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Abstract

Quadraturelock-in photopyroelectricspectroscopic(PPES)(Q-scanning)imagingofCzochralski-grownTi: Sapphirecrystals
wasinvestigatedat 490 nm usinganovelnon-contactexperimentalconfiguration.Simultaneousopticalabsorptioncoefficient,
/3(r), scanswereobtainedfrom the PPESsignalin the purely optical transmission(in-phase)lock-in mode. Thequadrature
scanswerefurtherconvertedto absolutenon-radiativeenergyconversionefficiency,~~NR ( r), imagesusingthein-phase-generated
/3(r) dataandPPEStheory.The quadratureandI7NR(r) imagesexhibitedsuperiorresolutionandsensitivity to growth defect
(bubble)clustersthanthe/3(r) images.Therefore,Q-and~NR~ scanningimagingcanbeusedasaneffectivemonitoringcriterion
of crystalgrowthandprocessingquality controlin Ti: Sapphireand,generally,in opticalmaterials.

1. Introduction reportedoptical absorptionsand optical-to-thermal
energyconversionefficiencieswere sizable,so that

Photopyroelectricspectroscopy(PPES)hasbeen acceptablesignal-to-noiseratios (SNR) couldbeob-
usedfor the measurementof the optical-to-thermal tamed with the samplecontactingthe pyroelectric
(non-radiative)energyconversionefficiency, ~NR, sensorelement(polyvinylidenefluoride, PVDF). On
with considerablesuccess[1—41.The materialsfor the otherhand,in the caseof transparent,high-qual-
which PPES

11NR studieshavebeenreportedhave ity lasermaterials,~NR (A) is typically expectedto be
mostlybeensolidswith relativelyhighnon-radiative a maximum of a few percent [8,9]. For measure-
efficiencies,e.g.bulkandamorphousthin-film semi- mentswith this type of optical materialsconven-
conductors[2—4],andoptical quality Nd

203 pow- tionalcontactingPPESwasfoundto behardto use,
ders dispersedin a PMMA matrix [1], exhibiting becausethesmall thermalcontributionto the signal
~ 0.83—0.92.Recentreviewscanbefoundin Refs. mustbeextractedveryaccuratelyfromthemixedop-
[5] and [61. In the caseof optical andfluorescent tical andthermalsignalmodes.Very recentlywede-
materialsChirtocet al. [7] measuredflNR (A) of dye velopeda novelnoncontactexperimentalconfigura-
inks containingRhodamineB andCoumarin6. The tion [10] to obtain high-resolutionabsolutespectra
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of i~NR(A) of Ti3 + : A1
2O3 lasercrystalswith widely inducedbulkdefects.Ourresultsclearlyshowthe su-

differentfiguresofmerit.Theadvantagesofthenon- periorresolutionofthedefectregionsmappedasnon-
contactgeometry,Fig. 1, are (i) the absenceof irre- radiativecentersduringthequadraturescan,ascorn-
produciblethermalresistances(alwayspresentat the paredto conventionaloptical transmissionimaging.
sample—PVDFinterfacein the contactmode); and
(ii) thepresenceandthe highdegreeof controllabil-
ity of the airgaplayerof variablethicknessL. This 2. Experimental and results
allows for optimally efficient suppressionof the di-
rectopticalheatingmodeof thesensorelementitself

2.1. Materialspreparation(in-phaselock-in signal) and for easy,reproducible
monitoringof thepurely thermal-wavesignal(lock-
in quadrature)which is directly proportional to Crystalsof Ti

3~:Al
203 were grown by the Czo-

~NR (A). It has been shown [10] that the total chralskipulling techniquefrom a moltenmixture of
suppressionof the much strongerin-phasesignal Al203—Ti203. Thegrowth conditionswere: ambient
(morethantwo ordersof magnitudehigherthanthe atmosphereof nitrogenwith traceof oxygen;pulling
quadrature)allows the measurementof minuteop- rateis 6x lO_2 in/h; rotationrateis 5rpm.Theseed
tical-to-thermal energy conversion efficiencies wassapphire90°(offC-axis)A orientation.Crystals

