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Laser mass spectrometric studies of high temperature superconductor ablation

Ron C, Estler” and Nicholas S. Nogar

Chemical and Laser Sciences Division, MS G 738
Lw Alarnos Naiional Laboratcq

Los Alamor, New Mexico 87545

ABSTRACT

Laser ablation of bulk Hgh Temperature Superconductor (HTS) materiai proml.ses to provide a useful
means of producing hgh quality HTS thin films. Mass spectrometric probes of the ablation plume prowde a
microscopic understanding of the ablation event and plume development as well as providing a process monitor
for the thin film production. Detection of the nascent ions in the plume provides real time analytical information,
e.g., identification of impurities, major and mmor ablaticn species, etc. The common contaminants safium and
strontium have been easily detected by this technque in a variety of different HTS bulk materials In contrast,
detection of the ablated neutral species by Resonance Ionization Mass Spectromet~ (RIMS) provides physical
information about the ablation process. Time-of-flight/RIMS detection of CU,Y, and BaO ablated from YBa2Cu3~
indicates the ablation involves post-resorption gas phase collisions, thereby influencing the ablation chemistry
and dynamics (e,g,, angular and velocity distributions). Approxknatety equal velocities are observed for all neutral
species at constant ablation laser fluence,

1. INTRODUCTION

Soon after the rment discovery of the oxide superconductors with transition temperatures greater than
90 K, various research groups reported the successful fabricatirm of hgh temperature su~conducting (HTS)
thin films In particular, laser ablation has shown great promise in producing thin films with good epitaxy, ar!d high
critical currents and transition tempwatures, In this pfcxxss, the bulk material is vaporized by a laser pulse, and
subsequnetly condensed on an appropriate substrate to produce a thin film, Atthough laser evaporation and
ablation have been studied for ova twenty years, the tertiary and quaternary metal oxide HTS systems are by far
the most complex systems to which this deposition technique has been applied. In order to gain a further
understanding of the deposition process for these systems, and in part to develop process monitors for
production, a variety of optical spectroscopi~ have been used with solne success as diagnostics fof the laser
process. 1 In additition, mass spectrcmmtric technques have also been evaluatd as wocess monitors for the thin
film production and as diagnostic probes to better understand and modal the ablation event.2-9

The results presented here are a brief introcfuaion to the application of mass spectrorrretric techniques
used to study the laser deposition process, In the present study, the emphasis has been placed on the detection
and velocity mapping of ablaled neutrals (Cu, Y, BaO) from YBa2Cu30x via Resonance Ionization Mass
Spectrorrretry (RIMS), The obswvarions point :0 the basic dynamics involved in the ablation process and plume
development. Studies of the detection of the primary ions produced are also documented briefly, This technque
provides a convenient analytical monitor for the detection of impurities in the bulk target materials.

2. EXPERIMENTAL

The photoablation process and products were monitored by mass spectrometry, using one of two
systems, A quwrupcde mass spectrorneta (QMS) was used to monitor nascent ions formed in the partially ionized
plume, whilo a time-of-flight (TOF) apparatus, utilizing multiphoton photolonization, was used to detect neutrals
and monitor tho dynamics of the photoablation

