Chapter 1. Microstructure

Characterizing material optical properties and microstructure

of ferroelectric SrBi,Ta,O, thin films using multi-layer ellipsometric modeling

Process dependent microstructural effectSiBi,Ta,O, (SBT) thin fims were
characterized and distinguished from material dependent opiicgdertiesusing a
systematic multi-layer modeling technique. Variable arggectroscopicellipsometry
(VASE) models were developed bysequentiallytesting Bruggemareffective-media
approximation (EMA)layers designed to simulate microstructural effects such as surface
roughness, porosity, secondary phases, and substrate interaction. Cross-seelysisl
by atomic force microscopy (AFM), transmission aschnningelectron microscopy
(TEM) and (SEM) guide and confirmthe structure ofmulti-layer modelsfor films
produced bypulsed laser depositigirLD), metal-organic cheical vapor decomposition
(MOCVD), and metal-organic deposition (MOD). After accounting for microstructural
effects, the optical properties 88T in the MOVCDfilm matched bullkpolycrystalline
properties. From 300 nm to 1000n, the wavelength dependence &BT optical
constants followed.orentzdispersion dominated by band-gap absorption at 3.2 eV.

At 630 nm, the refractivandex, n, wa®.3710.002 and thextinction coefficient, k, was

0.06@G:0.005 for randomly oriented polycrystalline SBT.

INTRODUCTION

Ellipsometry has been usedtite semiconductondustry to monitothe thickness
and quality of insulating thifilms. For a smoothuniform film of a well-known material
and substrate, monochromatic measurements at odenneinglaveresufficient. In this
case,film thickness was determinaeghambiguously using precalculated glo Wth the

development of affordable computers and regresssmftware, variable angle



spectroscopiclgpsometry (VASE) hasbeen developed witthe potential to characterize
inhomogeneouslims of new materials.However, VASEanalysiscan become frustrating,

slow, and subjective unless proper guidelines are followed. The purpose of this paper is to
present a systematic VASE modeling method, to characterizgT&8j, (SBT) thinfilms

using this method, and then to test the results.

VASE data must be interpreted througmedel, which assumd®w the optical
constants of &lm vary with depth (the opticaprofile) and with wavelengtfthe optical
dispersion). The sets of parameters that govern the opioéle and the optical
dispersiorboth depend on each other. Therefotgaining reliableoptical characteristics
from a thinfilm sample requires amccurate description of tH#ém's microstructure. On
the otherhand, if each component's optical properties ae# determined, then each
component's concentration profile can be estimated. illltbev demonstrated that the
modeling method employed below caextract both the optical properties of a new
material and the process dependent microstructure of a thin film.

To separatenaterialproperties fronphysicalstructure, thenodel assumethat a
flm contains one newmaterial withLorentzdispersion mixedvith a smallnumber ofwell
characterized components, like empty space, secondary phaseapstrate related
materials. The fraction of each componerdy vary with depth in thefilm. Therefore
multi-layer modelswere developed bgequentiallytesting Bruggemareffective-media
approximation (EMA)layers designed to simulate microstructural effects such as surface
roughness, substrate interaction, porosity, and secondary phases.

To demonstrate howhis multi-layer modeling techniquaccounts for structural
defects that arise during processing, unoptimifileas were selectedvhich featured
different dominant microstructural effects from several deposition methods. Under certain
conditions pulsed laser depositiLD) producediims with sharp grain tips protruding
from a densdilm; therefore, a PLOilm was selected t@xemplify surface roughness.

Since metal-organic checal vapor decomposition (MOCVD) isapable of producing



smooth dense films, a MOCVD film was included so that minor substrate interaction could
be the main structural defect. Wenfilms made by metal-organic depositi@dOD) are
annealed, amorphous matemmady segragate into densgrains leaving voidshroughout

the film. Additionally, sincefilm thickness is increased by spinning more layers by
MOD, the concentration of voids betwelayersmay bedifferent than thawithin layers.
Therefore, a MOOiIIm with three thickiayerswas chosen talearly show homogeneous

and layered porosity.

To test thereliability of the multi-layer modeling method, thinfilm optical
dispersion resultsire compared tdulk dispersion, and thifilm optical depthprofile
results are verified by cross-sectional microscopy.