1.9—13.8%in Ti: Sapphire.To putthe sensitiv- weregrown2.5” in diameter.Somecrystalswerefur-
ity of thisnewnon-contactPPEspectrometerin per- therannealedat 1850°Cfor 100 h in Ar atmosphere.
spective,Coufalmeasuredphaseshiftsin the0.1—0.9° Bubble clusterswerevisible in concentricpatterns
rangewith his fixed-thickness,contacting,thermal- centeredat thecrystalboule rotationaxis.Thesemi-
wave “phaseshifter” with Ca. 0.1 ° phaseresolution crobubbleclusterswere most likely due to thermal
[1]. Hewasthusableto measureJNR in the0.55—0.9 gradientswithin theJr crucible.
range.By comparison,our methodof quadraturede- ThePPEinvestigationinvolvedwafersof 0.15cm
tectionusing anabsorption-freehighly controllable thicknesscut from both unannealedand annealed
variable-thicknessthermal-wavephaseshifter (i.e. the boules.Grinding andpolishing resultedin smooth
backing airgaplayer) allowed the measurementof surfacefinishesanduniform thicknesses.
minutesignalscorrespondingto phaseshifts in the
0.02_0.20rangewith 0.015°phaseresolution.Based 2.2. Scanningimagingandspectroscopy
on this order-of-magnitudeimprovementof quadra-
ture PPESsignals, in this work we reportthe first Non-contactphotopyroelectricscanningimaging
scanningimaging application using the new PPE andspectroscopywereperformedon unannealedand
spectrometerandTi: Sapphirewafers with growth- annealedTi: Sapphirewafersusing instrumentation

conformingto thegeometryof Fig. 1. The schematic
Air Solid Air F’VDF of this apparatusis shown in Fig. 2. The 1000W Xe
(g) si (gI (p1

lamp wasusedfor scanningimagingat 490 nrn in-
steadof a laser, so as to producelargeenoughfila-

l~(~?.)
mentimages(lateralspotdimensions>>sample-de-

~5R ~ tectordistanceL) for a one-dimensionaltheoretical

R,(X) treatmentof the PPESsignalto remainvalid [10].

Furtherdetails of the experimentalset-up can be
found in Ref. [10]. Optical absorptioncoefficient

_____________ __________ _______ _______ scannedimagesandspectrawereobtainedphotopy-
0 / f+L 5 roelectricallyin thepurelyoptical transmissionmode

Fig. 1. Schematicgeometryofnon-contactPPESofatransparent (L—~x)[10]. The conditionL—+cjj couldbe satis-
sampleofthickness1, opticalabsorptioncoefficient/3(A), andnon-
radiativeenergyconversionefficiency ~1NR(1). Air layer thick- fled in thethermally thick gaslayerfor L� 5 mm at
nessL; semi-infinitePVDF detector.Optical modulationangu- choppingfrequencyf=9 Hz. It was necessaryto re-
lar frequency:i0; incidentoptical intensity4. cordscansandspectrawithin thesameexperimental
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Fig. 2. Schematicof non-contactPPES scanningimagerand
spectrometer.MC: monochromator,L: lens,C: chopper,5: sam-
ple and(x,y) scanningstage,D: blackenedPVDFdetector,P: (b)
pre-amplifierwith adjustablebandpassfilters, LIA: lock-in am-
plifier (EG& GModel 5210in I-PandQ mode),CD: chopper
driver,PC: computerfor dataacquisition,processingandtheo-
reticalanalysis,G: graphicsandplotter. 225

.5

periodfor eachsampleandaftercompletethermali- 2.14 (1

zationof theinstrumentation(ca.onehourafterturn- 2.03

on), in orderto obtain reproducibleresults.Optical 1.4

transmissionscanswerenormalizedby the Xe lamp 07 y(cni)

throughputat490nm. Thereflectancespectra,R~(A),
ofthe Ti: Sapphiresampleswererecordedandabso- 0 1.4

lutevaluesof/3(A) or fl(x,y) wereobtainedusingthe Fig. 3. Scanningimagingof effectiveoptical absorptioncoeffi-
followingformula [10]: cientsfl~~(x,y), at 490 nm with 8 nm resolution. Centerof

2 Ti:Sapphirewafers is locatedat (x,y)=(0.2 cm, 0cm). Wafer
,~ 11 J( 1 —R~)2~ / 1 (2p~,,R~’\lii radius:3.175cm; wafer thickness:0.15cm.(a)unannealed,and

— i n 1. 2R~p
0,,,LV ~i —Ri) — jJ’ (b) annealedsample.