For analytical monitmil~ of bulk targ~ material, primary ions pocked by the ablation laser wefe detected
by turni~ off the electron impact ionizer of the QMS (Extranuclear, model C50), and adjusting the Ion optics to
collect ions pmcfwed outside the normal ionization region, A base pressue of <1 x 10-8 Tar was maintamed by a
turbomol~ular pump during these determmatlons.
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The velocity distribution measurements described below took place in the TOF source region as
previously described 0 and illustrated in Fig. 1. Briefly, the Q-switch synch-out from the Nd:YAG laser
(QuantFlay/Sp9ctra Physics Model DCR 1A) was used to master the timing sequence, This laser w&s used as the
ablation source and operated at either the fundamental frequency, 1,06 microns, w at the third harmonic, 355 nm.
Tne laser was equipped with beam filling optics and produced a near-Gaussian profile, 11 The output of this laser
was -10 nsec in duration and ‘was smooth on the time sca!e of the detection electronics (-2 nsec). The laser
output was focused to varying spot sizes on the target material with several different lenses. The angle of
incidence (as measured from the normal of the target sun!ace) was 60 degrees. Most of the ablation studies
reported here utilized a peak l~%er fluence of approximately 1 J/cm2; the average fluence was - 1/2 of the peak
fluence, The fluence was determined by measuring the energy transmilt~ through a 10 micron pinhole
centered on the Iasef spot at the focal point and correcting for widow transmission and the angle of incidence,
The Gaussian-like profiles were confrmed by scanning the pinhole about the central spot in orthogonal dir~ions,
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Bulk samples of high-temperature superconductor wefe prepared in house using starxiard technmws
and mount~ on a vacuum feedthrough (Varian model 1371) that could be translated and rotated while in elthor
mass spectrometer source r@on. The focal spot of the ablation laser was displacal from the center of rotation of
the target. This displacement permitted interrogation of different sites through target rotation,

Pulses from an excimer-pumpscf dye laser (Lambda Physik Model 101/2002), propagating parallel to the
target surface, but displaced 3,2 cm (i.e, m the center of the ionization region), were used to interrogate the
ablated neutral species in the TOF studies. Ions produced directly by the ablation event were strongly
discriminatedagainst by maintainingthe target holder at a negative potefmal (see Fig. 2). Iomzatlon of the neutral
specms from ground electronic states was effected by a variety of multiphoton transition sequences described
below Dye-laser putses (2mJ, 15 nsec) produced at a variable delay relative to the ablation Iasa laser were
spatially filtered and IOOSW focused through the ionization region The extraction fiekf was a~oxlmately 110
V/cm, followed by by a drift lube of 4 m length at a potential of - 1000V A par of deflection plates between the
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extractor and the flight tube cmdd be used to maximize the transmission of ions to the detector and minimize the
any transmission variation that was due to ion velocrty components perpendicular to the ffght tube. Detec!ion
dectronics consistal of a channel el~ron mdtipliar, a preamplifier, a boxcar integrator (PAR 162/164) and/or a
transient recorder (Tektronix 2430).

For the purposes of spectroscopkally tuning the dye laser to the appropriate transitions, a continuous
source of the neutrals was available from a resistively heated tantalum ribbon iilament placed within the ionization
r~ion. The filament (0.075 cm x 0.0025 cm) was either spiked with a solutionof the appropriatemetal salt or the
WWWiate metal was OlOCtrOdW@kd as an OvOdayOr.Restively heating the filament provided a stable source
of the rwutral specie. This source was namssarily not operated during ablation experiments.

3. TIME-OF-FLIGHT VELOCITY DISTRIBUTIONS OF ABLATED NEUTRALS

Cu Atom DetectIon

Detection of Cu atoms by RIMS involved a 2+1 (photons to resonance + photons to ionization) ionization
prmeas. A two-photon transition from the ground state (3d1%1 2S1E) to the excited state (3d’05s’ 2S1R) is
followedby absorption of another photon cf the same frequency (43137 cm-l) to affecl ionization. The Ionization
potential of Cu is 7.724 ev. Other studies in this Iaboratq’ indicate that the two-photon transition step is likely
saturated,’ 2 and thus smafi fkmtuations in the laser intensity will have little effect on the signal. Detection of Cu via
this ionization scheme G illustrated in the transient mass spWra shown in FQ, 2. In th~ tigure, tine zero

.

e)

b)

~.
o 20 40 60 80

Time-of-Flight (ps)

