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Effect of surface treatments on self-trapped exciton luminescence
in single-crystal CaF »

L. P. Cramer, T. D. Cumby, J. A. Leraas, S. C. Langford, and J. T. Dickinson?
Department of Physics and Materials Science Program, Washington State University,
Pullman, Washington 99164-2814

(Received 4 January 2005; accepted 15 March 2005; published online 13 May 2005

We show that near-surface defects produced by mechanical treatments and electron irradiation can
significantly enhance the intensity of luminescence due to the decay of self-trapped ef€i&igs

in single-crystal calcium fluoride during 157- and 193-nm irradiation. For example, polishing can
double the intensity of the STE luminescence. Defects produced by mechanical indentation can
either increase or decrease the luminescence intensity, depending on the indentation force. Electron
irradiation also enhances subsequent STE luminescence. When electron-irradiated samples are
annealed, additional increases in luminescence intensity are observed. Plausible mechanisms for the
observed effects on STE luminescence intensity are discuss&a0® American Institute of
Physics[DOI: 10.1063/1.1904725

I. INTRODUCTION 0.2-cm-thick, 1-cm-diameter disks. The samples were then
mounted on a vacuum-compatible sample positioner and

1,2 .
The large band gapll eV)™* and cubic symmetry of transferred to the vacuum system. Experiments were carried

single-crystal calcium fluoride make it an attractive material 7
. . . . out at pressures belowxl10™‘ Pa.
for vacuum ultraviolet optics. It is currently employed in

) ; . . A diagram of the experiment is shown in Fig. 1. Lumi-
photolithography at 193 nm and is an important Cand'd‘r’uenescence was excited with 157-nm radiation from a Lambda

material for use at 157 nm. Although nominally transparentPhysik LPE 200 excimer lasdfE,, 20-ns pulsesor with
21 -

::)st:re?ii ﬁxvggﬁleggtgtsié”d%f:c:z dg%n?igfder?g”;ggé%h0t0{]93—nm radiation from a Lambda Physik Lextra 200 excimer
P P y aeg P P " laser(ArF, 30-ns pulses A portion of the resulting lumines-

defeifIf'tr:)adpupg%nexfr:tocnaﬁ?i-{fns flpuliyi da;n g}rpEo;tzr:; rto |eic|2” cence was directed through a fused silica fiber optic cable
P ' ! YPICATY into a Model 82-479 Thermo Jarrel Ash Spectrometer with a

formed when a free electron is localized at a self-trappe%oo_"neslmm grating blazed at 400 nm. The specra were

hole (VK. ce_nteif. Th_e .reSl.Jltmg e>_<C|tons can decay radia- imaged with a Roper Scientific PI-Max intensified charge-
tively, yielding a distinctive luminescence centered near

280 nm, or nonradiatively, yielding lattice displacemehts. coupled deviceCCD). Spectra acquisition was typically ini
. . : tiated several nanoseconds after the laser pulse and continued
Under favorable conditions, these lattice displacements pra- ) : o
. . : » . . or 5 us. Spectra acquired at a single position on the sample
duce halide vacancies and interstitialg. this context, lumi-
. . were averaged over 1000 laser pulses. Normally, spectra ac-
nescence and defect production are competing processes.

The decay of excitonic defects can be strongly affected]u'red at ten positions on the sample were again averaged to

o ; - minimize the small spot-to-spot variations in intensity. After

by lattice imperfections. Tsujibayasét al. have shown that .
) . . . . removing the samples from the vacuum system, UV-VIS ab-
the STE luminescence intensity and spectrum in calcium

fluoride are strongly affected by impuriti8$n this work, we sorption spectra were acquired with a Perkin EImer Lambda
show that near-surface defects generated by polishing an%OO spectrophotometer.

mechanically indenting cleaved single-crystal samples can
significantly increase the luminescence intensity. We also ex-
amine the effect of defects produced by electron irradiation,
which generates metal colloids in the surface region. Under- Laser E
standing the effect of defects on STE photoluminescence in- .
tensities under 157- and 193-nm irradiation may help guide
the development of reliable, high-quality optical components
for use in this important region of the spectrum.
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Il. EXPERIMENT