(1a) planein Fig. 3 hasbeenlabelledfleff, sincethescatter-

where ing coefficientcouldnotbemeasured.It wasfurther

/ discoveredthat the reproducibilityof the fl~scansp ~2,=V ~w 4)/VR~W A,. ~lb, waspoor and so was the defect-rtchregion resolu-
In Eq. (1), Vt,. andVRrepresentthePPEvoltagewith tion. Forinstance,no signof asmall defectclusterat
the samplein placeat L=c~ (purely opticalmode), the centersof the waferscanbe seenin thesescans.
andwithout the sample (referencemode),respec- Fig. 4 showsfl~ff(A)spectraobtainedin four loca-
tively. Fig. 3 showstypical optical absorptioncoeffi- tionson theunannealedwafer,which exhibitedmore
cient scansfor an unannealed(Fig. 3a) andan an- pronounceddefectclustersthan the annealedwafer
nealed (Fig. 3b) Crystarwafer. The centerof the Spectra(1) and (2) correspondto visually defect-
wafer diskswasat (x, y) = (0.2 cm, 0 cm). The es- free regions,whereasspectra(3) and (4) were ob-
sentiallymonotonicincreaseoffl(x, y) alongthey>0 tamedin defect-richareas.Thesespectraare charac-
quadrantisatleastpartlyduetoincreasedmicrobub- terizedby relativelypoorreproducibility,which most
ble densitiesin the regiony> 0.8cm for bothcrystal likely stemsfrom thefactthatrepeatedscansmaynot
wafers.For this reasonthe measuredvaluesof /3(x, result in perfectrepositioningoftheopticalbeamon
y) arenot consideredreliable,giventhatsignificant the samedefectclusterneighborhood.Furthermore,
light scatteringoccurredin thebubble/defect-richre- the presenceof readilyvisible and invisiblebulkde-
gions, which tendedto increasethe effective/3 value fectshasresultedin grossdistortionsof spectralfea-
artificially. Therefore,theaxis normal to the (x, y)- tures,whencomparedto spectraobtainedusingde-
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Fig. 4. PPEspectraoffi~ff(A)from theunannealedwafer of Fig. 1.4
3a, correspondingto (1): defect-freering betweencenterand ~
x=y=l.2 cm; (2): defect-freeregion (x, y)~ z (2cm, 2cm); 0.7

(3): defect-richcenter(x, y)~(0.2cm,0cm); and(4): defect- 0.7 ~

rich ringat (x,y) = (1.2cm,1.2cm).Choppingfrequency:9 Hz. x (cm)

Fig. 5. Scanningimagingof normalizedPPEquadrature,Q (x,

feet-freeTi: Sapphirecrystals[10]. In Fig. 4 it should y), at490 mn correspondingto Fig. 3 (a) unannealed,and(b)
annealedsample.

be noted thatnormal lineshapeis exhibitedonly by
curve (1), the visually defect-freeregionsurround-
inga smallclusterat thecenter.In fact, theonly nor- els are ca. two ordersof magnitudelower than the
mal featuresofthis curvearethepositionofthebroad respectiveIP-signalswhich ledto Fig. 3, asexpected
peakcenteredaround470nmand correspondingto [10]. It is immediatelyapparentthat theQ-scansare
the 2T

2g+
2Eg transitionbroadenedby phonons,and much more structuredthan the /3etr scans.Particu-

the low energyside shoulderdue to the Jahn—Teller larly, defect-richclusterregionsat the wafer center,
splittingofthe2E