Many researchers are working eptimize SBT thinfilm processingespecially for
random access memory application&chieving optimalferroelectric properties in SBT
thin films requires large grairlsminimal voids? and smooth interfaces.Since these
microstructural features affect fdm's optical properties, semiconductor research and
production facilities are increasing using nondestructive optical methods such as
ellipsometry for on-line and in-situ monitoring ofim quality? Therefore VASE
evaluation ofSBT thinfilms is asubject of current interest. Of coursaylti-layer EMA
modeling can be applied tother dielectric or ferroelectric materials in isotropic

polycrystalline thin films.

THEORY

During VASE dataacquisition,linearly polarized light reflects ofthe sample and
becomes=lliptically polarized. The change in polarizatistatecan be characterized by
two angles A (delta) and¥ (psi). The ellipsometer measugsand¥ as a function of
wavelengthA, for several in@dent anglesf. The shape of thellipse is described b,
the phaseshift between the s and p components of polarization. The p component of

polarization is in theplane of incidence, whiléhe s component iperpindicular to the



plane of incidence¥ describeghe orientation of thellipse. Atthe extremes) is (° for
linear polarization or 90for circular polarization. A4 goes to 0, W approaches the
angle to the major axis of the ellipse.

For a homogeneousm on aknown substrate, equation (d¢scribeshow A and
Y are afunction ofthefilm properties, refractivendex, n; negative extinction coefficient,
k; and film thickness, t, for eaclgiven A and6.# Here R and R are theFresnel
coefficients for p and s components of polarized light, respectively. TFresnel
coefficients characterizéhe netamplitude reflectivity ofthe whole air-film-substrate
system. At each interface, f and ¢ ,,are the p and amplitude reflectivities, which are
given byequationg2) through (5). Theubscripts a and b indicate tlager above and
below each interface, respectively, (0 for air, 1filon, and 2 for substrate)Within each
layer, N, is thecomplex refractive index ard), is theangle fromthe normal tothe path of
light. Then N= 1-i0, Nj= n-ik, and N= n,,c,aclKeupsrae 1NE refractednglesd, ando,

are determined from Snell's law in (6) and (7). The fggierthe phase thickness (8).

tan(W) €8 = [R] / [R] = (1)

[(rp01+ I’plzeiZB)/(l + rpOlrplzeiZB)] [ [(L+ 1y r o £28)/(r gyt Toy,€728)]

rpo1= (Nycof, - Nycosh,) / (N, co, - N, cosh,) (2)
rp12= (N;coB; - N; codh,) / (N, cod, - N, cod,) (3)
Io1= (NycoB, - N, cod;) / (N,cob, - N, coHh,) 4)
r1,= (N, co9, - N,coh,) / (N; cob, - N,co9h,) (5)
8, = arcsin(N,sinBy/N,) (6)

8, = arcsin(N, sinB,/N,) (7)

B = 2m(t/A\) N, co$, (8)



Unfortunately, equatiofl) cannot besolvedexplicitly for n, k, or t. So VASE
can only estimate film properties by modeling thand¥ spectra. With the aid ceveral
mathematicatools, A andW can be calculated at eaghand 8 by assuming a model,
which describeshow the optical constantgary as a function of wavelength aiffilin
depth® By incrementally adjusting modphrameters, iteration software triesitqprove
the fit between measured and simulatpgcra. With advanced persomamputers and
fitting algorithms,VASE has become a powerfahalyticaltool, with onekey limitation.
VASE results areonly meaningful ifthe model has a realistic form. Therefore,
"complementary” cross-sectional methods such as transmission electron microscopy
(TEM), scanningelectron microscopySEM) and atomic force microscopy (AFM) should
be used to guide the development a&rdfy the final structure of VASEmodelsfor thin

films.6

EXPERIMENTAL METHOD
Sample preparation

To makethe bulk SrBi,Ta,0, target for PLD,stoichiometric ratios of SrCQ
Bi,O;, and TgO; wereball-milled and then calcinetbr 1 hour at 1120C in air following
the solid-state methodThis material waseground ball-milled, pressed at 15 MPa into a
pellet, and sintered in air for 1 hour at 1230

Thin films of SBT werefabricated by PLD, MOCVD, and MOD, arall were
crystallized at 75T in G, to achieve similar grain size.