Vacuum-ultraviolet-grade CgRvas obtained from Korth

Kristalle GmbH and cleaved in air alond1l) planes into Sample

Vacuum Chamber

¥Author to whom correspondence should be addressed; FAX: 509 335 7816;
electronic mail: jtd@wsu.edu FIG. 1. Diagram of STE luminescence measurements.
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Spectra of Luminescence from Cleaved CaF, Luminescence Intensity versus Fluence
Under 157- and 193-nm Excitation
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FIG. 2. Spectra of STE luminescence from cleaved Ogdherated by ex- FIG. 3. Log-log plot of STE luminescence intensity vs 157-nm laser
posure to 157- and 193-nm radiations at 120 mJ/drhe spectra have not fluence.
been corrected for camera and spectrometer responses.
J/cnt and pulse lengths of a few tens of nanosecond#is
Mechanical surface treatments were performed prior tgccounts for the lack of detectable STE luminescence at
mounting in vacuum. Polished samples were cut with a dia248 nm at fluences below breakdown.
mond saw or cleaved and polished with aluminum oxide At somewhat higher fluences, the STE luminescence
abrasives and finished with 04m diamond paste. Samples tends to saturate, as seen in Fig. 3. We have recently demon-
were polished in methanol rather than water to minimizestrated that 157-nm light produces defects which absorb sig-
oxide formation. Indentation was performed with a thor- nificantly at 157 nm. Although these associated defects have
oughly cleaned 0.8-mm steel sphere. not been identified, V-like centers produced by nonradiative
Electron irradiation was performed in vacuum with an STE decay are a good candidate. This absorption increases
Auger electron gun operated at an electron energy of 2 kewith 157-nm laser fluence and would limit the increase in
and beam current of 100A. The beam was focused to a luminescence intensity as the energy/pulse approaches
roughly 3x 5-mn? spot on the sample. Sample heating wasl J/cnf.
performed in vacuum with a resistive heater. A chromel-  The decay of luminescence intensity after the laser pulse
alumel thermocouple was spot welded to the sample holdé¥as consistent with STE luminescence lifetimes measured
next to the sample to facilitate temperature control. previously by others. Figure 4 shows the natural log of the
integrated STE luminescence intensity generated by 140-
mJ/cn?, 193-nm laser pulses as a function of time after the
Ill. RESULTS laser pulse. The slope of the plot indicates an exponential
decay with a time constant of 1.14+Quk, consistent with
the measurements by Gorlireg al® Similar measurements
Cleaved samples display relatively low defect densitiesunder 157-nm excitation yielded a decay time constant of
and thus provide a base line for determining the effect ofl.3+0.2us.
mechanical treatments and exposure to electron irradiation.
Typical luminescence spectra excited by 120 m¥ah  B. Consequences of mechanical treatment: Polishing
157- and 193-nm laser radiation appear in Fig. 2. The broad
peaks at 280 nm in both spectra are consistent with ST
luminescence spectra reported by otiéfsUnder 248-nm
irradiation(5-eV photong no measurable STE luminescence STE Luminescence Intensity
was detected at fluences low enough to avoid breakdown. versus Time after Laser Pulse
Exciton formation typically requires band-gap or near-
band-gap excitation energies. At 157 r(ih8-eV photons 16 |
and at 193 nn{6.3-eV photonj these excitations require the i
absorption of two photons. Measurements of STE lumines-
cence versus fluence, shown in Fig. 3 for the case of 157-
nm irradiation, confirm this expectation. The slope of the
linear, low fluence portion of the log-log plot in Fig. 3 is
2.2+0.3. Similar measurements under 193-nm excitation 13
also yielded a power-law exponent of 2.2+0.3. Both mea- [ . . . :
surements are consistent with two-photon excitations. Under 1 2 3 4 5
248-nm excitatior(5-eV photong STE formation would re- Time (ps)

quire three-photon absorptlon, the prObablllty for three-FIG. 4. Natural log of STE luminescence intensity vs time for a cleaved

photon absorption at 248 nm in _ ionic crystals is typically car, sample under 193-nm irradiation at 140 mJfcifhe slope yields a
1075 that of two-photon absorption at fluences of a fewtime constant of 1.14s.

