci
ences has made and reported measurements of galli
um, indium, and boron in s i l i c o n , 2 1 - 2 5 and is presently 
making measurements of si l icon in gall ium arsenide. 

Measurements were made and repor ted 2 3 for a 
sample of si l icon containing 0.5 ppm gall ium and 
then for a sample of high purity si l icon. The measure
ments in the high purity si l icon were made first with 
the laser turned off and then again with the laser 
tuned off-resonance. The gal l ium background at the 
gall ium masses was less than 1 ppb, and the sensitiv
ity for gal l ium in si l icon was determined to be at the 2 
ppb level. 
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In the pulsed mode, SIRIS can analyze the surface 
concentration of the sample. Typical ly, it takes about 
1000 ion pulses to sputter a monolayer of material 
from the surface of the sample. As a result, SIRIS can 
measure very small samples and samples deposited 
as a thin layer. To measure the concentration of an 
analyte in the bulk of a material, the material can be 
sputtered away first wi th a dc ion beam and then ana
lyzed with the pulsed beam. By iterating this proce
dure, depth profi les of implanted samples can be 
measured. 

Figure 5 shows early results of a depth profile of 
silicon implanted into gall ium arsenide. The concen
tration as a function of depth determined with the 
SIRIS technique is displayed and compared to results 
determined with a S IMS instrument. The agreement 
is excellent. 

The re are m e d i c a l app l i ca t ions that S I R I S is 
uniquely suited to perform. One such application is 
the measurement of trace elements in small blood 
samples obtained from premature infants, where only 
minute blood samples can be taken. Recently, Atom 
Sciences demonstrated that trace amounts of copper 
in a 0.25-ml serum sample cou ld be measured in 
SIRIS. 

A bovine serum, Reference Material 8419, was ob
tained from the National Bureau of Standards and an
alyzed using the inherent accuracy of isotope di lut ion 
coupled with the resonance ionization spectroscopy 
technique. After being spiked with isotopically pure 
copper, the serum sample was chemically prepared 
and deposited onto a high-purity gold substrate. Bom
bardment with the argon ions in the SIRIS apparatus 
allowed the sputtered copper atoms to be ionized and 
detected by means of resonance ionization. From the 
isotopic ratio determined by the double focusing 
magnetic spectrometer, the concentration of the cop
per in the bovine serum was determined. 

This bovine serum had been extensively character
ized for trace element content by numerous analytical 
techniques 3 0 and had been determined to have a cop
per concentration of 0.73 ± 0.1 µg/g. The SIRIS mea
surement gave a value of 0.76 ± 0.1 µg/g, wi thin 4% 
of the reference value. Other blood serum samples 
were measured and compared to values determined 
by the technique of atomic absorption on larger, 2-ml, 
samples. A typical mass spectrum of copper showing 
its isotopes occurring in their natural abundances, 
6 3 C u = 69.17% and 6 5 C u = 30.83%, is shown in F ig . 
6(a). Figure 6(b) shows a typical spectrum of a sample 
of the copper spike which contains 99.61% copper-65. 
The spectrum of a 25-ml serum sample with the 6 5 C u 
spike added is shown in F ig . 6(c). Analysis of the iso-

FIGURE 5. The SIRIS technique can be used for 
depth profiling. This depth profile is for silicon im
planted into gallium arsenide and the SIRIS results 
are compared with a SIMS measurement of the 
same sample. 

Advantages/Disadvantages 
of SIRIS 

Advantages : 

1. Has high sensitivity; less than one part per 
bi l l ion 

2. Has selective ionization of the elements 
3. Has efficient ionization of the elements 
4. Measures sputtered neutrals 

5. Is generally applicable to all the elements 
of the periodic chart (although hel ium and 
neon are currently excluded for practical 
reasons) 

6. Accommodates small sample sizes 
7. Is free from isobaric interferences 
8. Is a surface measurement 

9. Can be used for depth profiles 
10. Is less dependent on chemical and matrix 

composition 

D isadvan tages : 

1. Is not wel l suited to survey analyses (many 
elements at one time) 
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FIGURE 6. Copper mass spectra were measured for a 
chemically processed serum sample that had been 
spiked with an isotopically pure copper —65. The 
spectra shows (a) spectrum of natural copper, (b) 
spectrum of copper spike, and (c) spectrum of 
spiked serum sample. The sample was a 0.25-ml se
rum sample and was found to contain 1.5 µg/g of 
natural copper by the technique of isotope dilution. 

tope ratio determined the natural copper concentra
tion to be 1.5 µg/g and was in good agreement with 
results obtained by the atomic absorption measure
ments. 