The PLD target was ablated by 725 mJ pulses onto an n+ Si (100) substrate held at
750°C in 0.3 Torr of Q, using a Lamda Physik (Germany) Lasertecturi 300, KrF
laser withA=248 nm. Toencourage the formation of @pitaxial SBT/Si interface, the
native oxide was etched away by HF before depositidns fim wasnot anmealed after

deposition.
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The detailed process used neake the MOCVD film has been published. 8.
Liquid and solid precursomserecombined inone solvent and deposited at 350onto a
Pt/Ti/SiG,/Si substrate.This film was annealed at 730 for 1 hour in Q. The vaporized
solution contained excess Bi to compensate for losses danngaling, andhe final
crystallized composition was assumed to be near stoichiometrigT&®8j} sinceonly
perovskite peaks were detected by XRD.

The MOD film was formed on a p-type $100) substrate bgpin-coating and
drying 3 layers of a solution containing metal-organic precursatiseifollowing molar
proportions:1 part Sr, 2.6 parts &1d 2 partdfa. This level ofexcess Bi hagenerally
produced the best ferroelectric properties. The organics pyesézed at 450C in O,
for 3 hours, and thBim was crystallized in @by annealing in &ube furnace at 73C for

1 hour.

Cross-sectional analysis
Film thickness, void profiles, and substrate interactions were determined through

cross-sectional SEMLEM, and AFM. The fractur@rofiles of cleavedilms coatedwith

gold were observed on litachi SEM equippedwith a field emissiongun. Cross-
sectionalTEM specimensvere preparedising traditionalfilm to fim bonding, slicing,
dimpling, and ionmilling techniques prior t@nalysis on a Philips CM1&ith a LaB; gun
operated at 120 kV. AFM images were acquired byg#al InstrumentDimension3000

in tapping modewithin 5 pm by 5 um regions, then raw and integrateeheight

histograms were obtained by bearing analysis.

Ellipsometric characterization
Sampleswvereoptically characterized using a Woollapectroscopi@llipsometer

with WVASE software (Lincoln, NE). BecaugeandW spectra tended texhibit a shift

at about340nm, moredata was acquired near thedvelength;the bulk SBT sample was
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probedevery 1 nm from270 nm to 360hm, and every 4 nm fror864 nm to 1000 nm.
VASE data is mossensitive ifthe incdent anglesare chosen so thdf is near 90

somewhere in the spectrufn? Therefore incident angles 6.0, 67.2, 68.£, and

69.6" were used for the bulk sample.

Increasing the number of carefully selected incident angles makes ¥#&8#ore
sensitive to variations in n and k at varialepths in dilm.1° However, largalata sets
slow iteration. As a compromise between speed and accurac¥ilrtisirwere probed
every 5 nm from 300 nm to 1000 nm, witat 70, 75°, and 80.

To estimate the band-gapesgy of SBT, VASE models usdarentzdispersion,
governed by equation (9), to calculate twmplex optical dielectriconstant,g, as a
function of wavelength), giventhe following fit parametersbaselineoptical dielectric
constantg, ; absorption energies, Hine breadths, B and amplitudes, & The product

of Plank's constant and the speed of light, hc, equals 1240 eV nm.

e=(n-ikP=g,+ 2 [ A/{L- (hcAE)? + (heAB)} | (9)
Porousmicrostructural layersvere modeled as Bruggeman ENixtures of SBT
and some fraction, f, of empty space. In this cases the opticaldielectricconstant of
SBT, andg, is the opticaldielectricconstant ofempty spaceg(=1). With round voids,
the net complex optical dielectric constan®nf themixture is given by10), where A and

B represent dimensionless expressions {11).

A2
1/3
12
_£\(1— 3
wheroa = A= N-e1ea) o ]2 1+[1+ an8 J 1)
(e1/€2) 2 7
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To emphasizehe importance ofealistically simulatingfilm profiles, multi-layer
effective media approximatio(EMA) modelswere developedrom and compared to
single-layer models.

Starting with singldayer modelsparameters weraitially adjusted marally as
follows to providethe software with a reasonable starting point rfadeling. Since
absorption dampens and W oscillations,the Lorentz parameters,,EB, and A were
varied to mimic observed peak-to-peak envelopes. gJwas increased from 1 until the
center ofoscillation of fitW valuesagreed withdata forall 6. As themodeled thickness
was increased, peaks in titieW andA spectrabecame more numerous and moeedy
from the bandgap energy. Therefore, coatbéckness adjustments were performed until
the number of fitpeaks agreed with the déta;thenfine changes in thickness values
further alignedthe modeled peaks with observed peaks. The model parameter "thickness
nonuniformity’> was increasednly enough to round sharp features in fitespectra to
match the observed spectra at long wavelengths, where absorptiomnivaal for these
wide bandgap materials.