Fig, 2. Translerrt mass spectra rmordecf for a single ablation laser pulse at 355 nm and the dye laser tIJnOd to
neutral copper atom resonance: a) the copper signal from a continuous thermal copper source (used for a ma,ss
marker - subsequently turned off for all spectra that follow), b) the transient recording for dye Iasel only, I.e.,
ablation laser not directed onto the target: c) the mass signal generated with both lasers present arxf target holder
held at ground Potential: d&e) same as 2C but with a -100 V potential on the target holder The mass ptraks
pesent m d ad e have fmen identified as Cu, CUO, arul CU2.

correspondsto the fking of the 355-rim ablation Iasw; for these sp&3ra, the exch’nerlaser was Wd at a delay at 20
PS (corresponding to the peak timeof-ffighf signal intensity) The spectra shown here have been recorded fw a
single pulse of the lasers In Flg 2a, the copper signal has been recorded for the continuous thcwmalcoppef
swrce as a mass marker (subsequentlytwned off for all spectra that fallow); Fig 2b, the trarmemtrfxmrdingfor dye
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laser only, i.e., ablation laser not direct- onto the target; Fig. 2c, the mass sgnal generated with both Iasefs
pwsent and target holder held at ground potential; Fig. 2d and 2e, same as 2C but with a -100 V potential on the
target hokfer. The mass peaks present ~n F 2d and 2e have been icbmfied as Cu, CUO, and Cup. Note that
while the laser is h’: led on resonance for the atomic copper transition, the molecules are likely ionized via
accidental coincide:wes wfih vibronic transitions,

Ion trajectory simulations of the nascent ions produced in the plume and transr,litted to the the detector
when the target holder IS held at ground potential, indicate ions of 250 au mass and 100 eV energy coukf be
responsible for the sgnals obsemcf in Fg 2C.13 High mass and high energy particles have also recently been
observed in streak camera sturfis at an ablation wavelength of 248 nm and low Huence (< 1 J/cm2) .14 Atthough
we have not determined the ionhleutral ratio in the plume in the present experiment, many previous laser ablation
studies have indicated that the majority of ejected particles are uncharged, Clearly, totally ionized plasma models
of this process are not correct.

Y Atom f3etection

Yttrium atom detection paralleled that of copper atom detection. Either one of two ionization schemes
was used to detect Y atoms. A two-photon transition horn the ground state of yttrium (4d 5s2 2D~,5~) to either

the (5s25d) 2Dw2,5~ excited state at -43000 cm-l or the (4d 5s 6s) 2D~2,5/2 excited state at -36500 cm-’
preceded the absorption of an additional photon of the same frequency The ionization potential for Y is 6,5 eV.
Although easily detected transiently, the signal-to-noise ratios for Y atom det~ion !xeventd the measurement
of statistically significant velocrty distributions.

BaO Molecule Detection

In order to test laser ablation theory, the velocity distributions of as widely differing mass as pxsible
should be measured. Further experimental requirements include an assgnable signature absorption for the
sp@ie. For these reasons, BaO was chosen as the specie of choice for canparisorr to Cu data. A convenient and
sensitive detection scheme for BaO exists via a multiphoton irmization pathway from the X’ X ground state
through the (v’=4,v”=O) AIX band system. The ionization potential of BaO (6.5eV) is exceeded via a 1+2
multiphoton transition at this frequency (-18700 cm-’), Atthough such transitions are usually inherently weaker
than 2+1 transition, this particular ionization is extremely sensitive, We speculate that absorption of the smond
photon is enhanced by hgh-lying electronic states. This transition was particularly convenient, since it allowed Y
and BaO detection using the same Iasw dye,