A. Characterization of STE luminescence

In previous work, we have demonstrated that polishing
Freatments can significantly enhance laser absorption and lu-
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Spectra of STE Luminescence under Spectra of STE Luminescence from a
157- and 193-nm Excitation Cleaved Surface and Two Indented Surfaces
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Wavelength (nm) FIG. 6. Spectra of STE luminescence from cleaved and indented samples
40 excited by 157-nm radiation at 290 mJ/znThe solid black line corre-

’ ' sponds to emission from the cleaved surface, the dashed-line corresponds to
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(b) 193 nm

emission from a surface indented with a low contact force, and the dotted
line corresponds to emission from a surface indented with a high contact
30r i force. Care was taken to avoid fracture.
== Cleaved
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. C. Consequences of mechanical treatment:
Indentation

7 Mechanically indenting a surface also produces defects
that can influence the STE luminescence intensities. We in-
dented the surface by applying a downward force on a steel
200 250 300 350 400 450 sphere resting on the surface. To minimize the possibility of
Wavelength (nm) fracture, a rather large sphere was ugetlius ~0.8 mm).
FIG. 5. STE luminescence spectra for cleaved and polished ©&afosed to The.Sph?re was then moved and the procedure repeated l.mtll
pulsed (@) 157-nm radiation at 87 mJ/énand (b) 193-nm radiation at tN€ irradiated area was populated by a large number of in-
80 mJ/cm. The integrated emission intensity from the polished sample isdents. Indented regions showed no evidence of enhanced
about twice that from the cleaved samples. backscattering, which would reduce the intensity of laser ra-
diation reaching the interior of the sample. Figure 6 com-
pares the STE luminescence spectra acquired from a cleaved

acquired during 157-nm excitation of two cleaved ¢abr- surface from a surface with indents formed by gppllymg a
low force to the sphere, and from a surface with indents

faces and a heavily polished surface are compared in F'%rmed by applying a relatively high force to the sphere.

5(a). Small but significant differences are observed in the.. .. . . .
. ) . Significantly, low-force indents increase the STE lumines-
spectra of different cleaved specimens, especially on th

| lenath side of th ission band. Wi t th ence intensity relative to the cleaved surface, while high-
ong-wavelengin side ot the emission band. YVe expec aftorce indents decrease the luminescence intensity. A similar
variations in the density of cleavage-induced defects are r

ible for th diff eéf“fect, where low-force indentations enhance luminescence
sponsibie for these lierences. , ) intensities and high-force indents quench them, has been ob-
The effect of polishing on the STE luminescence inten-

o _ =he served in single-crystal Mg&'°®
sities depends strongly on the duration of the polishing treat- The effect of defects produced by indentation on the

ment. Figure &) shows the STE luminescence generatedsre |yminescence spectra is principally confined to the
under 157-nm excitation after an extended polishing treatysn_350.nm region, near the center of the luminescence
ment that may have introduced impurities into the nearpang |n particular, the luminescence intensity at wave-
surface region. Not only is STE luminescence from the pOlgngihs longer than 350 nm is hardly affected by either in-
ished sample particularly intense, but the spectrum alS@entation treatment in Fig. 6. This is further evidence that the
displays a prominent tgll to long wavelengths. Tsupbayashbnhanced emission from the polished sample in Fig) &t

et al. reported STE luminescence spectra from impure,CaF|ong wavelengths is due to impurities introduced by exten-

crystals that showed similar feature8y way of compari-  sjve polishing, rather than mechanically produced defects.
son, Fig. Bb) shows the STE luminescence spectra excited

by 193-nm radiation from a sample polished just long

enough to remove surface steps introduced by cleavage. AR: Consequences of exposure to 2-keV electron

though this minimal polishing treatment has doubled the in_lrradlatlon
tegrated luminescence intensity relative to the cleaved The STE luminescence of the polished samples can be
samples, any changes in the shape and position of the lumiurther increased by exposure to energetic electrons. Figure 7
nescence band are small. We propose that impurities intrashows the integrated luminescence intensities under 157
duced by prolonged polishing are the cause of the long tail tenm excitation at three laser fluences before and after expos-

the red in the spectrum of STE luminescence in Fig).5 ing polished Cakto a 500-mC/crh dose of 2-keV elec-

Intensity (arb. units)
N
o

.,
‘:"-tu

minescence from ionic materias2® Luminescence spectra
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Integrated Luminescence Intensities from with the higher-temperature anneal producing the greatest
3P°"Shed and Electron Irradiated CaF, increase. This increase suggests that annealing has either re-
moved point defects that quench STE luminescence or that
the nanoparticles themselves play a role in STE lumines-
cence.