VASE models with progressively more detailsttuctures were developed by
introducing sets of EMA layers ihree locations: first a&he top, second at the base, and
third in the interior of the film&2 4 These EMA layers accounted for both the $ffdins
and theempty space between graingle form of surface roughness or interior porosity.
At each location (top, base, and interior) oty first assumedharp transitions between
layers, and thertested whether gradettansitions to theneighboring composition
improved the model fit.

At every step of development, subsequent models inclodgdhoselayers which
reduced themeansquared error (MSE)by more than 10%. According to Jellison,
althoughy? is a better statistical measure of thelity of fit, "the MSE can often be a
goodindication of fit improvement®" Layerswere omitted if their thickness approached

zero, or ifany oftheir parameters became unrealistieercorrelated, ohighly uncertain.
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Parameters were consolidatedaithievethe besfit with the simplest possible model. A

flowchart for the interactive procedure used to develope VA®iels is included in

Appendix A.

RESULTS AND DISCUSSION
Summary of optical results

Optical dispersion curvesvhich estimatethe material properties of dense
polycrystallineSBT were obtained by VASEom a bulkPLD target, a rough PLEImM
on Si, a smooth MOCVDOIm on Pt, and a layered MODBIm on Si. The resultdrom

multi-layer EMA models were more reliable than the results from single layer models.

The average optical properties calculated freingle-layer models (Figure 1-1a)

varied significantly with the synthesismethod,largely due to variations irfilm density.
The refractiveindex values obtained from single-layer modelsPaD and MODfilms
were significantly lower (by 23% and 16%, respectively) than fromhe bulk sample.
Most of this apparent reduction in came from surface roughness or interior voids.
However, for mordypical flms thatare dense and smooth, such as the MOG¥iDple
in this paper single-layer models do WASE spectraeasonably welind provide aood
first approximation of the film structure. In the MOCVD same,single-layer modeled
refractive indexes were only 11% lower than the bulk refractive indexes.
Nonetheless, even witkairly dense and homogenodidms, multi-layer EMA
modelswere more accurate thamgle-layer models. When minor imperfectigmesent
in the MOCVD film were accounted for by moulti-layer VASE model, the estimated

refractive index values othe SBT inthis film were within 1% of bulk valuesover

wavelengths from 550 nm to 750 nm, as showin in Figurd (tather than appearing 11%
lower, as in thesingle-layer model mentionebove| Figuré-1a). In general, theptical

properties extractedrom multi-layer EMA modelswere closer to measuredulk

properties and less dependent on slgathesismethod thansingle-layer modelsvere.

(Figure 1-1b and Table-1
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Despite theuniquedepthprofiles offlms made by different methodsjulti-layer
modelswere able to reveal thaSBT material in each sample had comparable optical
dispersions.For example the refractiveindex values oSBT from multi-layer models of
MOD and PLDfilms wereonly 11% and 9% lower than in thieulk sample respectively.
These differences between bulk and thim dispersion could originate from either
compositional or structural effect®t included inthe multi-layer models described in this
paper, such adeviations in bismuth stoichiometry, secondary phases, grain size effects,
preferred orientation, defect or grain boundary concentrations, and residual stress.

Using EMA models,SBT material properties estimated frorall sampleswere
described by Lorentz dispersion, withpamary absorption peak at 5£0.3 eV and a
secondary absorption peak at 316507 eV. This primaryabsorption was consistentth
a 5.1 eV band-gap, estimated from tight binding principles.

In SBT samples the secondary absorption peak near 3.75 edtdidrrespond to
any band-to-band transitions or shalldvaps (< 0.2 eV) in SBT Thisabsorption was
responsible for sharp discontinuitiesArandW¥ spectra neax = 340nm, which have been
observed irmanymaterials that contain bismuth and oxygeeiuding Bi,O;. In contrast
to thin film SBT samples, bulkSBT had noexcess Bi, was annealed mauch higher

temperatures, containeduch larger grains, and exhibited ledssorption near 3.75 eV

(See "Amplitude #2" in Tabl&),| The bulksamplewas probably more likpure SBTthan

the films. Therefore absorption near 3.75 eV in SBAmples might originate from
bismuth oxide contaminationThe role ofbismuth oxide inSBT will be discussed in

chapter 2.