Ve; oclty Dlstrlbutlons of Ablated Neutrals

The TOF sgnals have been recorded for several ablated neutrals from YBa2Cu3Q at 355 nm, similar to
the excimer 308 nm wavelength used by several groups for the production of laser deposited superconducting
thin films.’ 5 For Cu. this was compared to the TOF velocity distributions observed at an ablation wavelength of
1 06 microns, As part of the analysis, the observed TOF signals were fitted to a thermal Maxwellian velocrty

distribution and a shitted Maxwellian velocity distribution using a procedure previously reported.’0 In addition, the
~OF data was a~o fit to the vel~.fiy dlstrlb@lon formalism ~~ in the Iasar sputtering Knudsen layer model

recently developed by Kelly and Dreyfus, 16 This model considers the formation of a Knudsen layer (when
particles are no longer adequately described by a Maxwellian velocity distribution) via sputtered parttcle collisions
and paraliels ;htft@ Maxwellian distributions, Here, via collisions, ablation species acquire a common center. of-
mass velocity rather thdn a velocity solely based upon individual specie mass and surface temperature. The
observed time-o(-fight data at a peak ablaiion laser fluence of approximately 1 J/cm2 and model fits =e shown in
Fg 3 In each, the lines indicate the best flt to three model veiocity distributions dashed hnes represent
Maxwellian thermal fits, solid lines represent shifted Maxwellian fits, and dotted lines represent fits to a Knudsen
layer model
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Fig, 3, TOF signals for neutrals ablated from YEla2Cu3~ at the wavelength and fluence indicaled In each case,
the lines indicate the best fit to three model velocity distriimicns: dashed lines refmscnt Maxwallian thermal fits,
solid hnes represent shifted Maxwellian fits, and dotted lines represent fits to a Knudsen layer model, Error bars
indicate one u variations in sgnal intensities.

Note that in each case, the TOF signals peak at approximately the same time-of-flight (-20-22 Ps),
mdicatlng similar velocities for each specie, regardless of the mass, For CU ablated at 1,06 microns, a thermal
Maxwellian velocity distribution provides the best fit (atthough the differences are not great ~.’!’weenthe different
fits for any of the data shown in Fig. 3), indicating a most probable velocity of 9,8 x 104 cm/s and temperature of
approxmat ely 3680 K, This temperature should be indicative of the surface temperature, since there is no
evidence here of post-desorption collisions, At 355 nm, the Cu TOF signal peaks at tht? same time-of-flight, but
possesses a substantially narroww wkhh, althoWh the same approximate ablalion laser fluence was used Here, a
shifted-Maxwellian distribution provides the best fit 10 the data, indicating a centgr-of.rnass velocity of 13 x Id
cm/s and a thermal width velocity of 49 x 1@ cm/s. However, these velocities canned be ust@ directly to calculate
a surface temperature, since collisions are altering the nascent distribution, Knudsen layer theory models such
collisions, and a surface temperature of approximately 4000 K is calculated for this data The presence of
collisiorls at 355 nm indicates a greater effciency of removing material at 355 run compared to 1,06 p, as has been
observed for many materials, This may be due to a higher effedve energy denstty, resulting from a shallower
penetration depth at 355 nm. In addition, this may be evidence that the ablation process IS in part photochemtcal
as opposed to strictly evaporative. If these temperatures are representative of a local surface temperature, target
morpholWy and stoichiometry changes should be anticipated since they exceed the 1288 K incongruent melting
potnf for YBa~Cu3~ forming Y2BaCu05 and a bariwn cu~ate melt 17

For BaO al 355 nm, similar TOF signals are observd, Again here the best data fit is obtained with a
shifted-Maxwellian velocity distribution, however, little statistical ctifference exists between the three data fits A
most probable velocfly of 11 x 104 cm/s is measured from the data, while a sudace temperature of 6800 K is
cakulaied fmrn the Knudsen lay% model for daO. If Cu and BaO shared a common surface temperature history,
Ihe ratio of their velocities (v a fire) should be 1.55.1.00 (Cu. BaO), clearly net the case here From the present
observations rt IS not clear whether BaO originates at the surface w by gas phase chemistry cccurring in the plume
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Although i[ was possible to collect an excitation spectra for the (4,0) Al 1 band of BaO from a filament source, cm
experimently consistent excitation spectra has not yet beerl successfully recorded for the ablated BaO. The
problem lies in changing the target surface morphology over the time permd requirq to record the spectrum,
However, such data may povide some addiiionat evidence as to the origin of the BaO,