B Polished
I Electron-irradiated

IV. DISCUSSION

The luminescence of self-trapped excitons in Calf
excimer laser wavelengths has been previously stutftéd.
Gorling et al. verified that STE formation requires two-
photon excitations at both 193 and 157 nm and estimated the
two-photon absorption cross sectidtiBhe wavelength, life-
time, and fluence dependence of the luminescence described
FIG. 7. Average STE luminescence intensities from polished and electronabove are consistent with these previous observations.
irradiated surfaces excited by 157-nm radiation at three fluences. Any defect capable of electronic excitation by reactions

with free electrons or holes is a potential competitor for the
trons. The nonlinear increase with laser fluence both beforexcitation energy required for luminescence. The formation
and after electron bombardment is consistent with a twoof STEs in calcium fluoride and the alkali halides is believed
photon excitation. Electron irradiation is known to produceto involve initial hole localization, followed by electron
defect aggregates that include metallic calciumrecombinatiorf> Hole localization near preexisting defects is
nanoparticles® At this dose, the sample is visibly colored often favored, and the perturbation of the trapped hole by
by nanoparticles with average diameters of about 20Hf. nearby defects is likely to alter the efficiency of radiative
We have recently shown that significant nanoparticle absorpdecay. In the case of impurities, Tsujibayashi and Toyoda
tion at 157 nm is predicted by Mie thedfyAlthough this  have found a strong effect on the wavelength of emission as
absorption would compete with STE production for 157-well.*
nm photons, the net effect of electron irradiation is to in-  In some materials, mechanically produced defects can be
crease the STE luminescence intensity. Significantly, electroaxcited to produce intense luminescefté® In previous
irradiation has little effect on the shape of the STE lumineswork, we exploited the luminescence of deformation-induced
cence spectrum; it simply enhances the probability of generdefects in single-crystal MgO to provide a probe of deforma-
ating STE luminescence. tion and surface damagd@ Dislocation motion in ionic ma-

The size and density of the nanoparticles in Cef&n be terials can generate high densities of point defects by a jog
increased by annealing treatments at modest temperaturesdragging mechanisit>° Both polishing and indentation in-
Normally, annealing also reduces the density of mobile poinvolve extensive deformation and generate high defect densi-
defects. Figure 8 compares the average luminescence inteties in the near-surface region. In the case of polishing and
sities observed immediately after exposing a polished sampli@dentation with low contact forces, these defects appear to
to 1200 mC/crh of 2-keV electrons, and after subsequentincrease the overall STE luminescence. This increase is es-
30-min anneals at 50 and 180 °C. Significantly, both annealpecially remarkable in the case of polished surfaces, where
ing treatments increase the STE luminescence intensitied)e depth of the deformed region is small, on the order of a

micron. Gogollet al. found that polished CaFsurfaces were
Integrated Luminescence Intensities often less resistant to laser-induced damage under pulsed
Before and After Annealing 248-nm radiation than cleaved samples, presumably due to
absorption at 248 nm by polishing-induced deféits.

The difference between the effect of high-force indenta-
tion and low-force indentation is mirrored in the studies of
deformation-related cathodoluminescence in single-crystal
MgO 213226 at Jow contact forces, indented regions are
marked by high luminescence intensities. However, at high
contact forces, the central part of individual indents is visibly
dark under electron irradiation. The centers of indents
formed at high contact forces display especially high defect
densities that apparently quench luminescence. Although the
guenching mechanism is not clear, nonradiative deexcitation

Intensity (Arb. Units)

60 100 120
Laser Fluence (mJ/icm?2)

Intensity (Arb. Units)

Before Annealed Annealed
AfifaE| at50 °C  at 180 °C may be enhanced when defects are so close together that

their excited-state electron densities overlap. At high densi-
FIG. 8. Average STE luminescence intensities from an electron-irradiatedies, defects which normally enhance the radiative decay of

sample before and after two 30-min annealing treatments in vacuum. Th ot ; s _
first anneal was at 50 °C and the second at 180 °C. Luminescence intensFi‘]—Faarby excitations could prowde an efficient path for nonra

ties were measured in vacuum at room temperature under 157-nm excitatighative decay, thereb;eduqingIuminescence_intensities.
at 300 mJ/crh The effect of annealing on STE luminescence from

Downloaded 31 Aug 2005 to 134.121.46.34. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



103533-5 Cramer et al. J. Appl. Phys. 97, 103533 (2005)

electron-irradiated material suggests that the correspondingnit the lifetime of vacuum ultraviolet optical components.
enhancement is not due to isolated point defects. Annealinguminescence imaging under 157-nm excitation can poten-
treatments, which increase the STE luminescence intensitieBally reveal surface and near-surface damage in vacuum ul-
typically reduce point defect densities and enhance nanopatraviolet optical components.

ticle growth in Cak.**3?73*Even prior to annealing, our ab-

sorption measurements on electron-irradiated matérial
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