Bulk polycrystalline SBT
The bulkPLD targetwas modeled as a single material wlithrentz dispersion.
Optical microscopy showed less than 2% vdidghe size range less thanu@n) between

randomlyoriented grains ranging from#n to 11um in size. @ly voids less than gm
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in sizewere assumed to contribute ttee optical properties of thaolished bulk sample
measured from specular reflections, asMASE. Without backside reflections or
secondary phases, this bulk samplevided anideal opportunity to characterize the
optical dispersion of dense isotrogiclycrystalline SBT.The overall shapes of observed

A and W spectra ir|i Figurel-2| wereaccurately predicteqMSE = 6.2) by aprimary

absorption peak at 5.29.19 eV. Thaliscontinuities irall bulk spectra at 340 nm were

explained by a sharp secondaysorption peak at 3.688.002 eV. Both features of

bulk SBT weredescribed by the Lorentz parametersiTiable 1-1] The secondary

absorption peak could be located more accurately because it ocetthedthe spectral
range of the ellipsometer, while themarypeak locationyhich occurred jusbeyond the
range, had to be extrapolated from the observed shape of the curve.

Consistent with thevidely distributed nature of statdsrming the band-gap in
SBT3 the absorption near 5.25 eV could be separated into peaks a0988V and
4.40£0.02 eV. The latter peak may explain why Chen estimated the SBT absorption edge
at 4.55 eV by plotting the absorpti@oefficient versus enerdy. Chen's ellipsometry
work modeled SBT dispersion with a singld_orentz oscillator at 5.470.03 eV?
Separations of the band-gap absorption peak m@&rpursuedince theyresulted in more
complicated models with about the same fit of the data and with abasdrtieedispersion

curve for SBT.

PLD film on Si

A 1 pm thick pulsed laser depositidiim was studied inwhich the surface
roughness depth was significant even though it represented only 10%ilof tteckness.
Under conditionsvhich producesupply-limitedgrowth, surface roughness in PLidms
can beminimized byproviding incoming material witlenoughmobility and time tofind

the most stablerystallization site$} if the fastest growingrystallographic direction is
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not oriented perpendicular to the surfdée.However this rough SBTfilm was selected
so that surface roughness would be a dominant effect.

Because AFM providethirly direct measurements of surface roughness, it was a
useful toolfor testing thevalidity of the VASEmodel ofthe free surface of eim. AFM
showed that the surface height had a normal distribution vttt &idth athalf maximum
(FWHM) of 50.7+#7 nm. Statistically98% of a normatlistribution spans 2 FWHM; so in
this case98% of thefiim surface wawithin a region101.5+14 nm deep, according to
AFM. When surfaceoughness was modeled as a linear transition f&@# to empty
space in model A (Figure 1-3b), VASE estimated the surface roughneswés/@0& 16
nm thick,whichwas close to th&FM value 0f101.5£14 nm. This agreement between
VASE andAFM wasnot surprising, sincéhe AFM cross-section in Figure 3b showed a
"zig-zag" pattern ofyrain tips atthe film's surface. If the cross-sectionsadf SBT grain
tips wereequally tall trianglesthe transitionfrom SBT to empty space in such a surface
roughness layer would be exactly lin&ar.

Whenthe surface roughnegsofile was measured, AFhowed that SBTrain
tips formed pyramids with a distribution of heightkitegrating theAFM surface height
histogram yielded a®-shaped empty space profile (Figdrd). Thefraction of empty
space, .. at anyheight, Z, was found by integrating the surface z-hembbability

distribution, p(z), from the lowest surface poing,zupward:

fspace(Z) = JZ

L minP(2) 02 (12)
Equation 12 is derived in thippendix and facilitatethe comparison oAFM datawith
VASE models.

VASE models with S-shaped surface transitiomese tested budid not improve
the fit of the VASE spectra or provideny new,accurate information, compared to the

linear model discussed above. In fact, S-shaped transitions tended to baeamguliing
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VASE iteration. Perhaps if VASE spectra Hakn acquired at more thdweeincident
angles, greater depth profile resolution could have been obtained.