Tile data presented here indicate the dominant role played by gas phase collisions in the UV ablation of
YBa2Cu3~ at the minimum fluence used for thin film fabrication, The number and importance of such Collisions is

dramatically increased as the fluence is increased mto the r~ion of 2-5 J/cm2 where most thin film laser deposition
processes operate, Post-deSorption collisions ;ntroduce some challenging scientific and technical Issues that
need to be addressed as the laser deposition process malbres. Such issues include modifying the gas phase
chemistry with additional oxidizer, minimizing target surface stoichiornetry changes that occur via back-deposition
and/or nonsloichlometric ablation, and compositional changes occurring by laser induced phases changes
(melting). The sensitivity and selectivh’y or laser desorption/RIMS studies of the ablation process show promise
in addressing some of these concerns.

4. ANALYTICAL MASS SPECTROMETRIC PROBES OF BULK MATERIALS

In addition to the dynamic information obtainable using RI,4S detecwon of the ablated neutrals, laser
resorption mass spectrometry of the nascent ions can provide additional in.sghts into the chemistry of ablation
event. Such studies also provide a sensitive analytical tool to detect impurities ccmtainai in the bulk materials as a
result of a particular synthetk route arrd/or material processing step. Fig. 4 shows a narrow region of the primary
Ion spectrum generated from 355 nm laser radiation focused onto a T12Ca2Ba2Cu3010 (2223) pellet m the
source region of a quadruple mass sp~trometer as described abwe. Clearly visible is a residual sodium
contamination which resultd from the synthetic pathway for this peflet, Also indicated is the large dynamic range
available m these measurements as illustrated by the appearance of trace isotopes of Ca. These measurements
are far morq sensitwe than the more traditional use of Rutherford Backscattering Spectroscopy (RBS) to measure
target and thin film stoictriometry.

I

I
I Ca(97%)

Ca’(o M%)

I

ca.(2 06”J

co;

L

L-__--l _–_

15 20 25 M 35 40 45

Mass (au, )

Fig 4 CWadrupole mass spectrum of the ablated plume of T12Ca2Ba2Cu3010 (2223) superconductor, showing
the presence of sodium contamination as well as the dynamic range and sensitivity of the measurements, The
laser wavelmqth was 355 nm and the fluence was -1 J/cmz
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For this particular sample and others of this same superconductor, no metal oxides were detected, even
though their presence has been established by several groups by wsible emissions. On the other hand, we were
able to detect large quantities of both neutral (via electrcm impact ionizatio~) and Ionic oxygen atoms and
molecules. These apparently inconsistent r%ults may again suggest that the overall ablation process conss~~ ~f
several individual steps including resorption, Knudsen layer formation, and reachve gas phase collisions. Each
step itself may be a function of target morphology and density, Iasef ablation wavelength, fluence, and intensify,
as well as the atmosphere in which the ablation is occurring. Clearly this highly complex system merits further
study.

5. ACKNOWLEDGMENTS

The authors would like acknowledge helpful discussions of ihe Knudsen layer model with R. Kelly, IBM
T,J. Watson Research Center, and J, E, Anderson (IANL) for twhnical assistance.

6. REFERENCES

“Perma lent address, Department of Chemist~, Fort Lewis College, Durango, Colorado 81301

1. See for example, K.M. Yoo, R,R, Alfano, X. Guo, M,P. Sarachik, and L.L. Isaacs, “Time-resolved emission
spectroscopy of the hgh Tc superconductor YBa2Cu307. x under laser ablation,” Appl. Phys, Len. 54, 1278-
1279 (1989).

2, D. Dijkkamp, T. Vmkatesan, W,D, WU, S.A. Shaheen, N. Jisrawi, Y.}{. Min-Lee, W. L. McLean, and M Croft,
“Preparation of Y-Ba-Cu oxide superconductor thin films using pulsed laser evaporation from high Tc bulk
material,” Appl, Phys, Lett, 51, 619621 (1987),

3. L. Lynds, B,R, Weinberger, G.G, Peterson, and H.A. Krasinski, “Superconducting thin films of Y-Ba-Cu-O
produced by neodymium: ytmum aluminum garnet laser ablation, ” Appl. Phys. Let’t, 52, 320-322 (1988).