The ability of SIRIS to provide isotopic ratios al
lows the use of the inherently accurate isotope di lu
tion technique. However, the main advantage of the 
SIRIS technique for such medical analysis is its abi l i 
ty to obtain a measurement from a very small sample. 
Samples of only 0.1 m l have been analyzed, and sam
ples as small as 1 µl should be possible with the 
SIRIS apparatus. The results of this work with copper 
and other elements w i l l soon be pub l ished. 3 1 

Other applications for SIRIS that have been dem
onstrated include bioassay measurements such as de
tection of uranium in urine. Hav ing the advantage of 
less chemical preparation, SIRIS has been demon
strated to have a detection l imit of 1 µg per l i ter, 3 2 and 
with further development SIRIS should be able to 
have a detection l imit of 0.05 µg per liter. At this level 
of analysis, at about the 1-ppm level or lower, care has 
to be taken i n the sampling procedures and the sam
ple preparations, because the samples can easily be 
contaminated in the handl ing process and even from 
the impurities in ordinary h igh grade reagents. 

SIRIS has certain basic science applications which 
w i l l also be fed back to further the development of 
the SIRIS technology. The sputtering of neutral at
oms can be studied by the RIS process, and workers 
at the Pennsylvania State Un ivers i ty 3 3 have measured 
the energy- and angle-resolved neutral particle distri
butions of sputtered particles using RIS technology 
and sophisticated video digitizer equipment. 

At Atom Sciences, isotope fractionation studies are 
being conducted to determine the existence of any 
fractionation l ike that which is known to be present in 
secondary ion sput ter ing, 3 4 and thermal vaporiza
t ion . 3 5 If fractionation were not present i n neutral 
sputtering, this feature wou ld have important applica
tions in the precise determination of isotope ratios. 

The many applications for sputter initiated reso
nance ionization spectroscopy are just beginning to 
be explored. As new applications are demonstrated 
and the SIRIS technology is further refined, it w i l l 
surely become an important ultrasensitive analytical 
technique for surface and materials analysis. 

Acknowledgments 
In addition to J . E . Parks, collaborators in the devel

opment of the RIS and SIRIS technologies at Atom 
Sc iences are: H . W . Schmi t t , N . T h o n n a r d , L . J . 
Moore, D.W. Beekman, W.A. Davis, B.A. Cameron, 

26 OPTICS NEWS • OCTOBER 1986 



M.T. Spaar, M . C . Wright, R.D. Wi l l i s , R. Sangsing¬
keow, D.P. Robertson, W . M . Fairbank Jr., and E . H . 
Taylor. 

References 
1. G.S. Hurst, M.G. Payne, M.H. Nayfeh, J.P. Judish, and E.B. 

Wagner, Phys. Rev. Lett. 35, 82 (1975). 
2. G.S. Hurst, M.G. Payne, S.D. Kramer, and J.P. Young, Rev. 

Mod. Phys. 51, 767 (1979). 
3. N. Winograd, J.P. Baxter, and F.M. Kimock, Chem. Phys. Lett. 

88, 581 (1982). 
4. F.M. Kimock, J.P. Baxter, and N. Winograd, Surf. Sci. 124, L41 

(1983). 
5. F.M. Kimock, J.P. Baxter, D.L. Pappas, P.H. Kobrin, and N. 

Winograd, Anal. Chem. 56, 2782 (1984). 
6. J.D. Fassett, J.C. Travis, and L.J. Moore, Anal. Chem. 55, 765 

(1983). 
7. C.W. Clark, Opt. Lett. 8, 572 (1983). 
8. T.B. Lucatorto, C.W. Clark, and L.J. Moore, Opt. Comm. 48, 

406 (1984). 
9. C.M. Miller, N.S. Nogar, A.J. Gancarz, and W.R. Shields, Anal. 

Chem. 54, 2377 (1982). 
10. M.J. Pellin, C.E. Young, W.F. Calaway, and D.M. Gruen, Surf. 

Sci. 144, 619 (1984). 
11. D.M. Gruen, M.J. Pellin, C.E. Young, and W.F. Calaway, J. 

Vac. Sci. Technol. A4, 1779 (1985). 
12. G.S. Hurst, M.H. Nayfeh, and J.P. Young, Appl. Phys. Lett. 30, 

229 (1977). 
13. G.S. Hurst, M.G. Payne, S.D. Kramer, and C.H. Chen, Phys. 