Model A provided asimple, justifiable, andccurate method of characterizing the
surface roughness and the SBT optical properties of the PLDiltin Compared to a

single-layer mode{MSE = 90),model A improvedhe fit of VASE spectra and reduced

the MSE to 33 (Figure 1-3a). Tollow the sharp stair-step thand¥ nearA = 340 nm,

a secondary Lorentz absorption peak was required at 3.75+.03 eV in addition to the
primary absorption peak at 5.38 +.03 eV. Thefractive index values obtaindtbm
model Afor thin film SBT wereonly 8% lower thanbulk values (fromA = 300 nm to
1000 nm). Obtaining similaroptical properties for SBTmade by different methods
increases confidence in both the characterization and deposition processes.

If a single-layer modelvas used for the entire PLfim, the apparent walues
were 23% lower than in thieulk sample. Considering that empty spacehm rough
surface of this film only represented 5% of the whole film's volume, the optical behavior of
this flm was disproportionally sensitive to empty space rbar surface. Ashown
below, VASE can alsdetectvoid space at the base and in the interior 6lhg where

other nondestructive methods are not possible.

MOCVD film on Pt
The chencal vapor deposition (MOCVD) thirdilm of SBT on a PUTi/SIQSI

substrate was dense enough tatn a 1-layer model fihe VASE spectraeasonably

well |(Figure 1-5g) andyielded refractive index valuesnly 11% lower thanbulk.

However cross-sectional SEkeévealed shallow surface roughness and kernel-shaped

columnar grains (Figuré-5c)| Severalauthorshavenoted thatconical grains growing

taller and wider and ofteleave voids between nucleation siteshat base of thélim.12.2

When these features were included in model Blawarly gaded surface roughnéesger

and asub-film layerwith 34+ 3% voids (Figure 1-5p), thSE was reducettom 59 to
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27|(Figure 1-53), and the refractive index dispersion curve of the film interior matched that

of the bulk sample within 2%over visible wavelengthg (Figure 1-1p). These results

showed thabulk opticalproperties wer@achievable in dense thiims of SBT made by

MOCVD.

MOD film on Si

Using metal-organic deposition, a tHilm of SBT wasformed on Si by spin-

coating three layers. Cross-sectionM |(Figure 1-6Qyevealed three denssyers (with

occasional voids) separated by tpiorouslayers. Based on VASE arikEM evidence
presented irAppendix B, it is poposed that during the dryirsgep second phase, B8y
becameconcentrated between ealdyer andinhibited graingrowth and consolidation
during annealing, so thdahese regions became maverousthan the rest of thé&im.
MOD techniqueginvolving thinner layersand proprietary solvents) have been developed
which facilitate SBT grain growth across spin-coatddyersi® perhaps byachieving a
more homogeneous distribution of excesfOBi ThisMOD film was selected because it
showed clearly delineated layers and thus tested the capabilities of VASE.

The thickness and porosity of ealdyer was accurately simulated by model C,
illustrated in Figure 1-6b. For comparison, the Thidfile is displayed omhe same scale
in Figure1-6¢c. \When comparing model C withEM, the following points should be
considered. Model C represents the average properties of a regionni€9arger than
the areaexamined byross-sectionalEM. Forsamples thismall to berepresentative of
the averaga@mpliesthis structure is present throughout tilen. The only constraints on
the structural parameters mbdel Cwere that thewll be positive and that thewo thin,
most poroudayers be identica. TEM was used to suggest tgeneral form of VASE
models, but not to fix their properties.

The void fraction and thickness of ealdyer in model Cwere inremarkable

agreement wittfEM and AFM. On thdop of the film, VASE estimated that a graded
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surface roughnedayerwas 38+ 12 nm thick, and AFMagreed that 98% of theurface
waswithin a layer 34+ 6 nm thick. The base of tH#m was best modeled aslinear
transition from SiQto SBT. TEM showed that Siormed a smooth interface with the
Si substrate and a rougtterface withSBT grains, so it was realistior the SBTfraction

to increase away frorthe substrate ithis graded layer. Model C includédo porous
regions between denser layers of SBiE upper and lowgyorousregions had 4% 8 %
voids and 4@ 10 % voids, respectively. The fit was improved considerably ifojpewo
dense layers of SBT were allowed to contair 3% voids. The position, thickness, and
porosity of these layers estimated by VASE were consisteniT&ith cross-sections. As
described above, model C used ltiple EMA layers to accurately simulate surface
roughness, substrate interaction, and interior porosity.