8 (upper)state[11]. Therestof the the defect-freeintermediatezoneandthe outerde-
curves exhibit thesefundamentalTi

3~: A1
2O3 fea- feetringof theunannealedsamplecanbeclearlyseen

turesdistorted,including the nominally defect-free in Fig. 5a. Thisdetail is tobecontrastedwith thenon-
region(2). Thisis consistentwith thescanof Fig. 3a descript/

3eff imageof Fig. 3a.The structureshownin
andwith thethermalscanof Fig. 5, below. It isindic- Fig. Sa directly correspondsto visual information
ative of microdefectdensitieswhich are not readily which can be “seen” whenthe wafer is held under
visible. Art-ion laserillumination.Therefore,it is hypothe-

Thermalenergygenerationimageswere recorded sized that theoptical imageof Fig. 3a is dominated
at 490 nm simultaneouslywith “infinite distance” by scatteredlight effects,which areto a largedegree
(purely optical) scans,by decreasingthe distanceL absentfrom the purely thermal-waveimageof Fig.
tosomepre-determinedvalue<1 mmwhereameas- 5a. Much more subtlefeaturesare seenin Fig. 5b,
urablestablelock-in quadraturesignalwas present. which correspondsto the fleff scanof Fig. 3b. Here,
Experimentally,the quadratureof the signalscorre- annealinghas causedthe shrinkageof large defect
spondingto “infinite” and“finite” L-distanceswere clustersobservedin Fig. 5a, with a small clusterat
subtractedat each(x

3, y3) locationin orderto cancel thewafercenterstill visibleunderAr~-ionlaserillu-
out photoyroelectricphaseshifts inducedby differ- mination.The increasingfleff fory> 0 valuesin Fig.
ent d.c. optical heatinglevels of the polymerPVDF 3b has some correspondingfeaturesin Fig. Sb for
asthetransmittedopticalflux variedthroughoutthe y> 0.7 cm. It is interestingto note that the low Q-
scan,asindicatedin Fig. 3. signallevel flat regionsof Figs. 5a, b cannotbe seen

Fig. 5 showsquadrature(Q) scansof thewaferre- in Figs. 3a,b. More significantlythedifferencein ab-
gionswhose/

3eff areshown inFig. 3. TheQ-signal1ev- soluteQ-signal levelsbetweenFigs. 5a and Sb is a
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strongindicatorof the restorationof bulk qualityof thepreviouslyderivedPPEquadratureequationwas
theji: Sapphirecrystal following the processof an- used(Eq. (20) in Ref. [101):
nealing.Thisimportanttypeof informationistotally
absentfrom thePeff images.Anotherstrong illustra- Q(x, y; A) Im ( VL/ VR)

tionoftheforegoingadvantageoftheQ-signalcanbe — 1NR(x, y;A)b5~F(R,,Peff~
1,L, w, a,), (2)

observedin the spectralbehaviorof the quadrature,
Fig. 6. The numberedspectra,normalizedby the where VL representsthe PPEvoltageat a sample-dc-
PVDFspectrum,correspondone-to-oneto the /leff(A) tectordistanceL; b~.is the thermalcoupling coeffi-
spectraof Fig. 4. In the caseof the quadraturespec- cientof thegas(air) —solid (crystal) interface;F is a
tra, however,distinctseparationexists betweende- complicatedfunction of the crystal surfacereflec-
feet-rich(high signallevel)anddefect-free(low sig- tance,R~,the absorptance(Pe~1)product, the gas-
nal level) locations.Furthermore,thereproducibility layer thickness, L, the modulation angular fre-
oftheQ(A) spectrais within 10%ofthevaluesshown. quency,w, and the thermal diffusivity, a,, of the
Most importantly the labelled order of the spectra crystal.Eq. (2) showsthatthePPEquadraturesignal
(l)-(4) is alwaysstrictly reproducible,whereasthis is directlyproportionalto ~NR’ As indicatedby Eq.
is notthe casewith thePetr(A)spectraof Fig. 4. Sim- (2), thefunction F wascalculatedwith an IBM PC
ilar effectswereobservedwith theannealedcrystal, forevery (xi, y