Today 33, 24 (1980). 
14. D.W. Beekman, T.A. Callcott, S.D. Kramer, E.T. Arakawa, and 

G.S. Hurst, Int. J. Mass Spectrom. Ion Phys. 34, (1980) 89. 
15. M.G. Payne, C .H. Chen, G.S. Hurst, S.D. Kramer, W.R. Gar

rett, and M. Pindzola, Chem. Phys. Lett. 79, 142 (1981). 
16. D.L. Donahue, J.P. Young, and D.M. Smith, Int. J. Mass Spec

trom. Ion Phys. 48, 293 (1983). 
17. G.S. Hurst, M.G. Payne, S.D. Kramer, C .H. Chen, R.C. Phil

lips, S.L. Allman, G.D. Alton, J.W.T. Dabbs, R.D. Willis, and 
B.E. Lehmann, Rep. Prog. Phys. 48, 1333 (1985). 

18. G.S. Hurst, M.G. Payne, and E.B. Wagner, U.S. Patent 
3,987,302 (Oct. 19, 1976). 

19. G.S. Hurst, J.E. Parks, and H.W. Schmitt, U.S. Patent 4,442,354 
(April 10, 1984). 

20. J.E. Parks, H.W. Schmitt, G.S. Hurst, and W.M. Fairbank Jr., 
Thin Solid Films 108, 69 (1983). 

21. J.E. Parks, H.W. Schmitt, G.S. Hurst, and W.M. Fairbank Jr., 
"Laser-based ultrasensitive spectroscopy and detection V," 
Proc. SPIE 426, 32 (1983). 

22. J.E. Parks, H.W. Schmitt, G.S. Hurst, and W.M. Fairbank Jr., in 
Analytical Spectroscopy, Proceedings of the 26th Conference 
of Analytical Chemistry in Energy Technology (Analytical 
Chemistry Symposia Series, Elsevier, New York, 1984), Vol. 
19, pp. 149-154. 

23. J.E. Parks, H.W. Schmitt, G.S. Hurst, and W.M. Fairbank Jr., in 
Resonance Ionization Spectroscopy 1984, Invited Papers from 
the Second International Symposium on Resonance Ioniza
tion Spectroscopy and Its Applications, (Conference Series 
Number 71, The Institute of Physics, Bristol and Boston, 1984), 
pp. 167-174. 

24. J.E. Parks, D.W. Beekman, H.W. Schmitt, and E.H. Taylor, 
Nucl. Instr. Meth. Phys. Res. B10, 280 (1985). 

25. J.E. Parks, D.W. Beekman, H.W. Schmitt, and M.T. Spaar, in 
Applied Materials Characterization, Materials Research Soci-

Continued on page 40 

OPTICS NEWS • OCTOBER 1986 27 



LETTERS, from page 2 

photonic computer. The computer 
in which optics and electronics are 
used should be referred to as op
toelectronic computer. 

Gibbs, in his essay, has stated as 
fo l l ows : " T h e concep t of f ree-
space propagation between deci
sion making planes cries out for a 
whole new kind of computer ap
p roach " (p. 22). I cannot qui te 
guess what he wants to convey to 
the reader by this statement. But 
we know for sure that a good lot of 
physics is already known about the 
propagation behavior of l ight in 
free-space as we l l as in manmade 
media (in the study of which Fres¬
nel, Fourier, and other transforms 
have been used extensively). 

It is imperative that we take a 
fresh look at this physics from the 
standpoint of photons as signal car
riers, to see how we can make use 
of it to carry out various types of 
computing operations using light. 

It seems to me that the opt ica l 
computing community must find 
ways and means to make good use 
of the free-space propagation be
havior of light, just to avoid the un
desirable photon-electron interac
tions that are so characteristic of 
manmade media. 

The non-interacting nature of 
light beams is considered a boon 
because it avoids the crosstalk be
tween channels. But i n real-l i fe 
systems, photons are stil l required 
to t rave l i n manmade m e d i a , 
which means that the undesirable 
photon-electron interaction comes 
into the picture. If this is to be 
min imized or el iminated, then, the 
physics of transparency in materi
al media must be studied in a thor
ough manner. 

Opt ics is a un ique science in 
that it has bestowed on the scien
tist the capabilities to generate ex
tremely short duration pulses (e.g., 
picosecond to femtosecond), a feat 
that electronics can never hope to 
m im ic . Therefore the f o l l ow ing 

question becomes very important: 
H o w do we make use of the propa
gation and interaction with matter 
behav io r of u l t rashort op t i ca l 
pulses in the development of an 
all-optical computer? 

I am sure many more issues re
la t ing to the phys ics of opt ica l 
computing can be raised. I wish to 
conclude this note, however, by 
expressing my convict ion as fol
lows: The future research in opti
cal computing should place equal 
emphas is on both systems ap
proach and physics approach, so 
that conceptual bott lenecks and 
fundamental limits can be visual
ized clearly and then made use of 
in the development of better sys
tems. 

S.V. Pappu 
Optical Communications 
Laboratories 

Dept. of Electr ical 
Communicat ion Engineer ing 
Indian Institute of Science 
Bangalore, India 
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