4. T. Venkatesan, X,D, Wu, A, lnam, Y. Jecn, M, Croft, EW, Chase, CC. Chang, J.B Wachtman, Ff.W. Odorn,
F, Radicati di Brozolo, and C.A. Magce, “Nature of the pulsed laser process for the deposition of high Tc
supercmducting thin films,” Appl. Phys, Lett 53, 1431-1433 (1988)

5. H.-J, Dietze and S. Becker, “Laser ionization mass spectrometry of YBa2Cu307.x superconductors, ” Int. J
Mass Sparom, and Ion Process, 82, R1-R5 (1988).

6 C. H B~ecker anu J .B. Pallix, “Laser ablation of bulk YBa2Cu307A and cluster emission,” J. Appl. FMys. 64,

5152-5156 (1988),

7 J B, Pallix, C H. Efwker, and N. Newman, “Analysis of thin-film systems using nonresonant muftiphoton
ionization,” J. Vat, Sci, Technol, A 6, 1049-1052 (1988).

8. C.H Chen, M P McCann, and RC. Phillips. “Real-time monitorrlng of laser ablation deposition of
superconductors by fluorescence and secondary-ion spectra,” Appl. Phys. Lett. 53, 2701-2703 (1988)

9. P K. Schenck, D W. Bcmnell, and J. W. Hastie, “Laser v~ization mass spectrometry of refractory materials:
Graphrte and YBa2Cu30x,” J Vat. Sci. Technol, A 7, 17451749(1989)

10, N.S, Nogar, R, C. Estler, and C.M. Miller, “Pulsed laser resorption for resonance ionization mass
spectrometry,” Anal. Cherr 57, 244 I -2444 (1985)

11 R C. Estle, E.C. Apel, and NS, Nogar, “Laser mass-s~ometric studies of optical damage m CaF2”, J. Opt
SW Am B4, 281-286 (1987)

Estlar and Nogar Page 7



.

1208-17

12. E.C. Apel, J.E. Anderson, R C. Estler, N.S. Nogar, and C M MNer, “Use of two-photon excitation In
resonance ionization mass s~ornetry. ” Appl. Opt. 26, 1045-1050 (1987)

13, The authors would like to thank D A. Dahl and J .E Delmore, EG&G Idaho, for an lBM-compatible copy of
SIMION, an ion opitcs progarn which we used to estimate the tran.snwssion effkiercias of various neutra! and ionic
.SpWies in our apparuts.

14. 0. Eryu, K. Murakarm, K, Masuda, A Kasuya, and Y Nishina, “Dynamics of laser-ablated particles from hgh Tc
superconductor YBa2Cu30y ,“ APPI, Phys. Lett. 54, 2716-2718 (1989).

15. R,E. Muenchau.sen, K.M. Hubbard, S. Foityn, C Jenkins, R. C, Estler, and N, S. Nogar, “Effects of Beam
parameters on excimer laser deposition of YBa2Cu307~”, Appl. Phys. Let’t, (in press).

16, See for example, R,w, Kellyand R.w, Drqfus, “R~onsid~ing the mechanisrr, s of laser SpUtt(3rinQ with

knudsen-layer formation taken into account ,“ Nucl. Instr. and Meth, B32, 321-348 (1 988); R. Kelly and R.W,
Dreyfus, “On the effect of Knudserl-layer formation on sl~’dies on vaporization, sputtering, and resorption,” Surf.
Sci 198, 263-276 (1988).

17. T, Aselage and K. Keefer, “Lquicfus relations in Y-Ba-Cu oxides,” J, Mat. R=. (in Pess).

Estler and Nogar Page 8