3) locationon the scannedwafers,us-
butthe absolutevaluesand the spectrallevel differ- ing datafrom Figs. 3 and5. Thisresultedin absolute
encesbetweendefectiveanddefect-freelocationswere nonradiativeenergyconversionefficiencyimagesas
smallerthanthoseshown in Fig. 6, as expectedfrom shownin Fig. 7. Qualitatively, only slight variations
thehigherquality (impactingabsolutesignalvalues) from the Q-scanscan be observed.The observed
andthehigheruniformity (impactingrelativesignal highernon-radiativeenergyconversionefficiencyfor
differences)of thatwafer, the unannealedsamplecanbe understoodin terms

of the latterbeing a poorerphotongenerator,thus
yieldinga lower level of luminescencethan the an-

3.Data analysisanddiscussion
(a)

1239

~NR(X, y) andspectra,1NR(A) werederivedfrom the ~ 9.8

Nonradiativeenergyconversionefficiencyimages, /2

Q-signals,i.e. from thepurely thermalenergygener-
ation datashown in Figs. 5 and6. For this purpose 7.2

________________ (cm’
7.59 ~“

(4) 1.2 0

~ 6,77

~x 5,95

345

5.12

; 7/~1.44.30 (2)

3 48 ______________________________________ 0. 7
410 508 606 704 802 900 .V (cm)x (cm)

Wavelength(nm) 1.4 0
Fig. 7. Scanningimaging of absolutenon-radiativeenergycon-

Fig. 6. PPEquadraturespectracorrespondingto theunannealed versionefficiencycorrespondingto acombinationofthescansin
waferlocationsof Fig. 4. There is a one-to-onecorrespondence Figs. 3 and 5, accordingto Eq. (2), (a) unannealed,and (b)
betweencurves(1 )-(4) in both figures. annealedsample.



120 S. Buddhudueta!. / OpticalMaterials3(1994) 115—121

nealedsample,whichis thereforeoverallbettersuited difference in absolutevalues of ~iNR betweenthe
for laserrod fabrication.Thereliability of ~NR-scans groupsof spectratakenat defect-free(curves 1, 2)
is, however,poorerthanthatoftheoriginal Q-scans, and defect-rich regions (curves 3,4) of the unan-
becausethe somewhatill-reproduced/3(x, y) data nealedsamplein Fig. 8a is much morepronounced
mustbe usedas aninput to constructthe ~NR(X, y) thantherespectivecurvesoftheannealedsample,Fig.
images.Nevertheless,bothsetsof Figs. 5 and7 clearly 8b. Thisfactconstitutesfurtherevidenceof the par-
show the wafer regionswhich are mostsuitablefor tial homogenizationof the Ti: Sapphirecrystalsin-
lasermaterialsfabrication,namelythe low-lying sig- ducedby the annealingprocess.The spectral line-
nal “valleys”. Thisimportantinformationcannotbe shapesof ~NR (A) from theunannealedwaferarefairly
retrievedfromtheoptical imagesof Fig. 3 alone,and distortedcomparedtoourearlierspectrawithdefect-
emphasizesthesuperiornatureof ~NR (x, y) imaging. free high-quality Ti: Sapphire crystals [10]. The
For completeness,Fig. 8 shows complete ~NR (A) lineshapecurve (1), Fig. 8b from theannealedwafer
spectracorrespondingto the spectraof Fig. 6 (Fig. is, however,similartotheearlierones,yet curve (2)
8a),fortheunannealedwafer,aswell asspectrafrom exhibitssomedegreeofspectraldistortion,especially
two locationsin the annealedwafer (Fig. 8b). The at the ~NRminimumaroundA =510 nm.
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821 ~ (3) ~‘ In this work weuseda modified,non-contacting,
high-sensitivityquadraturephotopyroelectricdetec-

680 tion schemeto obtainpureoptical-to-thermalenergy
(2) conversionefficiency imagesof Ti:Sapphirewafers

540 ~ preparedfrom unannealedand annealedcrystals.
Both thequadratureandthederivativenonradiative
energy conversionefficiency images demonstrated
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