Model C was structurally more accurate thari-tayer model, and therefore
generated moreealisticVASE spectra and optical dispersion.[ In Figiwéa] thel-layer
model didnot predict A peak heights or shapes, resulting ipaor fit (MSE = 103).
Model C followed the sharp high peak near 420 nm and the double-humgteacture of
A peaks between 500 nm and 1000, sothe MSE was reduced to 33. Ttedractive
index values obtained from model C wédo lower than those @ulk SBT, (ratheithan
16 % lower as from the single-layer model).

In this MOD film, SBT material properties were extracted from EMiayers
simulating mixtures o8BT grains (8& 38 nm long by 4814 nm wide) and voids (&4
nm). Inall thin films presented here, tlggains and voidsvere smallerthan the probing
wavelengths and Bruggeman EMA modgislded validresults. Model C achieved a
significant level ofaccuratedetail regardingthe componenprofile without becoming

overcorrelated by too many parameters.

Confirming the physical structure of a VASE model
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The results of mdeling the films in this paperdid not support thenotion that
introducing enough parameters to a VASE model could arbitrarily decreggeMISE to
zero. As mordayers and variablesere testedgenerally onlyparametersvhich provided
a better approximation of tretructure omptical dispersion ofhe film produced a better

fit. Every model discussed herme¢ludingthe SBT/Siflm by MOD, had a characteristic

lowest achievableMSE, |(Figure 1-7)| which marked apoint of diminishing returns.

Beyond thisstage, additional variables increasezbrrelation and uncertainty without
improving the fit. When parameters were strongly correlated, changes in one parameter
could be offset by modifications of it®unterpartand iteration wouldot find a unique
solution. Even when parameters are not strongly correlated, it is well known that a variety
of similarmodels can be designed thall viit the datareasonablevell. Therefore, a low
MSE alone wagnsulfficient justification of a model'structure. Cross-sectionahalysis
was required to guide the formation aedt thevalidity of VASE models. VASE should
not beused as a substitute for other more direct methodsstohating microstructural
composition profiles. VASE is better suited aguality assurancéool. If there are a
series of films that have been made under the same conditions and should haweilaery
structure, then imay be sufficient to examine onbne of thefilms using cross-sectional
TEM (for example). In this case, small variations in structure can be detected by VASE as
variations in parameter values taken from a consistent model with a verified form.

In thesefilms, with grains smallethan 200nm, the Bruggemen EMA theory
realistically simulatednterior void profiles, and graded sets of Bruggeman Elslfers
accurately predicted surface roughness depthkis justified Jellison's confidence in

Bruggeman simulations of rough surfaées.

SUMMARY
In SBT films with lateral featuressmaller than 200 nm, surface roughness,

substrate interaction, and interior porosity weealistically described by multi-layer
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Bruggeman EMAstructures. At théop of afim made by pulsed laser depositidtLD),
surface roughness was simulated bynadr transition fron8BT to empty space, and the
thickness othe roughnestayerwas confirmed by atomic force microscopy (AFM). At
the base of &8lm prepared byliquid deliverymetal-organicchemicalvapor decomposition
(MOCVD), subfiim porosity in themulti-layer modelrepresented gaps between the
nucleation sites of kernal-shaped columnar grains seen by scab@atigpn microscopy
(SEM). In afilm made by spinning othreelayers viametal-organic deposition (MOD),
voids within andbetween eaclayer wereincluded in a void profile that wgastified by
cross-sectional transmission electron microscfpgM). Becausemulti-layer models
account for how n and \ary with depth,they estimate more accuratélgw n and kvary
with wavelength. Compared to 1-layer modetsilti-layer EMA models wittphysically
verifiable component profilesxtracted refractivendex values from thifilm SBT samples
that were significantly closer to bulk material properties (n=2.374.002 and
k=0.06Qt.005 at 632nm). Over wavelengths frol 300 nm to 1000hm, bulk andthin
film SBT samples exhibited Lorentz dispersion with band-gap absorption#2.3.2V.
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